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Preface

Biological materials are naturally occurring substances produced and utilized
internally or externally by living organisms. In contrast, bioimolecular materials are
partial, complete or modified replicas of biological materials whose synthesis and
utilization may be unrelated to their original biological source. Whether the objective
is to replicate the properties of a biological material, or to produce derivatives with
novel properties, the ultimate goal is to atiain biomolecular materials that have
industrial, medical, or agricultural applications.

This symposium, held at the 1992 Fall Meeting of the Matenals Research Society.
brought together an interdisciplinary group of scientists (zoologists, molecular biologists,
biochemists, inorganic and organic chemists, materials scientists, mathematicians) that
are directly or iudirectly involved in some aspect of biomolecular materials research.

The diversity of biological (Nature's) materials was amply demonstrated: cockroach
elastin, mussel adhesives, trematode and avian eggshells, spider and midge silks,
abalone shell, rhinoceros horn, algal pigments, a bacterial hemolytic protein, and nut
shells! Descriptions of these biological systems ranged from the relatively unknown to
detailed information regarding the structure, composition, processing and physical
properties of the biological material.

In several instances, particularly for protein-based polymers. binmolecular materials
have been obtained by cellular synthesis through biotechnology. Bacterial cells have
been engincered to synthesize discrete portions of insect silk and mussel adhesive
proteins, multifunctional proteins with a unique combination of multiple binding sites,
and recombinant proteins with specific combinations of functional groups that lead to
ordered assembly into supramolecular coniplexes.

Numerous cxamples were presented whereby the synthesis and assembly of
materials and microstructures was achieved in the absence of a hiving organism. Cast
and Langmuir-Blodgett monolayer and multilayer films have been obtained from
snorganic and organic materials such as tin oxide, cadmium arachidate, octadecyl-
trichlorosilane, polydiacetylene, gelatin, and copolymers of polythiophene and
phenol/aniline derivatives. Films have also been obtained from proteins such as
poly(y-benzyl-L-glutamate), a modified cylochrome. regenerated silk, and acun.
Phospholipase and antibody films have been achieved at the interface of lipid
biomembranes. Non-cellular synthesis can also yield higher-order structres, including
three-dimensional fattices of DNA, liquid crystals of proteins, hydroxyapatite-ZnO-
polyacrylate composites, and magnetite and protein fibers.

While biochemical techniques provide insight about the biofogical material,
biophysical and materials science techniques have been used to study the ulirastructure
and mechanical properties of the biomolecular materials. In addition to those mentioned
above, specific data were presented for abalone nacre (a ceramic-polymer composite),
avian eggshell, algal pigment proteins, homopolymeric and repeated periodic peptides,
magnetite fibers, and membranes based on hyaluronic acid. The applicable techniques
include microscopy (optical. scanning electron, transmission electron, atomic force),
spectroscopy (visible light, ultraviolet light, circular dichroism, laser Raman, Fourier
transform infrared, angular resolved electron), ellipsometry, solid state nuclear magnetic
resonance imaging, x-ray diffraction and computational modetling.

Finally, some biomolecular maierials have attained the applications stage. For
example, biologically produced composites have becn used to establish new approaches
to synthesis, processing and design for ceramic matrix composites. A bactenal protein
that normally lysis red blood cells can self-assemble, insert into lipid bilayers and form
a pore capablc of interconversion between either of two conductance states. Both a




cross-linked elastomeric matrix of a viscoelastic polypeptide and a hyaluronic acid-
based membrane have been shown to prevent post-operative adhesions. The elastomeric
protein, in particular, has undergone extensive testing for adhesion preveption in model
mammalian peritoneal and eye surgeries.

Though few biomolecular materials have reached the applications stage, many more
have the potential to do so. The probability of success will, to a large degree, depend
upon continued interactions and increased collaborations between interdisciplinary teams
of scientists such as those who enthusiasticaily participated in this stmulating
Symposium.

Steven T. Case
Chnstopher Viney
J. Herbert Waite

February 1993
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PART 1

Lessons from Nature




PRELIMINARY CHARACTERIZATION OF RESILIN ISOLATED FROM THE
COCKROACH, PERIPLANETA AMERICANA

ELIZABETH CRAIG LOMBARDI AND DAVID L. KAPLAN
Biotechnology Division

U.S. Army Natick Research Development and Engincering Center
Natick, Massachusetts 01760-5020

ABSTRACT

We would like to mimic the mechanical propertics of animal systems for the development of
novel materials. Insect cuticle serves as one source of inspiration for the design of these
materials. Cuticle is composed of chitin embedded in a protein matrix which may also contain
plasticizers. fillers, crosshinkers, and minerals. The specific properties of the cuticle depend on
the type. amount and interactions between each component. We are renewing the investigation
of the elastic cuticle, resilin. Resilin, a protein-based elastomer first described in the early
1960s, has properties which have been reported to be most like those of ideal rubbers. We have
examined resilin isolated from the prealar arms of the cockroach, Periplanctu americuna. The
results of amino acid analysis are in good agreement with earlier data reported for resilin. A
series of tryptic fragments have been isolated and sequenced. These peptides have been used
for the design of oligonucleotide probes for the identification of the gene(s) from a teneral
cockroach cDNA fibrary. A biopolymer, based on one tryptic fragment, has been designed and
synthesized. We are continuing to treat resilin with residue specific proteases in order to map
the resilin protein.

INTRODUCTION

Centain areas of the exoskeleton in many insects exhibit long-range, reversible rubber-like
elasticity. This rubber-like cuticle is composed of small chitin lamellae embedded in a protein
matrix. The protein, resilin, is responsible for the elastomeric properties of this cuticle.
Resilin was first described in 1960 {1]. This protein was initially identified in the flight {2] and
jumping mechanisms |3] of insects, but has since been found in other structures of various
arthropods {4.5,6.7]. The elastic tendon from the dragonfly, Aeshna juncea, has been used to
demonstrate that the elastomeric properties of resilin arise from the entropic force assoctated
with protein deformation [8]. Loaded elastic tendon did not exhibit any creep over a period of
days or weeks. The tendon also displayed complete elastic recovery with no observed
hysteresis [9]. Resilin has been viewed by X-ray diffraction and electron microscopy and no
fine ultrastructure has been observed {10]. Resilin is not soluble in any solvent that does not
degrade peptide bonds. This insolubility has been attributed to the nature of the protein’s
crosslinks. Although resilin is reportedly loosely crosslinked. the crosslinks are formed as a
result of a post-translational free radical reaction mvolving the tyrosyl residuss [11]. Advances
in molecular binlogy and protein chemistry have allowed for the renewed investigation of this
biomatenial.

MATERIALS AND METHODS

Amino acid composition

The prealar arms from adult Periplanetu americana (US Army, Aberdeen, MD) and Blaberus
craniifer (gift from L. Roth, Harvard University) were dissected and stored in 70% ethanol
according to a procedure outlined by Bailey and Weis-Fogh [12]. Whole prealar arms were
hydrolyzed in constant boiling 6N HCI (0.2 ml) at 112°C for 22 hours on a Water's Pico Tag
workstation. The hydrolysate was analyzed for amino acid content on a Waters Pico Tag
column (15¢m) following the standard recommended procedure.  All analyses were performed
in triplicate.

Mat. Res. Soc. Symp. Proc. Vol. 292, < 1993 Materials Research Society




Tryptic digestion

The prealar arms of 50 adult P umericana  (1.47mg) were dissected and trunsferred into 4
200m! working volume tissue grinder (Kontes). Al subsequent reactions were carmied out in
this vial. After the arms were ground, a small amount (10ml) of 6N guanidine HCI, S0mM
Tris-HC! pH7.7. was added to the ground arms and homogenization continued. Additional
guanidine solution was added to bring the final volume to 200ml. The digestion mixture was
incubated at room temperature for 24 hours. The resulting mixture was centrifuged and the
supernatant discarded. The precipitate was washed twice with 200mM ammonium bicarbonate
to remove any residual denaturant, then resuspended in 100ml of ammonium bicarbonate
solution. Approximately 20 BAEE units of trypsin (Sigma, EC 3.4.31.4) were added and then
incubated at 37°C for 24 hours. The reaction was centnfuged and the supernatant collected and
asied.

Isolation and analysis of peptides

The dried digested matenal was resuspended in 0.2 ml of 0.09% triflucroacenc acid/water then
filtered. Samples (25u1) were injected onto a narrow bore HPLC columa (Waters Delta Pak
C18, 300A, 2x150 mm, 5mm) equilibrated with 95% 0.09% trifluoroacetic acid/5%
acetonitrile. The fragments were eluted over a linear gradient running from 5-25% organic
phase (acetonitrile). The UV absorbance was monitored on a Waters 991 photodiode arrey
detector at 210 and 280nm. Fractions were collected and dried under vacuum.

Sequencing

The fractions were analyzed for their amino acid content then sequenced via automated Edman
degradation using an ABI 470A gas phase peptide sequencer at the Analytical and Synthetic
Facility at Cornell University.

Biopolymer synthesis and characterization

The peptide, N-(AGPHGAFYKGFGSG),-C, was assembled in a stepwise synthesis using N-
Fmoc (9-Fluorenylmethloxycarbonyl) protected amino acids and TBTU (2-(1H-Benzotriazole-
1-yD)-1.1,3,3-teramethyluronium tetrafloroborate) activation on a MilliGen %050 continuous
flow synthesizer. Purification was by reverse phase HPLC using an acetonitrile-water gradient
containing 0.05% TFA and an ODS-AQ column (YMC, Mormis Heights, N}). The positive ion
electrospray mass spectrum showed M+3H through M+YH ions of the expected masses.
Amino acid analysis (Waters Pico-Tag) confirmed that the product had the correct composition.
The peptide content of the lyophilized product was determined to be 86% by quantitative amino
acid analysis, the balance being bound water and TFA counter-ions. Circular dichroism (CD)
spectra were recorded in the wavelength range of 240-190 nm on an AVIV 60DS solid state CD
spectrophotometer (AV.V. Associates. Lakewood, NJ). The instrument was calibrated using
+d- 10-camphorsulfonic acid and also with benzene vapor in a long pathlength (10 cm) cell.
Secondary structure determination was made using a program supplied by AVIV which is
based on the work of Yang et al. [13]. Thermogravimeuric analysis (TGA) was performed in a
nitrogen atmosphere on a TA Instruments Hi-Res TGA 2950 Thermogravimetric Analyzer.
Calorimetric measurements were taken at a rate of 10°C/min on a Du Pont Instruments 912
Differential Scanning Calorimeter (DSC).

RESULTS

The results of the amino acid analysis are presented in tabular form in Table 1. The tryptic
fragments were separated by reverse-phase HPLC. then sequenced. The results are found in
Table 2.

Previous studies have shown resilin to have no significant secondary structure [10]. Computer
generated secondary structure predictions based on the sequence data reported here
{DNASTAR, Inc., Madison, WI) suggest that the fragments contains a high degree of 8-turn.
CD analysis of the resilin-like peptide (Figure 1) reveals that the 8-structure accounts for
approximately 2/3 of the secondary conformation with 39.0% and 27.8%. B-sheet and B-turn
respectively. Alpha helix accounts for 15.2% of the secondary structure and random coil




18.0%. This may reflect localized areas of ordered conformation. TGA shows four discernible
decomposition events, at 171°C, 238°C, 336°C and 387°C. The residue at 600°C accounts for
3944% of the starting weight; comparable to that found for Bombyx mori silk. The residue
disappears when the purge gas is changed from nitrogen to air. The DSC first-heating scan
shows one endothermic peak, with a peak temperature of 83°C and a AH of 83 J/g. Subsequent
cooling and heating scans show no event other than decomposition.

Table 1. Amino acid composition analysis of resilin (in mole percent). All samples were taken
from the prealar arms of the organisms.

Amino Cockroach Cockroach Locust!
Acid (Blaberus sp.) (Periplaneta americana)  (Schistocerca gregaria)

Asx 6.6 6.8 11.3
Gix
Ser
Gly
His
Arg
Thr
Ala
Pro
Tyr
Val

Met

Cys --
Iie

Leun
Phe
Lys
Totals 9
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DISCUSSION

The amino acid composition of resilin isolated from the cockroach, P americana, has been
established and compares weli to that reported for resilin present in other insects. Our results
show glycine (34.9%), alanine (13.3%), serine (9.0%) and proline (8.7%) as the major
compenents of this protein. Tyrosine is present at 4.1%. Although the data are in good
agreement with the results previously published, slight variations are apparent as would be
expected from different organisms. Bailey and Weis-Fogh {12] used the wing hinge ligaments
and prealar arms from the locust, S. gregaria, and the elastic tendon of the dragonfly, A.
Jjuncea, to determine the amino acid composition of resilin. The resuits for these samples did
not vary significantly and therefore were averaged by the investigators. Their analyses found
the major components of resilin to be glycine (38%), alanine (11%), aspartic acid (10%),
serine (8%). and proline (7.8%). There were no sulfur-containing amino acids and only trace
amounts of tryptophan [14). These data were later reexamined by Andersen [15). He found
no differences from the amino acid data published earlier. Also included were data for resilin
from other insects. The major difference between the cockroach resitin and that of other
resilins is in the amount of asx and glx residues. Interestingly, the combined percentage of
these residues is approximately the same with the exception of the abdominal spring of
Oryctes rhinoceros, which has an unusually high amount of aspartic acid.




Table 2. Sequences of peptide fragments from tryptic digests of resilin isolated from the prealar
arms of P americana.. The two columns represent sequence data collected from different
digests and starred sequences were found in both preparations.

APSSTY GDQESR
DGDVAQGSY* KPEIR
SAPAVGYT DGDVAQGSY*
LDGSSQED GAPGGGQ
VAPEVAQ NVLLPDGR*
NVLLPDGR* NINVVE
GFGSGAGPHGSFYK EFSYDVNDASTGTEF*
EFSYDVNDASTGTEF*

QQGDSGGPV

VLDYD

SSGTSYPDV

YDVNDASA

GFGSGAGPHGAF

In addition to resilin, several other rubber-like proteins have been identified, abductin and
¢lastin. Resilin, elastin and abductin perform similar functions in the different organisms in

which they are present but each has a noticeably different amino acid composition [16,17].
These proteins are all rich in glycine. Small side chain amino acids (glycine, alanine, serine)
account for 55% to 70% of the total residues for these elastomeric proteins. These residues
also comprise over 85% of the structural protein. silk fibroin from B, mori {18]. Therefore.
one would not expect these amino acids themselves to be responsible for the elastomeric
properties. These proteins are crosslinked via significantly different processes.

The physical properties, structure and amino acid composition of resilin have been thoroughly
investigated; however, no sequence data have been previously reported. Bailey and Weis-Fogh
{12} suggested that glycine, which accounts for one third of the amino acid composition, is
present at every third residue. The limited sequence data reported here does not support this
suggestion, Only one fragment isolated to date has a significant amount of glycine present in
any repetitious manner. There is not enough sequence information to suggest any regularly
occuming repeating subunits or ultrastructure.

The sequence data have allowed us to design and synthesize oligonucleotide probes for use in
screening a CONA library. The degeneracy of the genetic code along with the unknown codon
preference for cockroaches creates ambiguity in the design of these probes. We have
climinated the number of probes created as a result of mixed sites through the use of inosine.
This will allow hybridization to mixed sites. The use of multiple probes should allow for the
identification of resilin-encoding clones.

A short biopolymer, N-(AGPHGAFYKGFGSG),-C, with a confirmed molecular mass of
5355.09 amu, has also been designed and synthesized based on this sequence data. The
physical characterization of the peptide indicates significant B-structure (Figure 1). These data
support the computer-generated secondary structure predicted for this peptide. Thermal
characterization of the resilin-like biopolymer indicates no melt transition but significant thermal
stability (up to about 40%) when heated to 600°C in a nitrogen atmosphere. Initially we were




Figure 1. CD analysis of the synthetic peptide. The y-axis is in mean residue ellipticity (divide
by 110 for milli-degrees).
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concerned about the presence of contaminating salt. A quantitative amino acid analysis
accounted for all but 16% of the mass of the starting material; the remainder is believed to
reflect the water content. This material decomposes in the presence of air, possibly indicating a
stable carbon backbone. We have started crosslinking studies to compare the properties of the
uncrosslinked polymer to that of the crosslinked state. One significant difference will be the
crosslink density as natural resilin is approximately 4% whereas the synthetic polypeptide is
7%. This will also serve to increase the molecular weight of the material.
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ABSTRACT

A phosphorylated, glycoprotein preparation has been obtained from orb
webs of the araneid spider Argiope aurantia. This preparation probably
contains proteins from more than one gland type, but resolution of these
proteins has not yet been achieved. Nevertheless, a major component appears to
be the adhesive glycoprotein(s) from the adhesive spiral. A product of the
aggregate glands2©, this glycoprotein(s) occurs as discrete nodules along the
core fibers of the adhesive spiral, within the viscid, aqueous droplets!!-12,

The glycoprotein preparation has a high apparent molecular weight (> 200
kDa) and is polydisperse. The only monosaccharide constituent identified by
gas-liquid chromatography or in lectin studies is NV-acetylgalactosamine and this
is at least primarily O-linked to threonine. By electron microscopy, linear,
unbranched and apparently flexible filaments are observed. Phosphorylated
serine and threonine residues are present in the preparation and glycine, proline
and threonine together account for about 57 mole % of the preparation’s amino
acid content. Thus, in some, but not all, respects, this glycoprotein preparation
is reminiscent of a secretory mucin.

INTRODUCTION

The orb webs of araneid spiders are composed of elements from several
types of glands. Major ampuliate silk glands (principally) give rise to various
nonadhesive fibers in the web, including, but not limited to, frame lines, the hub
spiral and the spoke-like radii’-*. Pyriform glands produce attachment disks!2+
and, likely, the cements which occur at junctions between ampullate fibers!-*5
(e.g. at hub spiral/radius junctions). (Cements at adhesive spiral/radius
junctions are of unknown origin.) Flagelliform glands produce the core fibers
of the adhesive spiral while aggregate glands produce the viscid solution which
envelops these core fibers?S. It is with the viscid coating of the adhesive spiral
that this paper is largely concerned.

The aqueous solution that emerges from the aggregate gland spigots contains
organic and inorganic low molecular weight components (< 200 Da) in high
concentration” !0, as well as protein. After it is applied to the core fibers, this
solution takes the form of a series of droplets connected by narrow liquid
bridges. If adhesive spiral segments are examined microscopically, one or two
discrete nodules can usually be observed surrounding the core fibers within
each droplet!!'2. These nodules are composed, at least in part, of glycoprotein.
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Guanidine hydrochloride extracts of orb webs built by Argiope aurantia have
yielded a glycoprotein preparation which appears to originate in part with the
nodules. A preliminary characterization of this glycoprotein preparation
follows.

MATERIALS AND METHODS
Web Collection

Adult and late juvenile female Argiope aurantia Lucas were collected in
New Hampshire, Maine and Massachuseits. Uncontaminated orb webs were
obtained by rmaintaining spiders individually in cages for up to one week
without feeding. Spiders were given water daily. Webs were collected daily on
glass rods and stored at -20°C until analyzed. As an aid in locating orb web
components following separation by chromatographic and electrophoretic
procedures, some spiders were fed 10 uCi D-[14C(U)]-glucose (NEN Research
Products, Boston, MA) and their webs were added to nonradioactive web
collections. The occurrence of phosphorus in the glycoprotein preparation was
examined by feeding each of 30 spiders an average of 27 uCi [32P)-NaaHPQO4
(NEN). lsotopes were offered to spiders in aqueous solution from the tips of 10
L Hamilton syringes.

Web Extraction and Fractionation

Collection rods coated with web were extracted in batches of about 50-70
webs with 3 mlL filtered 6 M guanidine HCI, 0.7 M 2-mercaptoethanol, 0.2 M
Na2HPOg4. Extraction was allowed to proceed for 1 day with occasional low-
speed vortexing. The solvent used does not solubilize all web components. In
an effort to determine which web elements are solubilized by this solution,
droplets of solvent were directly applied to selected areas of webs which had
been collected on glass plates!3. The results were observed by light microscopy
using a Zeiss RA 38 microscope.

Web extracts were fractionated by size-exclusion chromatography on 90 cm
x 2 cm? columns of Sephacryl §-400 HR (Pharmacia LKB, Piscataway, NJ)
using the aforementioned guanidine solution for equilibration and elution of
columns. Flow rates were typically about 10 mL/h and 2.5 - 3.2 mL fractions
were collected (LKB-Bromma 2212 Helirac). Radioactivity and O.D. 280 of
each fraction were determined using a LKB-Wallac 1214 Rackbeta Excel liquid
scintillation counter and a Beckman DB-GT grating spectrophotometer,
respectively. Pooled fractions were dialyzed against distilled water (Spectrum
Spectra/Por 6 membranes, mol. wt. cutoff 2000 Da) and lyophilized (Labconco
Freeze Dryer 4.5). Lyophilized material was often desiccated in vacuo over
P205 and weighed (Perkin-Elmer AD-2 autobalance or Mettler AE 163 or
H10Tw balances). The 'glycoprotein preparation' used in the analyses described
below consisted of the earliest eluting material off the Sephacryl columns (Fig.
).

Since inorganic phosphate is one of the solutes in the viscid coating of the
adhesive spiral’8, the 32P-labeled web was washed with water before being




extracted with the guanidine solution. This was done by gently immersing the
web-coated collection rod in 20 ml. distilled water for 1 h four times (with no
vortexing). Radioactivity in extracts and fractions was measured by Cherenkov
counting.

Sodium_Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Dialyzed and lyophilized guanidine extracts or fractions thereof were
examined by SDS-PAGE on 3.75% or 14% uniform concentration or 5-20%
linear gradient acrylamide gels using the discontinuous system of Lacmmli'?,
with AcrylAide (FMC BioProducts, Rockland, ME) used as crosslinker in place
of N.N"methylenebisacrylamide. Gels were polymerized on GelBond PAG
film (FMC). Electrophoresis was performed at 25 mA, requiring about 5 h.
After electrophoresis, proteins were fixed and stained overnight in a solution of
2-propano}/glacial acetic acid/water (25/10/65, v/v/v) containing 0.1%
Coomassie brilliant biue R-250 (BRL, Gaithersburg, MD). The same solution,
without dye but with 3% glycerol added, was used for destaining. After rinsing
with distilled water, gels were air dried and photographed using Kodak
Electrophoresis Duplicating Paper. In the case of radioactive samples, Kodak
SB-S film was used to prepare autoradiograms from dried gels. Molecular
weight standards were products of BRL.

Chemical Composition of Glycoprotein Preparation

1. Amino acid composition. Amino acid analyses were performed at the
Instrumentation Center of the University of New Hampshire (UNH) and at AAA
Labortory (Mercer Island, Washington). At both locations, amino acid
analyzers employing ion-exchange/ninhydrin methodology'S were used.
Samples analyzed at UNH were hydrolyzed in 6 N HCI under vacuum at 110°C
for 24 h and then dried in vacuo over NaOH pellets. Analyses were performed
on a Beckman 118CL amino acid analyzer coupled to a Varian LSD Ii]
integrator. Samples analyzed at AAA Laboratory were hydrolyzed under
vacuum (50 mtorr) for 20 h at 115°C in 6 N HCI, 0.05% 2-mercaptoethanol, to
which one crystal of phenol was added. Hydrolysates were dried in vacuo using
a Buchler Evapo-Mix and analyzed on either a Dionex D550 amino acid
analyzer (with a PDP 8/L computer operating with Dionex MK 1l software) or
a Beckman 6300 amino acid analyzer upgraded to a 7300 (with a Northgate PC
computer operating with Beckman System Gold software). Buffer systems and
operating conditions for the analyzers followed the manufacturers’
recommendations. In all analyses, the destruction during hydrolysis of 10% of
the serine and 5% of the threonine was assumed'*1® and compensated for in
calculating amino acid composition.

Cystine/2 was determined at AAA Laboratory by the performic acid

oxidaiion method described by Moore!7- except that oxidation took place at
S0°C for IS min. Following oxidation, acid hydrolysis was performed as
described above for this facility and the hydrolysates were analyzed on the
Beckman 7300 amino acid analyzer. The molar percentage of cysteic acid was
calculated by reference to aspartic acid.




2. Phosphate linkage. Portions of the 32P-labeled glycoprotein preparation
werc uvydrolyzed in 6 N HClI at 110°C for | h or 4 h'®!? and then dried on a
Savant Speed-Vac concentrator. The air was not evacuated from the hydrolysis
tubes before they were sealed. Aliquots of hydrolysate resulting from 0.5-1.5
mg of unhydrolyzed glycoprotein preparation were electrophoresed at 3000 V
on 23 x 57 cm sheets of Whatman 3MM chromatography paper. Standard
phosphoserine (P-Ser), phosphothreonine (P-Thr) and phosphotyrosine (P-Tyr)
(Sigma Chemical, St. Louis, MO) were co-electrophoresed and their positions
used to identify their radioactive counterparts in the hydrolysates. A given
portion of hydrolysate was either electrophoresed for 1 h using a formic
acid/acelic acid/water electrolyte, pH 1.92°, or electrophoresed for 45 min using
a pyridine/acetic acid/water electrolyte, pH 3.5'%. The current at the start of a
run was typically 100 mA for the pH 1.9 electrolyte and 130 mA for the pH 3.5
electrolyte. Autoradiograms were prepared from the electrophoretograms as
for SDS-PAGE gels, after which phosphoamino acids and other amines were
visualized with ninhydrin/cadmium acetate?!. Densitometry was performed on
autoradiograms using an Elmo EV-308 visual presenter and a Macintosh 1l
computer operating with Image version 1.22 software (by W. Rasband.
Research Services Branch, NIMH).

3. Carbohydrate composition. Monosaccharide constituents of samples
(0.12 - 0.69 mg) of the glycoprotein preparation were identified by gas-liquid
chromatography (GLC) as their trimethylsilyl derivatives using a procedure
published by Cnaplin?2. Methanolysis was performed by treating lyophilized
samples with 0.63 N methanolic HCI for 4 h at 90°C. Following re-N-
acetylation and subsequent trimethylsilylation using N-methyl-N-trimethylsilyl-
trifluoroacetamide (Pierce Europe B.V., Oud-Beijerland, The Netherlands), the
monosaccharide derivatives were separated on a fused silica capillary column
(30 m) wall-coated with RSL 300 (Alitech, Unterhaching, FRG) using the
following temperature program: 100°C to 130°C at 16°C/min, then up to 260°C
at 4°C/min.

Hexosamine analyses, again using ion exchange/ninhydrin methodology!¥,
were performed at AAA Laboratory on 0.50-1.05 mg samples of the
glycoprotein preparation. Samples were hydrolyzed under vacuum (50 mtorr)
for 4 h at 115°C in 4 N HCimod  from 23 dried using a Buchler Evapo-Mix and
analyzed on the Beckman 7300 amino acid analyzer optimized for resolving
amino sugars.

Lectin affinities were examined by double diffusion tests2* in plated gels
consisting of 1% low melting point agarose (BRL) in 60 mM barbiial buffer,
pH 8.6, with 0.02% sodium azide. Lectins (Sigma Chemicai) and the
glycoprotein preparation were added to wells at a concentration of 1 mg/ml. in
the same buffer.

In addition, the presence of sialic acids in the orb web was investigated
using the resorcinol method of Svennerholm?. Batches of up to six whole orb
webs from adult females were assayed.

4. Substituents O-linked to serine or threonine. To estimate the extent of
O -substitution (including, but not limited to, glycosylation and
phosphorylation29) of serine/threonine residues, samples (about 0.7 mg each) of




the glycoprotein preparation were treated with 0.2 N NaOH at 45°C for 5, 10
or 24 hmed from 27.28 The reaction mixtures were then neutralized with 6 N HCI
and dried under vacuum over P20s. Acid hydrolysis and amino acid analysis
were performed at AAA laboratory as described above. By the alkaline
pretreatment O-substituted serine and threonine residues are converted to 2-
aminopropenoic acid and 2-amino-2-butenoic acid, respectively, as a result of a
f-elimination reaction?®?%. A reduction in the molar percentages of threonine
and/or serine indicates the extent of O-substitution of these amino acids.

Electron Microscopy of Glycoprotein Preparation

Lyophilized samples of the glycoprotein preparation were prepared for
electron microscopy using the spreading procedure of Kleinschmidt and Zahn™,
with modifications®!. Sampies were solubilized in 1 M ammonium acetate, pH
5.0, at a concentration of 25 ug/ml.. Aliquots of 50 ul. were mixed with 50 xlL.
of 10 mM Tris, | mM EDTA, pH 8.5, and 2 xL cytochrome ¢ (2.5 m.g/mL. 2 M
Tris. 50 mM EDTA, pH 8.5). Using 0.15 M ammonium acetate, pH 7.0, as
hypophase, the protein was layered down a ramp onto the hypophase surface.
This was allowed to spread for 30 sec. Monolayer samples were picked up onto
copper grids (300 mesh) coated with carbon-stahilized Parlodion These were
stained immediately with 5 x 10-5 M urany) acetate in 90% ethanol for 30 sec,
rinsed with 90% ethanol and air dried. The grids were rotary shadowed with a
15 mm platinum/palladium wire at low angles (6-10 degrees). Glycoproteins
were observed in a JEOL 100B electron microscope and photographed. The
photographs were enlarged to 55,100 X and glycoprotein contour lengths were
measured in well spread preparations.

RESULTS

Size-Exclusion Chromatography and SDS-PAGE

The 'glycoprotein preparation’ examined in this study was obtained by
fractionating guanidine extracts of A. aurantia orb webs on Sephacryl S-400 HR
and pooling the earliest eluting material. This high Mr material, not easily
detected at 280 nm (at least while in the guanidine solution), begins eluting just
after the void volume (Fig. 1B). Thus far, attempts to examine the
heterogeneity of the material by SDS-PAGE have yielded results which are
difficult to evaluate. When electrophoresed, a high molecular weight (> 200
kDa) is again indicated. but the preparation forms a diffuse smear rather than a
distinct band or bands. Very poor staining with Coomassie blue is also
characteristic of the material.

Later fractions off Sephacryl columns contained four to six major proteins
of lower Mr (< 35 kDa) as well as about ten more minor protcins, all of which
form discrete bands and show typical affinities for Coomassie biue (Fig. 2).
For the chromatographic run presented in Figure 1, these lower molecular
weight proteins began eluting at fractions 45-47 and could be observed by SDS-
PAGE through fractions 69-71. The glycoprotein preparation included all
material eluting in fractions 30-44 and gravimetrically accouanted for 53% of
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FIGURE 1. A representative fractionaton on Sephacryl S-400 HR of guanidine-
extracted components of 14C-labeled A. aurantia orb webs. In this particular run, the
glycoprotein preparation included matenal cluting in fractions 30-44. (A) Weight of
material remarmning in fractions (pooled in groups of three) after dialysis and
Iyophilizauon. (B) Absorbance at 280 nm (open circles) and radioacuvity (sohd circles)
of fracuons prior 10 dialysis. Flow rate was set at 10 mL/h and 2.5 mL fractions were
collected. Blue dextran 2000 (Pharmacia LKB) was used to determitne void volume (V).
For addiuonal details see text.

the guanidine-extracted material remaining after dialysis and lyophilization
{Fig. 1A). Moreover, the presence of substantial quantities of protein in
fractions 45-62, indistinguishable by SDS-PAGE from that in the glycoprotein
preparation, indicates that the lower My, ‘typical’ proteins observed in fractions
45-71 account for only a small percentage of the protein in guanidine extracts.
The relatively high absorbance and radioactivity observed in fractions after
71 (Fig. 1B), which contain no protein as determined by SDS-PAGE, are
probably due in large measure to the very low molecular weight solutes (< 200




FIGURE 2. 147 SDS-polvacrylamide gel
starned with Coomassie blue, showing the
{ower My, 'typical’ proteins extracted {rom A.
aurantia orb webs with the guamdine solution.
These protetns were not 1ncluded 1n the
glycoprotein preparation. Posihions of
molecular weight standards (in kDa) are
indicated on the feft.

Da) known to be present in the adhesive spiral's viscid cover. (Of course, they
undoubtedly begin eluting prior to fraction 72.) These compounds would be
lost during dialysis and, hence, their presence is not reflected in the gravimetric
weights (Fig. 1A

The origin of the glycoprotein preparation was investigated by applying, to
components of plated webs, the same guanidine solution used to extract webs.
By this imperfect. but still useful, method the adhesive spiral core fibers
appeared to be solubilized essentially immediately. However, | h after adding
the soivent it was still possible to observe faint giobules strewn along the path
previously held by the core fibers. These globules were more irregularly
spaced than the adhesive spiral nodules mentioned earlier. They were also, in
some instances, larger than adhesive spiral nodules and irregularly shaped.
Nevertheless, their appearance was most reminiscent of these nodules. Several
other web components, namely the finest fibcrs in the stabilimentum. which are
presumably of aciniform gland origin, and both types of junctional cements,
seemed to be partially, even largely, solubilized by the guanidine solution, but
were not completely solubilized after | h. Both major ampuilate and minor
ampullate fibers appeared to be resistant to this solvent.

~hemical Composition coprotein_Preparati

The results obtained from amino acid analyses on the glvcoprotein
preparation are presented in Table 1. Glycine, proline and threonine together
account for about 57 mole % of the preparation’s amino acid content. The
lower molar percentage of glycine observed in samples analyzed at UNH may
be duc to diketopiperazine formation, resulting from the slow method used to
dry hydrolysates (drying in vacuo over NaOH pellets)2. The effects of treating
samples of the glycoprotein preparation with 0.2 N NaOH for various lengths of




TABLE I. Amino acid composition (in mole
%) of samples uf glycoprotein preparation
analyzed at UNH or AAA Laboratory.

UNH AAA
mean (SEM) mean (SEM)
n=7 n=33
Asp 3.82 (0.191) 3.93 (0.0R7)
Thr 10.79 (0.335) 9.32 (0.5058)
Ser 3.86 (0.074) 3.10 (0.049)
Glu 6.74 (0.038) 5.69 (0.114)
Pro 17.30 (0.255) 17.78 (0.179)
Gly 25.63 (0.572) 32.75(1.539)
Ala 5.28 (0.286) 5.99 {().293)
Cysi2 N.Db 0.22 (0.022)
Val 4.96 (0.121) 5.55 (().145)
Met 0.67 (0.062) 0.70 {0.058)
lle 6.67 (0.310) 3.17 (0.252)
Lcu 3.95 (0.237) 217 (0.260)
Tyr 2.59 (0.060) 2.61 (0.030)
Phe 2.28 (0.051) 2.11 (0.100)
His 1.13 (0.098) 0.46 (0.03()
Lys 3.81 (0.357) 4.04 (0,215)
Arg (.52 (0.040) 0.41 (0.094)

2 Includes the control data set presented in Table 11
PN.D. = not determincd.

time prior to acid hydrolysis and amino acid analysis can be seen in Table Il.
Reductions in the molar percentages of threonine and serine indicate that about
80% and 45% of all threonine and serine residues, respectively, have O-linked
substituents.

Carbohydrate analyses of the glycoprotein preparation using GLC indicate
that N-acetylgalactosamine {(GalNAc) is the predominant, if not sole,
monosaccharide constituent (Fig. 3). No evidence for the presence of sialic
acids was obtained either by GLC of monosaccharides released from the
glycoprotein preparation or when whole orb webs were assayed by the
resorcinol method. The results of doubie diffusion tests with several lectins
were in agreement with the GLC findings (Table [H). Only lectins with an
affinity for GalNAc formed prccipitates with the glycoprotein preparation.
Estimates of the percentage by weight of GaiNAc in the glycoprotein
preparation were obtained from hexosamine analyses on an amino acid analyzer
and, in one instance, by GLC. The former method gave a mecan valuc of 8.6%
(SEM 1.21%; n = 3) while 7.3% was obtained by the latter method. These data,
however, assume that the glycoprotein preparation is fully dehydrated by the
desiccant (P20s) in vacuo at room temperature. Data from amino acid analyses
indicate that it is not and, thus, that the percentage by weight of GalNAc is
actually higher. Taking together data obtained from amino acid. hexosamine
and GLC analyses, we estimate that the molar ratio of GalNAc/threonine is
about 0.7.




TABLE H. Amino acid composition (in mole %)
of glycoprotein preparation following treatment
with 0.2 N NaOH.

Length of alkaline treatment (h)

0 s 10 24
Asp 3.98 4.26 4.42 4.42
Thr  10.23 4.12 3.29 2.27
Ser 3.14 2.25 2.10 1.88
Glu 5.53 5.93 6.18 6.13
Pro 18.17 19.91 20.88 20.50
Gly 30.08 33.4] 33.24 34.69
Ala 5.44 6.07 6.02 6.23
Val 5.85 5.74 583 572
Met 0.81 0.86 0.92 0.94
lie 3.64 3.70 3.64 3.67
Leu 2.67 278 275 293
Tyr 2.67 275 2.88 288
Phe 231 2.44 2.52 252
His 0.51 0.54 0.56 0.53
Lysa 438 438 438 438
Arg 0.59 0.86 0.39 031

2 A ninhydrin-positive compound which co-chromatographed with
Lys was formed as a result of treating samples with NaOH prior to
acid hydrolysis. Thus, Lys could not be quantitated in alkah-
treated samples. As a reasonablc esimate, the molar % of Lys in
the control sample has been assigned to the alkali-treated samples.

Webs built by spidess fed 32P yielded radioactive glycoprotein preparations.
As a first step in examining the nature of the phosphate linkages, samples of the
glycoprotein preparation were acid hydrolyzed for short periods of time and
the hydrolysates were high-voltage electrophoresed. The distribution of isotope
in the hydrolytic products, as quantitated by densitometry, is shown in Table
1V. Using the pH 1.9 electrolyte, standard P-Ser and P-Thr were well resolved,
but P-Thr and P-Tyr were not. All three phosphoamino acids were resolved
using the pH 3.5 electrolyte, though spreading of individual compounds was
such that the leading edge of P-Thr merged with the trailing edge of P-Ser.
Counsequently, having detected, at pH 3.5, no radioactive P-Tyr in hydrolysates,
the relative quantities of radioactive P-Ser and P-Thr were estimated from
autoradiograms prepared from pH 1.9 electrophoretograms. We should note
that in an earlier 32P-feeding experiment, performed in essentially the same
manner as described above, the distribution of isotope in the
phosphorylhydroxyamino acids was markedly different from the distribution
presented in Table IV. After a 4 h hydrolysis, 88.0% of the radioactivity in the
phosphoamino acids was in P-Ser, 12.0% in P-Thr.

With regard to the overall distribution of 32P in the pooled collection of
labeled orb webs, it is worth noting that 93.6% of radioactivity was extracted
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FIGURE 3. A represcatative GLC analysis of trimethylsilyl denivatives of methyi
glycosides produccd from the giycoprotein preparation. A, iso-erythntol (internal
standard); B, N-acctylgalactosamine.

by gently immersing the web in distilled water and probably represents
inorganic orthophosphate from the adhesive spiral's aqueous coating; 6.0% of
radioactivity was extracted by the guanidine solution and largely represents the
glycoprotein preparation; and 0.4% of radioactivity remained with the
guanidine-insofuble fraction of the web,

Electron Microscopy of Glycoprotein Preparatio

Electron microscopic examination of the glycoprotein preparation revealed
polydisperse linear macromolecules exhibiting considerable flexibility (Fig. 4).
Contour measurements of selected well spread preparations yielded values
ranging from 900 nm to 2800 nm. If it is assumed that a single amino acid is
0.2 nm and has a molecular weight of 100 Da, then it is possible to calculate a
nominal molecular weight range for the polypeptide component of this
preparation as 450 to 1400 kDa assuming that the linear strands represent fully
extended proteins.



TABLE lII. Glycoprotein preparation - lectin interactions.

Lectin ongin Specificityd Precipitation
Tetragonolobus purpureas a-Fuce No
(Lotus tetragonolobus) (asparagus pea)

Lens culinaris (lentil) a-Man > a-Gle, a-GleNA¢ No
Canavalia ensiformis (Jack bean) a-Man > a-Glc > a-GleNAc No
Glycine max (soybean) aor BGalNAc Yes
Dolichos biflorus (horse gram) a-GalNAc No
Helix pomatia (edible snail) a-GalNAc¢ > f-GalNAc Yes
Arachis hypogaea (peanut) Gal (B1-3) GaiNAc No

Ptilota plumosa (red manne algae) a-Fuc > u-Gal, a-Gle > a-GleNAc No

aP. plumosa specificity from Rogers ct al*8. H. pomatia specificity from Hammarstrom and
Kabat*? and Piller ct al®. Al others taken from review of Goldstein and Poretz™!,

DISCUSSION
Qrigin of the Glycoprotein Preparation

Observations made on plated webs indicate that guanidine extracts of whole
A. aurantia orb webs contain products of the flagelliform, aggregate, aciniform
and pyriform glands. While the glycoprotein preparation is free of the lower
My, ‘typical' proteins observed by SDS-PAGE (Fig. 2), it is still very likely that
this preparation contains proteins from more than one type of gland. It is
presently our view that the glycoprotein portion of this preparation (if, indeed,
the glycoprotein preparation contains anything other than glycoproteins) is at
least partially derived from the nodules on the adhesive spiral. These nodules,
products of the aggregate glands, fluoresce intensely when incubated with
FITC-labeled Glycine max (soybean) lectin!2, indicating the presence of
terminal GalNAc residues. GalNAc was the only monosaccharide that was
detected in the glycoprotein preparation by GLC (Fig. 3) and in double
diffusion tests with lectins (Table III). Moreover, in several respects the
glycoprotein preparation is reminiscent of a mucin (see below), and, from
superficial considerations (e.g. the apparent high hydration of nodules!! and the
ability of nodules to be deformed into highly extended, filamentous
strands'!:12), nodules seem to be the most mucin-like structures in the web.

The inability of the guanidine solution to fully solubilize the adhesive spiral
in plated webs within 1 h, specifically material which we presume was of
nodular origin, may be at variance with the above supposition. However, it
should be kept in mind that the solubilization occurring with plated web
components after 1 h without agitation probably does not exactly reflect the
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TABLE 1V. Densitometric analysis of 32P-labeled components of glycoprotein
preparation following acid hydrolysis and high voltage paper electrophoresis.

Distribution of 32P in hydrolysates ~ Distrbution of 32P 1n phosphoamino
acds released by hydrolysisb

[Mean % of total [Mean % of total radioactivity
radioactivity in hydrolysates (SEM))3 in phosphoamino acids (SEM)|¢
Time of
hydrolysis (h) P-AA P-Pep d 543 n¢ P-Ser P-Thr n¢
1 163 (0.72) 60.4(1.93) 233 (2.48) 5 61.4 (1.5 386150 2
4 19.1 (1.54) 408 (1.89) 40.1(3.31) 6 SLR (0.45) 482045 2

Abbreviations: P-AA, phosphonythydroxyamino acids; P-Pep, phosphopepudes; Py, inorganic

orthophosphate; P-Scr, phosphosenine, P-Thr, phosphothreomne

3 Determined from runs made at pH 1.9 and 3.5.

b No phosphotyrosine was detected by the methods employed.

¢ Determined from runs made at pH 1.9.

4 Includes radioactive material remaining near origin as well as at lcast three radioactive
components which mgrate toward the positive pole and at least one radicactive component
which migrates toward the negative pole.

¢ n = The number of aliquots of a given hydrotysate that were analyzed by separate
clectrophoretic runs.

solubilization that occurs with rod-wound web after 24 h with agitation. Also.
the plated webs used during this study had been collected several months
previously and stored at room temperature. It may be that some web
components, including adhesive spiral nodules, become more resistant to
solvents with time under such conditions,

Comparison Between the Glycoprotein Preparation and Mucins

The glycoprotein preparation shares several characteristics with mammalian
secretory mucins (see e.g. Refs. 33-37 for mucin reviews). By size-exclusion
chromatography, SDS-PAGE and electron microscopy the glycoprotein
preparation, like mucins, appears to be of high molecular weight and
polydisperse. As with some mucins®®4° it stains very poorly with Coomassie
blue and absorbs poorly at 280nm. By electron microscopy, apparently
flexible. unbranched, linear macromolecules are observed (Fig. 4), reminiscent
of mucins?*37. Three amino acids that often occur in high molar percentage in
mucins -- glycine, proline and threonine -- account for about 57 mole % of the
glycoprotein preparation's amino acid composition (Table I).

In addition, it is a characteristic of mucins that most of their carbohydrate is
O-linked to serine or threonine and the sugar directly bonded to these amino
acids is GaINAc*3'7. I[ndirect evidence reported herein indicates that this
characteristic applies to the glycoprotein preparation as weill. Decreases in the
molar percentages of both threonine and serine were apparent in the amino acid
compositions of samples of the glycoprotein preparation that had been exposed
to alkali prior to amino acid analysis (Table 1). However, since phosphoryl
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FIGURE 4. Elcctron micrographs of rotary-shadowed proteins from the glycoprotein
preparation. Considerable flexibility 15 indicated. Examples from the high and fow ends
of a range of lengths are shown in the uppermost and lower right micrographs,
respectively. All three micrographs are at the same magmfication. Bar = 0.2 ym

groups. as well as glycosyl groups. can undergo elimination by this
procedure2¢+*!, and since P-Ser and P-Thr are present in the glycoprotcin
preparation, this result alone does not demonstrate the participation of serine
and threonine residues in O-glycosidic linkages. But considering that there
appears to be at least as much P-Ser in the glycoprotein preparation as P-Thr
(Table 1V). if not substantially more, and that the molar percentage of O-
substituted threonine is considerably greater than the molar percentage of O-
substituted serine (Table 1), it is reasonable to suggest that the carbohydrate in
the glycoprotein preparation is at least pnmarily O-linked. Morcover, these
data indicate that at least much of the O-linked carbohydrate is bonded to
threonine. Finally. as only GalNAc has been detected in the glycoprotein
preparation (Fig. 3, Table 11D, it is the only candidate for linkage sugar.

The glycoprotein preparation also shows some important dissimilarities with
mucins. For example. in mucins, threonine and serine together typically
account for about 25-55 mole % of total amino acids?'7 442 while in the
glycoprotein preparation the corresponding value is about 13 mole % (Table D).
with serine being especially low. This has a direct bearing on what is, perhaps.
the most important difference between the two materials, namely, the large
discrepancy in their total carbohydrate percentages. On a weight basis. from
about 50 to 85% of a mucin is carbohydrate?-#-3742 whereas all data 1o date
indicate that the glycoprotein preparation is <18% carbohydrate.

The presence of sialic acids, terminally positioned on some oligosaccharide
chains, is also typical of mucins*-5-37. However, attempts to detect sialic acids
in orb web constituents have yiclded negative results, in both this study and
previously* . [ndeed, endogenous sialic acids appear to be Jargely. though not
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entirely*®, absent in arthropods**. On the other hand, phosphorylated
serine/threonine residues, present in the glycoprotein preparation, have not, to
our knowledge, been reported in a mucin (though high molecular weight
glycoproteins containing aminoethylphosphonic acid are present in mucus
secreted by a sea anemone®’). [t shouid be recognized that if the glycoprotein
preparation does cortain products from more than one type of gland. then the
individual components might appear more or less mucin-like in isolation.

We thank Stephamie Lara for preparning samples for electron microscopy and Suxan F. Chase
tor excellent technical assistance. We are also very grateful to Lowell H. Enesson and Naney R.
Ericsson (AAA Laboratory) for their carcfully and experty performed analyses, This work was
supported by NIH area grant R15 GM44353-01A1, and HATCH (grant 352) and BRSG lunds
from the Umversity of New Hampshire.
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SPIDER SILK PROTEINS

MIKE HINMAN, ZHENGYU DONG, MING XU and RANDOLPH V. LEWIS
Molecular Biology Department, U. of Wyoming, Box 3944 Laramie, WY 82071-3944

ABSTRACT

Dragline silk has heen shown to consist of two proteins, Spidroins | and 2, which form
this unique fiber. The cDNAs for these two proteins have been sequenced and a structure
proposed which accounts for both the tensile strength and elasticity of dragline silk.

INTRODUCTION

Spiders are unique creatures due to the presence of glands in their abdomen producing silk.
They are also unique in the use of silk throughout their life span and the nearly total
dependence on silk for their evolutivnary success. Although spiders have been studied since
carliest man, the first papers using a scientific approach to spider webs and silk appeared in
the 1800s. One of the earliest was by John Blackwell describing the construction of webs by
spiders {1]. The following decades resulted in studies of the biology of the spiders and their
anatomy, but little information was published about the silk itself. In 1907 Benton published
one of the earliest studies describing properties of the silk [2]). In that same year Fischer
demonstrated the protein nature of the silk by showing the predominant presence of amino
acids [3). There were peniods of fairly intense study prior to World War I1 and in the late
1950s. However progress, especially when compared to sitkworm silk, was relatively
meager. Beginning in the 1970s the laboratories of Work, Gosline and Tillinghast revived
interest in spider silk with several papers describing physical, mechanical and chemical
properties of spider silks. Despite the efforts of these groups and others, the structure of the
spider silk protein(s) remained unknown .

Spider webs are constructed from several different silks. Each of these silks is produced in
a different gland. The glands occur as bilaterally symmetric paired sets. Although each of the
glands has its own distinctive shape and size, their functional organization is similar. The
majority of the gland serves as a reservoir for soiuliv siin protein which is synthesized in
specialized cells at the distal end of the gland. The soluble silk is pulled down a narrow duct
during which the physical and chemical changes occur which produce the solid silk fiber.
There is a valve at the exit to the spinneret which can control the flow rate of the fiber and may
control the fiber diameter to a small degree. The silk exits through the spinncrets, of which
there are three pairs, anterior, median and posterior.

Due to their size and ease of study, the major ampullate glands have received the most
attention. Thus, most of what is known about the synthesis of silk proteins is based on the
study of that gland. However, morphological and histochemical studics of the other glands
support the ideas developed for the major ampuliate gland. The synthesis of the silk protein(s)
takes place in specialized columnar epithelial cells {4] which appear to lack a Golgi apparatus.
There appears to be at least two different types of cells producing protein (S} which correlates
with our data on the composition of the silk from these glands. The newly synthesized protein
appears within the celi as dropicts witicn are secreted into the lumen of the gland via an
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unknown mechanism.

The state of the protein in the lumen of the gland is unknown but it must be in a state which
prevents fiber formation as the fiber is not formed until passage down the duct. This is
probably accomplished by a combination of protein structure and concentration which
prevents aggregaton in large protein arrays, It has been shown that the silk in the gland is not
birefringent whereas the sitk becomes birefringent as it passes down the duct {6]. Thus the
ordering of protein seen in the final fiber is accomplished in the duct. This ordering appears to
be due to the mechanical and frictional forces aligning the protein molecules and probably
altering the secondary structure to the final fiber form. Experimental evidence for this has
been the ability to draw silk fibers directly from the lumen of the major, minor and cylindrical
glands (unpublished data) implying that the physical forces of drawing the solution are
sufficient for fiber formation.

One of the features which attracted attention to spider silk was its unique properties. The
spider must be able to use the minimum amount of silk in its web to catch prey in order to
survive successfully. The web has 1o stop a rapidly flying insect nearly instantly in a manner
that allows it to become entangled and trapped. To do this the web must absorb the energy of
the insect without breaking and yet not act as a trampoline to send the insect back off the web.
Gosline et al. [7] have reviewed several aspects of this and concluded that spider silk and e
web are nearly optimally designed for each other.

As with any polymer, especially those made of protein, there are numerous factors which
can affect the tensile strength and elasticity. These can include temperature, hydration state
and rate of extension. Even with all those caveats, it is clear that dragline silk is a unique
biomaterial. As seen in Table { dragline sitk will absorb more energy prior to breaking than
nearly any commonly used material. Thus, although it is not as strong as several of the
current synthetic fibers, it can outperform them in many applications.

The composition of spider silks has been known to be predominantly protein since the early
studies of Fischer [3]. In fact, except for the sticky spiral thread, no significant amounts of
any substance other than protein have been detected, including sugars, minerals and lipids.
The various silks have significantly different amino acid compositions as do the same silks
from different spiders. In the major ampullate silks, the combination of Glu, Pro, Gly and
Ala comprise 80% of the silk from each species. However, the proportion of Pro is
significantly different in each. As will be discussed below these differences can be accounted
for by different ratios of two proteins. The minor ampullate silks are more similar among
species and differ from major ampullate silk in having significantly lower Pro values.
Cylindrical (tubuliform) gland silk used for constructing egg cocoons is radically different
from any of the other silks. The amount of Gly is reduced by nearly three quarters and Ser, in
particular, has increased to compensate as have other amino acids to a much lesser extent. The
coronate gland (swathing) silk is also very different in having a very high proportion of Pro in
relation to the other amino acids.

There are two major reasons that virtually all of the biophysical data on spider silk has
been obtained from major ampullate silk. First, it can be obtained easily since the spiders trail
it along behind as they move. Second is the combination of mechanical properties of elasticity
and high tensile strength, which will be discussed in detail below.

There were several early studies of silk fibers using X-ray diffraction which provided some
information, much of which was interpreted based on the structure of silkworm silk [reviewed
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TABLE 1
Material Strength Elasticity Energy to Break
(N m2) (%) J kg'h
Dragline silk 1-2 x 109 s 1x 105
KEVLAR 4 x 109 5 3 x 104
Rubber 1x 136 600 8 x 104
Tendon 1x 199 5 5 x 103
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The Spidroin 1 amino acid sequence is shown organized to demonstrate the repeats: - is a
deletion and . an identical residuc at that position. This sequence is from a 2.4 kb cDNA
clone with the non-repetitive regions and the 3’ untranslated region not shown.
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in 8]. These studies led to the classification of dragline silk as group beta 3, 4 or 5 depending
on the species. These groups are distinguished by the intersheet distance between the beta
sheets. The higher the number, the larger that spacing. It was also clear that much of the
structure was not beta sheet and appeared to be random. However, it is clear from the amino
acid compositions of the different silks that large bulky groups are present and must be
accommodated either in the shect or in the random regions. The amino acid sequences of the
proteins from dragline silk put limits on what the structures can be and the X-ray data must be
interpreted on that basis.

Using Fourier transform infrared spectroscopy (FTIR) Dong et al. {9] have probed the
structure of the dragline silk fiber in the relaxed and extended states. The data confirm the
presence of significant beta sheet-like structure which appears the same in both relaxed and
extended forms. Dragline sitk. which was dissolved in 4.7M LiCIOy, dialysed against water
and dned to a film, also showed predominantly beta sheet-like conformation indicating this is
a preferred secondary structure of the proteins in the solid state (unpublished data). However,
in the extended state, the silk forms a helical structure which returns 1o the original form when
the tension is released. The parallel polarized spectrum shows the orientation is parallel to the
fiber axis. These same spectral features were observed for both Nephila clavipes and
Araneus gemmoides. The helical regions appear to be coming from the random or non-
oriented regions. However, minor ampullate silk, which exhibits very low elasticity, showed
no such helix formation. These data suggest that helix formation is playing an imponant role
in the elastic function of these proteins.

Another interesting characteristic of dragline silk is its ability to supercontract. When
unrestrained dragline silk is placed in water it contracts to 50-60% of its original length. This
contraction results in a 1000-fold decrea=- ~  the elastic modulus and a greatly increased
extensibility [10]. Although several polymers exhibit this characteristic in organic solvents
dragline silk will supercontract in water but not in organic solvents [11-14]. The data from X-
ray diffraction suggest the beta shect regions rotate within the fiber but otherwise are
unchanged. Thus, the water must be altering the relationship of the sheet regions to the non-
oriented regions. This supercontraction is reversible and repeatable and can be used to achieve
mechanical work by the fibers.

With the proposed structure of dragline silk being crystalline regions interspersed with
non-oriented regions, the question arises as to the mechanism of elasticity. In the
supercontracted form, this appears to be predominantly an entropy driven process [10] with
about 85% of the retractive force due to polymer chain conformational entropy. A later
calculation estimates the average size of the random chains to be about 15 amino acids [7].

METHODS
Bure silk fibers

Much of the past rescarch on spider silk relied on obtaining samples from webs or from the
trailing fibers of the spider. It has become clear that many of these samples were composed of
more than one silk type. Thus, Work and Emerson [15) designed an apparatus 1o forcibly silk
spiders to obtain a single fiber type. Although the apparatus performed well, it was relatively
complicated to construct and operate. We have designed a simple version of their instrument
which consists of a variable speed drill which is connected to a sewing machine footpedal
controlier which regulates the drill speed. Forceps are used to take a single silk fiber, which is



wrapped around a spool, from a COy anaesthetized spider whose legs have been taped down.
The procedure is done with the aid of a microscope to insure that only a single fiber of the type
desired is taken. While observing under the microscope. the silk is forcibly wound onto the
spool. This method is applicable to both major and minor ampullate silk. In fac., voth can be
obtained simulianeously using two spools separated by 2 cm or more.

Occasionally it is possible to obtain swathing silk in the same manner but the success rate
for this is relatively low in our experience. Swathing silk can be obtained from spiders fed
frequently as they occasionally will wrap the prey for later use. This silk can be carefully
removed from the prey for examination,

Cocoon silk has been obtained directly from fresh cocoons. However, in observing the
cocoon construction by Nephila clavipes, it was seen that several fibers, probably eight, were
laid down simultaneously. Thus, it is difficult to obuin single fibers, but it is possible. In
addinon, it was observed that after the eggs are laid, the viscous secretion that accompanies
them is frequently smeared over the fibers which leads to erroneous amino acid compositions.
The amino acid composition of this secretion is largely hydrophobic amino acids which are not
present to a large degree in either the cylindrical gland or the carefully obtained single fibers.

Protein Sequence
Initial efforts 1o obtain protein sequence were directed at the silk fibers themselves. When

the fibers were placed on the sequencer membrane, they were retained and sequence
information could be obtained. The data clearly showed that no single amino terminus was
present. In fact, the sequence data resembled the anino acid composition at nearly every step
except for the occasional increase of Pro or Tyr. No useful information was obtained in this
fashion.

The next approach was to solubilize the silk protein(s) and purify them by conventional
means. Ay it was already known that these proteins were soluble only in highly chaotropic
agents, we used LiSCN and LiCIOQ,. The latter is particularly useful due to its lack of UV
absorbance at wavelengths used for protein detection. However, solubilization in these and
several other reagents still did not allow for purification due 1o the lack of useful methods in
the presence of such salts. We were unable 1o effectively utilize even size exclusion due to the
very broad elution profiles of these proteins. In the end. we could find no useful method to
solubilize and purify the proteins for sequence analysis.

The use of enzymatic cleavage to generate fragments of the protein for sequencing was
hampered by the lack of a suitable agent in which the protein was soluble and the enzymes
were active. Numerous combinations were tried, especially after solubilization in strong
denaturants and attempts to dialyse into less harsh reagents, which all proved unsuccessful.
Proteins denatured in the chaotropic agents were digested in the precipitated state with a wide
variety of enzymes, but this approach also proved unsuccessful, It is easy 1o see why spider
silks in nature are very resistant to normal degradative processes.

Attempts to use chemical cleavage were generally ureneigasfi? oo 1o dhe Tasb - P 0nd
Trp in these protcin. However, later we were able to use N-bromosuccinimide (NBS) in
formic acid with some success to cleave at Tyr for sitks which were soluble in the
concentrated acid.

Since the conventional approaches were unsuccessful, we returned 10 a technique employed
in the early days of protein sequencing; partial acid hydrolysis. Even this generally



straightforward procedure was not without significant problems. The problems can be
atributed to the repentive nature of the proteins and the tack of significant diversity in the
amino acids present. The result is peptide bonds which have very little difference in bond
strength. Thus, once hydrolvsis starts all bonds are cleaved at nearly identical rates.
Trifluoroacetic acid proved to be an excellent hydrolysis reagent because the silk became
soluble prior to hydrolysis. However, under conditions in which hydrolysis occurred the
amino terminus of all isolated peptides was blocked to Edman degradation and no sequence
information could be obtained. This led to a procedure [16] in which the silk was hydrolysed
in 6N HCl for 3-4 min at 155°C. This resulted in nearly all of the solid silk disappearing but
peptides were present. One minute longer resulted in complewe hydrolysis and one minute less
no cleavage at all. Other temperatures and acids were used, but none gave results that were
better than these conditions.  The peptides obtained were sequenced and were generally quite
short. However, there was enough sequence to create a DNA probe for cloning studies,

Cloning

Completely degenerate oligonucleotide probes were synthesized based on the peptide
sequences. In addition. the same probes were synthesized in four pools with one quarter the
total degeneracy in each pool. The cDNA Dibraries were constructed using RNA from the
major ampuliate glands of Nephila clavipes. In order to insure a maximum level of silk
protein mRNA, the spiders were forcibly silked to remove as much silk as possible. After
four hours, at which time they should be maximally producing sitk in the gland, they were
sacrificed and the sitk glands removed. Standard cDDNA library construction methods were
used as descnbed in Xu and Lewis {16].

With the anticipation that the sitk mMRNA would comprise a significant proportion of the
otal mRNA of the gland we decided to use isolated colony screening instead of the standard
plate screening used for less abundant messages. Therefore, 960 colonies were picked and
grown in 96 well plates which were then dotted on filter paper. Standard screening methods
were used and the positive colonies were clearly evident. In fact, overnight and 2 hour
autoradiographic exposures gave such large spots that it was not possible to tell which colony
was positive. It was necessary to use a |5 minute exposure to clearly decide which colony
was the correct one. [nitial screening gave 36 positives which were then analysed by
Southem blotting. We found 21 hybridization positive plasmids with the largest indicating a 4
kb insert. Each of these was grown separately, the plasmids isolated and restriction digested
to release the insert prior to another Southern blot. At this stage there were 12 positive inserts
with the largest teing 2.5 kb, The largest two of these were chosen for sequencing (2.1 kb
and 1.8 kb).

it was disturbing that the large number of initial positive colonies was reduced to such a
small number but, as was later found, this is a characteristic of all the silk cDNAs we have
examined. They are unstable in all plasmids and cell lines ¢ have tested. Some plasmids
and cells have greater stability than others, but all have u significant deletion rate which can
lead to problems if it is not taken into account. [tis also clear that the larger the insert the
higher the deletion rate although there appear to be islands of stable sizes which accounts for
our finding the two larger colonies. We have transiently observed larger inserts in several
libraries but have been unable to maintain them fong enough to sequence them, In fact, this
deletion rate can be seen in the colonies where initially white colonies containing plasmid

P



inserts start 1o turn blue from loss of inserts with ume. We have even used this as a marker
dunng initial screening to identify likely silk cDDNA containing colonies.

DNA sequenging

As might be expected the problem with insert deletion led to numerous problems with
sequencing as well. Unfortunately, this only became clear in rerrospect after completion of the
sequence of the first protein. Duc to the likely repetitive nature of the DNA, we felt random
tfragmentation and sequencing might not be the most efficient approach. We therefore chose 10
create nested deletions to obtiin the total sequence. This choice has proven to be the correct
one as there were regions of over 200 bases which were idenncal between repeats. These
lurge regions of identity also led to the need to have a large number of overlapping sequences
to insure the correct placement of each fragment.

The problem with insert deletions manmitested itself in the presence of only a few stable
sizes of inserts no matter what time point of exonuclease digestion was used. As we found on
the second protein, the sodution wits 10 examine 4 very large number (24-48) of colonies from
cach tme point and choose 4 wide variety of insert sizes to insure adequate coverage of the
region.  We also observed compression regions which led o problems with accurate
sequencing. Only with caretul analysis of both strands could these be resolved [17].

RESULTS AND DISCUSSION

Spidroin 1

The sequence of Protein 1 1s presented in Fig. |, arranged to show the repeating units more
clearly. The first obvious feature is the very fow number of substitutions in the repeats.
Another interesting feature is the large number of deletnons from the consensus sequence.
These deletions are almost all in multiples of three for currently unknown reasons. We have
broken the sequence into three segments. The first nine amino acids are conserved in
sequence, but the number of deletions is very highon this segment. The second segment is the
GAG(A3, segment. This region is highly conserved with few substitutions and some
variation in the number of Ala residues present. The thied <egment is the Tast 1S amino acids
which s very highly conserved in sequence with vintually no substitutions and very few
deletions. The only position showing any variation is the antepenultimate residue which can
be Gly. Ser or Asn but no others. The sequence can be thought of as a (GGX) | (A), repeat or
alternatively a (GXG)t Ay, with X being Gin, Tyr or Leu. A search of the protein sequence
database found no matching sequences to any six amino acids in the sequence except the
(Ala), region. Thus it appears these are. to date. unique combinations of amino acids.

Spidroin 2

From Fig. | it can be seen that no Pro is present in this sequence, vet the silk is 3.5% Pro
and we isolated a major Pro contaiming peptide from the silk. We synthesized a new probe
based on the Pro containing peptide and used it to rescreen our initial hbrary, Over 20
positives were detected and following the same procedure as for Protein 1 we sequenced the
largest which was about 2.1 kb The sequence has been armanged to highlight the repetitive
segments in Fig. 2. The repeat sequence of Protein 2 can be broken into three segments as
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well. In this case the first segment, the first twenty amino acids is very highly conserved with
only a couple of substitutions and one insertion. The second segment, the polyalanine region,
is longer than in Protein 1 and has substitutions of Ser only. There 1 some difference in the
number of Ala residues but less than was scen for Protein I The final fifteen amino acids are
characterized by very few substitutions, but a large number of deletions.  Interestingly the
deletions are virtually all in multiples of tive instead of three. This reflects the repeat which
could be written as (GPGQOUGPGGY)IGP (SGPGS A (GPGGY N GPGQONGPGGY).
The reason for the pentamer deletions may be more clear as discussed below in the predicted
structure of this protein. The sequence database again shows no identical protein sequences
for these peptide segments, although some similar groups of amino acids were detected as
discussed in more detail below.

Codon usage

There is an incredible codon usage bias in both of these proteins. The skew is away from
using C or G in the wobble base. This is particularly scen in Gln and Gly where there is over
90% use of A and T in the third position. This is probably not overly surprising since the
majority of codons already have C and G in the first two bases. [n order to prevent long
stretches of Cs and Gs resulting in stem-loop formations which would be unstable, the
wobble base is restricted 10 A or T. This is in contrast to the silkworm sitk DNA which
shows no strong codon bias like this [ 1R].

Proposed Structure

It is always with trepidation that one tries to predict the structure of any protein without X-
ray or 2-D NMR data but with proteins which show no sequence homology to other proteins it
is even more difficult. To further complicate the situation with dragline silk there are two
proteins, not one, and they exist in an en rironment of low water, a situation which has not
been explored by protein structural research 10 any large degree. Finally, the daa to date on
the proteins is somewhat contradictory as to the secondary structure of the basic protein repeat
clements. Despite these factors we will propose a structure based on availuable data and on
analogies to proteins showing some similarity to the silk sequences. There are testable
clements to this structure which we hope 1o examine to determine if it is correct.

Protein 1 seems to have little tendency to form a single thermody namically stable structure
(unpublished data). Rather it can assume a variety of secondary structures based other
extrinsic factors. Thus we turned to Protein 2 to establish a preliminary structure. In view of
the large number and spacing of Pro residues there is no chance the protein can assume either
a helical or a typical sheet structure. Since the repeat distance of the Pro is 5 residues it cannot
form a cross beta structure either since that would require an even number of residues,

When other high Pro proteins are examined there are two that have some similarnity in
sequence and spacing of Pro residues to silk protein 2. The first is gluten, an insoluble
protein from wheat, which is thought to b2 responsible for the elasticity of dough {19]. The
other is synaptophysin, an integral membrance protein of synaptic vesicles which can bind
calcium [20]. Gluten has some repeat sequences which are Pro-Gly-Gln-Gly-Gln-Gln and
synaptophysin is Tyr-Gly-Pro-Gin-Gly. Both of these proteins are thought to form beta-tumn
helices or a beta spiral. In addition, when the prediction of beta turn is examined in more
detail [21], the prediction 1able gives the seqeence Gly-Pro-Gly-Gln one of the highest




possible scores for a beta turn with Gly-Pro-Gly-Gly just slightly below that score. These are
both for type Il tums.

The poly-Ala region can clearly form an alpha-helix as we showed with the CD studies and
others have noted as well [22]. However, these studies are all done in presence of water of
hydration. The structure of these types of peptides in the absence of substantial water has
been shown 10 be beta-sheets which is consistent both with fiber X-ray diffraction studies and
with bound water determination for the silk fibers (unpublished data) (23).

Thus the poly Ala regions for Spidroins | and 2 form the beta-sheet regions seen by the
various biophysical techniques. The Gly rich regions are likely to form beta-turns (possibly
type 2'). Under tension the turns can open up sufficiently to allow for the observed elasticity.
The driving force for the return to the turn structure probably involves an unfavorable bond
angle for Pro as well as other forces. Current efforts are direcied toward confirming these
structures and mechanism.
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NUTS*

JULIAN F. V. VINCENT
Centre for Biomimetics, The University, Reading, RG6 2AT, UK

1 Abstract

‘The shell (pericarp) of nuts protects the seed from being eaten before it can germinate.
1t is presumably designed to resist fracture by external forces, and evolution will have
optimised its design for this purpose. It appears that the material of larger shells, which
will tend to be structurally more brittle, is tougher. However, the fracture mechanics
theory for shells in compression is not available, nor the information on the biological
selection pressures.

2 Introduction

Fracture mechanics theory tells us that the fracture strength of an object is dependent
not only on material and structure but also on size. In general, smaller objects appear
tougher since there is relatively less volume (a term in length cubed) for the storage
of strain energy to feed to the advancing fracture (whose area is a function in length
squared). So in small objects the strain energy density has to be higher in order to get a
crack to propagate. Also, since the length of a critical Griffith crack remains the same,
being a property of the material, a smaller object will be less likely to contain a critical
crack of this length and therefore be safer at the same loads. This will also allow the
smaller object to sustain the higher loads. Ultimately an object can be small enough
not to fail in a brittle manner and will undergo plastic deformation. This general rule of
materials science can be tested on natural structures; one of the most suitable is seeds.

A plant may produce a few large seeds, usually protected by a hard shell or pericarp,
or a large number of small seeds which do not have such protection and may even have
large amounts of edible material associated with them (loosely known as a fruit although
it can have a variety of developmental origins) which will encourage the attentions of
an animal. The large seeds are commonly known as nute which may be produced either
singly (haze! nut, walnut, acorn, macadamia nut, coconut, etc.) or several contained
within a pod (Brazil nut, ngali nut, etc.). In this preliminary study | have concentrated
on single nuts since these are more or less spherical allowing relatively easy analysis
of both structure and material, and have used hazel nuts, walnuts and macadamia
nuts. Since, by and large, the ecology of these structures is based on their mechanical
properties, I have also considered the ways in which structural and mechanical properties
interact to affect the ecology of the nut.

*This title is taken from a remark made by Brig. Gen. Anthony McAuliffe, then commanding the
101st Airborne Division, on Dec 22nd 1944 when invited to surrender to the German forces at Bastogne
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3 Materials and Methods

Whole nuts were tested in slow compression int a universal testing machine (Instron 4202)
until they fractured. In nearly every instance the fractured nut sheil still supported a
load; with walnut and macadamia nut (less commonly with hazel nut) the shell was
incompletely fractured. The deduction can therefore be made that, since fracture is
driven by elastic strain energy stored in the shell, when the stress level within the sheli
falls below the fracture stress there will be some strain energy remaining. Thus if the
shell is then unloaded at the same rate as it was loaded {(about 1 mm/min}, the remaining
strain energy is discounted and only the strain energy used to propagate the fracture
(apparent fracture energy) is measured (figure 1). In some instances the shell was loaded
further after the main fracture, and unloaded again before any further fracture occurred.
In all such cases the shell showed complete elasticity (i.e. no hysteresis). The length of
fracture and the mean thickness of the shell were then measured allowing the apparent
fracture energy to be normalised to the area cleaved. The mean diameter of the nut was
then estimated from the diameter measured in the x, y and z directions. If the strain
energy available for fracture is proportional to the volume of the shell and the energy
required for fracture is proportional to the surface area of that fracture, then simple
geometry shows that the apparent fracture energy (R,,,) is related to the amount of
available strain energy (U) by:

Ry = krU

where k is a constant and = is the radius of the nut. This relationship ignores values
of the thickness of the shell raised to powers of 2 or more; the radius of the hazel nut is
about 10 times the thickness of the shell; the figure is nearer 30 in walnuts.

The mathematics of loading a shell in compression with the load concentrated in a
small area have been documented [1]:

—24Pr/1 —v?
Et
where d is the deflection of the shell, P is the force exerted, v is the Poisson ratio
(assumed to be about 0.3}, E is the stiffness of the shell material and ¢ is the thickness
of the shell. A is a constant, calculated as about 0.4.
Fracture surfaces of small pieces of hazel nut and walnut shell were photographed in
a scanning electron microscope following standard preparation procedures.

d=

4 Results and Discussion

Electron and light microscopy show that in all three nuts the inner and outer layers of the
shell are different (figures 2 and 3). The tendency is for the outer layer to be composed
of cells (sclerids) which are apparently full of material, presumably lignin. The fracture
surface looks like a Joosely bonded concrete-like material which fractures relatively easily
between the particles (= cells; figures 4 and 5). This material is obviously not good at
resisting tension, but may well resist compression, It will also have to resist the cutting
action of insect mandibles as when a weevil bores in to the nut. This will not involve
strain energy storage but will rely upon the nut being locally hard. In the macadamia
nut (which is dried at high temperature during cooking) the outer surface of the shell
18 covered with a large number of shallow cracks, presumably due to the contraction of
the shell on drying. The inner layer of the hazel is very thin (figure 2), but is similar
to that of the walnut in that it is comprised of cells which are well stuck together and
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Fig. 1 Loading/unloading curve for whole nuts. The nut cracks longitudinally from
pole to pole at the maximum load {A) and the load drops suddenly to B. The sample
is unloaded at the same rate as it was loaded to C, thus accounting for elastic strain
energy which was not used for fracture.

TABLE I
SOME MECHANICAL PROPERTIES OF WHOLE NUT SHELLS
Hazel nut Walnut Macadamia nut Coconut

Stiffness 1.46 (0.374) 2.85 (1.058)  4.185 (2.518) 3-5
(GPa)
Work-to-fracture 1.61 (0.54) 2.97 (1.20) 5.65 (2.04) 1.8
(kJ/m?)
Strength 147 (49.6) 221 (55.4) 338 (219)
(MPa)

Strength / Stiffness 0.1 0.07 0.08
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Fig 2 Fracture surface of hazel nut shell showing the inner layer and part of the
outer layer.

Fig. 3. Fractore snrface of walnut shell showing inner and outer layers.
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empty. In the walnut the fracture path goes through tiise cells, revealing the cell walls
as multilayered and very fibrous (figure 6). This material couil well be tougher in
tension, and occurs to a greater extent in the tougher shell of the walnut {fig.:= 3). In
the shell of the macadamia nut this layer is composed of long sinuous fibres which pull
out on fracture.

Apparent fracture energy is inversely proportional to mean diameter with both hazel
nut and walnut (figure 7a, b); there are too few results from macadamia nuts to say
whether this is true of these nuts as well. Stiffness, fracture energy and strength {2 /1?)
were calculated from the measurements on whole shells and shown in Table i: data from
previoas work .. the coronut aie sppended {2!

The values in brackets are standard deviations of the population: these are appar-
ently high since the number of samples was about 20 for hazel and walnut, though only
6 for macadamia nut. However, this scatter is due to the influence of size cn the results,
at least for the fracture energy and for strength (figure 8). No variation of stiffness
with size could be detected. This is in accord with the theary of fracture mechanics
(see above} and confirms that, for a given morphology of the shell, the larger nut will
be easier to break. Values for fracture energy of hazel were confirmed by compliance
calibration of the strain release rate.

The data for macadamia nut are at variance with the results of Jennings and Macmil-
lan [3] who quoted fracture values only a fifth of those reported here. Although it is not
easy to measure fracture properties of nut shells due to the speed at which fracture prop-
agates, and Jennings and Macmillan could not account for stored elastic strain energy

Fig. 6. Fracture surface of the inner layer of walnut shell. Typically the cells are
fractured. The cells walls are multilayered and fibrous.
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in their samples (which would tend to increase their values rather than reduce them}, it
is difficult to see why there should be this discrepancy. It may be that there are some
Poissor ratio effects since the tests reported here are essentially in two-dimensional
strain, whereas Jennings and Macmillan used a C-ring test which is a variant of a beam
test. However, the fracture mechanics theory for a sphere compressed over small areas
at the poles does not exist, so it is not yet possible to see whether theory can throw
light on this. The improved performance figures for macadamia bring the mechanical
properties of its shell much closer to those of wood.

The experiments with samples of coconut shell were performed differently, since the
original project brief {for 2nd year students) was to see whether coconut shells would
make effective crasti helmets for children playing on skate boards! Samples cut from
the coconut shell were tested in impact using a weight swinging on a pendulum and
at low loading rates in three-point bending. Whole nuts were tested in compression.
Although not shown on the table, coconut is much more anisotropic in stiffness due to
the predominantly circumferential (= equatorial) orientation of the sclerid fibres making
the shell.

These tests have not differentiated the properties of the inner and outer layers of the
shell: the outer layer, which in the intact nut is more likely to be resisting compression,
would be expected to be more brittle since the fracture passes between the cells (figures
2 and 3) and through the cells in the inner layer (figure 6). This is shown to be so in the
shell of Mezzettia leptopoda [4] where the work of fracture of the outer layer (measured
in a notched beam test) is only about 250 J/m? and of the inner layer is of the order of
2 kJ/m?. In this nut the outer layer 1s like those of walnut, hazel nut and macadamia
in that the fracture goes between the cells. The inner layer is more like that of the
macadamia [3], being fibrous rather than cellular in appearance [4].

5 Conclusions

The prediction of fracture mechanics (that there should be size effects relating energy
input and fracture energy) has been confirmed, although only in a general way since the
theury h-s not been developed specifically for compressed spheres. This seems to be true
both within and beiween species, since the walnut, although larger, stiffer and tougher
than the hazel nut, is only just as strong. The walnut shell has opted for improving the
‘quality’ of the shell material rather than using more of it {i.e. it does not have a thicker,
less well-designed, shell) in order to achieve good mechanical propertics. The inference
must be that design is cheaper than material in energy terms, a deduction previousiy
made in the design of hedgehog spines [5]. However, this does not take into account
the biological or evolutionary reason for particular properties, since these different nuts
come from different places and are likely to meet different environmental stresses, both
mechanical and physiological. It is therefore dangerous to make any generalisations
based on comparisons between so few species of nut. As this project develops, more
nuts from related species in different habitats, and more nuts from different species
in the same habitats, will be investigated and compared. Also, the nuts tested here
were all dry. This is not their natural state, at least when fresh. Although Jennings
and Macmillan showed water not tc have a particularly large effect on macadamia nut
shells, it is generally an important factor and is bound to affect different designa of shell
in different ways.
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In conclusion, nut shells represent an elegant subject for the study of mechanical
design in nature since their shape and size are fairly uniform and easy to deacribe, they
have interesting material properties and textures and the results can be related both to
engineering and to biology.
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ABSTRACT

Rhinoceros horn has been used medicinally and as a talisman in many cultures and animals are
slaughtered to obtain the horn. With the dwindling populations of rhiros, and the limited number
and breeding success of captive rhinos. there is a critical need to learn as much as is possible about
their horns to find an adequate substitute. Examination of rhino horn was made using optical
microscopy. scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy {EDS}),
and x-ray diffraction (XRD). The structure of the horn is unusual and consists of two separate
phases. one of hair-like filaments, built around a central core in circumferential layers and the
other surrounding and filling in the spaces between the filaments as a matrix. Together, these two
structures make up a biological composite, structurally similar to metal, ceramic or polymer based
composites. The structural morphology, the dimensionrs of the structures, and the chemistry of
the horn are discussed. Comparisons are made between horn, hoof, and hair of rhinos and hoof
and hair from horses, their nearest living relatives.

INTRODUCTION

The horn of the rhinoceros, an anatomical specialization which has evolved to its present
functional form over sixty million years, has, in modern times, become the focus for rapid de-
struction of these animals by poachers who seek it for monetary gain. The severity of the problem
is emphasized in the recently released Rhino Global Captive Action Plan, {1] which notes that
of twelve subspecies of rhinoceros, composing the five surviving species, seven are considered to
be critical, four endangered, and one vuinerable, according to the new Mace-Lande [2} method
of classifying the probability of extinction. We concluded that the production of a synthetic
horn facsimile, to dominate the market, could reduce, or possibly eliminate poaching pressure on
these animals, and/or the mimicry of the chemistry and structure of the horn as a model for new
materials could generate a greater demand for conserving rhinos. Both of these concepts require
a detailed understanding of the composition and structure of rhino horn and the developmental
events that produce it. This paper reports initial studies directed toward that goal.

Reference to the literature reveals some disagreement about the composition of rhinoceros
horn. Ryder [3] noted that various early investigators described its basic structure as that of
matted hair, coarse fibers, filaments, canals or tubules. Using light microscopy, with histologi-
cal staining and swelling techniques, Ryder attempted to resolve the issue with studies of horn
from the white rhinoceros (Ceratotherium simum). He concluded that the horn was built of
closely-packed filaments composed of concentric laminae around a solid medulla and with inter-
filamentous material in the interstices. The same general structure was confirmed in the other
four species of rhino by Earland et al. {4]. In 1963, Lynch et al. [5] reported scanning electron
microscopy (SEM) studies of white rhino horn. Their results were “broadly consistent with pre-
vious studies”, and emphasized the presence of flat scale-like cells which compose the layers of
laminae and identified another cellular unit “associated with the outer regime of the filaments or
the interfilamentous material or both’ . In spite of these confirming studies, some recent publi-
cations persist in describing rhino horn-as consisting of “an aggregation of hollow keratin fibers,
similar to hair, but lacking the outer cuticle” {6]. In this paper a variety of techniques, including
light and electron microscopy, are employed to assure a clear understanding of the composition
of this unique material.
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Figure 1: The top surface of rhinoceraos horn which the rhino has polished 1o smoathness by
rubbing it against harder surfaces. At this magnification (bar represents lmm) light and dark
striations can be seen on the surface along with rougher arcas within the striations.

EXPERIMENTAL PROCEDURES AND RESULTS

The primary sample used in these studies was a two inch piece of horn which was broken
from the tip o/ .. norn of 2 raptive male white rhino. It was pravided for this study by
the Virginia Zoological Park. for whick we are appreciative. In rhe following discussion. this
specimen was examined by several different techniques. Each technique is discussed separately
with experimental results included.

Light Mirroscopy

Light microscopr was used to examine the surface and cross-section of the rhino horn. Visvally
the surface was smooth and rounded in perspective. There was a definite sheen to the top surface
of the horn, which is where the animal rubs it against tree trunks. metal feace posts. and the
ground. Because the horn has limited wear resistance when rubbed against harder surfaces,
continnous wear will polish the surface and this is the natural state of the horn.

When examined under magnification, the surface shows parallel striations of light and darker
areas and rongher areas within the striations. These features are noticeable in Figure 1 which
shows the smooth curface of a section of the horn.

Figure 2 shows the point at which this section of horn was broken from the main horn. Clearly
defined are hair-like filaments which project from the broken interface. The ends of these filaments
come 1o a definite point and their diameters lessen significantly just prior to the formation of the
point. Between the filaments is a separate region designated as the matrix phase. It has a fibrous
texture, as well. Thinner fibers can be seen in the matrix material, as is demonstrated in
Figure 2.

A piece of the rhino horn was cut perpendicularly to the direction of the hair-like structures. It
was vacwim encapsufated into epoxy resin and polished using metallographic polishing methods.
These methods invoive grinding with sand paper starting at 320 grit. followed by 400, 600. and
1200 grit sand papers. [t was then polished with 3 micron diamond slurry and final polished with
0.3 micron alumina until a scratch-free surface was produced for photomicroscopy. This type
af preparation follows standard metallographic technigues for metal. polymer and compaosite
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Figure 3: A cross-sectional view of the rhino horn prepared by standard metallographic vock
niques. Bar represents 0.2mumn. In this view both the hair-like filaments and the matrix phase are
apparent. The filaments are composed of circumferential lavers built around a central core. The
matrix phase fills in the spaces between the filaments. Differences in hardness between phases is
emphasized by the polishing technique and can be seen as variations in height.

Fignre 4: At this magnification (bar represents 8. mm} the filaments appear to have a structure
like growth rings. Cracks can be seen at the interfaces of the circumferential lavers. The cracks
are confined to the flaments and do not extend into the matrix. Small dark spots can he seen at
the interfaces of the circnmiferential lavers.
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Figure 53: The top surface of the rhinoceros horn as is seen in the SEM, at 20KeV, a tilt angle of
35 degrees with a working distance of 15mm. Magnification is marked on the photo. Individual
filaments cannot be noted, although there is a directional orientation to the surface which is
parallel to the filament direction.

filaments, but no individual filament could be observed on the top curface. Figure 5is a view of
the surface of one portion of the horn.

Cross-section of the horn. Figure 6. showed structure sitmilar to that demonstrated by light
micrascopy in Figure 3. Regions which showed black in the light micrograph are distinct and
white in the SEM image and are interpreted as cracks or gaps in the horn. These cracks follow the
circumnference of the central care and appear to be related to the structure of the “growth rings”
within the filaments. The interface between the filaments and the matrix is evident as an almost
continuous white line following the contours of the edges of the filaments. In the matrix ghae,
the white regions are less pronounced and smaller than in the filaments. Some directionality can
be noted in the white regions in the matrix, as they follow the outer contours of the filaments.
The differences in contrast {white to dark) are due to charging within the SEM. Charging occurs
when a less conductive area. like a gap. is next to a conductive area. The «dges of holes often
show charging effocts in SEM photographs.

In general. the SEM photographs provided useful comparisons with those taken using light
microscopy. The SEM also allowed some of the features in the interior of the cross-section to
be imaged directly and emphasized some of the structural aspects of the cross-section to he
demonstrated. The SEM provided the imaging capabilities while the energy dispersive x.ray
spectrosenpy (EDS) system allowed composition to be examined.

Energy Dispersive X-ray Spectroscopy

EDS was performed on the samples which were prepared for the SEM. Both the surface of the
horn and polished cross-sections were examined. For analysis of the exterior surfaces. a Javer of
gold palladinm metal was sputtered onto the surface to enhance the conductivity of the surface
and eliminate “charging” of the sample, which is cansed when a surface charge builds up (due 1o
the electron bombardment) and then discharges suddenly. This adversely affects the elemental
analysis, since the specimen may actually move when the discharge occurs. Since neither gold nor
palladium were presont in the horn itself, the coating did not attect the compositional analysis.

The recults of the EDS analysis of the surface of the horn showed that the horn was composed
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Figure 6: Scanning electron micrograph of the polished cross-section of rhino horn taken at 20KeV
at a tilt angle of 35 degrees with a working distance of 13mm. Magnification is marked on the
photo. The filaments are apparent with their outer edges defined by an almost continusus white
line at a distance from the central core extending around the circumference of the filaments.
The matrix can be seen between the filaments. Small cracks or separations are also apparent as
smaller white regions within the filaments.

of carbon, oxygen, nitrogen and sulfur. Significant amounts of silicon (Si). calcium (Ca}. and
phosphorous (P} were also found, most of which can be attributed to the soi} in the enclosure
where the rhino is kept. This was demonstrated by examining the chemical content of the soil
and by comparing the surface composition with the composition in the interior of the horn. The
Si, Ca and P were found in higher amounts on the surface of the horn than in the interior. Also
present in surprisingly high concentration on the surface was iron (Fe), although some Fe was
ajso found in the cross-section. The question of the existence of the Fe was resolved when the
thino keeper informed us that the animal from which the horn sample was obtained regularly
rubs his horn against the iron fence posts in his enclosure.

In cross-section, both phases of the horn were examined. Figure 7 is the EDS spectrum of
the hair-like filament and Figure 8 is the spectrum for the matrix. The filaments were found to
be significantly higher in § than the matrix phase, aithough both certain 5. Further study is
required to draw any specific conclusions that might relate the composition to the structure.

X-ray Diffraction Analysis

Samples of the horn were powdered and examined using x-ray diffraction (XRD). An x-ray
tube which provided copper x-rays was used for this analysis. The sample of powdered hurn was
monnted in a low background holder made of bakelite. A broad scan was done from 0 to 180
degrees in 20. The broad scan provided information on the peaks of interest for this sample.
Following this initial run, a region from 20 degrees to 90 degrees was rescanned slowly (over about
% hours) ta concentrate the x-ray counts from the small sample size.

The x-ray data were examined using a computerized peak search program with a database
which included organic products. Peaks from the analysis most closely matched those for keratin,
but were not an exact match. The inexactness of the match might be due to several factors. For
instance, some contamination of the horn material with soil may have occurred, but. it is more
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Figure 7: Energy dispersive x-ray spectrum for the filament portion of the rhino horn taken using
the spot analysis capability with a spot size of a few microns, at 20KeV with a beryllium window

detector. Compare this spectrum with the following spectrum.
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Figure 8: Fnergy dispersive x-ray spectrum for the matrix phase of the rhino horn. Taken at
the same spot size as that used for the filament analysis, this spectrum shows that less sulfur is
present in the matrix than in the filaments.
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Figure 9: Light micrograph of rhinoceros hoof. Bar represents Imm. The structure appears
different from that of the rhino horn. Note the apparent lack of filaments within the hoof structure,
which is closer to hooves of horses than to the rhino horn.

likely that the keratin from the horn is different from that included in the peak search program

Several investigators {7, 8] have reported differences in keratin based biological materials from
different species. Keratin from rhino horns may also be of a different type [9].

Comparisons can be made between the elemental composition found by EDS and the com-
position determined by XRD. In the XRD analysis, the structure was found to be composed of
keratin. In the EDS analysis, sulfur was found to be present in both the filament phase and the
matrix, Keratin contains disulfide bonding. which would clearly account for the sulfur content.
The clements found by EDS are those from which keratin is formed. The two techuiques vield
complementary results on the composition of the horn.

Comparisons with Other Materials

Work from early in the twentieth century on rhino horn supported the concept that it is
composed of matted hair {10, 11] . Restatements of this premise have continned and are the base
for the information which permeates the literature. More recent work [3. 5] has not thoroughly
disputed this claim. It is likely that the misconception is due to visual examinations such as that
in Figure 2. in which the hair-like filaments are most striking. In examining the cross-sections.
such as that of Figure 3. the structure becomes more clear. The presence of the two phases are
instantly apparent. Comparisons were made of the hair-like filaments with tail and ear hairs from
the rhino. The structure of the hair was found to he more like hair from other species. such as
horses, as shown in the literature {12}, than like that of the horn itself.

Hoof samples from the rhine were also examined. Figure 9 shows a light micrograph of the
sample of hoof. The structure of the hoof is seen to be different from the horn, more like haoves
of other animals. Horse hooves and the keratin from which they are made have an extensive
literature assoriated with their study {7. %, Diflerences botween rhino hoof and horn, even
though both are composed of keratins. are striking.




Figure 10: Light micrograph of a polvmer matnix composite material composed of graphite fibers
encapsulated within an epoxy matrix. Bar repressents (.1mm. Note the striking resemblance to
the structure of the rhine horn, composed of fibers within a matrix phase. The graphite fibers in
the polyiner composite provide tensile strengthening while the epoxy matrix provides ducrility
The arrow marks a crack within the matrix. Note that it runs between the graphite fibers: no
fibers are bhroken.

Comparisons to Manmade Composites

Figure 10 shows a light micrograph of a polymer matrix composite with graphite fibers within
the polvmer matrix. it bears a striking resemblance to the structure of the rhino horn. The
graphite fibers are nf canrce. much smaller it diatueter than the filaments in the rhino horn. but
the overall nature is quite similar. Graphite reinforced polymer matrix composites are usually
not monodirectional such as the rhino horn. but consist of lavers of oriented fibers alternating
directions by 60 or 90 degrees. This provides the composite material with structural strength in
at least two directions. It also provides some torsional stability to the composite. The rhino horn
appears to suffer from neither lack of torsional strength nor from debonding along the interface
between the filaments (except possibly in old horn or near the base of horns, where the marrix is
no longer present). Manmade composite structures will often form cracks parallel to the interface
of the fiber with the matrix. This is a very well known problem for composite materials and
techniques such as applying coatings or electrostatic charges to the fibers are done to try and
optimize the interfaces which are formed.

Figure 11 shows another view of the cross-section of the rhino horn. At the arrow. a crack
had formed. The crack has filled in with new material, snggesting that the horn may be a living,
growing structure which can repair it<elf. This is borne out by the fact that, when a thinoceros’s
horn is removed or broken. a substantial portion grows back {13]. Contrast this ability to repair
itself shown by the rhino horn, with the manmade composite shown in Figure 10, where a crack
is marked with an arrow. Qbviously. no material has filled in this crack. and no self-repairing
mechanistn can he demonstrated.

Manmade composites are known to be very weak in compression [14.. The natural composite
striactare of the thino horn, by comparison provides a significant amount of compressive strength.
as is demonstrated by the use of it by rhinos in battles with other rhinos. Seldom does the
horn break under these conditions. The rhino horn appears to provide a good combination of
compressive and torsional strength. which is ant always present in manmade composites.




Figure 11: This light micrograph of rhinoceros horn. shown in cross-section, shows the site of a
previous crack which has been repaired. Bar represents lmm. The arrow denotes the crack which
has filled in with new material. demonstrating the self-repairing mechanism of the rhino horn

Structure and Composition

The rhino horn has evolved to its present form and evolution has optimized it for the uses
made of it b;- the animal. The structure of the horn, as a composite material. provides some of
the same advantages that manmade composites do. The fibers provide greater teasile strength
than does the matrix, while the matrix provides greaver ductility than the fibers, There is a need
to demonstrate that this is the same for the rhino horn. It appears to be the case from the uses
made of the horn. [he rhino cows use their horne 10 protect calves from attack. Male rhinos
use it in territorial disputes and to drive off interlopers, and all rhinos use their horns for digging
in the ground. Qther uses that the rhino may make of the horn have been speculated upon.
Berger and others are seeking to examine these suggestions in dehorning studies which are being
undertaken in rhino populations in Africa [13].

There are a number of lessons which may be possible to learn from studying the rhino horn.
Materials science conld benefit from information about the interfaces between phases in the
horns which are clearly not as weak as they are in manmade composite materials, By studying
the mechanical properties of the rhino horn, it may become apparent how the properties of each
phase have been optimized for the uses. Since rhino horn has excellent compressive strength. it
may be possible to improve the compressive strength of composite materials based on information
derived from the study of these horns.

Mimicking the composition and structure of rhino horn may lead to the development of a
synthetic material which would serve as a substitute for rhino horn. As was mentioned in the
introduction, previous attempts to substitute other types of horn or bone for rhino horn have not
been successful with the cultures that use it pharmaceutically. However. no substitute has been
tried which is chemically the same as rhino horn. Recently. several authors have suggested that
4l attempt be made to produce and distribute a synthetic rhino horn {6, 16}, If such a substitute
could be made, produced inexpensively. and be accepted, it would provide the possibility for
climirating some of the demand for horn culturally and thereby eliminating some of the poaching
presstires on the animal populations. This could impact significantly on their survival and possibly
remove them from the threshold of extinction, Detailed information about the chemistry and
structure of thinoceros horn could also be useful in farensic inspection where it may be necessary
to confirm the material origin of questionable artifacts.
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SUMMARY

Initial experimental analysis was made of rhinoceros horn. Light microscopy of the cross-
section of the horn showed it to be composite in structure with two phases present. This work
appears to be the first to prepare rhinoceros horn in a manner similar to metal or composite
samples. Preparation of the sample in this way allows much detailed informatjon to be available
using both light and electron microscopy. One of the two phases present in the composite material
of the horn is hair-like in structure and probably accounts for the misconception that rhino hora
is composed of matted hair. The hair-like filaments are surrounded by a continuous or matrix
phase which is space filling and has some structure within it. The filaments have a central core
and circumferential markings similar to growth rings. Cracks in the filaments follow the growth
rings, but do not extend into the matrix phase.

Surfaces and cross-sections of the rhino horn were examined using SEM and EDS. The SEM
revealed the internal structure of both phases in even greater detail. EDS analysis showed that
there were significant differences in the composition of the iwo phases, specifically in sulfur
content. Existence of a surprizing. substantial iron peak in the spectra was concluded to be due
to contamination from the soil and the animal rubbing the horn on the iron posts of its enclosure.

X-ray diffraction analysis showed that the overall composition of the horn is, indeed, keratin.
but a different type of keratin from that used for the standard in the x-ray diffraction database.
A comparison of the x-ray diffraction data with the EDS data presents evidence that the sulfur
content is consistent with the disnifide bonrds found in all structures formed from keratin.

With the chemical and molecular composition of the rhino horn identified, the possibility of
producing a synthetic horn material was discussed. A low cost, chemically equivalent substitute,
used instead of natural horn for medicinal purposes, might help alleviate the pressure on the
rhino population due to poaching. We are investigating this possibility.

The structure of the rhino horn offers some unique prospects for study and may provide
insight into the special combination of strength and ductility along with the unique properties of
self repair and biodegradabikity which are exhibited by rhino horn. Further work to examine the
specifics of the mecharical properties of rhino horn is planned.
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ABSTRACT

Biomineralization is precisely controlled by complex templating relationships ultimately
encoded in the genes. In the formation of the molluscan shell, polyanionic pleated sheet proteins
serve as templates for the nucleation and epitaxial growth of calcium carbonate crystatline domains
to yield microlaminate composites of exceptional strength and crystal ordering. The strength and
fracture-resistance of these composites far exceed those of the minerals themselves, as a result of
both the capacity for flexible deformation of the organic matrix layers and the retardation of crack
propagation at each mineral-organic interface. The basic principles controlling low temperature
biosynthesis of these materials thus are of both fundamental and applied importance. The abalone
shell consists of microlaminates with a remarkable regularity of lamina thickness (ca. 0.5 micron),
the foimation of which defies present understanding. We have found that shells of abalone larvae
formed prior to metamorphosis contain only aragonite, whereas the adult shell made after
metamorphosis contains both aragonite and calcite. This transition is accompanied by a switch in
genetic expression of the template proteins, suggesting that the premetamorphic protein may serve
as a template for aragonite nucleation and growth, while template proteins synthesized after
metamorphosis may direct crystallization of calcite. These analyses are based on improvements we
recently reported for the detection and purification of proteins from the demineralized shell matrix.
Genetic cloning experiments now in progress are aimed at discovering additional protein sequences
responsible for the programmed control of crystil phase termination, since it is the termination and
reinitiation of mineralization that is responsible for the regularity of highly ordered microlaminates
produced in nature.

INTRODUCTION: GENETIC CONTROL OF BIOMINERALIZATION

When the genetic code was first cracked in the 1960s, the thinking at that time was that there
was only one genetic code. We now realize that in fact all biological structures and functions are
encoded in the genes in a complex set of nested codes or correspondences. The relationship
between the linear sequence of nucleotides in the genes and the linear sequences of amino acids in
the proteins they specify is only one - albeit the most fundamental - of these coding relationships.
Molecuiar biology is now starting to attack the higher-order coding relationships that reliably
specify genetically encoded higher-order moleculur and cellular structures, shapes and functions.
One of the most intriguing of these, and one with great potential for the development of practical
applications in the ficld of materials science, governs the genetic control of biomineralization, in
which a complex templating mechanism directs the synthesis of materials such as bone and shell.

The molluscan shell is a microlaminate composite of exceptional strength and regularity
(Figure 1). It consists of calcium carbonate crystalline domains, organized on 2-dimensional
anionic protein templates. Typically, the organizing organic polymers contribute less than 1% by
weight of the composite material [e.g., 1]. Yet the strength and fracture resistance of these
composites far exceed those of the crystals themselves. The unique mechanical properties of the
biosynthetic microlaminates are due to both the capacity for flexible deformation of the organic
matrix layers, and the retardation of crack propagation at each mineral-organic interface. Because
of these unique properties, the basic principles controlling the structural organization and
biosynthesis of these composites, at the low temperatures characteristic of biological systems, are
of both fundamental and applied interest. Thus far, most of the definitive studies have been
conducted in vitro, using a biomimetic or "reverse engineering” approach {2-6]. Few attempts
have yet been made to analyze directly the dynamic biological processes that control the synthesis
and ordered assembly of the organizing biopolymers and subsequent mineralization, although
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significant progress recently has been achieved in electron micrographic analyses of the layers once
they have been deposited, with the observed spatial ordering suggesting the temporal order of
secretion |7.8]

Figure 1. Scanning electron micrographs of fractured abalone shell. Transverse
(lefy) and oblique (right) views.

These materials pose a particular challenge to molecular geneticists because their synthesis and
structures are clearly under direct genetic control. This genetic control is evident at the
microscopic level; the shells of each species of molluse are morphologically distinet, and different
from: the shells of all other species. At the nanoscale level, too, the crystal structures of the shell
may differ from one species to another.

In shell formation, calcium carbonate crystal nucleation and subsequent epitaxial growth occur
on an organizing sheet of templating protein (Figure 2). These reactions occur in a membrane-
enclosed space, from a solution that is fonically enriched by enzymatic pumping. The biopolymer
layer containing the template also is hierarchicully assembled (Figure 3). The anionic erystal-
directing protein template is secreted onto an organizing basal layer that is thought from electron
microscopic and histochemical studies to consist of a chitin-like polysaccharide and a silk-like
protein [cf. 7.8].

CaCOj3

Protein Template
Anionic
B-pleated sheet

Protein
Template

Basal Layer
Polysaccharide
or Protein

Figure 2 (left). Template-directed biominerajization. Schematic view of calcium
carbonate crystal layers formed by nucleation and subsequent epitaxial growth on anionic
protein sheets.

Figure 3 (right). Schematic showing hierarchical synthesis of mineral layer on templating
protein, which is first secreted on an organizing basal layer of biopolymers.
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METAMORPHIC TRANSITION IN ABALONE SHELL PRODUCTION

A clue to the genctic control of crystad structure in biomineralization came from our studies of
the metamorphosis of abalone (Haliotis rutescens) lurvae. We routinely produce several million of
these small, planktonic larvae in the laboratory cach week [9-11]. These larvae are ca. 200
microns in diameter, and possess a rudimentary larval shell that forms during the first week of
larval developmient. In our previous research, we identificd the chemical signal that induces these
larvae to metamorphose and begin synthesis of the adult shell [9.10]. This chemical signal is
normally found on the surfaces of certain crustose red algae. Chemosensory recognition of the
algal signal molecule triggers the swimming larvae to settle from the plankton, attach to the algal
surface, and synchronously begin metamorphosis and new shell synthesis. We can duplicate this
process conveniently using the purified chemical inducer (Figure 4). As seen in Figure 4, rapid
growth of the new shell characteristic of the adulr begins quickly after the induction of
metamorphosis, while larvae that receive no induver remain arrested at the larval shell stage.

Figure 4. Scanning electron
micrographs of an
uninduced abalone larva
(lefr: 200 micron diam.),
and a sibling that received
the chemicat inducer of
metamorphoesis 40 hr before
the photograph was taken
(right). The two individuals
are the same age, and were
cultured in paratlel. Scale =
10 microns. From [10].

Using x-ray diffraction to anatyze the calcium carbonate crystal structures in the larval shell
and in the adult shell, we found that the Larval shell contains calcium carbonate exclusively in the
form of aragonite, while the adult shell contains both calcite and aragonite. This ransition to
calcite production, we discovered, is linked 1o a switch in the templating proteins, suggesting a
genetic coding relationship in which certain protein sequences miy airect aragonite formation,
while others direct caleite formation,

METAMORPHIC SWITCH IN TEMPLATING PROTEINS

We first observed this transition in the templating proteins by extracting the bulk proteins from
shells at different stages of development and grow th, using @ chelating agent to demineralize the
composite { 1. Extractions performed as a tunction of time - as the adult shell grew following
metamorphosis - revealed a progressive increase in the mole fraction of aspartic acid as the
principal antonic wnino acid in the shell protein, while the proportion of glutamic acid declined
tFigure S). These are propertics of the bulk proteins: numerous problems were encountered when
we firsttried to purify these proteins, however.

Conventional methods of protein detection proved uscless with the shell proteins when we
attempted o separate them by polyacrylamide gel electrophoresis. The shell proteins could not be
visuilized when the electrophoresis gels were stained with Coomassic blue, the most widely used
reagent for protein detection (Figure 6, top pancly. A more sensitive method employing staining
with silver also proved useless, as the patterns were obscured by the staining of many non-protein
artifacts. In marked contrast, we found that certain catonic carbocyanin dyes provide excellent
detection of shell proteins that were resolved by gel clectrophoresis (Figure 6, lower panel). These
dyes previously have been used for the detection of nucieic acids, which of course are polyanionic
polvmers. As we expected. these dyes also react well wath the polyanionic shell proteins {11
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Figure 6. Improved detection of shell
proteins using cationic carbocyanin dye.
Proteins extracted from the abalone shell
were resolved by polyacrylamide gel
electrophoresis under non-denaturing
conditions, stained in situ with either the
conventionally used Coomassie blue stain
(top panel) or the cationic carbocyanin dye
(lower panel), and, after removal of the
unbound dye. scanned spectrophotometric-
ally. (The sharp peaks of absorbance at the
extreme ends of both traces mark the
optical disconunuities at the ends of the
gels.) From {1

Absorbance at 546 nm

Figure 5. Change in the mole fraction of
candidate nucleaung amine acids in the
bulk shell proteins extracted as a function
of shell growth following the induction of
metamorphosis. From {1].
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Using this improved method of detection, we were able w confim our hypothesis that new
shell proteins are induced following metamorphosis, and that differences in these protein templites
may determine the differences in the crysial structure of the deposited calcium carbonate. At
metamorphosis, expression of the genes coding tor these new protemns s turned on | 1. The
proteins extracted from the larval and adult shells migrate ditferendy duning electrophoresis, and
the proteins extricted from the adult shell show greater complexity than those from the larval shell
(Figure 7). The colors of the carbocyanin-stained proteins also differ: proeins from the aduit shell
stain blue, while the principal protein resolved trom the larval shell stans pink, reflecung the
differences in their principal anionic chromophores [1].

0.4
Larva
£ 0.2 1
c
e [ ! _ e
) Figure 7. Developmental switch of
= At template proteins confinued. Proteins
@ r Adult 1 were extracted from the larval shells made
Q prior to metamorphosis, and from adult
8 0.4 2 shells. The proteins were extracted and
S 3 analyzed elecrophoretcally in parallel,
2 - with carbocyanin detection, as in Figure 6.
< From [1}.
02r
[ W T S N A W R S U B
0.0 0.5 1.0

Relative Mobility @

Adapting the carbocyanin statning as a spectrophotometnic assay. we were able to further
purify the major soluble proteins extracted trom the farval and adult shells by gel filtration column
chromatography. For this purpose. it proved necessary to employ bicarbonate buffers both o
remove restdual traces of the tightly bound calcium counterions and to prevent aggregation of the
proteins [1]. Charactenization of the proteins solubihzed and punitied under these conditions
revealed amino acid compositions consistent with extensive domains of alternating anionic and
neutral (principally glycine and alaniney cesidues, In the larval shell protein made pnor to
metumorphosis, the predominant anionic residue is glutamae: in the most abundant protein
solubilized trom the adult shell. the predominant anionic residue is aspartate. Preliminary analyses
with enzymatic digestion have thus far not detected significant levels of either phosphorylation or
glycosylation of the major proteins extracted from the larval and adult shells of Haliotis [ 1],
although the presence of these groups on ather sull-imsotuble proteins has not yet been
investigated, Figure ¥ illustrates hypothetcal “canonical” or idealized sequence domains that can
be postulated for the tarval and adult proteins, although 1t must be noted that considerable
heterogeneity and specific departures from these dealized sequence domains are indicated by the
avaleble data [ 1. The difference between the two prinapal amonic amino acids found in the larval
and adult shell proteins is orly the presence of one addinonal methy lene group in the carboxyl side
chain of the glutamate. making this side chain shghtly longer and more flexible than that of
aspartate. It 1s possible, then, that this sinple diftferenice i side chain structure, and the specific
positions of the aspartate and glutamate residues i the iemplate sheets, may directly control the
crystalline structures of the calcium carbonire nucleated and grown on the larval and adulttemplate
proteins, thereby determining the transiien from aracomite to caloite production. We are working
now o test this hypothesis in viero
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Figure 8. Idealized sequence domains Glutamate Glutamate Giutamate
postulated for functional segments of

the major proteins thus far characterized / \ / \ / \ /
from the larval and adult shells. These Glycine Glycine Glycine
canonical domains, while consistent

with the available data [ 1], are
hypothetical only.
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Figure 9. Bifacial templating protein.
Three protein chains (or segments of the
same chain) with alternating anionic and
neutral amino acid sequences are shown
in a B-pleated sheet conformation, held
together wiih latcral hydrogen bonds
between the protein chains. The anionic
side chains (X-) capable of nucleating
calcium carbonate crystallization all
project perpendicularly from one face of
the template sheet, while the neutral side
chains (R) of the anchoring amino acids
ali project perpendicularly from the
opposite fiace of the sheet.




It is generally believed that the calcification templating proteins contain bifacial B-pleated sheet
domains ((Hustrated schematically in Figure 9. o which maltiple protein chains (or loops of a
single chain) self-assemble 1o yield a planar agpregaie held together by lateral hydrogen bonding.
In such a contormation, the alternation of anionic and neutral amino acids would ensure that all of
the crystal-nucleating anionic side chains project perpendicularly from one face of this sheet, while
the neutral side chains, that can serve to anchor the sheet, project perpendicularly from the other
face (Figure 9).

BIOMIMETIC APPROACH CAN BOTH TEST AND EXTEND RESULTS
FROM BI1OLOGY

In order to test our hypothesis that ditferences in the anionic amino acids of emplating
proteins can determine the crystal structure of calcium carbonate, we must first synthesize the
corresponding proteins, and then anchor these to a suitable surface to allow them to self-assemble
into the B-pleated sheets appropriately configured for templating. We're now exploring several
strategies to accomplish this. One involves replacing some or all of the glycine anchoring amino
avids in the synthetic canonical sequence with phenylalanine, which has a projecting benzyl side
chain (Figure 10). This would allow us to anchor the template on hydrophobic supports. We will
explore the possibility that interaction of these synthetic anchoring benzyl groups with the
hydrophobic surface of a cadmium arachidate Langmuir-Blodge film, for example, may provide
the correct orientation for subsequent nucleation and growth of calcium carbonate on the anionic
surface of the protein template (Figure 113, By extension of work we reported previously with
such films [12-15), we will systematically manipulate the stereochemistry of the coordinating
hydrophobic groups in the L-B film to optimize template sheet formation and subsequent crystal
growth. Also in extension of our earlicr studies [16], we plan 1o momitor the templating surfaces
and calcium carbonate crystallization, in real time. by atomic force microscopy (AFM).
Ultimately, by extending these studies to include the eftects of other modifications in the structure
and chemistry of the anionic templating groups. including the incomporation of functional
substituents such as phosphate, we hope to learm how to control the nucleation and growth of other
inorganic materials such as aluminum phosphates, sificates and titania.

CO0™ COO™ COO™

[
NSNS\ 7

Giycme Glycine Giy ne

Figure 10. Modification of synthetic H I.l_| H
canonical template sequence 10 permit

anchoring on hydrophobic surfaces.

Substitution of phenylalanine residues - - _
for glycine as the anchoring amino acid (vle]e] COO COO
yields a protein with projecting benzyl I ‘ I

side chains, suitable for anchoring the
X X X

termnplate onto hydrophobic supports.
Phenylala Phenylala Phenylala
|
(|3H2 CH, CH,
|



Figure 11. Schematic representation
showing hierarchical assembly of a
synthetic calcium carbonate-templating
protein on a Langmuir-Blodgett filn.
The benzy! side chains of the anchoring
amino acids are shown interdigitating
with the nrjecting hvdrophobic chains
of a cadmium arachidate L-B film,
Alternation of the anchoring and anionic
amino acid side chains of the -pleated
sheet protein establishes a bifacial
template, permitting nucleation and
epitaxial growth of calcium carbonate
Zeolite or Mica crystals on the anionic face of the )
template sheet. Crysul growth on this
array can be analyzed in real-time at the
atomic level of resolution using AFM.

TERMINATION, AND ITS POSSIBLE ROLE IN THE MYSTERY OF REGULARITY

In addition to the coding relationships that control crystal formation, another puzzle is the
process responsible for the incredible regularity of microlaminar thickness in the motluscan shell.
Figure 1 shows just a few of the thousands of microlaminae - each approximately 0.5 micron thick
- found in the abalone shell. This regularity is unprecedented in the formation of most other
biological structures; the mechanism responsible remains a mystery. To help us dissect and
understand this process, we now are using genetic cloning to identify specific proteins that may
have gone undetected thus far, yet may play a dynamic role in the termination of crystal growth.
These studies will test the hypothesis that it is the programmed termination and reimitiation of
crystallization that is responsible for the highly ordered microlaminaies produced in shell
mineralization.

FUTURE GOALS

Our goal in the studies described above is to analyze the templating and terminating reactions
at the nanoscale level, to help us understand the genetic coding inkerent in the synthesis of ordered
microlaminate composites in nature, and to be able to apply this understanding to the design and
synthesis of new materials.
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IS THE TYROSINE RICH EGGSHELL PROTEIN OF SCHISTOSOMA MANSONI
AN ELECTRON TRANSPORT CHAIN?

John S. Cordingley, John A. Thomson, and C. Russeil Middaugh
Dept. of Molecular Biology, University of Wyoming, Box 3944 University Station, Laramie,
WY 82071, US.A.

ABSTRACT

The schistosome eggshell is composed of two kinds of cross-linked proteins. One is
glycine rich and the other is extremely tyrosine rich and highly repetitive. The highly
conserved sequence of the tyrosine residues in the tyrosine rich protein suggests that it may
play a role as an electron transport chain during eggshell cross-linking. Studies using model
synthetic peptides suggest that the tyrosine rich protein may adopt a left-handed structure,
possibly a left-handed alpha-helix.

INTRODUCTION

Schistosome eggshells are made of proteins that are cross-linked at the time of eggshell
formation to produce a highly protease resistant microcapsule [1,2]. The cross-links are
probably produced by a form of qu.none tanning in which the phenolic side chains of the
tyrosine residues are oxidized to quinones which then react with nucleophilic side chains of
other amino acid residues resulting in cross-links between the eggshell proteins. The exact
chemistry of these reactions has not been elucidated, however over %% of the tyrosine side
chains in the eggshell precursor proteins are lost in the final cross-linked eggshell and cannot
be recovered by acid hydrolysis [1,3] strongly implicating the tyrosine residues in the cross-
linking reactions. Eggshell formation can be inhibited by copper chelators which has been
taken as evidence that a copper dependent phenol oxidase is involved in the process [4,5].
Whilst this is eminently plausible the supporting evidence is indirect and is open to a number
of aliernative interpretations. In this paper it is suggested that no phenol-oxidase enzyme
homologous to the currently cloned and sequenced phenol oxidase genes is present in this
system. The available evidence suggests the possibility that the highly repetitive tyrosine rich
eggshell protein, referred to as F4, plays an active and possibly exclusive role in the oxidation
and cross-linking reactions leading to the mature eggshell.

RESULTS AND DiSCUSSION

The schistosome eggshell comprises two proteins with distinct sequences. The genes for
two proteins implicated in eggshell formation have been cloned and sequenced from several
laboratory strains of S. mansoni {6-8). These genes are transcribed only in female worms and
the transcripts are localized exclusively in the vitelline cells which synthesize the eggshell
precursors. The first genes identified belong to a gene family that encodes a family of 14,000
dalton polypeptides (p14) that are very glycine rich (45 mole %) and from estimates of the
abundance of their mRNAs [6,9] they are probably the major component of the eggshell.
Apart from the inevitable "repetitive” nature of any protein which is 45% glycine the amino
acid sequence is not composed of any discernible consensus repeats. This polypeptide will be
referred 1o as the glycine rich protein (GRP).

The second eggshell protein gene was first identified in my laboratory several years
ago and encodes a very different protein [2,8]. This protein which we refer to as "F4” (or
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"p48" after its apparent molecular weight on SDS ge's of 48,000 dalions) is very tyrosine rich
and for most of its length is composed of a five amino acid repeat. This repeat has the
consensus sequence Gly-Tyr-Asp-Lys-Tyr (GYDKY in single letter code).

Figure 1. The amino acid sequence of F4 in single letter
code.

1
MNLLVFSILITCLLNSVYSGYNGYTNGISAITSRPGGGESHENSVDVYNKYYDSKKYSYG
61
TEYTSDDSSKYTYGKNYDKYSYDKYSYDKYGHEKGDEKYAYGXNYEKGYDKYAYDKYGYG
121
KYGYDKYGYDKYGYDKYGYDKYGYDKYGYGKYSYDKYGYDKYGYEKYGYDKYGYEKGYDK
181
YGSDKYGYEKGYDKYGSDKYGDEKGYDKYGSDKYGYEKGYDKYGSDKYGYEKGYDKYGSD
241
KYGDEKVYDKYGYDKYGSOKYGYEKGYDKYGYDKYGYEKYGYDKYGYEKYGYDKYGYDKY
301
GYDKYGYEKYGYDKYGNEKYGYDKYGDDKHGHGKDYEKYGYTKEYSKNYKDY YKKYDK YD
361

YGSRYEKYSYRKDHDKHDHDEHDHEDDHHDHRHHHHEHDHHHHHEHDHKNGKGYU

Figure 1 shows the amino acid sequence of one of the sequenced F4 proteins and
Figure 2 shows the amino acid compositions of GRP, F4 and mature eggshell and shows that
the eggshell has very little recoverable tyrosine after the cross-linking reactions are completed.
The repeats stretch from residue 76 to residue 325.

Figure 2. The amino acid compesitions of the glycine and
tyrosine rich eggshell proteins, GRP (pl4) and F4 (p48) and
mature eggshell. Compositions are from published sources

(2,3,97.

F4 GRP | Eqgg F4 GRP Egg
Ala [0.72 | 2.8 | 4 Leu 1.2 2.3 1.8
Arg |1 0 2 Lys 17.2 | 5.7 9.44
Asn | 2.7 5.1 | **x Met 0.24 [ 0.6 1
Asp 13.8 !15.7 |15.4 Phe 0.24 | 2.3 1.92
Cys {0.24 {5.7 2.2 Pro 0.24 | 1.1 3.37
Gln 0 0.6 | 2nxx Ser 5.8 6.2 6.63
Glu (5.8 0.6 (4.7 Thr 1.7 5.1 3.1
Gly |15 43 36.7 Trp 0 0 0
His 6 1.7 | 5.2 Tyr 26.1 110.2 | 0.78
Ile 1 .6 1.2 val 1.2 1.1 0.59

The proteins F4 and GRP are synthesized and sequestered into secretory vesicles in the
vitelline cells. These secretory vesicles contain an acid stabilized emulsion of eggshell proteins
{1]. The cross-linking reactions are triggered when these vesicles exocytose their contents at
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the time of eggshell formation. These events have been discussed in detail elsewhere [1]. All
of the components of the eggshell are present in the secretory vesicles and all that is necessary
to initiate cross-linking is to raise the pH of the vesicles. The cross-linking reactions are then
triggered within the secretory vesicles and the resulting cross-linked protein droplets have the
same amino acid composition as mature eggshell [ 1]. Allowing for some loss of amino acids
during the cross-linking reactions, the amino acid composition of the eggshell can be
accounted for by the two sequenced proteins. Since all of the necessary reagents are apparently
present within the vesicles the simplest explanation of these observations is that the two
sequenced proteins are the only proteins present in the secretory vesicles and they are
sufficient to create the cross-linked eggshell.

It has been assumed that a "phenol oxidase™ activity is necessary to cause the cross-
linking reactions to occur. Indeed my laboratory long held this as our working hypothesis and
this was reflected in the published interpretations we placed on our results {1]. However,
negative evidence regarding the putative phenol oxidase has continued to accumulate over the
last several years in my laboratory and we have been forced through several stages [2] to the
conclusion stated above, i.¢., that the two identified proteins may be the only proteins present
in the secretory vesicles and must therefore be responsible for eggshell formation including
the cross-linking reactions.

Negative evidence regarding the involvement of a schistosome phenol oxidase involved
in eggshell formation. The putative existence of a copper dependent phei.ol oxidase has led
a number of investigators to try to identify a gene homologous to (currently) cloned phenol
oxidase genes. We have used the mouse phenol oxidase gene cloned and sequenced by
Shibahara et al. {10] to try 1o identify a cross-hybridizing gene in the schistosome genome
using low stringency hybridization. All of our attempts have been unsuccessful. Negative
experiments of this kind are always inconclusive and unsatisfactory, however all of the reports
we have received from colleagues doing similas experiments have also proved 1o be uniformly
negative. All these negative results simply demonstrate that there are no schistosome genes
sufficiently similar to the available phenol oxidase sequences to hybridize significantly and
it in no way demonstrates that there are no "phenol oxidase” enzymes involved in eggshell
cross-linking. However the continued absence of a female specific "phenol oxidase” enzyme
either as a protein or as a gene remains surprising and rather unexpected.

Evidence from the sequence of Fd4, the tyrosine rich p~~i»in. The published DNA
sequences of the tyrosine rich eggshell protein goues and the proteins they encode have been
reported elsewhere and they show some very unusual features [2.8.9]. Figure 3 shows the
codon usage for the F4 ORF reported by Chen et al. and the amino acid composition of the
F4 protein. Additional sequences of repeats have been reported by my group elsewhere [2.8].
Inspection of the sequence of F4 reveals some unique features. There are 108 tyrosine residues
in the F4 protein ORF. This is a very large number for a single protein, larger than any other
single protein known to the author. [n contrast 1o the large number (108) of tyrosine residues
in the F4 protein is the very small number (1) of phenylalanine residues and the complete
absence of tryptophan. The single phenylalanine is in the putative signal peptide and is
prabably cleaved off the precursor protein during synthesis and transmembrane secretion. Thus
there are no phenylalanine or tryptophan residues in the mature F4 protein.

When one considers tyrosine residues in the majority of other proteins this situation
becomes more striking. The only substitutions for tyrosine that occur at levels in excess of
chance are phenylalanine and tryptophan, the two residues that never occur as replacements
for tyrosine in F4. If there were only a few tyrosine residues in F4 this could be ascribed to
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chance. Howeve: there are 108 tyrosine residues in F4 and not a single phenylalanine or
ryptophan residue. This is very unlikely if the tyrosine residues have conventional roles, i.c.,
like those in the proteins used to compile the matrix of accepted mutations. This matrix has
been compiled using available pairs of homologous proteins and is of course limited by the
proteins sequenced at the time of compilation. In these proteins the replacement of tyrosines
with phenylalanine or tryptophan strongly implies that these tyrosine residues have essentially
hydrophobic roles. In the case of F4 this is presumably not the case and these hydrophobic
residues are absolutely forbidden, presumably by selection.

Figure 3. Codon Usage in the F4 ORF.

TTT Phe 0 | TCT Ser 7 TAT Tyr | 74 TGT Cys I
TTC Phe 1 | TCC Ser 1 TAC Tyr | 34 TGC Cys 0
TTA Leu 3 | TCA Ser 0 TAA End 1 TGA End
TTG Leu | O | TCG Ser 0 TAGEnd | O TGG Trp

CTT Leu | O [ CCT Pro 1 CATHis |20 CGT Arg | 2
CTCLeu | 0 [ CCCPro 0 CAC His 5 CGC Arg 1
CTALeu | 1 | CCA Pro 0 CAAGIn | O CGA Arg
CTG Leu 1 | CCG Pro 0 CAG Gin 0 CGG Arg

ATT ile 2 | ACT Thr 4 AAT Asn 7 AGT Ser 10
ATC Hle 0 | ACC Thr 2 AAC Asn | 4 AGC Ser 6
ATA lle 2 { ACAThr 1 AAA Lys | 37 AGA Arg 1
ATGMet | | |ACGThr | 0 | AAGLys {34 |AGGArg | 0

GTT Val 3 | GCT Ala 2 GAT Asp | 19 GGT Gly | 34
GTC Val 0 | GCC Ala 0 GAC Asp | 38 GGCGly [ 1N
GTA Val 2 | GCA Ala 1 GAAGlu 16 GGAGly | 14
GTG Val 0 | GCG Ala 0 GAG Glu 8 GGG Gly 3

The F4 amino acid sequence is being maintained by selection. Consideration of the
DNA sequence and codon usage deduced from it shows that extensive selective pressure is
maintaining the amino acid sequence. For example, the glycine residues that are present in the
sequenced repeats show extensive variation in the third base of the codons. The codon usage
for glycine in F4 is almost identical to the codon usage observed for all other sequenced
schistosome genes. Considering the third base position only (TCAG) the respective
percentages of each of the 4 codons in F4 are 55, 17, 23 and 5, whereas in all sequenced
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schistosome proteins they & 54, 18, 23 and 5 {11]. From this I infer that mutations have
occurred frequently (and been accepted) in the third base of the glycine codons and therefore
the same frequency of mutations must have occurred in bases one and two. The presence of
accepted amino acid substitutions for the glycine residues is consistent with this. Asparagine,
serine, alanine and valine are found as substitutions for glycine. Serine, alanine and valine are
one point mutation from glycine codons whereas asparagine is two mutations away. However,
also one point mutation away from glycine are aspartate, glutamate, arginine, cysteine and
tryptophan, none of which are present as substitutions for glycine. Valine is present only once.
Thus point mutations in glycine codons are approximately three times more likely to produce
codons for these unrepresented amino acids than for the ones accepted leading to the
conclusion that the accepied amino acids are far from random in their usage and that strong
selection is mainiaining the observed sequence. Serine codons replacing glycine codons in the
GYDKY -repeats are one base change from glycine codons whereas serine codons in place of
tyrosine residues are all one base change away from tyrosine codons as would be expected if
they are a result of mutations of glycine and tyrosine codons respectively.

93% of the time the third amino acid of the consensus repeat is either Asp (66%) or
Glu (27%) with the only other accepted amino acid at this position b=ing glycine. All other
one base substitutions in the third codon of the repeats have been selected out. Once again this
is very unlikely to be solely the result of chance.

Amino acids at positions 4 and 5 within the consensus repeat are always lysine or
tyrosine respectively. The tyrosine at position § is not always present, but if it is present it is
always tyrosine {2].

The tyrosine codons at positions 2 and 5 within the repeat are conserved in a very
unusual fashion. As outlined above there are no phenylalanine or wryptophan substitutions at
cither of the two positions. However some alternative substitutions have been accepted,
namely serine, aspartate, histidine and asparagine. These accepted mutations are all one base
change from tyrosine codons. The 1wo other one base changes would result in either
phenylialanine oi cysteine substitutions. Both phenylalanine and cysteine are present once in
the complete F4 sequence, both in the signal peptide where their hydrophobic natures are
clearly apprepnate.

The lysine residue at position 4 of the repeat is completely conserved, no substitutions
being accepted within the repeats {2}. Arginine is the most common accepted substitution for
lysine in the majority of proteins. In the F4 protein there are three arginine residues all of
which lie outside the repeat region in the histidine rich C-terminal region of F4. Arginine is
an accepted replacement for histidine in many proteins and this is consistent with their
presence in the C-terminal region of F4.

All these data lead to the inescapable conclusion that the selective pressure maintaining
the F4 sequence within the reneats is considerably out of the ordinary. The usual reasons for
selecting for or agwnst particutar residues are not being followed within the repeats. Most
strikingly phenylalanine and tryptophan are forbidden substitutes for tyrosine in F4. In other
proteins selective pressure to maintain a particular amino acid residue is usually directly
dependent on the relative importance of the residue for the protein’s function. The best
examples are for residues at the active sites of enzymes where particular residues may be
absolutely required for activity. In these cases the residue is normally unigue being found only
once in the sequence with this particular function. Thus individual residues are sometimes
completely conserved. The difficuity with the F4 protein is that all of the lysines are
conserved and very strict selection is acting on all the repeats. The simplest explanation for
their conservation would be that they are all absolutely necessary for the function of F4. To
put it into a biological and evolutionary context, if one tyrosine is replaced by a phenylalanine
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then the schistosome carrying this rmutation will leave no descendants in succeeding
generations. This selection is absolute since there is not a single phenylalanine or ryptophan
substitution in 108 tyrosine residues. The same reasoning applies to the lysine residues.

How is it possible that this degree of selecton can occur in a repetitive protein? The
only example I know where phenylalanine is a forbidden substitution for tyrosine is tyrosine
161 of the D1 polypeptide in Photosystem II [12]. In this case the tyrosine is acting as an
electron carrier being reversibly oxidized and reduced. Phenylalanine will not perform the
same role. Extending this line of reasoning to F4, if tyrosine is acting as an electron carrier
in F4 then all of the tyrosines must be required for the putative redox function. Therefore the
F4 protein must he acting as an electron transport chain. Only by the necessity for a chain of
tyrosines can the complete selection against Phe and I'rp be explained. One residue of Phe or
Trp would break the “chain” thus destroying the function of the whole molecule. The only
accepted mutations for the tyrosine codons are polar, potentially ionizable residues which
might be expected to impede electron transfer less than Phe or Trp or Cys.

Why should F4 be required to transport electrons? Cross-linking of the eggsheil is a series
of reactions beginning with an oxidation step. If a phenol oxidase were camrying out the
reactions a copper atom within the enzyme would be the primary electron acceptor with the
electron subsequently being transferred to molecular oxygen. In the alternative scheme that
our reasoning is leading towards the primary electron acceptor is still probably copper as
suggested by the inhibition of cross-linking by copper chelators. However as pointed out in
the introduction the source of the oxidizing equivalents is unclear if there is no pheaol oxidase
with access to the tyrosine side chains. In our alternative scheme, the F4 protein acts as an
electron conductor carrying electrons out of the eggshell to copper atoms waiting elsewhere
in the eggshell. One atractive possibility for the location of the copper atoms might be in
association with the histidine rich C-terminal domain of F4 but this is pure speculation.
Compared to the glycine rich protein with an apparent molecular weight of 14,000 daltons F4
is relatively large with a molecular weight of 48,000 daltons. This would be appropriate for
a protein whose function was to act as an extended electron transport chain conducting
electrons out of the partially cross-linked eggshell.

Since all of the tyrosines appear to participate in cross-links, logical consequences of
this scheme are either, 1) cross-linking must begin at one end of F4 and proceed sequentially
along the protein to the other end when all the tyrosines are oxidized or, 2) electron transport
is not prevented by cross-link formation. Aliemnatively electrons flowing aleng the chain
keep all tyrosine residues ahead of them reduced resulting in the same effect as the first case.
Finally it is possible that F4 serves as an “electron guide” channelling electrons into a waiting
conventional "phenol oxidase” enzyme that is sterically prevented from accessing each and
every tyrosine residue.

Alternative explanations for the role of the repeats are possible. For example each
repeat might possess enzymatic activity. Since there are multiple repeats the absolute selection
against Phe or Trp cannot be accounted for by this scheme. The tyrosine residues are almost
all destroyed during the cross-linking reactions and presumably therefore participate as
reagents in the reactions. Therefore it is possible that the role of F4 is purely structural serving
as a substrate for an enzyme catalyzing the cross-linking reactions. The roles of the glycine
rich protein and F4 would therefore be similar, acting as passive substrates for another
enzyme. If this were the case then the selective pressures on both proteins might be expected
to be similar. However, this does not appear to be the case since there are several
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Figure 4: Circu%ar Dichroism spectra for a thirty amino acid Fé-
peptide (GYDKY)®. CD spectra were recorded at 20°C with a JASCO
J500A spectropclarimeter at a peptide concentration of 0.1 mg/ml
employing 1 mm cells. Protein concentrations were determined by
Tyrosine absorbance. CD spectra of (A) F4-6 in 20 mM sodium
phosphate, pH 6.5. (B) F4-6 in 20 mM sodium phosphate, 4 M
LiC1Q,, PH 6.5 heated to 90°C for 30 minutes prior to analysis,
(C) F4-6 in trifluorocethanol. The inset shows (a) the effect of
LiCl0, concentration on the CD spectrum of F4-6 at 188 nm and 20°C
and (b) the effect of temperature on the 188 nm negative
ellipticity minimum.
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phenylalanine residues within the body of the glycine rich protein although there are far fewer
total tyrosine residues than in F4. There are probabiy other possible roles for F4, but all the
explanations we have considered suffer from the same inability to explain the high level and
the nature of the sequence conservation of the repeats.

Does the consensus repeat adopt a particular secondary structure? Using a thirty amino
acid synthetic peptide (GYDKY)® referred to as F4-6 we have performed a series of
biophysical measurements to determine its potential secondary structure.

Figure 4 shows Circular Dichroism spectra for the F4-6 peptide. In phosphate buffer
the CD spectrum of F4-6 shows a marked negative ellipticity at 188nm and positive ellipticity
with a peak at 222nm (A in Figure 4). In contrast in trifluoroethanol the spectrum of F4-6 is
almost exactly inverted showing a spectrum that is more typical of a conventional right handed
alpha helix (C in Figure 4). The majority of these signals are removed by denaturing
conditions as shown in trace B and the insert to Figure 4 for the negative ellipucity at 188nm.
Our tentative interp:etation of these data is that F4-6 is adopting some kind of left-handed
structure in phosphate buffer, possibly a left-handed alpha-helix. This conclusion is supported
by computer energy minimizations which suggest that the left-handed alpha-helix is an
energetically preferred structure. What relevance these observations have for the function of
F4 remains to be determined.

At the present time all we can conclude is that the ¥4 protein has some very significant
functional role based on the strong selection that has been maintaining the amino acid
sequence over long periods of time. Our suggestion is that the F4 protein acts as an electron
transport chain conducting electrons out of the cross-linking eggshell thus helping to overcome
problems of steric hindrance preventing access to tyrosine side chains involved in the cross-
linking reactions.
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ENGINEERED PROTEINS FOR BIOMATERIALS
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ABSTRACT

A molecutar adapror fornerfacng covironmentally seosine, soluble polymers and
antithody molecules has been deseloped. The pene coding tor the mmimally sized 35 anuno sond
[eCobmding domum from protein Gohas been constructed by total gone svathesis This doman
iy thermadly stables oxiibits w highly reversthle todding and untolhing cquliboim, and recognizes
l2Goand Fab modecules wath high attimty, These propertios make the protesn G odoman o
potentndly useful wdaptor for nen-covalent mumohihzation of anubiadses 1o soluble polymers and
hvdrogeds Engineered smgle-charn By antibody trazments have adse been construcied and o
methed for expanding the usetulness of the protern Goadaptor s these modecules s proposed
[he engineered anuibodies also provide o muodel system tor developing gencrab immohihizatom
strategies aimed at maxamizing binding alfiniies and therapeune responses The overall poud s
to develop opumized engineering desteas for functionally opumized anubody -muaienal hybnds

INTRODUCTHON

Ruapid advances mthe biomedical saences have resulicd inthe dentnicaten of numereas
trmolecules with great therapeui and diagnosne potental. These doselepments have vicated u
prosstag necd o advanced separatien matenials which are capable of oluting boachive
medecaies froam complen bivlogioat mistures and sourees Sinutarly, the deselopment of
sophesticated dragnostic matenigds will be reguired o ke tull advantage -0 he many
romelecute-based markers which have beendennticd Jor disease diagnosis und _revention
Both soparation and dragnoste miateriads are usaadly dependentat some fevel onun afhimin
neracton Because protesins displas unmached molecular recognion capabihies, there s great
oat i ustiny these hmotecuios for separaion and dragnosie purposes. Protemn engineening
iy viter the possibidiny of tdonng protein stroctaral and tuncional properiaes for specitic
phoanons, wowans not fmned o naturally cocunag proteins For example. it woukd be
dostrable o have ivatlable protans contanimy hoth wilered target eovemon domans and
Lins fornteracting with the noncbiclogical supperts required o separation and
terwals Environmentadly sensiise soluhle polsmers reprosent o tundamceetadiy
e these protimen

EAPERIMENTAL

Provem G Cene Dovgn and Consienigon.

The 3% ynmo aond TG binding domaae of Protem Gotor sotueh high resolution xeray
Atad and NNER selaten strodtaees are avababbe 1210 was revene translaied usng the GOG
Cpackace Phe tinad cene deviin mcorporated optimot codon usage ter Kook
saprossien amd N ; I en boththe ST and Viemune Vit vt sicehzonudeandes
wore oavatheszsd ek Seiveceldos cocedig the swonse and anpsense stramds
reapectnely The chevmadiectdes were desrpned st ca 1S base pair overbaps between

ientaey seands Phe v sacleotsdes were phesphondaiedanncaiod by beanny oo oo
At sobaequent slow cochingsand Bpaed e Nde Dow pUC 1Y This construction was
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transtormed wda £ colt stran TG and reansformants were st tor mserts usimy a PCR
bused colony screen. Proper sized inserts were then sequenced wsing ABI luoseseence
methadologies.

Antbedy Cloning and Single-Chain Py Construgtion,

PCR weehnmgues were utilized to clone the variable hoavy and hight cham domains trom
toee parent monoclonal untthodies {Novagen, Madison WHe Toad RNA was ssolated trom
hybadoma cell cultures and reverse transenibed o ¢DNAD A degenerate st ob 3 and v
oligonucleotide priners, dirccted aginst consersed ammo actd sequences mthe feader pepiide
and first constant domaims respectively . was then used o selectvely anphity the vanable domain
genes. Correctly sized PCR products were subsequently subeloned and seyueiwed. The wingle-
chain Fy constroction also utilizes POR technigues to jom the variable beavy and heht chuan
domuins with a 15 amine acid linker (Frgure D
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SINGLE-CHAIN F

Frguee T Schematic cuthine of the genctic construction srtegy dor the production of single
Chann By anthody denvatives, The mdisidual vacable heavy and Bight chans aee e ¢lened
wang degenerate PR primers darected agamnst conserved leader peptide sequences and the first
constant domain sequences. These cones are then spheed together with pomees corporating
the 15 amine acid hnker which joins the heavy and hght chain domams




THE POLYMER - PROTEIN INTEREFACE

AMe

seutar Adaptor lor Soluble Polsmg

Anihody Bioonitcodds

Most hiomaterial appheations are dependent atsome fevel v siebace mteraciions beiween
d non-brolopcal matenc! and hodogical molecalos, B, rtantovamples ik
separations materials, wath reguired meractions benween optical, clecicads und pelymer
componems and the hielegical sensing and atfinine molecules. Whide brologicad i ecates caeed
at many recosntiion-hased functions (oo sonsimy and alhinity sepatatonsi, they e seldom
feand 1o be sunultancously designed for the muenals intertace We have nitaied siudies amied
atutilizing profem engmeering weehmgues wodevelep general molecolar sratcgies for conrolhng
the muterials-bivmolecale mrerlace [3]0 One of our finst gty os e teriace between protans
and water soluble polymaers and hydrogels FLS AL Those ensironmentally sensiove pely s
show great potental for many separations, digpnosuc. amd Jrug delivery apphicaaons. The
physical state of sobuble polvmers, such as Nesopropy ! acnvlamude, can be reverably oveled
between anestended hydrated torm and a collapsed preciptated state The enttopy doven phase
change van be eftected with mhd alterations o wemperature and pH that tall withe an aceeptable
range formany protem molecales. Protems can be coupled directly tothe pobymer backbane vig
surlace bvsine residues with comventional cross-finking chemistrs The pobvier protein hvbnds
vt be exposed o the target and then separated trom selution with wshght change an teimperatuie
or pHL The general process s uselul Tor either separations purposes or sath immunc-assay
Jragnosue schemess o addion o the atitactive stpmuliresponstveness ot the polvmers, these
systems greatly reduce the conssderable problen of pon spediiie adaerpion at solid surfaces
wssectated with vonventonal chromatography and ELISA wobmigues

Anubodies reprosent a particularls imporant rget omolecuke i the development vl
these smart pobymer hybrd matenads . Rather than duectls couphing antshodies 1ol solable
support, howeser, gt s desirabic i osome Cases to have them pon vovalentls hound. For
cxample. we arenterested m polviners that could sequentadly recognize o vaniety of antthody
molecales wath distinet specitionties Theee s also the pracpcat problem of anobody stahibig o
the course of repeated preapiaten cyeles Denaturation o the covadentds bnked anubodios
clicenvels machvates the enbre polymier system To generate o non-conalent mterbace between
soluble polvmers and antbodies, we hase utihzed o genetically engieered adaptor. The adapior
v g minimally sizeds highly stable f26G Minding doman from Streptocecaadl protein (o The gene
cnceding the 85 amine acrd domain was constructed by total gene syatheses and has been
exprossest at high vields i £ codi {71 This domnn evhibits exuemads highotiermal cabihity on
the protem scaker, and more saportantly exhibis g fughly rea crathle, e s f\‘]\hll;,‘flm!}vag
cyuibibrium 1) The solated domam hinds hoty intact 12Goand Fab antibodies soth bigh atfini

e g and

i WM und ugh resoluton erystal stracture s are v artable Tor both the isolated protein and
the Fub complox {81 B addition e desirable phyacal propertios. the naie protem G domain
does nat contain cysteine, This wiid caabde us o genctivadhy cngineer a umgue thiol sede cham i
spectlied points o the protem sartace (90 The current cross-linking chomastey utiizes amine
tunctonatites on the protest sartace Tnvarabhy however, there are a mnnber of beane wesdues
that are generalty distnbuted avress the protem suee s thos neards mposable o conteed the
stonchiemetry and site ef cross-linking at the molecular level Genetic conteol of th e attachment
s wil vichi molecalar control of stoachiomietry and cross-hinkang o

A Peptide Adapto Yo Enginegred Simngle Chan By Antibodies

Prowin Goassoctates wath Fab anthodies throngh an micresang recogntion mott, The
primary protein-protemn interface is generated  hrough the formation of inter prowin fesheet
structone. We are attiemping to he advantaz - of this mont e extend the usetulness of the
prowan G adaptor. The goal s e provide e saee non conddent ntertace Bor the recogntmn ot
wonctically crgnnecred single-chan by antihodios, Single-chan By antibodies are consructed by
tasimy the variahle heavy and beht chunas wath o 1S anono aad flesible pepde Tinkey {10
These mumally sized annhody fragments retamn the speaifiany and altimy of the parent JgGl b
can be produced i Eocole and can thus be genencally mampulaicd  norelated work we are
dttempning fo engineer onproned antthady components with advanced separation properpes e ¢
sovrenmentadly regulacd and epered antizen iy s bat these single chan By fragments fack

the weaal constant domams . Since these constant domains Gand assoctated carhohvdrate bindiny
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sites) provide the usual cross-linking handles and the recognition sites for prowin adaptors such
as prowein G or protein A, their absence makes it dilficult to interface the single-chain Fv with
conventional material surfuces. Protein G forms an antiparallel 8-sheet hydrogen-bonding
tnteraction with the last six amino acids of the CH2 Fah domain. When added to the C-terminus
of the engineered single-chain Fv antibodies, this peptide sequence should provide a uselul
adaptor for intertacing with the protein G-soluble polymer hybrid (Figure 2).

SINGLE-CHAIN Fv

ANTIGEN
BINDING SITE

PEPTIDE ADAPT:

PROTEIN G

SMART POLYMER

Figure 2. Schematic iHustration of the peptide adaptor to be used in conjunction with
the protein G-soluble polymer hybrid to generate affinity separation materials for
engincered single-chain Fv antibodies,
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The control of biomatenal function through the optimization of homalecule uctivity
remains a fundamental goal. An important example of a specitic target is the development of
immobilization methods which maximize the binding or enzymatic activity of prowein components
in biosensors, diagnostic matenals, drug delivery materials, and bioreactors, We have develuped
4 model experimental system for addressing the specific goal of maximizing the actuvity of
materials which wilize immobilized antibodies. Genetic enginecring technigues witl he used o
test several immobilization strategics that encompass both covalent and non-covalent interactions
between a single-chain Fy and various material surfaces. The principal goal is o identity s setof
generally applicable mutations on the highly conserved antibody framework to generate a
"universal” design for optimized immobilizaton (Figure ).

CD-44 RECEPTOR

CYTOKINE PRODUCTION

yd
N\

CELLULAR ACTIVATION

Figure 3. Schematic illustration ol bio-activity assay to assess immobilization strategies. The
cell response can be quantitated and stodied as a function of attachment site and surtace
engineenng.

This system should huve dircctimport (o biosensor aatibody immobilization. ansthody targeted
drug delivery materials, antrbody -based diagnostic materials, and therapeutic antibody delivery.
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The central single-chain Fv, termed S5, can tunction direetly as a therapeutic agent. The 85
parent monoclonal antibody., when administered intravenously at 0.2 mg/kg/day prior o ol
body irradiation, has been shown to enhance marrow graft acceptance 10 a cantne model [11].
85 is directed against CD44 [ 12], a glycoprotein receptor that is widely distributed o the body
and responsible for a vadety of functional activities related to cellular adhesion and acuvaton.
85 stimulates biological responses through CD44, and s activity has been well-charactenzed
both in vitro and in vivo . This antibody system provides three key capabilities for evadugting the
effectvencss of immobihization strategies: (1) an assay s avatlable tor quantnating effective
binding affinities (2) in vitro cell assays are avarlable for quantitating the effective ability of the
immobilized antibodies o stimulate specific biological responses (3) an in vivo system is
available for testing whether improved i vitro designs have any relatonship whatsoever to in
vivo function, Immobilization strategies to be tested include the design of complementary
matcrial and antibody surfaces (via electrostatic and hydrophobic mechanisms), where the intual
antibody interaction site is narrowed by the selection of a genetically engineered covalent
attzchment site (¢.g. the introduction of a surface thiol). Figure 3 illustrates the general features
of the system using a single-chain Fv-targeted liposome as an example of an anubody-muterial
hybrid.
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SELF-ASSEMBLING NANOSTRUCTURES: RECOGNITION AND ORDERED
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ABSTRACT

A new approach to materials design is presented, utilizing specific recognition
and assembly at the molecular level. The approach described exploits the control
over polymer chain microstructure afforded by biosynthesis to produce protein-
based materials with precisely defined physical properties. Incorporated into
these materials are recognition elements that stringently control the placement
and organization of each chain within higher order superstructures. The
proteins, designated Recognin A2 through Recognin E2, are recombinant
polypeptides designed de novo from both natural consensus sequences and an
appreciation of the physical principles governing biological recognition. These
materials are designed to examine the forces involved in specific recognition and
complexation. through control of charge identity and placement, a pattern for
specific interaction can be introduced. A subset of these materials are
programmed to spontaneously assemble into complex, multicomponent
structures and represent the first step in a rational approach to nanometer-scale
structural design.

INTRODUCTION

Efficient engineering at the molecular scale relies on two things: 1) the ability
of individual molecules to recognize specific counterparts in multicomponent
systems, and 2) spontaneous organization into well-defined molecular
complexes of hundreds or thousands of molecules. In traditional materials
science the level of such organization rarely extends down to the molecular
level. The ordering of individual molecules is statistical in nature, and often
considerable post-assembly processing is required to achieve the desired physical
properties. Nanometer scale fabrication techniques must rely on the molecules
to process themselves into useful assemblies. This can only be accomplished by
incorporating into each component the ability to spontaneously recognize where
it belongs within a larger framework and to rapidly incorporate into the final,
desired product.

The importance of recognition processes in nature cannot be
overemphasized. These interactions form the basis for virtually every biological
process in living organisms. Nature has developed a large array of specific
recognition patterns, based on shape, hydrophobicity, charge placement, and
allosteric interactions. Understanding of these recognition patterns has
progressed rapidly in the past few years, particularly in the specificity of
interaction seen in transcriptional regulatory proteins. Using these sequences as
general models, we have examined electrostatic interactions and their role in
determining specificity and extent of dimerization in synthetic leucine zipper
proteins. The identity and positioning of charges along the two alpha-hcti~es
dramatically influences the specificity of dimerization toward otherwise identical
sequences.

Mat. Res. Sac. Symg. Proc. Yol. 292. 1993 Materials Research Societly
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MATERIALS AND METHODS

T4 DNA ligase, T4 polynucleotide kinase, Calf Intestinal alkaline
phosphatase, and the restriction enzymes EcoR[, BamHI, Hindlll, BstEll, and
Xbal, were obtained from Pharmacia LKB (Piscataway, NJ). The restriction
enzymes Nhel, Xhol, and Spel were obtained from New England Biolabs
{Beverly, MA). The plasmid pUC18 and E. coli strain NM522 were obtained from
Pharmacia. The plasmid pQE-9 and the E. coli strain SG13009pREP4 were
obtained from Qiagen (Chatsworth, CA). All general procedures for isolation,
manipulation, and routine analysis of DNA, along with methods of E. coli
transformation, were performed as described in Sambrook, Frisch, and Maniatis
[1]. DNA sequencing was accomplished using the T7 Sequencing Kit from
Pharmacia.

Preparation of Synthetic DNA

Oligonucleotides were synthesized on a Milligen/Biosearch Cyclone Plus
DNA Synthesizer using the phosphoramidite chemistry of McBride and
Caruthers [2]. Crude oligonucleotides were purified using preparative gel
electrophoresis, enzymatically phosphorylated using T4 polynucleotide kinase,
and annealed to form heteroduplex DNA.

Cloning and Amplification of Synthetic DNA

Synthetic DNA fragments were inserted into dephosphorylated pUCI8 digested
with EcoRI and Hindlll. The ligation mixture was used to transform E. coli
strain NM522, and color selection on plates containing isopropyl thiogalactoside
{IPTG) and 5-bromo-4-chloro-3-indolyi-galactopyranoside (X-Gal) used to identify
recombinants. Plasmids containing inserts were sequenced to identify the
encoded protein sequences. Desired genetic sequences were isolated and purified
from 50 mlL cultures, and the fragments liberated by digestion with the
appropriate enzymes.

Construction of pUC-BstEIl

Synthetic DNA encoding a 57 base pair linker fragment (Figure 1) was
inserted into dephosphorylated pUC18 digested with Xbal using T4 DNA ligase,
and the resulting mixture used to transform E. coli strain NM522. Recombinants
were identified by color screening, and the insert verified by double-stranded
plasmid sequencing. The plasmid was purified from 100 mL of liquid culiure
and digested with BstEIl. The linearized vector was then dephosphorylated
using Calf intestinal alkaline phosphatase, and gel purified from 1% agarose.

Construction of the Recognition Elements

The 126 base pair DNAs encoding the various recognition elements (Figure 2)
were constructed i sifi by combining and ligating the desired fragments in the
presence of linearized pUC-BstEIL. The ligation mix was used to transform E. coli
strain NMS522. Recombinant plasmids were identified by digestion with BamH]I,
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and the constructed recognition elements verified by double-stranded plasmid
sequencing.

Construction of Prokaryotic Expression Systems

Properly constructed recognition elements were excised from the
recombinant pUC-BstEIl by digestion with BamHI and gel purified from 1%
agarose. Purified recognition elements were inserted into the BamHI site of pQE-
9 (Qiagen, Inc., Chatsworth, CA). The ligation mixes were used to transform £.
coli NM522. Plasmids containing the recognition elements in the correct
orientation were identified by restriction digestion, and were used to transform
E. coli SG13009 pREP4 (Qiagen, Inc., Chatsworth, CA).

Protein Expression

All protein expressions were performed in 1B media (32 g Bacto-Tryptone, 20
g Yeast Extract, 5 g NaCl per liter). Media were supplemented with 400 mg/1.
ampicillin and 50 mg/L kanamycin. Fifty milliliters of saturated culture were
rsed to inoculate t L of treshly sterilized media, and the cultures allowed to grow
at 37 °C for 3 h with vigorous aeration. IPTG was added to a final concentration
of 2 mM, and protein production induced for 2 h at 37 °C with vigorous aeration.
Cells were isolated by centrifugation and lysed in 50 mL of 6 M guanidinium-
HCl, 100 mM sodium phosphate, pH 8.0. After 1 h incubation at ambient
conditions, the solution was centrifuged at 12,000 rpm for 30 minutes. The
clarified supernatant was collected and stored at -20 °C until purified. Proteins
were purified by Ni-NTA column chromatography using the method
recommended by the manufacturer. Yields of purified protein ranged from 70-
140 mg /L.

Protein Characterization

Purity of the recombinant proteins was assayed by amino acid composition,
N-terminal sequencing, capillary electrophoresis, and matrix-assisted laser
desorption mass spectrometry. In all cases purities exceeded 95%. Turbidity
studies were performed on a Beckman DU-70 UV/Vis spectrophotometer
operating at 400 nm. Kinetic analyses were performed on a Biacore Bicspecific
Interaction Analysis System (Pharmacia Biosensor, Sweden) in 20 mM sodium
phosphate, 100 mM sodium chloride, pH 7.0.

Xbal BamH| Nhel BstEN
SCTAGA GGA TCC ATG GCT  AGC OGT GAC (TG
T CCT AGG TAC TGA TG CCA (TG GAC
Gly Ser Met Ala  Ser Cly Asp  leu

Spel BamHI  Xbal
AAT AAC ACT AGT CGGATCC T-¥

TTA TIG  TGA TCA CCC TAG G AGATC-S
Asn Asn Thr Ser Cly Ile

Figure 1. Sequence of the synthetic linker. Important restriction
sites are underlined.
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5- CGGT GAC CTG  IG/AJAA AAC [G/AIAA
Cly Asp Leuw Glu/Lys Asn Glu/lys

GIG CCC  CAG CTC  IG/AJAA AGG [G/AIAA
Val Ala  Gin Lew  Glu/Lys Arg Glu/lys

GIT  AGA TCT CIG  [G/AJAA GAT [G/AlAA
Val  Arg  Ser lew Glu/bys  Asp Gluflys

GOG  GCT GAA (TG [G/AJAA CAA [G/AlAA
Ala  Ala Glu  Lew  Glw/lys Cin Glu/Lys

Xhol
GTC TCG AGA CTG  IG/AJAA AAT [G/AlAA
Val  Ser Arg  Lew  Glu/Lys  Asn Glu/lys

ATC GAA GAC CIG IG/AJAA GCC IG/AJAA
Ite Glu Asp  Leu  Glu/Lys  Ala Glu/Lys

BstEl
AAT CGT  CAC (TG -3
fle Gly  Asp  Lew

Figure 2. Sequences of the DNA monomers. Amino acids are
indicated below the appropriate codons. Important
restriction sites are underlined.

RESULTS AND DISCUSSION

The ability to incorporate specificity into assembly processes allows for a high
level of contrc!  -er molecular architecture, and in theory permits the precise
tailoring of the macroscopic properties of the material (mechanical, thermal,
absorptive). Until recently, no clear approach for such self-assembly was
envisioned. We present here the first demonstration of a "programmed
molecular assembly” using recognition motifs incorporated into synthetic
polypeptides. These motifs stringently enforce specific interaction and assembly
in complex multicomponent systems.

Various transcription factors, including C/EBP, GCN4, and members of the
Fos, Jun, and Myc families form highly specific dimeric complexes involving
hydrophobic interactions between leucine residues in laterally aligned coiled-coil
structures. These protein regions have been named “leucine zippers” because
the leucines interdigitate much like the teeth of a zipper. The sequences of such
regions contain regularly spaced hydrophobic residues within a generic heptad
repeat (a-b-c-d-e-f-g)n. Within this repeat, hydrophobic residues are usually
found at the a and d positions, while polar and charged residues occupy the e and
g positions. The alpha-helices wrap around each other with a slight superhelical
twist having a period of ca. 140 A. An isolated coiled coil is about 10 A thick.

The dimerization process is driven by sequestering the hydrophobic residues
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into the interior of the coiled coil, with carefully positioned charged residues
imparting a specificity in the choice of coiled-coil partners. Site-directed
mutagenesis of both the hydrophobic and charged residues demonstrated that
while the driving force for dimerization is hydrophobic in nature, the dominant
factor in preferential heterodimer formation was electrostatic interactions,
occurring between sidechains at the e and g positions in the coiled coil {3].

The degree of specificity in the Fos-Jun interaction has been quantitated using
short synthetic peptides identical in sequence to the leucine zipper portions.
O'Shea et al. [4] showed by HPLC that the preference to form Fos-Jun
heterodimers is at least 100-fold greater than the preference to form either
homodimer. They also confirmed results reported earlier {5] that within the
coiled coil the two alpha-helices align in parallel, contrary to the antiparallel
arrangement originally reported [6]. This has been further confirmed by X-ray
diffraction data from crystals ot the homodimer of GCN4, which indicate both
the parallel in-register alignment of chains and the presence of ionic interactions
between residues at the e and g positions [7].

Protein Sequence Design

The degree of organization in coiled ceils, at the secondary, tertiary, and
quarternary levels, makes them ideal candidates for primary components in self-
asserrbling systems.  Unique to these materials is the precise spatial control,
over hundreds of angstroms, of functional group placement. The high degree of
specificity exhibited in Fos-Jun dimerization can be incorporated into novel
synthetic proteins, producing materials capable of spontaneous self-organization
into complex supramolecular assemblios

Toward this end, we have designed and synthesized a library of genetic
clements encoding the following protein sequences:

UGDLIE/KIN[E/KVAQLIE/KIR{E/KJVRSLIE/K]DIE/K]
AAELIE/K]QIE/KIVSRLIE/KIN[EKIEDL[E/KJA[E/K n 1

Protein sequences were designed with the following considerations in mind:
1) the formation of coiled-coil alpha-helices, 2) the incorporation of specific
recognition patterns through precise placement of charged groups, and 3) control
of solubility in the dimeric state. This sequence positions leucine residues every
seven residues (underlined for visual clarity) at the d position. The identity and
posttion of the leucines and charged groups are in agreement with natural
leucine zipper proteins, but a number of natural proteins that contain repeated
leucine heptads do not form coiled coils. An algorithm recently developed by
Lupas, Van Dyke, and Stock to identify coiled coils from primary sequence data
was used to refine protein sequences with respect to their propensity for coiled
coil formation [8].

The protein sequences represented in 1 were reverse translated to the
corresponding DNA sequences (shown in Figure 2). Codons were chesen to
maximize expression level in E. colf and to introduce useful restriction sites for
subsequent genetic manipulation. The length and composition of the amino
acid repeat was chosen not only to create sophisticaied recognition motifs, but
also to minimize the repetitive nature of the corresponding gene. The DNA
sequences use a “mixed site” approach at the first base of the codons for amino
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acids at the e and g positions. An [A/G] mixed site synthesis is used to generate
either AAA (Lys) or GAA (Glu) codons at these positions. Thus in a single step a
library of DNA sequences encoding all 4096 (212) possible recognition sequences
can be generated.

The DNA monomers were constructed via three sets of smaller
oligonucleotides to simplify the isolation of recognition sequences (e.g., if the full
length monomer were constructed prior to sequencing, an unmanageably large
number of sequencing reactions would be needed before complementary
recognition sequences were identified). Fragmentation of the monomer into
three sections, each having only 16 possible permutations, significantly reduces
the effort required to identify sequences. From a limited number of sequenced
segments, a large number of monomer recognition sequences can be rapidly
constructed. After construction of the various monomer genes, the DNA was re-
sequenced to insure that no alterations had occurred from re-transformation.

Design of Charge Patterns for Recognition

We set two guidelines for charge sequence design; that the pattern of
glutamates and lysines discourage homodimerization (as this would complicate
any assembly scheme), and that the charge pattern controlling the dimerization
insure that the orientation of the two helices is parallel and in-register. Using
the crystallographic data of Kim and coworkers [7] as guidelines for how
electrostatic interactions are formed in such structures, we designed the
following materials, designated Recognins A2 through E2:

Recognin A2 EEEE EEEK KEKE EEEE EEEK KEKE
Recognin B2 KKKK KKKE EEKK KKKK KKKE EEKK
Recognin C2 KKEE KKKE EEKK KKEE KKKE EEKK
Recognin D2 EEEE KKKE EEKK EEEE KKKE EEKK
Recognin E2 EEEE EEKE EEKK EEEE EEKE EEKK

For simplicity, only the charge pattern of the e and g residues is indicated. All
other residues in these proteins are shown in 1. Flectrostatic bonding occurs
between the e residue of the ith heptad and the g residue of the ith-1 heptad. The
rationale for these sequences is that A2 is viewed as a target sequence, with B2
reflecting a perfect electrostatic fit. Recognins C2, D2, and E2 are progressively
poorer fits to the A2 charge pattern. These materials can be used to test a number
of assumptions about the strength and stability conferred on these structures by
electrostatic interaction, and their role in controlling the specificity of interaction.

Turbidometric Analysis

We investigated the interaction between A2 and B2 using turbidity
measurements at 400 nm. The proteins are believed to exist as weak
homodimers in solution; upon mixing the more stable heterodimer is formed.
When these proteins are mixed at equal concentrations, a rapid increase in
turbidity is seen. We attribute this to specific heterodimer formation, which
subsequently associates into higher order structures that precipitate from
solution. Gel analysis of the precipitate indicates that it is a 1.1 complex of A2
and B2. No similar increase in the turbidity of the homodimer solutions is
observed prior to mixing.
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Surface Plasmon Resonance Analysis of Recognin Interactions

We looked very closely at the interaction of A2 with both B2 and C2, with
both components free in solution and when one species was immobilized onto a
thin gold film. The latter was done to measure the rates of association and
dissociation between the complexes. We used surface plasmon resonance to
detect minute changes in refractive index that accompany a specific binding
event in the immediate vicinity of the metal surface. This technique is
extremely sensitive, and can detect specific interactions at the picogram level. As
shown in Figure 3, there is a measurable difference in both the rates and
magnitude of interaction between A2-B2 and A2-C2. After an initial increase in
refractive index due to solvent exchange, it is seen that the rate of association for
the A2-B2 complex is more rapid and that the equilibrium response is achieved
sooner. There does not seem to be a great difference in the rates of dissociation
(seen in the later portions of the sensorgram). A kinetic analysis of these rate
constants run at several different concentrations of A2 reveals that for the A2-B2
interaction, Kass = 4.11 x 103, kgiss = 1.31 x 10-3, and K, = 3.14 x 105, For the A2-
C2 interaction, kass = 3.46 x 103, kgjss = 2.39 x 10-3 , and K, = 1.45 x 106. The
interaction of these molecules when both components are free in solution, along
with the analysis of A2's interaction with other Recognins, is presented
elsewhere [9].

SPR Analysis of Recognin Interactions
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Figure 3. Surface plasmon resonance measurements of the

interactions between A2-B2 and A2-C2 at 25 pug/mlL
concentration of A2.
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Applications to new materials design. a) Generation
of highly oriented fibers through control of molecular
assembly. b} Production of 3-D networks with precisely
defined pore sizes using the same strategy.
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Applications to Materials Science

We have used de novo design to produce a series of coiled-coil proteins
capable of rapid and selective complex formation in =olution. We view these
materials as "building blocks” for the design of more complex sclf-assembling
materials. Examples of such materials are postulated in Figures 4a and 4b. In the
tirst case, that of self-assembling fibers, the genes for Recognins A2 and B2 are
modified by incorporating additional recognition elements at the N- or C-
terminus. These new elements, designed to react with each other and not A2 or
B2, impose a new driving force for ordered supramolecular assembly, and align
all of the dimers in a "head-to-tail” orientation within a growing fibril. Such
fibers should have excellent mechanical properties, along with unique piezo-
and pyroelectric activity.

The second example, that of ordered network formation, is a logical extension
of ordered fiber assembly. Here the fiber-forming genes are further modified to
introduce a third set of recognition sites that will control growth and
organization in three dimensions. Such materials will have highly uniform and
controlled pore sizes that could be exploited in optics, thermal insulation,
selectively permeable membranes, controlled release, or medical reconstruction.
Such materials are currently under development.
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OVER~EXPRESSION OF A CORE REPEAT FROM AN INSECT SILK PROTEIN
THAT FORMS INTRAMOLECULAR DISULFIDE BONDS

STANLEY V. SMITH AND STEVEN T. CASE

Department of Biochemistry, The University of Mississippi
Medical Center, 2500 North State Street, Jackson, MS
39216-4505.

ABSTRACT

A gene encoding one complete [C+SR) core repeat from spla,
a 1000-kDa silk protein from Chironomus tentans, was
synthesized and its recombinant protein expressed to high
levels in bacterial cells. We observed that reducing agents
significantly alter the electrophoretic mobility of this
protein. A wvariety of data indicate that the purified
recombinant protein is folded and its structure stabilized by
two intramolecular disulfide bonds.

INTRODUCTION

Aquatic larvae of the midge, Chironomus <%enions, spin
insoluble silk [ibers composed of about a dozen proteins {1].
Prior to spinning, these proteins exist as soluble super-
molecular complexes in the lumen of the salivary gland [2]).
Studies of protein complex disassembly and reassembly in yvitro
indicate that the giant (1000-kDa) spI proteins form the
fibrous backbone of the silk [2). Molecular biological data
reveal that spls consist of 130 to 150 tandem copies of a core
repeat which can be divided into two domains; the constant (C)
domain, which contains four conserved cysteines, and the
subrepeat (SR) domain, which contains multiple copies of the
motif, basic residue-proline-~acidic residue [1]. Circular
dichroism and Fourier transform infrared spectroscopic studies
of synthetic peptides suggest that the C domain is mainly
a-helical and the SR domain forms a poly(glycine)-type II
helix [3). Both domains contain A-turns.

Studies using synthetic peptides are restricted by

practical size limitations. 1In order to obtain monoumeric and
multimeric [C+SR} proteins with a defined number of repeats, we
turned to genetic engineering ({47]. Here we vreport the

successful expression in bacteria of a n.nomeric recombinant
Constant-And-Subrepeat  (rCAS) protein and the unexpected
finding that purified rCAS is folded and stabilized by
disulfide bonds.

GENE SYNTHESIS AND EXPRESSION

Codon usage in Escherichia c¢oli and €. tentans differs
significantly. Therefore, to optimize expression in a
bacterial cell, a gene was designed such that the amino acid
sequence of the insect protein was encoded by codons preferred
by E. coli. The gene was synthesized in three steps (Fig 1):
assembly, priming and amplification.

Mat. Res. Soc. Symp. Proc. Vol. 292. * 1993 Materials Research Society
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1 Assemble

Fig. 7. S*zpc in the synthesis of the C+SR gene encoding rCAS.

Assembly

Two oligonucleotides were synthesized. The € oligo-
nucleotide is 129 nucleotides long and overlaps the first SR.
The SR oligonucleotide is 152 nucleotides long, contains four
SRs and is complementaiy to part of the C oligonuclectide.
Upcon annealing, the oligonucleotides yielded template-primer
complexes suitable for DNA polymerase to complete the synthesis
of the two strands.

Priming

The assembled gene was denatured and mixed with an excess
of two different oligonucleotides which, besides providing
primers for the polymerase chain reaction (below), provided
sequences necessary for subsequent manipulations of the genea.
These primers contain restriction enzyme cleavage sites
necessary for inserting the gene into an expression verctor as
well as providing sites that will enable head-to-tail ligation
of tandem ({C+SR] repeats.

amplification

The primed synthetic gene was amplified wusing the
pelymerase chain reaction (5] with a thermostable DNA
polymerase. After 25 cycles, microgram quantities of a 298-bp
fragment were obtained.




Insertion and Expression

After purification by gel electrophoresis, the amplified
gene was cleaved with restriction enzymes and inserted
downstream from the bacteriophage T7 gene 10 promotor on the
plasmid, pET3a (6] (Fig. 2). By fusing the start codon of the
T7 gene 10 promotor with a methionine codon in the C domain, we
were able to produce rCAS devoid of extraneous amino acids.
The bacterial host, BL21(DE3), was transformed with the
recombinant PpET3a::C+SR construct and cells were tested for
inducible synthesis of rCAS. rCAS synthesis requires the
synthesis of T7 RNA polymerase which, in turn, depends upon the
ability of isopropyl-f-thiogalactopyranoside (IPTG) to bind a
repressor protein that otherwise binds the lac operator
preventing synthesis of T7 RNA polymerase (Fig. 3)}.

11Q
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Fig. 2. The recombinant expressicn plasmid, pET3a::C+SR
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Fig. 3. The scheme for IPTG-induced synthesis of rcAS in the
bacterial host cell, BL21(DE3), containing pET3a::C+SR.




The successful application of this scheme is illustrated
in Fig. 4. While IPTG induction leads to an apparent decrease
in the amount of protein synthesized per cell, induced and
non-induced BL21(DE3) cells containing pET3a display a similar
spectrum of proteins. In contrast, IPTG~induced cells
containing pET3a::C+SR produce a single, prominent protein,
rCAS.

Fig. 4. Electrophoretic comparison of proteins in whole-cell
lysates of IPTG-induced (lanes 3 and 5) and uninduced {(lanes 2
and 4) bacterial cells containing pET3a (lanes 2 and 3) or
pET3a::C+SR (lanes 4 and 5). Lane 1 contains molecular weight
standards. The arrow indicates the position of inducible rcas.

PRESENCE OF DISULFIDE BONDS

puring the characterization and purification of rCAS, we
discovered that its electrophoretic mobility on sodium dodecyl
sulfate-polyacrylamide gels was altered if the protein was
first treated with reducing agents such as B-mercaptoethanol or
dithiothreitol. This implied that at least some of the four
cysteine residues in the C region may be involved in formation
of one or more disulfide bonds. Quantitative Ellman assays (7]
indicated that native rCAS contained less than 1 mole of
sulfhydryl per mole of protein. However, upon treatment with
reducing agents, we measured about 3 moles of sulfhydryl per
mole of rcCAS.

To better quantitate cysteine sulfhydryls, laser
desorption mass spectrometry was performed on rCAS that was
denatured and alkylated with iodoacetamide with and without
reduction. The mass of reduced rCAS was 227 daltons greater
than native rCAS, a value consistent with the reduction-
dependent addition of four carboxyamidomethyl groups.
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Direct evidence for cystine (two cysteines joined by a
disulfide bond) was obtained by amino acid analysis of
denatured, alkylated rCAS with and without reduction. In the
absence of reduction, rCAS contained a cystine peak with no
evidence of any carboxymethyl-cysteine. Treatment with
reducing agents abolished the cystine peak and yielded four
carboxymethyl-cysteines per mole of rCAS.

From these data we conclude that purified rCAS contains
two disulfide bonds which, upon denaturation and reduction, can
be converted to four cysteine residues.

FOLDING OF CORE REPEATS IN spla

rCAS apparently contains the information required to fold,
bringing pairs of cysteines within the ninimum distance
required for disulfide bond formation. We are currerntly trying
to map the paired cysteines that form these disulfide bonds to
determine whether or not they are homogeneous. Such
information will be useful for locating the B-turns that were
predicted from our spectroscopic data obtained using synthetic
peptides [3].

It has been proposed that conserved cysteine residues in
the C domains participate in forming intermolecular disulfide
bonds that covalently cross-link spl complexes and decrease
their solubility [8]. The presence of intramolecular disulfide
bonds in rCAS suggests another possible role for these
cysteines. Perhaps the maintenance of spl solubility within
the cell and initial prevention of the formation of insoluble
spl complexes 1is accomplished by folding and formation of
intramolecular disulfide bonds similar to those found in rCAS.
The expression of recombinant proteins with multiple tandem
copies of rCAS will enable us to test this hypothesis.

PERSPECTIVE

Our results raise two items of interest for this
symposium. First, in terms of understanding the cellular
processing of a biological material (C. tentans silk), in vivo
formation of spl intramclecular disulfide bonds would require
an oxidizing environment. Oxidized glutathione in the
endoplasmic reticulum may already provide the necessary redox
state during protein synthesis and secretion {9]. As of yet,
there is no candidate for an agent in the processing pathway
that would promote shuffling of disulfide bonds from
intruprotein to protein-protein interactions. Secondly, rCAS
derivatives may provide useful biomolecular materials, serving
as vehicles for protein "sites" that could be buried or exposed
in response to the redox state of the solvent.
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CLONING AND EXPRESSION OF A SYNTHETIC
MUSSEL ADHESIVE PROTEIN IN ESCHERICHIA COLI

ANTHONY J. SALERNO AND INA GOLDBERG
Allied-Signal Inc., 101 Columbia Road, Morristown, NJ 07962,

ABSTRACT

Repetitious gene cassettes that encode the consensus decapeptide repeat of
Mytilus edulis biocadhesive protein were cloned and expressed in Escherichia
coli. The biocadhesive precursor (BP, M =25,000) was expressed from one 600-bp
gene comprised of & 30-bp unit repeat. The repetitious gene appeared stable
in a T7-based host/vector system.

Using the T7 expression system for induction, BP was produced at levels
approaching 60% of total cell protein. BP was found both in intracellular
inclusions and in the soluble fraction. Interestingly, methionine was
processed from the N-terminus of the purified protein to give an authentic
consensus precursor protein.

INTRODUCTION

The marine mussel Mytilus edulis anchors itself to the environmeint by means
of a byssus, which is composed of threads that extend from the ventral base
of its foot and end in an attachment plaque at the substrate surface {1].
Several proteins are found in the plaque including collagen, catechol oxidase
and a bioadhesive polyphenolic protein [2]. Most of the bicadhesive protein
is comprised of about 75 repeats of the decapeptide sequence Ala-Lys-Pro-Ser-
Tyr-Hyp-Hyp-Thr-Dopa-Lys [3]. To obtain the adhesive and cohesive properties
of bicadhesive protein, enzymatic processing of tyrosine to dihydroxyphenyl-
alanine (dopa) and orthoquinone is essential [4]). Its impressive properties
as a water-compatible adhesive have stimulated interest into its use in dental
and medical applications, a coating for cell attachment to tissue culture
surfaces and industrial applications such as coatings and underwater
cdhesives. One requirement for these applications is an economical, large-
scale supply of bioadhesive proteins., A recent report aiming towards this
goal was the isolation of a partial cDNA clone encoding M. edulis bicadhesive
protein and its expression in yeast to give a BP lacking the post-
translational hydroxylations [5].

In this work, we describe a different approach based on the construction
and expression at high yields in £. coli of synthetic genes encoding BP that
is based on the consensus decapeptide repeat of the native protein.

MATERIALS AND METHODS

Bacterial Strains_and Plasmids

E. coli strain AGl was used for the construction of pET derivatives. The
8(sriR-recA)306::Tnl0 allele was transferred into BL21{DE3}(pLysS) by Pl
transduction to give AS002.

General Methods

DNA manipulation, transformation of E£. coli, colony hybridization,
sequencing and protein determination were all done using scandard procedures

Mat. Res. Soc. Symp. Proc. Vol. 292. < 1993 Materials Research Society



[6]. Stability of polydecapeptide glue analog gene (gag) cassettes was
assessed by restricting the purified plasmid (10 ug) with Scyl and
ele:irophoresis on 5% polyacrylamide gels to size the populatioi. or gay
cassettes. Coupled in vitro transcription-translation reactions were done
using a commercial kit (Amersham) according tv the manufa~ -er® directions.

Construction of gag

The method of constructing the 30-bp repeat unit gag cassette was disclosed
previously [7]. Briefly, internal oligos:
5' -CCnACCTACAAAGCTAACCCGTCTTATCCGY ! -
3' - TTTCGATTCGGCACAATAGGCGGTTGGATG -5 ;
and external oligos:
5" -CCAACCTACAAAGCCAAGGCTTCTTATCCG -3
3’ - TTTCGGTTCCCAAGAATAGCCGGTTGGATG -5 ;
Seyl
were heated and allowed to anneal to form shert duplex DNA. The double-
stranded sequences were theic combined in a 20 to 1 molar ratio and allowed to
anneal by further cooling to form long duplex DNA. The DNA mixture was

ligated, restricted with StyI, and fractionated by size-exclusion
chromatography. Fractions containing oligomers >210 bp were pooled for
cloning.

The 600-bp gag comprised of 30-bp repeat units was moved as an Ndel+BamHI
DNA fragment into pET3a.
The 125-bp diversified gag cassette was constructed by mutually primed
extension of oligonucleotides
5" -GAGTTCACCTACGTAATCCAGCCAAGGCCAGCTATGCCCCCAACGTATAAGGCTAAACCGAGTTACCCTCCCAC
ATACAAAGCAAAACCATC-3' and
5 -GTTTGATGACCTCAACGTACCTTGGCCTTGTAAGTCGGTGCGTATGAGGGCTTCGCTTTATAGGTAGGCGGAT
ACGATGCTTTIGCTTTG-37
using T7 DNA polymerasec. Tandem 125-bp gag cassettes were prepared by
digestion with Scyl, recovering the vector and gag cassette, and ligating the
gag cassettes Lo “~rm multimers,

Expression and Detection of BP

Induction of strains containing T7-based expression systems was as
described previously {8]. Culture samples were pelleted by centrifugation and
resuspended in 0.1 volume of solution A [50 mM TRIS HCL, 2% B-mercaptoethanol,
0.5% cetyl trimethyl ammonium bromide (CTAB)]. Samples were freeze/thawed and
sonicated prior to analysis. For fractionation of ASO02(pAGY) cells to detect
the presence of inclusion bodies, a culture was palleted after 2 h of
induction and resuspended in 0.1 volumes of solution B (40 mM TRIS, pH 8.0,
50 mM sodium chloride, 1 mM EDTA, 1% f-mercaptoethanol). Samples were then
freeze/thawed and insoluble material pelleted. After suspending the pellet
in an equal volume of buffer, the equivalent of 0.1 ODgyy units of the originai
culture was used for gel analysis.

Samples were analyzed for BP content on a gel adapted for basic proteins
(91. The protocol was modified to include CTAB in the buffer at a
concentration of 0.05%. Riboflavin was used for gel polymerization. Samples
were loaded after adding an equal volume of sample buffer (2X: 5 M urea, 0.8
M acetic acid, 2% f-mercaptoethanol, 1% CTAB, 50 mM Tris-HCl, 0.5 mg/ml methyl
green) and heating to 50°C for 4 min. Cels were stained with fast green to
detect proteins and BP was quantitated by scanning densitometry.
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Purification of BP

One liter shake-flask cultures of ASO002(pAG9) were hairvested and resuspended
in 0.1 volume of solution A followed by freeze/thawing and sonicution to give
a homogeneous suspension. Alternarively, in some experiments the pellet was
suspended in solution B and then svbjected to three freeze-t .aw cycles
followed by three cycles of sorn{cation. Both procedures give good yields.
CTAB was add d to 0.5% (for lysates of sclution B only) followed by urea to
2.5 1 ono acetic acid to 0.8 M. The solution was ircubated for §.5 h with
occasional mixing to extract BP and then ceatrifuged. To the supernatant was
added an cqual volume of 7.8 M acetic acid. BP was purified over a 2.5x7 cm
cellex-P column. Fractions were conceuntrated and dialyzed against 0.3 M
ammonium acetate, pH «,3. For structural studies, BP was further purified by
size-exclusion chromatographv. BP was quantitaled spectrophotometiically by
tyrosine cantent at 276 nm and using a molar absorbtivity of 1400 M™! cm™d.

Phvsical Analyses of BP

The N-terminal amino acid sequence of BP was determined by sequential Edman
degradation using an automated protein requencer (470; Applicd Biosystems,
Fester City, CA). Amino acid composition was performed by the post-column o-
phithaldialdehyde method [10] except for phenthiocarbamovl derivatizatinn of
proline, which wa< normalized with respect te alanine.

RESULTS AND DISCUSSION

Desipgn_and Cloning of gag

The decapeptide consensus repeat from the M. cdulis biocadhesive protein was
used as a basis for design of repetitious genes enabling the production of a
polydecapuptide analog precurso: protein [3]. Two gene cassettes with repeat
unit lengths of 30- and 120-bp were designed in order to compare production
levels and gene stability. The 30-bp repeat was comprisced of codons optimized
for E. coli expression. The 120-bp repeat represcents the waximum lergth of
unique sequence DNA that can be designed without the introduction ot nested
repect sites. It was necessary to incornorate a number of noun-optimal codons
to achieve this level of sequence diversity. Two T7 expression vectors
carrving 677 bp gene cassettes, pAGY9 (30-bp repeat) and pA.l6 (120-bp repeat),
were chesen for detajled expression and gene stability studies.

Expression of BP

Production of BP was examined using the T7 expres-lon system. Initial gel
analysis of in vitro coupled transcription-translation reactions containing
pAGs showed a unique pratein band compared to the vector control that was
consistent with the predicted size. In vivo strain ASO0Z(pAGS) synthesized
BP at the highest rates and ~.s selected for further analysis (¥ig. 1A, lane
1). Fig. 1B shr«s the time course of accumulation of BP. - -air ASQOZ(pACY)
accumvlates BP to levels of up to 60% of total cell protein. Levels of up to
5% of total cell protein have been reported tur expression of a partial cDia
clone of M. edulis BP protein in yeast [5].

Interestingly, BP accumulation in strain ASO02(pAGl6) was similar to that
observed for AS002(pAG9). This result indicates that the less-than-optimal
codon usage in the diversified gag (pAClé) did not lead to any decrease in the
yield of BP. Since the promoter and Shine-and-Delgarno sequence are identical
on botlu plasmids, the level of pene expiressicn wust be predominantly
conZrolled by these two regulatory repions,
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Fig. 1. Expression of BP. A Accumulation of BP in strain AS002(pAG9) (lane
1), 2 h following induction. Lante 2 is purified BP. B Time course of
accunulation of BP in strain ASO02(pAGY).

Purification of BP

Te develop an appropriate purification vrocedure for BP, induced cultures
of ASC02(pAGS’ were harvested, lysed, separated into soluble and insoluble
fractions an. analyzed for the distribution of BP. The majority of BP was
present in the insoluble fraction, which indicates that BP forms intracellular
inclusions (Fig. 2A, lanes 3 and 4). However, about 333 of BP war present in
the supornatant (Fig. 2A, lanes 5 and 6).

Since a significant proportion of BP is soluble in the crude lysate
prepared from rhe culture, a purification strategy based on selective
extraction of BP was developed. BP is solubilized in a solution containing
2.5 M urea, 0.8 M acetic acid and 0.5 CTAB. Separation of the insoluble
material results in supernatant that is up te 90% pure with respect to total
protein (Fig. 2B, lane 3. BP can be further purified by cation-exchange
chromatography to give 93-95% purity (Fig. 2B, lane 4). Full-length BP was
released from the cellex-P column when the gradient compesition reached 2.4
M urea, 0.6 M potassium acetate, pH 5.0. For physical characierization, BP
was further purified by size-exclusion chromatography to yield full-lengti
protein of greater than 99% purity (Fiyz. 2B, lane 9).
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CONCLUSTIONS

The T7 expression system is extraordinarily efficient at producing
repetitive proteins. In E. coli, we demonstrated that a bioadhesive precursor
expressed from a highly repetitive gene can accumulate at levels of up to 60%
of total cell protein. Similar yields were achieved when BP was expressed
from a diversified cassette using less-than-optimal codons. The level of gene
expression must therefore be predominantly controlled by the promoter and/ov
Shine-and-Delgarno sequence.

BP was shown to be present in the insoluble cell fraction as well as in “he
supernatant, Purified BP was shown to be authentic based on amino acid
analysis and protein sequencing. Interestingly, the N-terminal Met was
removed from the purified protein,

The repetitive cassette containing a 30-bp repeat was shown to be highly
stable in a pET-derived vector system, The T7 expression system thercfore
appzars to be a good choice for the maintenance and over-expression of highly
repetitive genes.
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BIOMIMETIC PROCESS FOR PREPARING MAGNETITE FIBERS

CARL W.LAWTON AND CHRISTOPHER S. SHIELDS
Department of Chemical and Nuclear Engineering, University of Massachusetts Lowell,
Lowell, MA 01854

ABSTRACT

Two different biomimetic strategies were utilized in the formation of magnetite fibers.
The first strategy utilized natural (Sphacrotilus natans sheaths) or synthetic (hollow fibers)
matrices for magnetite formation. The second strategy made use of an iron-hydroxide
intermediate that was subsequently chemically converted to magnetite within the biomimetic
matrix. The formation of magnetite was determined by both visual and x-ray diffraction analysis.
This process has advantages over conventional routes because of the expense and handling
problems associated with the production of ceramic whiskers and fibers. The magnetite formed
by this process may prove 10 have unique properties due to its unusual fibur structure.

INTRODUCTION

There is a great deal of interest in microwave absorbing materials. Advanced composites
that combine the properties of different materials are needed for this application. A composite
that incorporates a low resistivity ferrite within a high dielectric, high capacitance matenial is
effective at microwave absorption. The resistivity of magnetite is very low, 4x10* ohm-cm,
compared to other ferrites. [1] This feature is detrimental for most magnetic applications but is
an advantage for this application. Utilizing fibers within the dielectric matnx instead of
particulate material should significantly improve the performance of a microwave absorption
device. The improvement in properties is achieved because the probability of an incoming wave
contacting a fiber is much greater than contacting a particle. The more random the configuration
and the larger the fiber's aspect ratio, the greater the probability becomes. Therefore, a random
configuration of high aspect ratio magnetite fibers dispersed in a suitable dielectric material
should produce devices that can be utilized in many microwave applications. Because of the
expense of current processing routes and the inherent problems associated with handling whiskers
a synthetic route that mimics the biological production of magnetite would prove to be extremely
useful.

A biomimetic process mimics the biological pathways used by organisms in their
production of materials. Biomineralization holds the potential for devetoping advanced material
properties in ceramics by controlling crystal structure and the onentation of crystal growth.
Onented crystal growth is important because many electrical and optical properties are highly
amisotropic. We have tried to utilize biomimetic synthesis technigues to produce magnetite fibers
within a polymeric matrix. We have utilized three different types of matrices each utilizing
ferrous hydroxide as a precursor to magnetite.

Microwave Absorption

The microwave region of the electromagnetic spectrum spans the frequency range between
300 MHz and 300 GHz (wavelengths | m to Imm ). Electromagnetic waves consist of electric

Mst. Res. Soc. Symp. Proc. Vol. 292. - 1893 Materials Research Society
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and magnetic ficld components. [2] The nteraction of these waves with different matenals
produces varied results. These interactions can be utilized in desigmng advanced materials with
specialized properties for a variety of microwave applications. Microwave heating within a
matenial is the result of an interaction between the electromagnetic force fields and the molecular
and electronic structure of the material. The microwave power absorhed which leads to heating
is described by:
P =fvalEl 2dv

where E is the electric field. v is the voltage and ¢ is the ionic conductance and dipole orientation
losses at commercial power source frequencies.

Eddy current losses, P.. increase in ferrites as the AC frequency of exposure increases.
This relationship is given by:
P, = (constant) B’ £ d°/ p
where: {constant) = geometry dependent factor
B, = maximum induction {gauss)

f = frequency (Hz)
d = smallest dimension transverse (o iux
p = resistivity [}

Microwaves adhere to boundary conditions. Boundary conditions are typically interfaces
within a ceramic matenal. Electric fields parallel (o the material interface are continuous (figure
1) and a partial reflection of the wave modifies the power flow at the interface. The absorbed
power s proportional to the dielectric loss factor of the material multiplied by the square of the
electric field magnitude. When the electric field is perpendicular to the material interface, (figure
2) the amount of abso/bed power is dependent upon the difference in dielectric constant of the
two media. It is important to recognize the sensitivity of the electromagnetic radiation to the
polarization of the incoming wave. {1]

At microwave frequencies, polarization in ferroelectric materials typically results from
ionic and electronic contributions. Space charge and dipolar polarizibility will not have an effect.
To maintain 3 high capacitance at these frequencies a malerial with a high dielectric constant is
needed. High dielectric constant materials exhibit resistivities on the order of 10'*-10'* ohm-cm.
[3} By combining a low resistivity. microwave absorbing ferrite, such as magnetite, in a high
diclectric constant material with a high capacitance, a composite that absorbs microwave energy
can be produced.

Figure 1 Electric fields parallel to the material interface.
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Figure 2 Electric fields perpendicular te the material interface.
Biomineralization

Experimental and theoretical work during the last decade has demonstrated that general
principles apply to most biomineralization systems. Crystal growth can be controlled by utilizing
polymer matrices or vesicle compartmentallization.

Biological Magnetite Formation

Magnetite can be formed biologically by two different mechanisms: (1) single magnetic
domain crystals by Aquaspirilium magnetotacticum and (2) heterogeneous particles by iron
reducing bacteria.

{1) A magnetotacticum - A ferric oxy-hydroxide precursor is accumulated
intracellularly in membrane vesicles in an amorphous state. {4] Ferrous ions
produced by the bacterium react to form crystalline magnetite.

(2) tron-reducing bacteria - These bacteria reduce ferric tons from iron
hydroxides in the environment. The reduced iron (ferrous iron) is exported to
the outside of the cell where it reacts with the ferric oxy-hydroxides to form
magnetite. |5}

MATERIALS and METHODS

Magnetite fibers were produced using two different biomimetic strategies. The first
strategy makes use of natural {Sphaerotilus natans sheaths) or synthetic (hollow fibers) matrices
for fiber formation. The second strategy makes use of an iron-hydroxide intermedtate that is
chemically converted to magnetite within the biomimetic matrix. The use of these two strategies
allow for versatile processing of a wide range of magnetite/fiber composites.
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Strategy #1
Sphaerotilus natans sheath formation

Sphaerotilus natans is one of several species of bactena that form an extracellular sheath
that the bacteria grow in. The sheath is composed of protein polysaccandes and hpids that
resemble a pipe in geometry. The dimensions are approximately 1 gmin diameter by 50 ym in
length. Wall thickness is on the order of 0.1 um.

Sphaerotilus natans ATCC 15291 was grown in a standing culture on complex media (g/l:
peptone 5, yeast extract 1, glycerol 10, pH 7.0} and was allowed to form a surtace film. The
$. natans film (sheath complex) was washed twice with 0.9% Na('l and subsequently used for
magnetite formation.

Synthetic hollow fiber infiltration

This method involves the infiltration of synthetic hollow fibers and subsequent chemical
conversion to magnetite. Two different microtubular fibers were used as our polymenc matrices.
The fiber in figures 3 and 4 is a porous, ultrafiltration fiber used in biological separation and has
an inside diameter of approximately 100 pm. The fibers in figures S and 6 are non-porous carpet
fibers with an inside diameter of approximately 10 um.

Figure 4 Optical micrograph revealing the cross section of an ultrafiltration fiber.




Figure 6 Scanning electron micrograph revealing the cross section of carpet fibers.

The infiltration of the porous, ultrafiltration fibers in figures 3 and 4 was accomplished
by pumping the desired solution through the inside channels of the fibers. The non-porous,
carpet fibers in figures 5 and 6 were infiltrated by capillary action. This was achieved by
inserting a fiber bundle into the desired sotution. In the case where the infiltrating solution wets
the fiber channels, it will be drawn up by capillary action. The equation for captilarity is :

2firycoseo=IIrhpg

where: r = radius of capillary
y = surface tension
© = contact angle

h = height of solution in capillary
p = solution density
g = acceleration due to gravity
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Strategy #2

Magnetite Formation

A modification of Krones [6] chemical procedure for magnetite formation was used on
all polymeric matrices. Magnetite can be chemically synthesized by reacting an aqueous solution
of ferrous sulfate with sodium hydroxide or ammonium hydroxide producing ferrous hydroxide.
The ferrous hydroxide that is formed is a whitish-grey fine precipitate. Ferrous hydroxide can
be oxidized to magnetite with sodium nitrate at 70-90 oC. The magnetite produced is a black
powder. Sodium nitrate is used because its oxidizing potential is insufficient to form haemetite
from ferrous hydroxide. The procedure for magnetite formation is as follows:

FeSO, + 2NaOH - Fe(OH), + Na,S0,

NaNO,

3Fe(OH), + %0, ~» Fe,0, + 3HO
Sphaerotilus natans

Ferrous sulfate (0.01 - 1.0%) was dissolved in distilled water deoxygenated with bubbling
argon at room temperature. S. natans sheaths were added to the ferrous sulfate solutions and
incubated at room temperature for 1 hour. Ferrous hydroxide was then formed by the addition
of ammonium hydroxide. Sodium nitrate (0.1 - 1.0%) was then added, the reaction mixture
sealed, and incubated at 70 oC for 2 hours to induce magnetite formation.

Synthetic hollow fibers

Ferrous sulfate was dissolved in distilled water deoxygenated with bubbling argon at
room temperature, The fibers were infiltrated with the ferrous sulfate solution by the methods
described above. Ferrous hydroxide was formed by placing the fiber bundle in a solution of
ammonium hydroxide. The fibers were removed and placed in a solution of sodium nitrate, the
reaction mixture sealed, and incubated at 70 oC for 2 hours to induce magnetite formation.

RESULTS and DISCUSSION

S. na 1 Sheath Composit

Unilization of S. natans sheath complex for magnetite formation yielded composites that
were macroscopically dark brown. Microscopic examination reveals that the color formation is
due to uniform coating of the sheaths and not due to particulate formation. Untreated sheaths
are white. The untreated sheath complex (figure 7a) resembles the treated sheath complex (figure
7b) in respect to uniformity of diameter and composition. Work, currently in progress, is
directed at the generation of sufficient material necessary for x-ray diffraction and crystal
morphology data that will be published in a complete characterization study.
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Figure 7 Optical micrograph of natreated sheath comples G and
treated sheath complex (b,
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Figore 8 N-ray dilfraction patterns of magnetite forimed within the nltrafiltration fiber
CTop pattern) and magnetite powder furmed withont a fiber matriv, (Battom pattern)
Patterns were produced by a Vax 3100 computer drisven Phillips APD 1700 x-ray
diffraction system using Co radiation and graphite ntonochrontation.
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Figure 9 X-ray diffraction pattern of washed sample revealing magnetite and ferric
oxy-hydroxide peaks. Patterns were produced by a Vax 3100 computer driven Phillips
APD 1700 x-ray diffraction system using Cu radiation and graphite monochromation.

CONCLUSIONS

Our preliminary study of the formation of magnetite fibers successfully produced three
different size composite materials by utilizing two different biomimetic strategies. The first
strategy utilized natural (Sphaerotilus natans sheaths) or synthetic (holiow fibers) matrices for
magnetite formation. The second strategy made use of an iron-hydroxide intermediate that was
subsequently converted to magnetite within a biomimetic matrix. Microscopic examination of the
fibers revealed a dark brown uniform coating with no macroscopic particulate formation. The
magnetite structure formed on the porous ultrafiltration fibers was confirmed by x-ray diffraction
analysis. Future work will confirm the visual analysis of the two smaller fiber composite
materials and optimize the conversion of FeOOH to magnetite.
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ANGULAR-RESOLVED ESCA STUDIES OF CADMIUM ARACHIDATE
MONOLAYERS ON Si (100): INELASTIC MEAN-FREE PATH AND DEPTH
PROFILE ANALYSIS

SHELLI R. LETELLJER!, VIOLA VOGEL!, BUDDY D. RATNER!2 AND DL:BORAH
LEACH-SCAMPAVIA?

University of Washington, Center for Bioengineering! and Department of Chemical
Engineering?, Seattie, WA, 98195

ABSTRACT

Angular-resolved ESCA was used to study single cadmium arachidate monolayers
transferred to Si (100) wafers by the Langmuir-Blodgett technique. We find the monolayers to
be of high integrity with respect to those defects which enhance the escape probability of
substrate photoelectrons through the overlayer. The inelastic mean-free pathlengths of Si (2p)
and C (Is) electrons were calculated to be 4946 A and 4546 A for the kinetic energies of

. 1388 €V and 1202 eV, respectively. The overall ordering of the hydrocarbon chains is less
than for alkane thiols assembled on noble metals. We find that the precision of the Tyler
algorithm to deconvolute angular-resolved ESCA data into depth profiles is accurate within
10% for predicting the thickness of the hydrocarbon overlayer but less precise for intermediate
layers.

INTRODUCTION

Whereas diverse surface analytical techniques, including x-ray diffraction, low energy
electron diffraction (LEED), and near-edge x-ray adsorption fine structure technique
(NEXAFS), probe the orientation and packing of surface adsorbates, additional information
regarding the integrity of the surface film is often crucial especially for technical applications.
Angular-resolved electron spectroscopy for chemical analysis (ESCA) has proven to be
powerful in yielding such information. The attenuation of the characteristic photoelectrons
exhibits a significant dependency on the take-off angle and thereby provides quantitative depth
information on the outer surface region as well as information on its integrity.

Angular-resolved ESCA data will be presentud on single cadmium arachidate (CdC20)
monolayers transferred 10 the native oxide surface of Si(100) wafers with the following goals:
(a) to establish how the inelastic mean-free pathlength and integrity of this LB-film compares to
thiol self-assemblies on noble metals (1], and (b) to determine the accuracy of the Tyler
algorithm [2], which deconvolutes angular-dependent ESCA data into depth profiles, by
applying it 10 molecular-scale organic overlayers. This is currently one of the few algorithms
that does not require a priori information regarding the depth composition; however, it is
necessarily based on simplifying assumptions.

THEORY

‘The normalized intensity of the photoelectron flux from a given orbital, i, of an element, j,
Is approximated as {1}

A goo
liy(8) = inv, 0' nj(x) exp(-x / & cosB) dx )
where 1;j is the normalized signal intensity which is the absolute signal intensity corrected for

differences in photoelectron cross-section, transmission function and sampling depth; ni(x} is
the concentration depth profile; A;j is the inclastic mean-free pathlength; x is the depth from the

Mat. Res. Soc. Symp. Proc. Vol. 292, © 1992 M Research Society




186

surface: 6 is the tre-off angle defined between the surface normal and the photoelectron
rajectory: and A includes instrumental calibration factors. This is the fundamental equation that
has been used for our data analysis as well as by Tyler for deriving the algorithm. The
underlying assumptions are (3] that (a) the photoelectron attenuation follows a single
expenential decay which implies that elastic scattering |4.5} is negligible, and hence the
auenuation leagth equals the inelastic mean-free pathlength (IMFP: the average distaice
travelled by an electron between successive :nelastic collisions), (b) the IMFP is a functiun of
kinetic energy and independent of the take-off angle, {c) the IMFP for a given element is
constant within the sampled depth, (d) the effects of surface roughness are negligible, and (e)
X-ray diffraction is negligible.

EXPERIMENTAL

LB-film Preparation: Monolayers were prepared by spreading a solution of arachidic
acid, CH3(CH3)18COOH, (2 mM, Larodan Fine Chemicals, 99+%) dissolved in chloroform
(Aldrich. 99.9% HPLC grade) on an aqueous subphase of ultrapure water (Barnstead, {8 MQ-
¢m, organic content <10 ppb, pH 5.6) containing cadmiam chloride (5 mM, Aldrich,
99.99+%). The monolavers were prepared in a small. vibrationally dampened Langmuir trough
interfaced with a Mac Ilci computer and Labview 11 software for completely automated
feedbuck control. Surface pressure was measured as a function of surface area using a
standard Wilhelmy plate. A single monolaver was transferred by compressing the cadmium
arachidate film between two movable barriers to a surface pressure of 20 mN/m. The
hydrophilic silicon wafer with its native oxide layer (100, Prime Grade from Silicon Quest)
was withdrawn through the 110nolayer-covered air/water interface at a constant rate of 10
mm/min. Transfer ratios. calculated as the ratio of the change in surface area of the monolayer
10 the surface area of the substrate, were approximately one. The wafers were previously
cleaned by soaking in Nochromix cleaning solution, rinsing with ultrapure water, soaking in
sodium hydroxide (~0.05 N), and rinsing repeatedly with ultrapure water.

ESCA Analysis. Munolayer films were analyzed in a Surface Science Instruments
Spectrometer (Model SSX-100) with a monochromatized AlK x-ray source (1486.6 eV),
and a spot diameter of 1000 um. Photoelectrons were collected using a pass energy of 150 eV
and a 127 collection aperwre. Absolute and normalized signal intensities, as well as relative
compositions, were calcufated from standard SSX- 100 software.

Cadmiam arachidate monolayers were analyzed based on the peak areas from the C(1s),
O(1s), S1{2p) and Cd(3d) core level electrons obtained at five take-off angles relative to the
surface normal: 800, 680, 550, 390, and 10°. The number of scans for each element was
vaned al each angle to obtain an adequate signal to noise ratio; thus, more detection time was
spent at larger take-off angles. Total analysis time for one sample was approximately 3 hours.
The transmission function of the instrumeni was assumed 10 be constant over the time period of
analysis. Initial and final survey spectra showed only small differences in the atomic
percentages. we therefore conclude that any x-ray induced damage to the monolayers is
negligible.

RESULTS

Angular-resolved ESCA data arc p.esented in Fig. 1 for five samples of a cadmium
arachidate (CdC20) monolayer transferred (o Si(100). The atontic percentage is given at five
take-off angles for the elements Si (2p), C(1s). O(1s) and Cd(3d), with the kinetic energies of
1388 eV. 1202 eV, 955 ¢V, and 1082 eV, respectively At the near-normal take-off angle of
10° the signal shows contributions from both the silicon suhstrate and the carbon overlayer. At
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the glancin: take-off angle of 80V the signal is dominated by carbon from the organic
overlayer.
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807 B Oxygen Figure 1. Relative
7 B cadmium clementt} composition of
o 60 CAC20 LB-imonolayers on
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from »ix spectra tiken from
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Uie crror burs represent the vanance m elemental composition between six spectra taken
from tive samples Four of the samples were prepaced on the same day from ditferem
monokiyers but were anaiyzed on consecutive dax s, Twospectra were taken from one sampie
at two separate locations on the saaiple with one week s tune between analyses. No spectra
swere discarded due w Tow gquality. The small vianance between spectra s an indication of the
stabiluty and gh degree of iategrity of e filmy and the reproducibiity between samples
prepared uand anady zed on ditferent days

DATA ANALYSIS AND DISCUSSION
bekaste Mean-bree Pathlength

Two conceptually different approaches Live been taken in the past to assess the inclastic
mean tice pathlength. 2 through organic overlavers: varying the overlaser thicknoss while
mantuntag o hixed twke-off angle, aad vive versa. Variation of the take-off angle is
sdsantigcous since the determination of the & vitdues does not depand on the use of refereace
samples

Phenciastic mean tree pathlength for carbon (CLEO), 1202 ¢ Vs obtained by integrating
ba iTrover the shockness dpes Fhe hyvdrocarbon faver of the CdC 20-monolayer

IeCor = A nocos j-expl-d /7 coni] (2)

Phe ultangle of the hydrocarbon chains for cadmium arachidate on Sty 1s close to the
surtace nesmal {670 which gaives a th Pness of the hydrocarbon motety of dye = 25 A Af
to g 020 unng the Carbonaneensities at each of the five take-off angles gives an average value
W =456 A

The inetisue mean-tree pathiee gth of §12p) electrons (138X ¢V from the substrate may be
obtamed by wtegranny Byt from d w oo,
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IsiB) = A n cos8 exp{-d/ ks cosd) 3)

where d is the thickness of the LB-film. This assumes that the Si density of the substrate is
constant over the sampled thickness.  Equation (3) is easily rearranged into the linear format of
In(igi(8)/cost) - In(A n) = (-d / Agp*(1/cos8) such that a plot of In(Ig(8)cosB) vs. (1fcosd)
vields Ag; from the slope. Figure 2 displar s the experimental results for the six individual L.B-
monolayer samples (lower six data sets). As reference tor a homogencous overlayer system
we have included the signal intensity of elemental Si (99 eV) through an uncovered native
oxide film (upper data set). Each data set has been fit by a linear least squares analysis of the
first four take-off angles. A deviation at the glancing take-off angle of 809 is observed for both
the LB-monolayer and the nauve oxide film; however, this is not unexpected since the impact
of surface roughness is strongly enhanced at shallow take-off angles. The fact that all four of
the other take-off angles can be fit well with a straight line suggests that Ag; through the LR
monolayer is independent of 3 (except at glancing angle) which is indicative of monolayers
with high integrity. With regard to the exisience of monolayer defects, ESCA is only sensitive
to those which will enhance the escape probability of photoelecurons from the substrate through
the overlayer  An average Ag, value has been caleulated from the data using a literature value
for the layer thickness of cadmium aracnidate of degeag = 26.8 A [8].

- Figure 2. Analysis of the
4 \‘\\\ Si0y sificon inelastic mean-free
T~ pathlength. Straight lines
~a represent least squares fits
~~ through all take-off angles
3 LB6 ~ except glancing angle. Data are
offset vertically to avoid
overlap. Six LB-monolayer
A samples are presented (solid
27 A lines) along with an uncovered
native silicon oxide layer
(dashed line). Samples five and
i [s] six were analyzed from the
1 same monolayer at two different
LB1 spots with one week's time
between analyses.

(Arbitrary Units)
é
s
+

In [I{8)/ cosB]

1/ cosB

Table 1 sununarizes our experimental A-values in comparisen to values calculated from
empirical expressions: (a) The IMFP is shown to increase with the kinetic energy, E. of the
electrons according 1o A = B EV2, where the proportionality factor B can either be calculated on
the basis of the material density, Bp. or can be approximated by the empirical values Bg =
0.087, 0.096, and (.054, for organics, inorganics and gold, respectively |9]. Note that the
assumption made in Eq. (1) of constant As, throughout the sampling depth is approximately
valid for organics on 51 but not for organics on gold. (b) A second expression was derived by
Latbinis, et al. [1], Aga = 9.0 + 0.022+E, as a best fit to their experimental data of self-
assembled alkane thiol monolayers on Ag, Au, and Cu. Our experimental A-v-"ues derived for
C(1s) and Si/2p) electrons from a CdC2()-monolayer on SiO are larger than those of Laibinis,
et al. for thiol self-assemblies, Asa. as well as those derived for amorphous organics, Ag [9].
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However. our results agree, within experimental error, (o the A-values calculated on the basis
of the monolayer density, Ap.

Table 1. Inelasue Mean-Free Pathlengths
------- calvulated -+

element EeV) dtd Acxp Ay A AR Aga (AP Ap (A
Si2p 138% 26.8 1916 32 10 42
Colvy 1202 25 156 30 35 R

thy Aga = 9.0+ 0022:E, Xga (A). Laibinis et al. [1].

(0 Ap = O 1EV2 Xp (mg/m3), Seah and Dench [9). To convert to A. divide Ap by the
material density in g/cm»‘. FFor calculations of the monofayer density we have used a
headgroup packing of 19.8 A¥/molecule, a chin extension of 24 A and assumed that the
electron density in the headgroup region s the same as tor the tals.

We therefore conclude that the packing density of CAC20-monolayers on S$i0 is less thun
that obtamed tor alkane thiol monolayvers on noble metals. If we make the assumption that the
cquation Ay = By EV2 holds true, the average packing density of alkane thinls on noble metals
would be S-10% higher than the LB-packing density. The data analysis of the 5:(2p) electrons
has demonstrated that the reduced density cannot be due to monolayer imperfections; this
implies that the hydrocarbon chains have 1o be on average less densely packed in the case of
CdC20-monolayers on $10. Further conclusions about the microstructure of the film cannot be
drawn from this experniment. Qur interpretation is supported by NEXAFS studies which also
indicate that chain ordering for CdC20-monolayers on S10 s less than for alkane thiols on gold
17]. Our vxperimental values are also in agreement with those obtained from ESCA swdies of
related LB-systems: barium stearwte LB-monolayers on Ge and Cu [10] and multilayers of
cadmium stearate on gold {11

Depth Profile Analysis

For the surface analysis of substrates with an unknown chemical composition. algorithms
have been derived to deconvolute angular-resolved ESCA data into depth profiles. The intent
here 1s to use a well defined overlayer model system to test the quality and resolution of an
ulgonthm that does not require any initial information about the relative depth composition, as
proposed by Tyler [2]. The Tyler algorithm is derived from Eq. (1) and hence based on the
same set of assumptions.

The composition depth profile generated by the Tyler algorithm by deconvoluting the
normalized photoelectron intensities at each of the five take-off angles for the elements
SHI388 V). C(1202eV), O (955 eV) and Cd (1082 eV) from a CdC2(}-monolayer on silicon
oxide (Sample 6} 1s displayed in Fig. 3. The algorithin requires the input of inelastic mean-free
pathlength values. For the profile displayed they have been calculated from the expression
derived by Seah and Dench {9} on the basis of the monolayer density, Ap = 0.11*E1/2: 42 A
11388 €V). 39 A (1202¢V), 37 A (1082 ¢V). and 35 A (955 ¢ V).

The depth profile generated for CAC20 on silicon oxide by the Tyler algorithm predicts (a)
a carhan overlaver of apsroximately 23 A, (b) an interfacial region containing Cd and 0. and
() i stheon substrate underlayer. Cadmium is associated with the carboxyl head groups.
Oxygen contributions arise from the head group region and the oxidized silicon surface. The
profile compares within 10% accuriacy to the expected thickness of 25 A for the hydrocarbon




moiety. The senstuvity of the predicted carbon overlayer thickness to properly chosen A values
s as follows: by decreasing the A values by 20% the algorithm would predict a § A thinner
overlayer. The good agreement between the thickness of the actual mode! system and the
algorithm-based predictions indicate that the assumptions made to derive Eq. (1) are reasonable
for describing C4C20-monolayers on silicon.

Figure 3. Elemental
depth profile of the top
80 A of a CdC20 LB-
monolayer (Sample 6) on
a native oxide Si (100)
substrate as generated by
the Tyler algonthm based
on the following A-values:
42 A 11388 ev), 39 A
(1202 eVy, 37 A (1082
eV), and 35 A (955 eV).

Atomic %

Depth (A)

Finally, it should be noted that the potential of the algorithm for predicting compositions at
intermediate depths is less accurate. Applying the algorithm to angular-resolved ESCA data
from our uncovered native sificon substrate results in an oxide layer of approximately 18 A. In
the presence of the monolayer the algorithm predicts a thickness of the underlying oxide layer
of more than 80 A. We conclude that the accuracy of the algorithm in reconstructing
intermediate depth profiies 15 less since the intermediate layers do not lie within the sampling
depth of all the take-otf angles. Further discussion is given elsewhere [12].

CONCLUSIONS

We have shown that monolayers of CdC20 on silicon axide form films of high integrity,
as probed by angular-resolved ESCA analysis. The average packing density of the
hydrocarbon chains, however, is less than for alkane thiols self-assembled on noble metals [1].
We further find that the depth profile of the hydrocarbon overlayer is predicted by the Tyler
algorithm within an error of 10%. However, the algorithm 1s less accurate for predicting
intermediate layer compositions.
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NANOENGINEERING WITH DNA

NADRIAN C. SEEMAN
Department of Chemistry, New York University, New York, NY 10003 USA

ABSTRACT

DNA is a tractable medium for controlling the structure of matter on the nanometer
scale. We have explored ligating together stable branched DNA molecules to form
geometrical objects. By this means, we have assembled a 3-connected molecule whose helix
axes have the connectivity of a cube. The construct is a hexacatenane, each of whose cyclic
strands cotresponds to a face of the object. Each of its twelve edges contains a unique
recognition site for cleavage by a restriction enzyme; these sites are used to demonst-are the
assembly of the object. The plectonemic structure of DNA also permits the directed
synthesis of molecular knots. Recently, we have constructed trefoil knots from B-DNA and
an amphichiral figure-8 knot whose helical domains contain both B-DNA and Z-DNA.

We have developed a solid-support methodolog: Jor the synthesis of geometrical
objects. This approach provides greater control over products and topological purity, and
lends itself better to automation. Branched molecules containing 3-6 double helical arms can
be formed from equimolar mixtures ot their component strands, thereby enabling the
construction of 3-6 connected networks. The goals of this work include the construction of
periodic multiply-connecied networks of DNA. The aims of these DNA constructions
include using them as scaffolding to build periodic macromolecular arrays for diffraction
purposes, as well as directing the assembly of molecular electronic devices. There are well-
charactcrized molecular transformations of DNA that make nano-scale machines feasible to
huiid in this molecular context. These materials are likely to be useful for understanding
crystallization processes and structure-function relationships.

INTRODUCTION

The ability to control the structure of matter on the nanometer scale is likely to lead to
new structural materials and devices. This scale is an order of magnitude larger than the
chemical scale, where individual atoms are bonded together to create molecules with distinct
chemical properties. In the nanometer range, 3-dimensional relationships and connections
may be established, but new chemical properties are not a consequence expected of new
objects. The nanometer scale is used by the living cell to construct its components, which
often cohere by non-bonded interactions. Biological systems are replete with tubules,
filaments and force-producing structures built from protein subunits [e.g., 1-3]. Protein
engineering on the levels of tertiary [e.g., 4-6] and quatemary [7] structure 1s a growing and
vital field, but the control of protein structure is not yet in hand. Nevertheless, there is
another biopolymer whose intramolecular and intermolecular associations can be used for
structural engineering: DNA,

The structural engineering of DNA seems an unlikely and possibly trivial topic.
After all, we have known for 40 years that DNA is an antiparallel double helical molecule;
schoolchildren are taught the reproductive complementarity rule that adenine (A) always
pairs with thymine (T) and that guanine (G) always pairs with cytosine (C). The genetic
information for protein synthesis is known to be encrypted linearly in the sequence of
nucleotides along the DNA molecule. Although there is obvious merit in engineering the
functioning of proteins for various ends, DNA acts in the cell primarily as a repository of
genetic information. What is ¢ be gained from building particular nucleic acid structures?

The surprising answer to this question is that DNA is a molecule that is unusually
well suited to be engineered in three dimensions, and that it may also serve as a convenient
scaffolding material to juxtapose and orient other molecules with well-defined functional
characteristics. Indeed, DNA may tum out to be the most practical chemical for constructing
objects on the nanometer scale. This response raises another question: How can a linear
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polymer like DNA be used 10 construct ‘objects’ of interest and utility? The answer is that
DNA is not always linear: Sometimes it is branched. The most prominent biological
example of branched DNA involves the Holliday |8] recombination intcrmediate. Naturally-
occurring branched structures are unstable, because the branch is energetically less favored
than linear DNA. Furthermore, Holliday structures contain twofold sequence symmetry that
enables them to undergo a structural isomerization called branch migration [e.g., 9] a
branched molecule that repeatedly branch migrates will eventually separate, without
clcavage, to become (wo linear duplex molecules. Synthetic branched DNA molecules aced
not have this property. It is possible to design sequences lacking in twofold symmetry
{10,11}; these molecules are unable to branch migrate, and are stable under convenient
solution conditions [12].

MINIMIZING SYMMETRY IN DNA SEQUENCE DESIGN

Branched DNA molecules are often called ‘Junctions’. Figure 1 illustrates a
branched junction molecule. This molecule is an analog of a Holliday junction, with an
asymmetric sequence. It contains 4 single strands (indicated by Arabic numbers) arranged
into 4 double helical ‘arms’ (indicated by Roman numcrals). Note that the 5" and 3 portions
of each strand form parts of two different arms.
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Figure 1. A Stable DNA Branched Junction. The junction shown is composcd of four sirands of
DNA, labeled with Arabic numcrals. The 3' end of cach strand is indicated by the half-arrows. Each
strand is paircd with two other strands 1o form a doublc helical arm; the arms are numbcered with Roman
numerals. The hydrogen bonded base paring that forms the double helices is indicated by the dots
between the bases. The sequence of this junction has been optimized to minimize symmetry and non-
Watson-Crick basc pairing, There is no homologous twofold scquence symmetry flanking the central
branch point, thereby stabilizing the branch point. At the upper part of arm [, two of the 52 unique
tetrameric ¢lements in this complex are boxed; these are CGCA and GCAA. At the comner of strand 1,
the sequence CTGA is boxed. This is one of twelve sequences in the complex (3 on cach strand) that
span a junction. The complements to cach of these 12 sequences are absent.  Whereas tetrameric
clemeats have been used to assign the scquence of this molecule, there is redundancy in the molecule
amongst trimers, such as the ATG sequences shown in dashed boxes.

Nucleic acid enginecring involving duplex components has been based on directing
the tendency of DNA molecules to maximize base pairing. If one wishes to make a molecule
containing branched helix axes, the target molecule will contain features that do not
correspond to the lowest energy form of DNA, For example, the formation of a four-arm
branched junction from two linear duplex molecules is disfavored by 1.1 kcal/mol at 18 «C
[13]. Nevertheless, one can ensure the formation of the ‘excited state’ molecule, if one
precludes the possibility of more favorable arrangements. Control in this system derives
from minimizing DNA sequence symmetry, which involves more than eliminating twofold
symmetry across the junction {11].

The minimization of sequence symmetry is illustrated for the junction shown in
Figure 1. Each strand of the junction contains 16 nucleotides, which have been broken up
into 13 overlapping tetramers, indicated by the solid boxes. If we insist that each of the 52
tetramers in the entire molecule be unique, base pairing competitive with the designed




molecule can come only from redundant trimers (¢.g.. the ATG sequences indicated by the
dashed boxes). As a further constraint, we insist that the molecule contiin no tetramer
complementary to a bend; for example, there is no TCAG complementary to the boxed
CTGA. The use of tetramers allows a ‘vocabulary’ of 240 elements {(4% = 256) - 16 self-
complementary sequences}. To design larger structures, one must divide the strands into
longer elements of length n, and competition from redundant (n-1)-mers can assume greater
importance. When they are mixed together, the strands in Figure 1 self-assemble to form the
llustrated branched structure [12].

DIRECTING MOLECULAR ASSOCIATIONS BY STICKY ENDS

Linear DNA is a construction medium familiar to those involved in biotechnological
endeavors. The sticky-ended ligation of DNA fragments { 14], shown in Figure 2,15 the
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ATGGCTAGTTTGCATGATGAGCACG CCGTTAGGTGATACCGTACG
TACCGATCAAACGTACTACTC GTGCCCCAATUCACTATUAC AT

——
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“

ATGGCTAGTITGCATGATGAGCACGGCGTTAGGTGATAUCGTACG
TACCGATCAAACGTACTAITCGTUCCGCAATCCACTATGGUATGC

Figure 2. Sticky-Ended Ligation. Two lincar double helical molecules of DNA are shown. The
antiparallel backbones are indicated by the black lincs terminating in half-arrows. The half-arrows
indicate the 5'-->3' directions of the hackbones. The right end of the lefi molecule and the left end of the
night molccule have single-stranded cxtensions that are complementary to each other. Under the proper
conditions, these bind 10 cach other, and ligate to covalency with the proper enzymes and cofactors.

fundamental reaction of biotechnology: it enables genetic engineers to assemble genetic units
with particular functionat characteristics. From the structural viewpoint, linear duplex DNA
can function as a building block for lines, circles, or knots [e.g., 15), but it does not provide
vertices: Branched molecules are needed to furnish vertices. The attachment of particular
sticky ends to a branched nucleic acid structure converts it, in principle, into a highly specific
nanoscale valence cluster with addressable ends [10,16,17). By wreating them as molecular
lego, branched DNA molecules become building blocks that can be assembled into multiply-
connected stick-figures and networks. The edges of these figures consist of double helical
DNA, and the vertices correspond to the branch points. Thus, it seems possible to design
and build complex structures from branched DNA molecules. The basic principles of self-
association are shown in Figure 3; here we illustrate the assembly of a 4-arm junction into a
B 2
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Figure 3. Formation of a Two-Dimensional Lattice from a Junction with Sticky Ends. A is a sticky
end and A’ is its complement. The same relationship exists between B and B’ Four of the monomeric
junctions on the left are complexcd in parallel orientation 1o yield the structure on the right. Note that A
and B are different from cach other, as indicaled by the pairing in the complex. DNA ligase can closc the
gaps lcft in the complex. Note that the complex has maintained open valences, so that it can be extended
by the addition of more¢ monomers.
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quadrilateral, which has the potential to form a 2-D lattice. The single-stranded region A is
designed to pair with A’ and B with B".

When this type of assembly scheme is attempted, one discovers that individual
junctions are not completely rigid |19,20]. We can expect that the double helical edges of
each object are torsionally and flexurally stiff, because the persistence length of DNA varies
from 450 A 10 1000 A, depending on conditions {21]. However, the 'valence angles'
between the double helical edges of each object are flexible. If a given junction is
oligomerized to yield oligolaterals with two turns between branch points, it readily forms a
series of cyclic products: trimers, tetramers, pentamers and so on. Thus, oligomerization of
individual junctions is not a useful technique to generate a particular cyclic polygon.
However, the specificity of sticky-ended ligation can be used to direct the assembly of
particular junctions into target structures. Thus, the control of connectivity is robust, but the
control of 3-D structure is more elusive. The assembly of a particular quadrilateral, directed
by a set of junctions with individually addressable sticky ends [22}, is shown in Figure 4.
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Figure 4. The Scheme of Synthesis of a DNA Quadrilateral. The individual reactant junctions are
shown on the left of the figure and the product is shown on the right. For clarity, the double helicity of
the DNA has been represented merely as paralicl lines in the vicinity of the branch sites, and is confined
to regions distal (o the branch sites; nevertheless, all the twisting expected on the main cycle is shown on
both sides of the figure. Likewisc, one should not think that there is unpaircd DNA between the parallel
lines--cach cdge represents only 16 nucleotides on cach stsand.  On the left, thick sirands and thin strands
are associated in pairs to form 3-arm junctions, in which onc ‘exocyclic’ arm is closed in a hairpin loop.
Armowheads represent the 3' ends of individual strands. Strand numbering is indicated on the left by the
numbers from 1 0 8. The 5’ and 3' symbols indicate the sensc of the single-stranded overhangs. The
overhangs are all on the short strands. The filled regions in the exocyclic stems formed by strands 4 and 6
represent restricion sites, indicated on the two different strands.

Each of the four 3-arm junctions connected together in this construction consists of
two strands, because two of the three strands making up the junction have been joined by a
hairpin loop. The sticky ends on each junction are unique, so this assembly represents
directed synthesis, rather than oligomerization. Two pairs of sticky ends are 5" overlaps,
and two pairs are 3" overlaps. Each edge consists of sixteen nucleotide pairs, or 1.5 turns of
double helical DNA. Thus, the four junctions are ligated to form two separate strands that
are designed to be hextuply linked. Each final strand contains a recognition site for a
restriction endonuclease on an exocyclic arm (indicated as filled regions in strands 4 and 6),
so that it can be cleaved for analytical purposes. It is our convention to show the twisting
condensed to the middle of each edge for clarity; the viewer should not be confused by the
different domains on each edge--the twisting extends all the way to the vertices.

A key concept here is connectedness [18}, which is the number of edges of a closed
object or a lattice that meet at a vertex; the number of arms of the junction at a given vertex
limits the maximum connectedness of that vertex. Thus, 3-connected objects and lattices can
be built with 3-arm junctions, and 4-connected structures can be built with 4-arm junctions.
Junctions with 3-6 arms have been constructed and characterized {12,19,23].

The catenated nature of the two strands in Figure 4 introduces an important point
about the double helical structure of DNA. Even though one often can think usefully about
helix axis connectivity, without taking the helical twist into account, the braiding of the
strands about the helix axis is a valuable and critical structural property of any DNA
molecule. For example, the two strands in the quadrilateral can be separated from nicked
failure products by electrophoresis under denaturing conditions, because the catenane holds
together, but nicked molecules separate into separate strands {22]. Ultimately, the twist
cannot be ignored in structural design: Changing the separation between branch points from
20 to 16 nucleotide pairs can change the distribution of oligomerization products [20]. The
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twisting of DNA strands about each other implies that individual objects will be complex
catenanes, and materials constructed from this medium will have polycatenated
substructures, much like chain mail. In addition, the plectonemic structure of DNA enables
one to design and construct molecular knots, which are described below.

THE CONSTRUCTION OF A DNA POLYHEDRON
We have seen above that it is possible to construct DNA stick figures, where the
edges are double helical DNA molecules. We are certainly not limited to 2-dimensional

objects when we build molecules from branched DNA. Whereas the connections between
vertices are helical, not parallel, branched DNA structures are inheremly 3-dimensional: The
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Figure 5. A DNA Molecule Whose tletix Axes Have the Connectivity of a Cube.  The molccule
shown consists of six cyclic strands that have been catcnated together in this particular arrangement.
They are labeled by the (irst letters of their positional designations, Up, Down, Front, Back, Left and
Right (like a Rubik Cube).
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Figure 6. The Synthesis of a DNA Cube. The molecule is built from 10 chemically synthesized
strands, two 80-mers and cight strands containing about 40 nucleotides. These are hybridized 10 form
two quadrilaterals in the first step. Two ends (C and D) are ligated to form a belt-like molecule that
must be dendtured and reconstituted in order to purify it from side-products. The belt-like molecule is
then cyclized w form the cube-like molecule.
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relative mean orientations of arms that branch from the vertices flanking an edge are a
function of the length of the edge, just like two wing nuts on a screw {16,17). We have
exploited the flexibility of branched junctions to construct from 3-arm junctions a molecule
whose helix axes have the connectivity of a cube {24]. A schematic of the 3<dimensional, 3-
connected {18,25] object is shown in Figure S, and its synthesis is shown in Figure 6.

The object in Figure 5 is shown as a cube, although there has been no
characterization of the angles between the edges. It contains 12 edges formed from double
helical DNA. Since each edge contains 20 nucleotide pairs of DNA, we expect that their
lengths will be about 68 A. Each of the edges contains a unique site for recognition and
cleavage by a restriction endonuclease, thereby enabling us to establish the validity of the
synthesis. From model building {26], the axis-to-axis distance across a square face appears
10 be about 100 A, with a volume (in a cubic configuration) of approximatety 1760 nm3,
when the cube is folded so that major grooves form the outsides of tiie comers; it is
markedly smaller than when the corners are formed from minor grooves. The direction of
folding is currently unknown. Another way to regard the object is as a complex catenane of
6 single-stranded cycles, each doubly linked to its four nearest neighbors.

A SYNTHETIC METHODOLOGY USING A SOLID.-SUPPORT

Control in the synthetic scheme of Figure 6 derives solely from the ability to
phosphorylate sticky ends in a selective fashion. This level of control limits a synthetic
scheme involving all strands to two effective steps: Hybridization of phosphorylated and
unphosphorylated strands preceding the first ligation, followed by phosphorylation of the
remaining strands and a second ligation step. This is an insufficient amount of control for
complex objects, so we have developed a new methodology that is more effective {27].

This methodology is based on the use of a solid support, which lends itself to
automation by permitting convenient removal of reagents and catalysts from the growing
product. Each ligation cycle creates an intermediate object that is covalently closed and
topologically bonded together. This feature permits exonuclease digestion of incompletely
ligated edges, thereby purifying the growing object during synthesis. A single edge of an
object can be built at a time. Control derives from the restriction endonuciease digestion of
hairpin loops forming each side of the new edge. Sequences are chosen to destroy
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Figure 7. Protocol for the Synikesis of a Quadrilateral. Beginning with the support (shaded) bonded 10
a junction, alternate cycles of restriction and ligation arc performed, always at the position indicated as ‘',
The 1arget product (triangie, yuadrilaicral, pentalateral,...) is determined by the point at which one chooscs
1o restrict at site 2, exposing a sticky end complementary 1o that cxposed by restriction at site 1.
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restriction sites when the edge forms. Figure 7 illustrates the synthesis of a quadrilateral
from 3-arm junctions, four times as efficient as that in Figure 4 {27]. In principle, the object
added to the growing construct can be a polygon, a polyhedron or an array of polyhedra.

THE ENGINEERING OF SINGLE.STRANDED DNA KNOTS

The closed, branched DNA molecules discussed above are all catenanes of single-
stranded DNA molecules. An intimate relationship exists between catenanes and knots [15]:
Removal of a node by switching strands, yet maintaining strand polarity (sometimes called
forming a zero node) converts a catenane to a knot, and a knot to a catenane (Figure 8). This
relationship is important here, because the possibility of cloning these DNA structures
appears today to be most readily achievable by getting single-stranded DNA molecules to
fold up into complex knots, whose restriction will lead to the desired stick figures [28). Itis
not possible to clone branched structures directly, because a single round of replication will

2

Knot Catenane

Figure 8. Interconversions of Knots and Caienanes by Switching Sirands at @ Node. The structlure
shown on the left is a ) knot. The strand direction is indicated by the arrowheads appearing along the
strand. When the two strands entering the lower aode on the right exchange outgoing partners, the node
disappears, and a ‘zcro node’ {15] is introduced. This converts the knot 10 a calcnane, shown in the
middle; the two linked cycles are drawn so as to retain their shapes, but they are drawn with pens of
differcnt thicknesses. The lower left node of the catenane undergoes a strand switch, and the structure is
converted to a trefoil knot, illustrated on the right. The trefoil knot is one strand, so it is drawn with one
pen.

reduce a branch to linear duplexes. Nevertheless, it is possible, in principle, to make an
entire structure from a single strand, as illustrated for a dodecahedron in Figure 9. The key

Figure 9. A Single-Stranded Representation of a Pentagonal Dodecahedron. A pentagonal dodecahedron is
illustrated with twelve exocyclic arms, in a representation known as a Schlegel diagram. This is a 2-D
represcntation of a 3-D object in which the ceniral polygon is closest (o the reader, the polygons removed
from the center are distoried and further behind in the page, and the outer polygon is at the rear of the figure.
The Schlzgel diagram of the dodecahedron is shown in the thickest lines, Flanking these are lines that
represent the double helical DNA corresponding to each edge of the dodecahedron. Each of the twelve
pentagons contains an exocyclic double helical arm, with onc strand terminating in an arrowhead, indicating
the 5'-->3' polarity of the strand. In addition, cach of the individual faces has been connected o a neighboring
face via the exocyclic arms and connecting very thin strands, so that the entire representation is a single long
strand. The structure shown would need 10 be cleaved in order to fold.  Each exocyclic double helical
segment would contain a restriction site, to sever it from connecting DNA upon formation of the structure.
No topological representation is madc here: connecting DNA lies behind the polygonal DNA for clarity,

to this strategy is to add an extra external arm for every strand; for molecules whose edges
all contain an integral number of helical tums, this corresponds to an extra arm per face. The
external arms are then connected together to form the complex knotted structure shown. The
sequence of such a single-stranded molecule could be cloned. Whereas one needs external
arms on a polyhedral structure to form a lattice, the target structure is likely to contain such
restrictable external arms. Nevertheless, an optimal-connection protocol and a folding
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algorithm within the constraints of symmetry minimization must be developed so that the
knot can be directed to thread itself properly.

The nodes formed by ordinary right-handed B-DNA correspond to negative
topological nodes, if one establishes polarity in the usual 5'-->3' direction. However, there
is a left-handed form of DNA, Z-DNA [29], that is formed readily by certain sequences,
given the appropriate solution conditions {30]. The relationship between nodes and DNA
structures is illustrated in Figure 10.

O IO X

(+)NODE LEFT-HANDED Z-DNA RIGHT-HANDED B-DNA (-)NODE

Figure 10. Nodes and DNA Handedness. The mirrored sides of this diagram show positive and
negative topological nodes and their relationship to DNA structure. The nodes and their indicated signs
are shown on the outsides, the DNA on the insides, and a douted vertical line separates the two halves. It
is useful to think of the arrows as indicating the 5'-->3' directions of the DNA backbone. Left of the
negative node is a representation of about one and a half tarns of a right-handed B-DNA molccule. Note
that the nodes are all negative. To the right of the positive node is a left-handed DNA molecule, termed
Z-DNA. Note that the nodes are all positive. The Z-DNA molecule has been drawn so as 1o appear 10
be a lefi-handed version of B-DNA. This has been done to clarily the rclationship between the
handcdness of a double helix and the signs of the nodes generated; this arawing 1s not intended to
represent accurately (he siruciural naiure of the Z-DNA helix, in whick the minor groove is less exposed
than in the B-DNA helix, the major groove is non-existent, and the backbone has a zig-:ag character
[29].

~
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Y L B-DNA
CYCLIC MOLECULE TREFOIL KNOT
X X' LIGATION B-DNA
Y’
——
SINGLE STRAND X— ove—
+Co(NHy))* ——
Y Z-DNA
CYCLIC MOLECULE FIGURE-8 KNOT

Figure 11, Synthetic Scheme for the Single-Stranded DNA Knots. The slaning material is a 104-mer
illustrated on the far {e(t--X (A.CT.G.G.ACCT.C.T). Y (dCpdGp)g; X' and Y' refer 10 sequences
that are expected to pair 1o them by Watson-Crick hydrogen bonding. Each side of the square figure
shown corresponds 1o a quarter of the molecule. The projections represent the regions that will pair
according to the letter codes; they are flanked by the oligo-dT linkers. The arrowhead within the X
projection represents the 3' end of the strand. There are two roules 1o the central portion of the figure,
the bottom route, including Z-promoting Co(NH3)¢3+, and the top route, without it. The central
section of the figure illustrates the inteclinking of the sirands. The oligo-dT linkers are represented here
by the curved portions of the strand. The upper far-right drawing illustrates the denatured trefoil structure
in an idcalized fashion. Note that the handedness of the trefoil shown here is the correct one for right-
handed double helical DNA. The lower far-right drawing represents the figure-8 knot similarly.
Reversing the sense of all the nodes of this knot results in no change in handedness.



We have explored the possibilities for threading knots experimentally. A DNA
molecule can be synthesized comaining the sequence X-T-Y-T-X'-T-Y'-T, where X and
Y correspond to one helical turn, X' and Y' are their Watson-Crick complements,
respectively, and T is dT, tinker. When cyclized, this molecule yields a refoil (31) knot
[31,32]. In addition, it is possible to incorporate a sequence capable of forming Z-DNA in
one of the two domains. Thus, if the Y-Y' domain coniains the proto-Z sequence

(dCpdGp)s, ligation in a Z-promoting solution {30] {10 mM Co(NH3)63*} will produce an
amphichiral figure-8 (4,) knot, containing two positive nodes and two negative nodes.

The synthetic scheme for the synthesis of these two knots is summarized in Figure
11 {32]: Each pairing region is separated by a dTyq or dTy5 spacer. The 5" and 3" ends of
the synthetic molecule fall between the eighth and ninth nucleotide of the X segment,
producing a nick that can be sealed by T4 DNA ligase. Ligation in B-promoting conditions
produces a trefoil knot (Figure 11, top); ligation in Z-promoting conditions generates a
figure-8 knot (Figure 11, bottom). Products of these reactions are characterized on
polyacrylamide gels under denaturing conditions, which are sensitive to topology, regardless
of molecular conformation {31). The circle of the same sequence can be prepared as a
control; a linear complement, whose presence is incompatible with knot formation, is
hybridized to the DNA flanking the nick during the ligation reaction.

There is a general relationship between the nodes of DNA molecules and the nodes
of single-stranded DNA knots: A half-tum of duplex DNA can be used to generate a node in
a knot {33]. Figure 12 illustrates this point with a trefoil knot. The three nodes of the knot
shown are formed by perpendicular lines, whose polarity is indicated by arrowheads. The
nodes act as the diagonals of a square, which they divide into four regions, two between
antiparallel arrows and two between parallel arrows, The transition from topology to nucleic
acid chemistry can be made by drawing parallel base pairs between strands in the antiparallel
regions. The axes of the helices are drawn perpendicular to the base pairs, and the twofold
axes are perpendicular to the helix axes. The individual nodes can be usefully condensed
into larger DNA structures to avoid undesired braiding [33}]. For example, the trefoil and
figure-8 knots synthesized above have their nodes condensed into linear structures, and the
refoil in Figure 12 could be condensed into a 3-arm branched DNA junction. Lxcess
braiding can be avoided in catenanes {24], and possibly in knots, by using ‘topological
protecting groups' [33]. These are unclosable single-stranded DNA molecules that pair with
parts of the strand whose role is not to form nodes. Protection prevents these segments
from forming unwanted braids, and then it is removed by denaturing the final molecule.

Figure 12. The Relationship Between Nodes and Antiparaliel B-DNA Ilusirated on a Trefoil Knot. A
trefoil knot is drawn with negative nodes. The path is indicated by the arrows and the very thick curved
lincs connecting them. The nodes are formed by individual arrows drawn at right angles 1o each other.
Each pair of arrows forming a node defines a quadrilatcral (a square in this figure), which is drawn in
dotted lines. Double-arrowhcaded helix axes are shown perpendicular to these lines. The twofold axis
that rctates the two strands is perpendicular to the helix axis; its ends are indicated by lens-shaped figures.
The twofold axis intersccts the helix axis and lies halfway between the upper and lower strands. The
amount of DNA shown base paired at cach node corresponds 10 about half a double helical m.

STRUCTURAL TARGETS FOR DNA ENGINEERING

Suggestions for the utility of DNA structural engineering are currently in the realm of
speculation. A key use envisioned for DNA arrays [10] is to function as macromolecular
zeolites, serving as hosts for globular macromolecular species, as an aid in crystallographic
structure determination. The rate-determining step in macromolecular crystallography is the
preparation of adequate crystals. The ability to assemble periodic arrays of cages that
contain ordered guests would contribute to a solution of that problem. Intracage orientation
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could be done through binding by site-specific fusion molecules. A cartoon of such an array
is illustrated in Figure 13, using S-connected and 6-connected networks. The assembly of
periodic lattices is likely to be a difficult goal to achieve: Control over the synthesis of an
individual object can be derived from minimization of sticky-end symmetry, but it is not
possible to exploit symmetry minimization to build an entire crystalline array [16], since the
lattice inherently contains translational symmetry. The solution that seems most likely to
work is to use an automated version of the solid-support methodology to build a hierarchy
of structures, culminatin? in a group of unit cells. These could be aligned by masking the
same sticky end with differont restrictable hairpins, as done previously [27}: Special sticky
ends could be deprotected by the first enzyme, and ligated, and then the rest could be
deprotected by the second enzyme prior to their ligation.

Figure 13. S-Connected and 6-Connected Networks Acting as Hosis for Macromolecular Guests. The
simplest conceptual network, the 6-connected cubic lattice, is shown on the right side of this drawing.
Macromolecular guests, represented as shaded kidoey-shaped objects, have been added w four unit cells.
Note that if the guests are all aligned in the parallel fashion shown, the entire matcrial will be a crystal,
and it will be possible to determine the structure of the gucsts by cryslallography.

Due to its special role as the genetic material of all living organisms, including
humans, there has bec. a lot of effort devoted to the synthesis {34] and modification of DNA
for diagnostic and therapeutic purposes. For this reason, a great deal of chemistry is
known, and indeed is commercially available, by which it is possible to derivatize synthetic
DNA molecules with special functional groups, both on the bases and on the backbone
{reviewed in [35]). In addition, there are natural mechanisms by which drugs and particular
proteins recognize and bind to specific sites on DNA. These methods could be used to
attach molecular electronic comnonents to DNA molecules [36]. The self-assembly of the
DNA molecules could in turn direct the assembly of these other components (Fignr: i4).
The specific proposal that has been forwarded is that a crystalline array of such an assembly
could act as a memory device. The DNA in this proposed b.ochip is limited to a structural
role. The components suggested include conducting polymers, such as trans-polyacetylene
or polyphenothiazine (PTL), a PTL-ruthenium switch, and a redcx bit [36].
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Figure 14. The Assembly of Molecular Wires Directed by the Assembly of Branched DNA. The
branched junctions with sticky ends arc indicated by the thick lincs, and the molecular wires are indicated
by the horizontal thin lines 1cthered to them, A mctal (circle with + sign) is indicated ss being added 1o
them to form a molecular wire synapse [36].

The properties of muhiply-connected DNA objects also make them cxcellent potential
scaffolds for the attachment of proteins. The marked stiffness of DNA [21] suggests that
large substituents are unlikely to perturb its structure extensively. ifowever, linear DNA
molcules present a limited set of ..tes for the juxtaposition and orientation of tethered




proteins. For example, two proteins tethered in the same manner five nucleotides apart will
be on the opposite sides of the DNA double helix. Branched structures present attachment
sites with a wider choice of intermolecular distances on the same surface. Among the
utilities envisioned for :ethering molecules to DNA objects are the production of new
catalysts [22] and the solubilization and delivery of otherwise-insoluble proteins and drugs.
The scaffolded threading of polymeric species has also been suggested {33].

What about mechanical action? There are several ways, in principle, in which
controlled motion can be achieved in isulated DNA structures, or in paris of a periodic array
that are not involved in the stabilization of ihe lattice. There are at least two dramatic
isomerizations of DNA that ought to be useful to achieve motion. One is the B-Z transition,
in which a segment of DNA changes from its normal right-handed structure (B-DNA), to a
feft-handed structure (Z-DNA). This largely-torsional transition {about -64%residue) occurs
most readily in (CG)a sequences; it can be controlled by sulution conditions [30]. Another
isomerization is branch migration, which is influenced by the torsional state of DNA [37].
The details of brar~h migrauon 1emain unclear, but one can estimate that two residues will
each move about Xt A and rotate about 359 for each step taken. These isomerizations are
illustrated in Figure 15.
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Figure 15, [somerizations of DNA. Above, the relative positions of two 1ethered macromglecules
are altered by the change in twist caused by a P-Z ransition. Branch Migration is illustrated below. The
position of a branch is relocated by the isomerization reaction.

CONCLUDING REMARKS

DNA turns out to be a surprisingly tractable medium for engineering both structure
and *opology on the nanometer scale. It is important to realize that DNA stick figures are
topologically DNA catenane:, intimately related to knots [33). Indeed, at this point, the
major features of stick figures that are experimentally available are their topologies. The
cube-like molecule, for example, has been characterized only by its connectivity; it can be
broken down to its more tractable substructure catenanes. Further techniques are necessary
to characterize such molecules structurally. Similarly, the theory of producing DNA knots
described above is well ahead of experimental confirmation. Whereas it is possible to
differentiate knots with different numbers of nodes by their gel mobilities, it is unlikely that
such techniques can differentiate isomers of higher knots containing the same number of
nodes. It is to be hoped that new techniques, such as scanning tunneling microscopy [e.g..
38}, will facilitate the structural characterization of these new and exciting molecules.
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ABSTRACT

The polycation conducting polymer, oxidized polypyrrole (PPy), possesses
the ability to torm compiexes with DNA. Qur previously proposed diffusion
limited binding model tor double hetical DNA was also found to be applicable to
single stranded DNA in this study. Single stranded DNA was found to bind PPy
at a nearly identical ieve!l to th.at of double helical DNA. An investigation of
electropolymenized PPy film morphology using SEM revealed two distnctly
differing surtace morphologies for the Platinum (Pt) electrode face (smooth) and
polymenc growth face (rough). The DNA uptake levels were found to be
consistently ditferent on either surface, being higher on the rough surface. DNA
penetrated into the disk interior with increasing time periods of exposure while a
similar phenomenon but to a lesser extent was observed for single stranded
DNA.

INTRODUCTION

The oxidized form of polypyrrole (PPy) is electrically conducting with
conductivity in the range of 103-102 8 em™! {1.2]. Conduction in PPy is due to
the mobility of positive charged defect structures in the highly conjugated
polymer backbone [3.4]. The cations form donor - acceptor complexes with
electrolyte ions during the synthesis of the conducting polymer. Past studies
performed by our group have shown that polyanionic DNA binds PPy,
presumably by replacing the dopant counterions upon binding. We have
demonstrated that the uptake kinetics of double helical DNA follows a classical
diffusion limited adsaorption model with no significant activation energy to
binding (5 -7].

Observation of the surface of electropolymernzed PPy disks using scanning
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electron microscopy (SEM) has revealed two distinct morphologies, a rough
surface (polymer growth face) characterized by the presence of grooves,
channels and craters, and a smooth surface (electrode face) devoid of these
structures. Since DNA binding routes could involve diffusion or capillary uptake
into internal channels as well as surface adsorption in the PPy disk we
undertoon s foliowing studies, A comparative study of the binding properties
of single and double stranded DNA 1o polypyrrole was undertaken by counting
decay events from both sides of PPy disks to determine time dependent DNA
penstration into the disk interior. The DNA binding and matrix penetration
phenomena may find uses for PPy as a new material in biotechnology
appiications. The optoelectronic properties of conducting polymers may find
uses in signal transduction in biosensors where nucleic acids form the
molecular recognition system utilizing molecular hybridization.

EXPERIMENTAL METHODS

The electrochemical polymerizations were performed as previously
described [7]. Atter 4 hours of reaction time a film of 100 - 130 um thickness
was deposited on the Pt electrode. The free standing film was peeled off with a
razor blade and tweezers, followed by soaking in acetonitrile for 24 hours and
drying at 25° C for 12 hours. The #ilm was cut into circular disks 0.60 cm in
diameter and stored in the dark.

Native pBR 322 DNA (New England Biolabs) was linearized by restriction
cieavage with EcoRi (New England Biolabs). The linearized DNA was then
353 radiolabeled using a 3 end labeling kit NEK 009Z (New England Nuclear)
achieving a specific activity of 5 X 10 4 cpm/pmol. The radiolabeled DNA was
dissolved in 500 ui of TE butfer (1 mM EDTA and 10 mM Tris, pH 8) and was
stored at - 20° C. Samples containing 160 nanograms of 355 DNA in a 200 ul
droplet in 1X TE butter were placed on a polypropyler.c tray. The tray was
placed in a petri dish which contained a reservoir of 1X TE buffer to minimize
sample droplet evaporation. The disk shaped PPy substrate was then placed
upon the DNA solution droplets for varying lengths of time at 37° C. Following
exposure to the DNA droplet, the substrate was treated to three 10 minute
washes in 1X TE buffer. For single stranded DNA binding 160 nanograms ot
DNA were aliquoted out of the stock solution. This was heated in a water bath at
95° C for 10 minutes and immersed intg ice cold 1X TE buffer to a final volume
of 200 ul.

Radioactivity on disks was detected by both scintillation counting of {otal
radioactivity and using a high voltage proportional counter for counting from
rough and smooth disk faces. Samples were counied over 200 minute periods.
A substrate disk, treated identically without being exposed to the radiolabeled
DNA was used as a control. All the raw sample counts were corrected for
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background (contral value) radiation ievels. Scanning electron microscopy was
performed as previously described [8].

RESULTS AND DISCUSSION

The low resolution scanning electron microscope (SEM) images in figure 1
reveal differences in the iexture of the rough (R) and smooth {S) surfaces and
cross-sectional views of the electropolymerized PPy film used in DNA binding
experiments.

15pum

Fig.1. SEM images of PPy (a) Cross-sectional end view, (b) surface morphology
of the rough surface, (¢} surface morphology of the smooth surtace.

The conductivity measurements of the two sides being identical, the only
difference observed relevant to DNA binding is the ditference in the surface
morphology. The rough side of the film ( polymer growth face) shows a regular
array of craters and bumps whereas the smooth side (Pt electrode face) is
devoid of any such structures. In fact preliminary studies (data not shown) have
shown that DNA binding is higher on the rough surface than on the smooth
surface which would agree with our SEM observations of the apparent lower
surface area of the smooth side relative to the rough side.

Rough face binding kinetics experiments of single and double stranded DNA
shown in figure 2 are in agreement with the previously suggested diffusion
limited binding medel which is expressed in equation 1.

n = 2C(0yn)""2 N

where n is the number of molecules binding per unit area, C is the bulk solution
DNA concentration, D is the diffusion coefficient and t is the time.
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12 12
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Fig. 2. DNA binding kinetics onto the rough surface of PPy: (m) single stranded
DNA (s); (®) double stranded DNA (d). Best fit linear regresstons to these data
are shown.

It can be seen that for the initial stages of binding, a t 12 dependence is
observed. Our studies seem to suggest that single stranded DNA binding to PPy
takes place similarly to that of the double stranded DNA. We measured the R/
S radioactivity ratio (the ratio of radioactivity detected on the rough surface to
that detected on the smooth surface) for rough side uptake of both the singie
and double stranded DNA as shown in figure 3. There was a progressive
decrease in the R / S ratio for both DNAs indicating that at longer exposure
times each DNA was penetrating the disk and moving toward the smooth side.
The higher levzl of R/ S for the single stranded DNA might be explained by its
decreased mobility once bound to PPy. The exposed bases of single stranded
DNA may have the capability to bind PPy by hydrogen bonding or even through
base stacking interactions with the PPy backbone ring system. These bonding
opportunities are absent in double stranded DNA and may be responsible for its
higher internal mobility and consequently lower R / S ratio. The quantitative
levels of R / S ratios agree with a simple experiment indicating that the half

attenuation thickness for PPy measuring 535 disintegration was about 40
microns. For 120 micron disks the ratio shouid be about 8:1.
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Fig. 3. Ratio of R/ S surface radioactivity following rough surface DNA uptake
on PPy : (u) single stranded ; () double stranded DNA uptake. Best fit iinear
regression to these data are shown.

These binding results suggested we probe the surface of the PPy films at
very high resolution using TEM techniques. We have undertaken such studies
and preliminary TEM images of the rough surface (data not shown) shows the
presence of an abundance of grooves or channels [9]. The dimensions of these
channels support our observations that the DNA could easily penetrate into
these channels and move towards the interior. The smocth surface is almost
devoid of such channels and has the appearance of veiy reguiar and dense
chain packing. We have not yet determined whether ONA penetrates this
surface. These observations are thus in agreement with our DNA binding
experiments.

CONCLUSIONS

We have demonstrated that the diffusion limited binding model proposed for
double stranded DNA applies to single stranded DNA as well. The penetration
of DNA from the rough surface into the interior of the disk has been observad.
This phenomenon is in agreement with SEM and high resolution TEM images
showing channels and grooves on the rough surface. The DNA binding and
matrix penetration phenomena may find uses for PPy as a new material in
biotechnology applications.
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BIOTINYLATED POLYTHIOPHENE COPOLYMER
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ABSTRACT

A novel hierarchical biomaterial capable of incorporating any biotinylated
biomolecule has been created. Our strategy is to biotinylate one-dimensional
electroactive polymers and use a bridging streptavidin protein on Langmuir-Blodgett
(LB) organized films. The following copolymeric system which enables
tunctionalization of other molecules and formation of good monolayers was emgloyed,
Biotinylated poly(3-methanolthiophene-co-3-undecylithiophene) (B-PMUT)
demonstrated a significantly better isotherm implying superior molecular packing
compared to poly(3-methanolthiophene-co-3-undecylthiophene) (PMUT) on the LB air-
water surface. The isotherm showed signitican! area exgans;on when streptavidin was
injected below the B-PMUT monaiayer in 0.1mM NaH2PO 4/0. 1M NaCl butfer (pH 6.8)
subphase. We then incorporated biotinylated phycoerythtin (B-PE) into this novel
biomaterial by binding the unoccupied biotin binding sites on the bound streptavidin (4
sites total). The pressur~-area isotherm of the protein injected monolayer showed
area expansion. A characteristic fluorescent emission peak at 576nm was detected
from the monolayer transferred onto a solid substrate. These observations
demonstrated the function of B-PMUT in hierarchical monolayer assembly of
molecules incorporating the biotin / streptavidin interaction.

INTRODUCTION

Polythiophene is one of the most important heteroaromatic electrically conducting
polymers. It possesses good thermal and environmental stability and its ease in
processibility makes it attractive for possible applications in electronics, sensors and
nonlinear optics [1-4]. Although the aromatic rings are responsible for rigidity and
strong intra- and interchain interactions, solubility can be obtained by substituting atky!
chains (longer than 4 carbons) on the polymer backbone (5].

Incorporation of biological molecules, which possess inherent intelligent
properties, into well-defined, oriented assemblies is extremely important for potential
bioelectronic, biomedical and biotechnological applications. Here, the polymeric
material primarily serves to immobilize biological molecules but could potentially
function in a signal transduction role as well. The Langmuir-Blodgett technique is
advantageous for tt.e fabrication of a hierarchical structure due 1o its ability to organize
molecules into an ordered monolayer and subsequently to manipulate monomers into
multilayer films toward a desired architecture. Recently, this technique has been used
to prepare spatially oriented organized protein molecular assemblies [6].

Our approach has involved the highly specific recognition of biotin by
stre{)tavidin. The binding affinity of biotin to the tetrameric protein streptavidin is strong
{1015 M) and once formed the complex is essentially irreversible {7]. It was
demonstrated earlier that one can use the LB cassette approach o create ordered
monolayers using bictinylated lipid which tirst binds to streptavidin [8,9). This
streptavidin can subsequently bind biotinylated phycoerythrin, a fluorescent protein.
The advantages of using polymer material over lipid include the monolayer film stability
and strength.

Here, we have chosen the copolymer system of 3-undecyithiophene and 3-
methanolthiophene, with modification of the hydroxyl group of methanol by biotin in
order to extend the cassette approach. Our goal is to combine the conductivity
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gropenies of the copotymer with the inherent flexibility of the biotin / streptavidin
inding system. In the present study, we present the method of synthesis of the novel
biotinylated copclymer and demonstrate the self-assembly of the cassette system
using the tiuorescent properties of biotinylated phycoerythrin,

EXPERIMENTAL

Polymer Synthesis
Synthesis of poly{3-undecylthiophene-co-3-methanolthiophene} (PMUT)

Synthetic grade anhydrous ferric chloride (Aldrich), 0.09 mol. was dried under
vacuum al 100°C prior to reaction. Then nitrogen was introduced along with 100 m) of
dry chloroform (Aldrich). 0.02 mol of 3-undecylithiophene {TCI America) and 0.01 mol
of 3-methangithiophene (Aldrich) in 10 m! of chloroform was added dropwise under
vigorous stirring. The reaction mixture was allowed to stir for two days till the reaction
was complete. The reactant solution was precipitated into 500 ml methanol (Aldrich).
The product was then cleansed with methanol in a Soxhlet extractor for two days

Synthesis of biotinylated poly(3-undecylthiophene-co-3-methanolthiophene) (B-FPMUT)

A solution of 0.01 mot biotin (Biomeda), 0.011 mol N,N-dicyclo-hexyicarbodiimide
(Aldrich), 0.011 mol poly {3-undecyithiophene-co-3-methanalthiophene) and 0.001 mol
4-pyrrolidinopyridine (Aldrich) in 50 ml dichloromethane (Aldrich) was stirred at room
temperature until esterification was compiete. The N N-dicycloundecyl urea was
filtered and the filtrate was washed with water (3x50 ml), 5% acetic acid solution (3x50
ml) and again with water (3x50 mi), dried (MgSQ4) and solvent was evaporated in
rotary evaporator under reduced pressure to give the biotinylated copolymer.

LB monolayer formation

All monolayer studies were carried out on a Lauda MGW Filmwaag trough with a
surface area of approximately 930cm2. In the case of pressure-area isotherms of
BMUT and B-PMUT, 0.5 mM chloroform solution was spread onto the puritied MilliQ
water subphase. For the measurement of pressure-area isotherms following
streptavidin injection under the B-PMUT monolayer, the subphase was composed of
an aqueous solution of 0.1mM NaH2PO4 and 0.1M NaCl, at pH 6.8. Streptavidin
(0.1mg in 5mi of the buffered subphase) was injected under the spread film and left to
incubate for two hours at 30°C, and subsequently biotinylated phycoerythrin was
introduced under the polymer and sireptavidin layer. The streptavidin and biotinylated
phycoerythrin were purchased from Biomeda Co. and used as received. Compression
was then carried out at a speed of 2 mm2/min until collapse of the film was observed.
For transfer studies, the polymer was spread, followed by streptavidin introduction and
incubation in the expanded state for two hours, subsequently followed by B-PE
introduction and incubation for two hours and then com&ressed fo an annealing
surface pressure of approximately 15 mN/m for deposition. Mcnolayer films were then
transterred onto glass solid supports for fluorescence spectroscopy.

RESULTS AND DISCUSSION

Materials Synthesis and Characterization

The synthesis of biolinylated copolymer involves two steps. the synthesis of
copolymer of 3-undecylithiophene and 3-methanolthiophene and attachment of biotin in
the second step as shown in Figure 1.
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Figure 1. The synthesis schematic of PMUT and B-PMUT.

Infrared measurements of PMUT and B-PMUT were carried out on KBr discs
anxt are shown in Figure 2 . Both PMUT and B-PMUT showed a principal absorption
peak at 780 cm-? due to the C-H out-of-piane vibration of the 2.5-disubstituted
thiophene and a distinct peak around 810 cm’! due to the C-H out-of-plane vibration
of the 2,3,5-trisubstituted thiophene {10]. B-PMUT exhibited new characteristic
peaks at 1678cm™1 due to ester linkage and a shamp peak at 3400 cm-1 from N-H

stretching. Meanwhie. the broad O-H absormption peak at 3400cm-1 shown in PMUT
disappeared in B-PMUT.
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Figure 2. FT-IR spectra of (a}). PMUT (b}). B-PMUT.

Visible spectra were measured in chloroform and are shown in Figure 3. Both
the copolymers showed a broad Amgx around 400-450 nm with absorption
increasing from 6006 nm mdicatin? the presence of an extended r-conjugation along
the polymer backbone. B-PMUT showed a biue shift due to the interruption of n-
conjugation by the introduction of biotin.
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Figure 3. Visible spectra of (a). PMUT (b). B-PMUT.

in order to evaiuate the effectiveness of biotinylation of PMUT in the functions
of LB formation and subsequent bindings with streptavidin and B-PE, a series of
pressure-area isotherm measurements were performed. The isotherms of the PMUT,
B-PMUT, streptavidin injected B-PMUT monoclayers and B-PE injected streptavidin/
B8-PMUT monolayers are given in Figures 4 and 5.
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Figure 4. The pressure-area isotherm of PMUT on MilliQ water at 30°C.
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Figure 5. The gresaure-area isotherms of (a). B-PMUT
{b). B-PMUT / Streptavidin (c). B8-PMUT / Streptavidin / B-PE.




Biotinylated copolymer (B-PMUT) demonstrated a signiticantly better isotherm
than copolymer {PMUT) implying superior packing compared to the copolymer on the
air-water interface. This significant improvement in the formation of a B-PMUT
monolayer suggests that the biotinylation enhanced the LB tiim formation by
contributing hydrophilicity to the copolymer molecule.

Another advantage of the B-PMUT includes increased stability of tie
monolayer during transter and efticient deposition onto solid supports. It was found
that a constant surface pressure of 15 mN/m was maintained over a period of 15
minutes with a transfer ratio of approximately 65%. B-PMUT was observed to
possess fairly strong mechanical properties as shown by the formation ot an elastic
ﬁbelrevlci,kte string when the collapsed monolayer film was drawn up using a teflon-
coated tip.

The isotherm shown in Figure 5 showed area expansions when streptavidin
and B-PE were injected below the B-PMUT monolayer indicating the occurrence of
effective binding between the biotin and streptavidin and subsequently biotinylated
PE with streptavidin. This change supports the original goa! of the biotinylation of
this polymer, which was to employ the biotin-streptavidin compiexation for
?Iubsequem immobilization of any biotinylated macromolecular assembly into LB
iims.

The monolayer films were transferred to hydrophobic solid glass supports using
the horizontal dipping technique at an annealing pressure of 15 mN/m. The
presence of the phycoerythrin is probed by its intense and characteristic
fluorescence. Measurements were carried out by excit.ng the samples with 496 nm
light from an Argen ion laser and scanning from 510 to 670 nm [8]. The Hluorescence
spectra of B-PMUT with streptavidin, and 8-PMUT and streptavidin with B-PE, are
shown in Figure 6. As shown, only the B-PMUT /streptavidin/B-P£ monoiayer gives a
strong emission at 576 nm which corresponds to the fluorescence spectrum of the
native phycoerythrin [9]. These results along with other controls provide convincing
evidence that the protein has adsorbed to the B-PMUT / streptavidin monolayer via
the bridging biotin / streptavidin interaction.
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Figure 6. Fluorescence spectra of (a). B-PMUT / Streptavidin
(b). B-PMUT / Streptavidin / B-PE. P
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CONCLUSION

We have shown that biotinylation of thiophene copolymer enabled formation of
superior LB titms at the air-water interface by contributing a tlexible spacer group and
enhancing the hydrophilicity ot the copolymeric molecule. in addition, through the
biotin / streptavidin complexation, hierarchical structure tabrication containing protein
was demonstrated. These results suggest that this novel copclymer is a promising
material for potential device applications in which any biotinylated macromolecule
may be attached to the poiymer monolayer via the bridging biatin / streptavidin
interaction system.
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ABSTRACT

Enzymatic polymerization of a number of monomers in an ordered
lattice on a Langmuir trough (L-T) was inve..gated. The assembly
and polymerization of two mixed monomeric systems consisting of
4-tetradecyloxypheno! (C14PP) with phenol, and 4-hexadecylaniline
(C16PA} with aniline, in various ratios were carried out.
Polymerization was obtained with C14PF and phenol (in the ratio
1:10), and C16PA and aniline (in the ratio 1:2) on buffered MilliQ
water (pH 7.5) using the enzyme horseradish peroxidase (HRP) at
20°C. Polymerized monclayers were then transfe-red to appropriate
substrates for UV-Vis, third order non linear optical (NLO)
properties, and thickness measurements. Thermogravimetric
analysis (TGA) was performed on the final polymers. Results
suggest that the lattice controlled polymerization resuits in hignly
ordered conjugated polymers with improved functional, electronic,
NLO and processability properties, which form a basis for intelligent
material: iesign and applications.

INTRODUCTION

Phenolic resins are one of the most studied polymeric materials
hecause <f the increased product demand ranging from commodity
construction materiais to high technology applications ir
electronics and aerospace. The starting materials for the production
of these resins are phenols, or derivatized phenols, and aldehydes in
the presence of a basic or acidic catalyst. However, since
formaldehyde is a toxic chemical and potentially carcinogenic agent.
production of the resins is strongly questioned from a safety
standpoint.

A possible safe alternative is the use of biological enzymes for

T whom reprint requests should be addressed
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the coupling ot phenols 1n the presence of hydrogen peroxide  The
high specificity and catalytic rate of the enzyme minmimizes the
undesirable byproducts and simultaneously leads 1o the development
of an enwvironmentally frnendly chemucal process This synthetic
procedure In bulk soluton was studied by Dordick et al. {1] and more
recently by Akkara et al {2]. They found that in dioxane/water
systems, HRP catalyzes the polymenzation of derivatized phenol and
aniline compounds. The polymers exhibited good thermal stability
and aiso interesting non linear optical (NLO) properties

One major limiiation of these polymer products 1s the difficulty
found in the processing due to the presence of extensive crosshnking
in the structure  To overcome this problem we employed enzymatic
synthesis on a L-T This approach significantly decreases the
possibility of crosslinking, thereby improving the processabibty.
while maintaiming or even improving the electrical and third order
NLO properties This methodology was found to be applcable to
various refated compounds [3] Here we report data on polymers
formed by C14PP and phenol {1:10 rato) and by C16PA and aniine
(1.2 ratio) In particular, we characterized the two systems by
pressure-area 1sotherms, TGA, and UV-Vis spectroscopy
Furthermore, far the C14PP/phenol we measured optical’electrical
properties and thickness by means of elipsometry and Atomic Force
Microscopy (AFM)

EXPERIMENTAL

A Lauda hlm balance equipped with a constant temperature bath
{Langmuir Filmwaage, Mode! D. Lauda-Brinkman, Westbury. NY) was
used. The surfactant C14PP was chemically synthesized by O-
alkylation of hydroquinone with t-bromotetradecane C16PA was
purchased from Aldrich Chemical Co. (Milwauke. WI) and used as
recerved  Monomers at 1-2 mg/ml concentration were solubihzed n
ctioroform and spread at the air-water interface  The monolayers
were prepared at the ar-water interface according to a pubhshed
procedure [3] The subphase contained two hters of 0.85 mM HLPtS
buffer. pH 7 5. with 12.25 mg of enzyme per ldter Powdered
horseradish peroxidase (HRP) (EC 1.11.1.7), was preadded to the L-T
subphase (Type N, 150-200 umits/mg. Sigma Chemical Co . St louis
MQO) Once the monomer at the ar-water interface was spread onto
the aqueous subphase containing HBP and compressed to 15 mN.m,
hydrogen peroxide was injecled into the subphase to commence the
polymerization reaction.

Spectral charactenization of monolayers on quartz shdes was
perfarmed with a Parlan-Elmer Lambda 9 UV-Vis-Near IR spectro:
photometer (Norwalk, CT)  TGA measurements of the monomers and
surface skimmed polymers were performed under mirogen with a
10 Comun rate of temperature mcerease A TGA 2950 from TA




Instrument Inc (New Castle, DE) was used

Five monolayers of C14PP.-Pheno!l polymer deposited on fused
sitica (refractive index n=1.457) were measured for thickness by
ellipsometry using a Thin Fitm Ellipsometer (43603-200E. Rudolph
Research. Flanders. NJ) at 2=06328 um.  One monolayer of
C14PP/Phenol was deposited on a silica wafer tor AFM using a
Digital Instrument Inc NANOSCOPE AFM (Santa Barbara CA)

For electrical measurements, an “Interdigitated Microsensor
Eiectrodes” (IME) was used. The IME was composed of fifty gold
fingers. each 15 um wide. 4985 um long. and with a space of 15 um
between each finger. This sensor was covered with bulk
C14PPiphenal or C16PA/aniline polymer and then placed in a sea'ed
chamber which was alternately flushed with nitrogen and evacuated
three times, followed by resistance measurements of the undoped
poiymer. Nitrogen was gradually introduced along with dopant
{todinme) into the chamber and electrical resistance was monitored
The measurement process was halteg when saturation in
conductivity resulted.

Third order non linear optical susceptibility (;(‘3') was determined
in solubon by degenerate four wave mixing with a frequency doubled
Nd.YAG laser with 17 ps puises at 532 nm. The average energy per
pulse was 25mJ. The vertically polarized output was spht into
three beams. which are temporaily and spatially overlapped in the
sample contained in a 1 or 2 mm cuvette The intensity of the phase

conjugate beam proportional to the square of 1'3’ was measured.

RESULTS AND DISCUSSION

Pressure-area isotherms with unreacted monomers C14PP and
C16PA, and mixtures of these monomers with phenol and aniline are
shown in Fig. 1. An area cof approximately 22 A2 to 25 A2 per
molecule was observed for the pure monomer systems. This
increased area per molecule in companson to the area per molecule
of an alkyl chain (20 A2/molecule [4]) may be aftrbuted to the
presence of the phenyl group. The presence of the pheny!l group
imposes a disk-shaped benzene rning of maximum dimensions of 7.4 A
across by 3.4 A thick and of minimum dimension of 6.4 A across by
34 A thick {the thickness of the n-cloud) on the alkyl chain. The
calculated area of the phenyl group from molecular modeling ranges
from 21.8 to 25.2 A? . It i35 interesting to note that the introduction
of the phenoxy group into the interior of the monolayer does not
perturb the stabihty of the close packed monolayer shown by the
C16PA 1sotherm which reaches a relatively high collapsed pressure
of about 70 mN/m.

The expansion n area with added enzyme and undervatized phenol
or aniline was encouraging because this indicates that these
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components were permeating the monolayer. For reaction,
underivatized phenol or aniline was added to the trough in ratios
ranging from 1:1 to 500:1 {underivatized/derivatized). The reaction
rate, upon injection of H,O,, was observed to increase as the ralio
increased. UV-Vis spectroscopy characterizations (Fig.2) of the
C16PA/aniline polymer multilayers exhibited a broad absorption in
the visible spectrum, indicative of formation of a conjugated
polymeric backbone structure. This absorption feature was absent
in controls containing only the monomer mixtures. Controls run in
the absence of either hydrogen peroxide or HRP also gave no evidence
of polymer formation. Collapsed polymerized films, skimmed from
the subphase surface, were dark in appearance, and highly
stretchable.  Similar results were found for the C14PP/phenol
system [5].

— A: C14PP 80X10‘3 _
60 _J — B8:C16PA
—— G: C14PP/Phenl
E 50 -— D: C16PA/Aniliine 60
2 <
£ 40+ 2
£ 40
S 304 2
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A
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Figure 1. Isotherms of diferent monomers Figure 2. UV-Vis spectra of ten layers of
on MilliQ water (A B}, and in presence of C16PA/Aniline: (A} ten layers of the
HRP (C.D) at 20°C. monomer, (B} ten layers of the polymer.

Thermal properties of the polymers were determined by TGA and
are presented in Figure 3. The TGA analysis indicated that a
significant amount of materiai remains after heating the polymer to
900°C. TGA of the C14PP/phenol polymer indicated about a 15%
final residue value with two major temperature ranges of
degradation; cne between 250-400°C and the other between 400-
470°C. Thermal analysis carried out for the C16PA/aniline polymer
showed a 50% final residue value and similarly the presence of two
different temperature ranges during the degradation process. The
chemical and physical properties of this residual material have not
been studied.

Optical eliipsometry is a way to measure the monomolecular
thickness and quality of the films formed. By ellipsometry, we
obtained a film thickness of 27.8+1 A for the C14PP/phencl polymer.
Our results are in reasonable agreement with the data (254)
obtained by modelling calculations. We employed a value of n= 1.50
for the rea! refractive index of the film in the calculation of fiim




thickness. The use of this refractive index has precedent from
previous investigations of monolayers [6). where values of 1.45-1.50
have been employed. The high end of this range was used. since the
phenoxy and the phenyl group would be expected to increase the
refractive index of the film, as can be seen by a comparison of the
butk refractive indices of tetradecane (np-1.4290). anisole
(np=1.5160) and phenol (n;=1.5509). Thickness results were
confirmed by AFM measurements where the micrograph showed a
regular flat surface of 30 A or lower thickness.

100
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Temperature (°C)
Figure 3. TGA of monomers (A} C14PP, (B} C16PA, and of polymers {C) C14PP:phenol
{1:10). (D) C16PAsaniling (1:2).

Conductivity values of iodine doped polymerized multilayers of
the C16PA/aniline (1:2) ranged from 3*10-3 to 110> S/icm. One
such polymer sample was relatively stable and maintained a
conductivity of 2.00"10% S/cm over a 3 day period after doping.
The C14PP/pheno! polymer showed similar behaviour [7] with a
higher initial conductivity. There was also significant enhancement
of the third order optical nonlinearities to values of 1°10'9 esu upon
polymerization of the C14PP/phenol system. Such a resuit would be
expected upon formation of a conjugated backbone structure.

A schematic of two possible arrangements of the polymerization

products is given in figure 4.
R R
X
QO

Whora R O Cp 4Hy g and X-0H

n

Figure 4. Schematic of two proposed polvmer structures.
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CONCLUSION

The biocatalytic approach to 2-D polymeric synthesis we have
described is a free radical polymerization process [8]. A wide range
of monomers will react under tnese conditions to provide a diversity
of potential polymeric products for systematic studies of the effect
of monomer substituents on mechanical, thermal, electronic and
linear/non linear optical properties [3]. The process described here
represents a general technique for the assembly and polymerization
of conductive and optically active polymers in 2-D networks.
Processing limitations observed with intractable poiymers
synthesized in bulk are surmounted with this technigque and thin
films are formed as the reaction progresses.
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SPECIFIC INTERACTION OF INFLUENZA VIRUS WITH
ORGANIZED ASSEMBLIES OF POLYDIACETYLENES

DEBORAH H. CHARYCH, WAYNE SPEVAK, JON O. NAGY, AND

MARK D. BEDNARSKI

The Center for Advanced Materials, Lawrence Berkeley Laboratory,
Berkeley, California 94720

ABSTRACT

Supramolecular organizates of liposomes and Langmuir-Blodgett
(LB) films are described which are capable of specifically binding to
pathogens such as influenza virus. The specific interaction is between
the hemagglutinin protein of the virus and an a-C-glycoside of sialic
acid expressed on the surface of the liposome or LB film. Sialic acid-
containing liposomes were found to inhibit influenza virus infectivity in
cell culture, and may provide a basis for new materials which act as
therapeutic agents. Sialic acid-containing LB films also specifically bind
to the influenza virus. In this case, the conjugated polymer backbane
acts as a built-in reporter of the binding event, measurable by a
chromatic change in the visible absorption spectrum. These films may
provide a basis for new materials which act as direct detectors of
binding.

INTRODUCTION

This paper describes functionalized polydiacetylene liposomes and
LB films which are tailored to bind pathogens, in this case, the influenza
virus. Lipid monomers containing a diacetylenic unit are readily
polymerized by ultraviolet (UV) irradiation, forming a polymer
backbone of alternating ene-yne groups.!.2.3

The surface lectin of the influenza virus, hemagglutinin (HA), is
known to bind to terminal a-glycosides of N-acetyl neuraminic acid
(sialic acid), found in cell surface glycoproteins and glycolipids.#-3 This
binding event is the first step of the influenza infectious cycle.6 We
have synthesized a polymerizable lipid which contains a C-glycoside of
sialic acid as the head group. This lipid was incorporated into mixed LB
monolayers and mixed liposomes. The design of this molecule imparts
several important features to the supramolecular assembly: the C-
glycoside is stable to viral enzymatic hydrolysis relative to the
naturally occuring a-0O glycoside, polymerization of the layers renders
the entire organizate stable under a variety of conditions of
temperatute and solvent, and finally, polymerization imparts the
structures with the desirable optical properties of a conjugated
polymer.

Mat. fles. Soc. Symp. Proc. Vol. 292. 1993 Malerials Research Society
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Polymerized liposomes containing the sialic acid lipid are found 1o
inhibit influenza virus infectivity and hemagglutination of erythrocytes.
Polymerized LB flims containing the same o-C glycoside also specifically
bind the influenza to a surface. The visible absorption of the conjugated
polydiacetylene provides a "built-in” detector of the binding event.

EXPERIMENTAL

Liposomes were prepared by combining chloroform solutions of
the monomers 3 and 4 (Figure 1A) 1o give the desired percentage of
sialoside-lipid 3 to be expressed at the liposome surface. The
chloroform was removed by rotary evaporation and deionized water
was added to give approximately the desired concentration of total lipid
(0.5 mM to 1 mM). This mixture was probe sonicated (Fisher sonic
dismembrator model 300, 50% maximum output) for 15 minutes while
maintaining a sample temperature between 70°C and 80°C. This
produced a clear solution which was filtered through a 0.8 mm nylon
filter to remove any undispersed lipid.7 Polymerization was
accomplished at room temperature under an argon atmosphere by
irradiation at 254 nm.

Langmuir-Blodgett films were prepared by spreading a
chioroform solution of the appropriate percentage of sialic acid lipid and
matrix lipid onto the water surface contained in a standard Langmuir-
Blodgett trough (KSV I[nstruments, Connecticut). Subsequent
compression to the solid-analogous phase and irradition at 254 nm
polymerizes the diacetylene units yielding an alternating ene-yne
polymer backbone. The film is irradiated under a constant lateral
surface pressure. The polymerized film is lifted onto glass slides coated
with a monolayer of an octadecyl silane (octadecyltriethoxysilane, Huls
America) by the horizontal touch method.

Hemagglutination inhibition (HAI) and Plaque reduction (PRA) were
determined using a standard assay.8 X31 influenza virus was prepared
by infection in MDCK celis.9

RESULTS AND DISCUSSION

Inhibition of Influenza Infectivity by Polymerized Liposomes

Recently, dramatic enhancements in the inhibition of viral adhesion
to erythrocytes have been achieved using synthetic polymeric
polyvalent sialosides.!0.11,12  The greater potency of these synthetic
polyvalent sialosides is postulated to arise from the additivity of
binding energies!3 as is the case with naturally occurring polyvalent
glycoproteins. Oa the other hand, the binding of monovalent sialosides
such as compound 1 is relatively weak (KD = 2 mM).19 Our approach is
to produce polyvalent sialosides by incorporating sialic acid lipids into a
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polymerized liposome. The liposome structure is anticipated to more
closely resemble the natural cell surface by localization of pendant sialic
acid head groups into a lipid bilayer matrix.

The liposomes are composed of sialoside lipid 3, Figure 1A, which
was synthesized from 2a,!5 and mixed with a matrix lipid 4,16 Figure
IA. The nrercentase of sialoside presented at the liposome surface (0%.
1%, 5%, 1G%, 30% and oU%) represents the mole percentage of lipid
monomer 3 used in the liposome preparation. A representation of the
liposome surface and the polymerized backbone is shown in Figure 1B.
Transmission electron microscopy of the liposome solution reveals
ellipsoid structures averaging on the order of 100 nm in length and 30
nm in width.
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The data presented in Table 1 clearly indicate that the specific
interaction of the tnfluenza virus with the sialic acid lipids in the
polymerized liposomes both inhibits hemagglutination and significantly
reduces infectivity in vitro. For comparison, to achieve S0% inhibition
of viral binding, the a-O-methyl glycaside of sialic acid (compound 1)
required a concentration of 2 mM and compound 2B required a
concentration of 10 mM. In sharp contrast, liposome preparations 1
and 1V (5% and 10% of sialoside 3) required as little as 5.7 x 1007 M
and 3.3 x 10-7 M concentrations of the sialoside to achieve complete
inhibition of agglutination. This represents an increase in potency of
more than 30.000 times over the corresponding monovalent sialic acid
derivatives and is one of the most potent synthetic inhibitors of
hemagglutination reported to date. In additien, liposome preparations

Table 1. Hemagglutination inhibition (HAI) and plaque reduction
assays of liposome preparations E-VL

Enury Inhibitor HAIL? laque cduction
[3].M {3). mM Reductionb
] Liposome I (0%.3) 0 (-) 0.000 0%
2 Liposome I'] (1%.3) 4.0 x 100 (-) 0.003 96%
3 Liposome II] (5%.3) 5.7 x 1077 (#) 0.016 97%
4 Liposome 1V (10%,3) 33 % 107 () 0.030 46%
5 Liposome V (30%.3) 80 x 105¢) 3.750 0%
6 Liposome V1 (60%.3) 1.5 x 104 (-) 7.500 0%

4A (+) indicates complcic inhibition while a (-) indicates no inhibition was
obscrved at the given concentrations of 3.

bThe valucs represent the percent reduction in the number of plaques per well
due to viral lysis of infected cells.

IT and HI (1% and 5% sialoside) inhibit plaque formation (infectivity)
in cell culture by over 95% at concentrations in the micromolar range.
The decrease in activity at higher loading of sialic acid is postulated to
arise from steric effects which prevent effective binding to
hemagglutinin. Liposomes which contain no sialoside (liposome 1) do
not specifically bind the influenza virus as demonstrated by the lack of
inhibition of hemagglutination and cell infectivity.

Detection_of Influenza Virus by Langmuir-Blodgett Films of
Functionalized Polyvdiacetylenes

Supported LB films of polydiacetylene lipidst?.!® enable a well-
defined surface to be constructed with full control of lipid surface
density, surface pressure and composition. These films are readily
amenable to microscopic, spectroscopic, and surface analysis. Figure 2
schematically represents the construction of a polydiacetylene LB film.
The polymerized film is lifted using the horizontal touch method
resulting in a “headgroup-out” orientation of the lipid. LB films for viral
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binding typically contain 2-5% of the sialic acid lipid 3 in the matrix
lipid. The supported films exhibit two absorption maxima, a 'blue form’,
(A max = 625 nm) and a 'red’ form (A max = 530 nm).!19 The ratio of the
two peaks is sensitive to temperature (thermochromism)20.21 and, as
will be shown, to binding of the influenza virus to the surface at room
temperature.

Figure 2
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Angle-resolved X-ray photoelectron spectrosocopy of the N(ls) and
C(1s) = O signal from the supported LB films indicates that the
functional headgroups are expressed at the surface. These signals show
the expected increase in intensity with decreasing take-off angle (angle
between sample plane and detector). Ellipsometric analysis yields a
film thickness of ca. 45-50 A, in agreement with the expected thickness
based on molecular models.

The absorption spectra of freshly prepared polymerized LB films
typically exhibit a blue/red ratio (Ig25/Is30) of 0.97 £+ 0.005 (Figure 3A).
However, upon incubation of a film containing sialic acid with the
influenza virus, the intensity of the blue form decreases with a
corresponding increase in the intensity of the red form where lg25/I530
is now 0.74 + 0.004, or a 24% change in the ratio (Figure 3B). Films
which contain no sialic acid show a change in ratio of less than 1% and
films containing sialic acid but incubated with 2 buffer blank show a
change in ratio of less than 5% (Figure 4 A,B,C). The chromatic change
in film may be a result of disorder induced by the binding of the viral
particle to the film.22 Preliminary transmission electron microscopy
independently verified specific binding of the virus to films containing
sialic acid in the head group region. The films were incubated with the
influenza virus and then subjected to a detergent wash followed by a
series of rinses just prior to viewing in the electron microscope. As
shown in Figure 5, films containing 5% of the sialic acid lipid bind to the
virus. In contrast, films containing no sialic acid show an absence of
virus particles following the rinsing procedure.

Figure 3. Visible absorption spectra of polymerized LB film containing

5% sialic acid lipid. A: film prior to incubation with influenza virus. B:
film following incubation with influenza virus.
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Thus, LB films of polydiacetylenes containing sialic acid were found
to act as direct detectors of viral binding, where changes in the visible
absorption of the film's polymer backbone were monitored. This
system has the advantage of incorporating both the molecular
recognition element and the optical ‘reporter’ unit within the same
supramolecular organizate. This is in contrast to classical biosensor
devices which generally require a fabricated device coupled to the
molecular recognition element to transduce the binding event into a
measurable signal.23  We are currently working on improving the
system's response by varying the nature of the conjugation.

CONCLUSION

New materials were described which provide a well-defined surface
for specific interaction with the influenza virus. These materials show
promise as new therapeutic and diagnostic agents based on multivalent
carbohydrate structures. Wec have shown that polymerized liposomes
incorporating sialic acid lipids are potent inhibitors of influenza virus in
vitro infectivity and hemagglutination. These liposomes should also
serve as important models for understanding pathogen-cell interactions.

Functionalized LB films of polydiacetylenes containing the sialoside-
lipid also specifically bind influenza virus. These surfaces contain a
‘built-in" optical detector which directly reports the binding event using
visible absorption spectroscopy. Further development of these films
may lead to an important new class of biosensars.

Figure 4. Reclative response of LB films to influenza virus (see text)
with appropriate controls. A: Film contains 5% sialic acid lipid. and
incubated with influenza virus in PBS buffer. B: Film contains 0% sialic
acid lipid, and incubated with influenza virus in PBS buffer. C: Film
contains 5% sialic acid lipid, but incubated with PBS buffer only.

30 1
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Figure 5. Transmission electron micrograpn of influenza virus bound
to film ccntaining 5% sialic acid lipid. Films containing no siatic acid
lipid show an absence of virus particles.

140 nm
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a-HELICAL POLYPEPTIDE MATERIALS!

E. P ENRIQUEZ, M. Y. JIN, R. C. JARNAGIN, and E. T. SAMULSKI
Dept. of Chemistry, University of North Carolina, Chapel Hill, NC 27599-3290

ABSTRACT

Poly(y-benzyl-L-glutamate) (I"BLG) may be derivatized on its periphery by
covalently attaching x*-active NLO chromophores at the termini of its

sidechains and thereby give a new class of SHG materials.! The inherent liquid
crystalline properties of concentrated solutions of a-helical PBLG may be
exploited to establish unique supramolecular structures prior to E-field poling.
When PBLG is derivatized at its N-terminus with lipoic acid, it will self-assemble
on gold to give a4 thin film 2 Angle-dependent XPS, ellipsometry, contact angle
measurements, and grazing angle IR reflection-absorption spectroscopy give
quantitative information about the orientation of the polypeptide a-helices
relative to the substrate surface. Consequently, polypeptides, in particular,
Merrifield-synthesized or recombinant DNA-expressed synthetic polypeptides,
present a novel fabrication route to thin films wherein molecular-engineered
functionalities (chemical, electrical, or optically active species) may be encoded
into the macromolecule’s primary structure and subsequently expressed spatially
via the spontancous self-organization of these rod-like polymers.

INTRODUCTION

The a-helical secondary structural motif in proteins has captured the
interest of the scientific community since its conception in 1951 by Pauling and
co-workers? and continues to be widely investigated to this date. Poly(y-benzyl-1.-
glutamate) [PBLG], for instance, is one of the most extensively studied among
synthetic polypeptides primarily because of its robust a-helical conformation—a
rigid, rod-like macromolecule in a variety of solutions and in the solid state.*
Oriented fibers of PBLG gave the first X-ray crystallographic proof-" of the protein
a-helix having internal hydrogen bonding between amide groups separated by 4
residues within the helical chain. PBLG forms the 18/5 helix, that is, there are 18
residues in between exact repeats of the secondary structure, corresponding to
about 5 turns of the helix (3.6 residues per turn); this translates to 2.7 nm exact
repeat distance, a helical pitch of 0.54 nm, and a 0.15 nm axial translation per
residue. ¢ The continued fascination with this secondary structure is evident by
the 7ecent attempts to obtain a molecular image of the helical structure of PBLG
using the scanning tunneling microscope.”8

These well-defined attributes of the a-helix and its packing in condensed
phases have motivated us in our present work.  There are attractive
possibilities—by controlling the primary structure of the polypeptide either by
Merrifield-type  synthesis® or recombinant DNA technology,!” a spatial
organization of various chemical, electrical or optical functionalities is pussiblu.”
Herein, we report two tvpes of “derivatives” of PBLG wherein each type retains

Mal. Res. Soc. Symp. Proc. Yol 282, 1993 Malerials Research Society




the rod-like character of the helical backbone:  type [, the poly(glutamate) side-
chains have been replaced by NLO (nonlinear optics) chromophores,! and type I,
the N-terminus of the polypeptide was labelled with a disulfide-containing
moiety which allows the helices to spontaneously adsorb (self-assemble) from
solution onto gold surfaces.2  Thus, NiO-active polypeptides in (oriented)
macroscopic films and self-assembled monolayers are possible wherein the a-
helical secondary structure persists.

POLYPEPTIDE DERIVATIVES

I'BLG belcags to  that class of synthetic homopolypeptides—the
polv(glutamates)—which, under certain conditions, exhibit lyotropic (ie, in
solution)® or thermotropic (in the melt)!? liquid crystalline phases depending on
the character of the sidechain. Sidechain derivatization via transesterification is
normally done starting from poly(L-glutamic acid), poly{y-methvl-L-glutamate)
[PMLGL or PBLG. PBLG was the most exclusively studied of these polypeptides
because of its availability and excellent solubility properties.  As the parent
molecule itselt, derivatives of the poly(glutamate)s normally  exhibit the
characteristic stability of the a-helical conformation of PBLG.

Type 1. NLO-Active Sidechains

We have prepared polypeptide materials wherein the sidechain was
replaced by second-order NL.O chromophores. Figure 1 shows the general scheme
of preparation for these materials; the starting homopolyptide in this case was
PMILG. The NLO chromophores used, 3-(2-hydroxyethoxy)-#-methoxy-4'-
nitrostilbbene  [BHEOMONS] and  4-(2-hydroxyethoxy)-3-methyl-4'-nitrostilbene
{4HEONS], both have an electron donor group at one end of the conjugated
structure and an acceptor group at the other end of the molecule. These molecules
have large hyperpolarizabilities (B) making them excellent second-order NLO
chromophores.!31* The type of linkage of the chromophore to the polypeptide
backbone, either ortio or para, could influence the sidechain secondary structure
of the polymer; possible structures are schematically shown in Figure 1. The
degree of substitution affects the solubility properties of the polymer. The
polypeptide which was moderately transesterified with ~53% of 3JHEOMONS
[PGHEOMONSILG] forms a gel phase in N,N-dimethylacetamide (DMAc) at high
concentrations (20 weight “# polymer) at room temperature, which upon heating
to about 45 °C slowly transforms to a lyotropic liquid crystalline phase. The
P(4HEONS)LG was less soluble than POGHEOMONSILG, apparently, the
chromophores which have large dipole moments were able to stack with dipolar
associations in between neighboring P(4HEONSILG helices to form tightly bound
side-by-side aggregates of the polymer. Solution-cast films from both polymers
show amide vibrational frequencies that are characteristic of the a-helical
secondary structure.!

It is well known that liquid crystalline solutions can be aligned in a

magnetic or electric field!® or by applying mechanical stress to the solution in one

direction® One can then make homogeneously (planar) aligned films from this
same solution by drying. For example, a thermomechanically aligned
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Transesterification of PMLG with second-order NLO-active
chromophores (see text); PTA = p -toluenesulfonic acid

catalyst, EDC = ethylene dichloride solvent.

Typical reaction

condition: PMLG (15% in EDC, 6 g), 3HEOMONS (5 times
excess, 10.2 g), and PTA (3 times excess, 3.6 g) dissolved in 120
mL EDC at 60 °C, 24 h. The figures on the right are schematic
diagrams of possible structures for the polypeptides.
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PGBHEOMONS)LG film was prepared trom a dilute solution in DMAc by slowly
(over 24 hours) drying the solution on a glass substrate that had a temperature
gradient; the polymer solution dried first on the hot side of the substrate resulting
in a film/solution interface that moved slowly to the cool side. This slow
movement of the interface caused mechanical stress which produced a partially
homogeneous alignment as can be observed between crossed polars in a
microscope,’ The lyotropic phase that formed upon drying vields a suitable
matrix for the N1.O chromophores wherein the repulsive interaction between the
polypeptide rods caused partial alignment of the NLO chromophores that was
maintained in the film. Figure 2 shows the linear ultraviolet (UV) dichroism of
the chromophore in the aligned PG3HEOMONS)LG film; a higher absorbance was
observed from the geometry with the long helix axis parallel to the electric vector
of incident polarized light than from the perpendicular geometry. The dichroic
ratio (Ay/A ;) of this aligned chromophore is 1.5. Since the transition moment of

the chromophore is almost parallel to the molecular axis,!® the UV-dichroism
confirms the alignment of the chromophores along the helix alignment direction.
A basic requirement for large second-order NLO activity is a non-
centrosymmetric packing of the chromophores in the bulk material; for practical
optical applications, one major challenge is the preparation of NLO materials with
the required temporal stability of this non-centrosymmetric order.’? In the film
described above, only the molecular axes of the chromophores were aligned (by
excluded volume packing considerations). There is apolar symmetry: the
probabilities of finding the dipole moment in parallel and antiparallel orientation
are the same, that is, the non-centrosymmetric requirement for second-order N1L.O
activity remains unsatisfied. This means that electric poling is needed to induce
the chromophores into a non-centrosymmetric arder.  Figure 3 shows a schematic
diagram of a corona poling experiment. A polypeptide on a conducting surface,
such as indium tin oxide (ITO}-coated glass is subjected to a poling field: a large
potential was applied between the tungsten tip and the ITO surface cousing charges
to accumulate in the air/film interface and equal, opposite charges in the film/ITO
interface; this in turn results in a large electric field in the order of MV/cm
through the film. This field interacts with the permanent dipole moments of the
chromophores yielding a net polar orientation in a mobile phase at elevated
temperature that can be retained below the glass transition temperature (Ty) of the

poled film.

The second-order NLO property of the derivatized polypeptide may then be
characterized by measuring the second harmonic generation (SHG) which is
directly related to the second-order nonlinear susceptibility, x'2*, of the material.)?
When a very intense light (e. g., laser light) of certain frequency is passed through
a second-order NLO material, the frequency of the fransmitted (harmonic) light is
double that of the incident light; in SHG experiments, the frequency-doubling
efficiency of the material is measured. In Figure 4, the change in the SHG intensity
was monitored as a function of temperature while poling the film; the incident
light was an infrared laser (1064 nm) and the harmonic light is in the visible
region (532 nm). The polymer system has 35% covalently linked 3HEOMONS in
the backbone and does not absorb light above 500 nm wavelength which is far

awoy from the resonance excitation.! The slow initial rise in the SHG intensity
belov. the T, (= 81 °C) of the polymer indicates some poling effect on the
chromophores which implics slight chromophore mobility even in the glassy state
of the polymer; the SHG signal gradually increased as the free volume in the
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Figure 2. Linear UV dichroism of thermomechanically oriented

film of P3HEOMONS)LG.
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Figure 3. Schematic drawing of a corona poling experiment.




polymer increased with temperature. The SHG signal reached a maximum just
above the Tg for this polymer and then decreased again on further heating. The

decrease in SHG above the T, was a concerted effect arising from (a) the increased

thermal energy of the chromophores, and (b) the increased conductivity of the
polymer due to increased temperature and increased polar alignment of the
chromophores, which diminished the charges on the interfaces thus lowering the
net poling field. Overall, this suggests an optimum poling condition for the
polymer which may vary from polymer to polymer. A hysteresis was observed
upon cooling, which was again a complicated function of the factors mentioned
above. As the system was further cooled below T, the chromophores reduce their

mobility and re-align due to packing effects in the helix array. [The orienlation of
the polypeptide rods {~ 500 repeat units) is not affected by the poling field and
remained parallel to the substrate surface in these solid films.] At room
temperature, there was a net SHG signal indicating that some polar alignment of
the chromophores remains fixed in the polymer matrix. This alignment was
found to be relatively stable in time compared with the isotropic system of say,
poly(methyl methacrylate) doped with the same chromophore. This enhanced
stability is attributed to the nature of the excluded volume in the close-packed
array of the helices.

If the helices can be aligned homeotropically, that is, perpendicular to the
substrate surface, then a larger net SHG signal is expected. To date, homeotropic
alignment has not been achieved in solid polypeptide films.
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Figure 4. SIIG intensity of PBHEOMONS)LG during heating and cooling
while poling; -12.5 KV of corona potential was applied to the
tip of the tungsten needle which was 1.5 ¢cm above the sample,
The angle of the sample normal with respect to the laser beam
was 52°. The lines are plotted only as guide to the reader.
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Type H. Chemisorptive End-group

I’BLG may also be functionalized at the amino end of the polypeptide by a
disulfide-containing moiety (hereon referred to as PBLGSS, Figure 5).2 This latter
technique utilizes the self-assembly' procedure for preparing well-ordered
monolayers of organosulfur compounds on gold substrates. In the case of long-
chain alkanethiolates on gold,w the self-assembled monolayer is analogous to an
orthogonal two-dimensional crystallization of the molecules at the gold surface
owing to the strong affinity of sulfur to the metal and the strong van der Waals
interaction between the long (> 10 C atoms) alkyl chains. In the case of PBLGSS,
the monolayer that is formed in the self-assembly is unique in that a-helical
chains are all tethered to the gold at the N-terminus with the potential for creating
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Figure 5. Primary structure of the disulfide-labelled PBL.G—PBLGSS.
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Figure 6. Prgssure—area isotherm for PBLG (viscosity average molecular
weight = 20,100) al an air/water interface at 25 °C.
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an average polar orientation in the monolayer.  The disulfide-labelled
PBLG—PBLGSS—thus presents a route to preparation of a single monolayer of
helices on gold surfaces via the chemisorption interaction of the disuifide to gold.
This is in contrast to the unlabelled PBLG samples that may be either physisorbed
from solution or prepared by deposition of condensed monolayers at an air/water

interface onto the solid substrate [Langmuir-Blodgett (LB) technique?®} where the

interaction will be of a non-specific nature between the peptide units and gold.
Figure 6 shows a typical pressure-surface area isotherm for PBLG (viscosity

average molecular weight = 20,100) at the air/water interface. The PBLG rods lie

flat at the interface?!2 and are compressed to a condensed monolayer just before
the plateau. Right at the plateau region, the rods start to roll on top of one
another; this region of the isotherm is assigned to the monolayer-bilayer
transition. Subsequent deposition of this monolayer (or bilayer) onto a solid
substrate results in a planar orientation of the rods on the substrate surface21-22
The self-assembled PBLGSS, in comparison with this LB-deposited monolayer,
shows a different average orientation of the helices as examined by a number of

surface analytical techniques.? Angle dependent X-ray photoelectron spectroscopy
(ADXPS) presents a depth profile of relative atomic composition in the film; it was
found that the sulfur was indeed bound closer to the gold surface than the rest of
the polypeptide. The thicknesses of the films measured from ellipsometry as well
as ADXPS indicate thicker {about 1.5 times) films of PBLGSS than the LB PBLG
single monolayer on the gold surface; this is further corroborated by the RA-IR
results 23 The dichroic properties of the amide vibrational frequencies,! as
measured in the RA-IR spectra, show that the average orientation in the PBLGSS

film is non-planar. The amide ! band (1656 cm’!) has a dichroic ratio (Ag/A) > 1

for the amide 1 band (1550 cm1) (A/Ay) < 1. In the grazing angle RA-IR
experiment the light is polarized perpendicular to the metal surface, therefore,
only those components of the vibrational moments along the same direction are
excited. 5 1t can be seen in Figure 7 that for the PBLGSS film there was enhanced
intensity of the amide I band compared with the amide Il band; the opposite trend
was observed for the PBLG LB films. Apparently, in the PBLGSS film there is an

isotropic orientational distribution of the helices?® as schematically depicted in
Figure 7. These results are promising in that it shows that tethering the helices
onto a substrate vi1 a chemisorptive moiety allows them to adowt an "unnatural”
orientation, that is, non-planar, and possibly, by appropriate derivatization of the
PBLG sidechains a better control of this orientation may be achieved. This, in fact,
could be a route to preparing a homeotropically aligned film of a-helices with NLO
chromophores at its sidechains (see above).

CONCLUDING REMARKS

Polypeptides that have inherently stable a-helical conformation, e. g., PBLG-
type, show promise cither as a matrix for NLO chromophores or in the fabrication
of interfaces that have well-defined spatial and orientational organization. The
amenability of changing the sidechain, backbone, and/or end-group functionality
of these polymeric materials presents unusual versatility with regards to the
design of novel materials.
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Figure 7. Reflection-absorption IR spectra of (a) PBLG LB films and (b}
self-assembled PBLGSS monolayer; the possible packing of the
rods in these films are schematically shown.
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BIOPOLYMER-THIN FILM INTERACTIONS

K. M. Maloney and D.W. Grainger’, Department of Chemical and Biological Sciences,
Oregon Graduate Institute of Science and Technology, 19600 N.W. von Neumann
Drive, Beaverton, OR 97006-1999

ABSTRACT

Biopolymer self assembly in heterogeneous lipid monolayers at the air-water interface
was investigated. Fluorescence microscopy allowed the visualization of protein
recognition and binding 1o these microstructured membranes. Mimicking protein-
induced membrane microstructuring and protein docking was achieved in ternary
mixed lipid monolayer systems.

INTRODUCTION

Considerable research activity has been focused on the technological applications
of organized organic ultrathin films. Langmuir-Blodgett (LB) films, monomolecular
and polymeric thin films at the air-water interface and self-assembled films have been
used as non-linear optical devices, waveguides, physical, chemical and biological
sensors, and insulators. Potential use of self-assembled and LB films in
microlithography, lubrication, molecular electronics, synthesis of advanced materials
and molecular devices have also been noted.

LB films and self-assembled monolayers possess several characteristics which lend
themselves to device fabrication. In particular, on the atomic scale these ultrathin
films are highly organized. Thus, when anisotropic arrangement of molecules is
required, thin film assemblies are excellent candidates. Books by Ulman' and
Roberts® offer excellent reviews on the technological applications of these systems.

Incaorporation of biopolymers into mono- and multi-layered assemblies leads to
functionalized hybrid thin films that can mimic natural processes. Examples include
use of photoreaction centers in holographic arrays, membrane channels in sensors, and
enzymes in bioreactor assemblies. However, biopolymer-membrane interactions are
poorly understood. Furthermore, selectively accessing defined regions of thin films is
crucial for optical device development. Only after membrane-macromolecule
interactions are fully understood can we expect to employ these systems as
technologically useful devices.

We present here our investigations on lipid membrane microstructures and lipid-
protein self-assembly. Our previous work has demonstrated assembly of other
proteins in thin film arrays."" In this contribution, we extend our previous work with
the membrane-active enzyme phospholipase A, (PLLA,) and its self-assembly on
heterogencous membrane jnterfaces. PLA, catalyzes the hydrolysis of the sn-2 acyl
ester bond in phospholipids. The result of PLA,; action on phospholipid monolayers
at the gir-water interface is the creation of a ternary phase separated interface
consisting of phospholipid, lysophospholipid, and fatty acid.

PLA,; forms two-dimensional domains directly beneath phase separated fatty acid
microstructures in these ternary mixed systems. Characterization of the ternary mixed
monolayer system has shown that the physical state and charge density of the interface
are important for 2-D enzyme domain formation. More importantly, we are able to
induce phase separation in ternary mixed monolayers in the absence of enzyme.
Mimicking enzyme-induced interfacial phase transformation is one important step in
constructing biomimetic devices.

Mat. Res. Soc. Symp. Proc. Vol. 292. * 1993 Materials Research Society
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EXPERIMENTAL

Video-Enhan.ed Epifluorescence Micrascopy of Lipid Monolayers and Lipid-Protein
Microstructures at Air-Water Interfaces

Recently, fluorescence microscopes have been configured to allow direct
visualization of lipid monolayer films at the air-water interface*®; domains of
organized amphiphilic molecules formed by a uwnolayer phase transition from liquid-
expanded to solid-condensed physical states are normally observed.’” Analogously,
this technique has also praven valuable to study interactions of labeled proteins with
monolayers.™' Protein labeled with a fluorescent marker is introduced into the
subphase under a lipid monolayer and its interactions with the layer monitored both
visually over time an< as a function of lipid physical state. A specially designed
miniaturized, thermostated Langmuir film balance on the stage of an epifluorescence
microscope limits the required quantities of protein to microgram scales.”?

Phospholipase A, - Phospholipid Monotaver Studies

Various phospholipids were spread as pure monolayers and compressed into their
phase transition regions, providing a physically heterogeneous monolayer surface
comprising fluid lipid coexisting with domains of solid phase organized Lpid.
Fluorescein-labeled phospholipase A, (PLA,, Naja naja, Sigma, 500-2500 U/mg) was
introduced under these monolayers und the hydrolytic reaction of the enzyme against
the monolayer followed under the microscoy .

Cationic Dye Binding Studies

Cationic water-soluble fluorescent dye, 1,1',3,3.3 3" -hexamethylindocarbocyanine
iodide (H-379, Molecuiar Probes, Eugene, OR) was dissolved in buffer (0.4 uM).
Ternary mixed mann'~yer systems of dipalmitoylphosphatidylcholine (DPPC), palmitic
acid (PA), aud lysopalmitoylphosphatidyicholine (LysoPC, Avanti Polar Lipids,
Birmingham. AL) containing 1 mol% lipid-fluorescein dye were spread from
chloroform solutions onto buffered subphases ut 30°C. Various ratios of DPPC t»
equimolar concentrations of palmitic acid and LysoPC (e.g., 1:5:5, DPPC:LysoPC:PA)
were examined. These monolayers were compressed under the fluorescent
microscope until substantial monolayer phase separation was observed (typically 25-2)
mN/m surface pressure). [4-379 solution was then carefully injected into the subphase
underneath the phase-separtted monolayer and observed through a rhodamine filter."

RESULTS AND DISCUSSION

PILA, Hydrolysis of Phospholipid Monolayers

Figurc 1 depicts time dependent L-o-DPPC lipid monolayer hydrolysis by PLA,.
Shown is the enzyme recognition, binding, hydrolysis and ultimately protein domain
formation. Figure 1A shows the lipid monolayer as seen through the rhodamine filter,
while Figure 1B shows the same image through the fluorescein filter where signal is
generated by fluorescently labeled enzyme under the monolayer immediately after
injection. Starting from timepoint zero {immediately after PLA, injection) the enzyme
binds to phospholipids in the monolayer and starts to hydrolyze. PLA, hydrolysis as
observed through the rhodamine filter proceeds from the initial binding
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Figure 1 (previous page). Real-time fluorescent obhservation of V-a-DPPC
monolayer solid domain hydrolysis by PLA,. Surface pressure = 22 mN/m,
buffered subphase at 30 °C. Monolayer filter (Rhodamine): A Time = 0
(tmmediately after fluorescein-PLA, injection in subphase). €. 15, E. 25, G. 60
min. PLA, filter (fluorescein): Images in B, D, F, H, correspond o times of A C,
E, and G, respectively. Scale: white barin A = 25 um.

sites on the interfacial boundary between solid and liquid phases into the interior of
the solid lipid domains (Figures 1C, E). Observation through the fluorescein fitter
(Figure 1D) shows that, at certain locations in the partially hvdrolyzed monolayer,
bright domains of enzyme have formed. These domains of tabeled enzyme increise in
size as hydrolysis continues with time (Figure 1F). At later timepoints (60 minutces,
Figure 1G), enzyme hydrolysis has destroyed nearly all solid domains, Moreover, the
small enzyme aggregates seen at carlier umepoints (Figure 1D, F) have grown to form
large, regular enzvme domains of consistent morphology (bright domains seen with
fluorescein filter, Figure 1H)."

A mechanism for the formation of organized. two-dimensional enzyme domainy
within monolayers of phospholipids is proposed in Figure 2. Active enzyme under the
layer recogmzes its substrate, binds to the monolayer and hydrolyzes in an interfacial
region between liquid and solid lipid phases. Slight increases in surface pressure after
enzyme njection indicate that PLA, penetrates into the monolaver during its inter-
fucial recognition of the substrate in the monolayer. After a critical degree of hydro-
lysis, products of hydrolysis--lysolipids and fauy acids--build up in the locatized regions
of the monolayer. Phase separation of these products from pure lipid is proposed 1o
oceur, leading to areas of increased charge density in the case of fatty acids. Enzvme,
with its relatively bus:c character, may then be prompted to bind and byild domains in
these arcas of tocalized negative charge (fatty acid), leading to the enzyme domain
pheromenon witnessed in DPPC, DMPC, and DPPE monolavers.™" Fatty acid charge
density appears to be critical as phasce-separated dense-packed soiid domainy of
diacetvlenic fatty acid adsorb no PLA L' while less organized fatty acid domains do
adsorb enzyme. Additionally, work has supgested™ that the phospholipid head group
is necessary for PLA, domain formation 1n conjunction with anjonic phase separation.

Loavd Arwogar Ssud Axategee Phase

Y i R e Figure 2. Proposed mechanism for
u} recogmition, binding, hvdrolysis and
A DM W \;@@-U PLA. domuin formation prompted

by critical concentrations of hydro-
Iytic products mixed with substrate

- T} lipids in phospholipid monolayers.
I ETRCTeT! . A Injection of PLA, into aqueous
Fe -Jr-""%’—%‘}— I u' l;‘ﬂ lipid munolayer subphase. ‘;3, En-
Fray o zyme recognition and binding to
“\J‘ d lipid interface. €. Hydrolysis of
& monolayer by PLAL with buildup of
LR e hydrolvsis products (Iysolipid and

fatty acid). D. Organization of
baund PLA, into protein domains at
the hpid-water mterface prompied
by critical concentrations and phase
separation of hydrolysis products in
the monolaver (trom ref. 10).
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Cationic Dye Binding to Phase Separated Microstructures in Mixed Monolayers

Figure 3 shows results of the water-soluble cationie fluorescent dve, H-379,
oinding to phase separated areas in ternary mixed monolayers of
DPPC:LysoPC:palmitic acid (0.2:1:1, mol:molimol). The grey churacter of these
domains has been attributed to phase separation of fatty acid components within the
monolayer.>"" Different stoichiometric mixtures of DPPC:LysoPC.PA (always
maintaining LysoPC:PA = 1:1) demonstrate these grey domains as well.

Flugrescewn Filter Rhodamine Filter
Dark Domains 8nght Domains
It :TTTWE‘ AINENY H-379 N gi q
: N i —_ G):b;
NN

Mixed monolayers of PC, lysoPC, and fatty acid are fiuid

: - Cationic dye binds selectively to anlonic membtirane
Phase separation of membrane domaing

Domains visualized by membrane packing differences . [t g of dye to U

Figure 3. Binding of water-soluble cationic H-379 to phuse separated regions
ternary mixed monolayvers. Surface pressure = 25 mN/m. buffered subphase at
30°C, DPPC:LysoPC:PA ratio = 1:5:5 (mol:mol:mol). Fluorescein filter: Shown
are phase separated fatty acid microstructures. Rhodamine filter: After
injection of H-379 in subphase, dye quickly binds to phase separated region
shown in rhodamine filter. Same scale as Figure 1.

The use of cationic dye ways intended to probe the nature of these phase
separated domains. Data from zwitterionic vesicle systems'® had shown strong
adsorption of dye o vesicles after huildup of tatty acid after PLA, hydrolysis. Our
approach attempts to show a relationship between monolayer fatty acid domains
(negative surface charge) analogous to those created by PLA; hyvdrolvsis of
phospholipid monolayers, and cationic dye via electrostatic binding.  As shown n
Figure 3. grev phase separated areas seen before cationic dve addition transform to
bright fluorescing domains after dve addivon, demonstrating a rupid and stable
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clectrostatic adsorption of H-379 to selected domains at the interface. Dye is not
adsorbed if no fatty acid is present in monolayer mixtures. Phase separation is not
observed if Ca’" is not present or subphase pH is below 7. These results present
strong evidence in line with our hypothesis (Figure 2) that these phase separated
domains are, in fact, enriched in fatty acid.

In conclusion, model biomembranes can provide information on hiopolymer-
amphiphite and amphiphile-amphiphile interactions. During enzymatic hydrolysis of
phospholipid monolayer films, microstructuring in these mixed monolayers feads 1o the
formation of two-dimensional protein aggregates. Enzyme-induced monolayer
microstructuring is mimicked with enzyme-free ternary mixed monolayers.
Compression of these mixed films also leads to fatty acid phase separation. These
domains are selectively accessed through the use of a water-soluble cationic dye, H-
379. H-379 adsorption to fauy acid domains supports our hypothesis on PLA,
interfacial activity in monolayer systems. Most importantly, though, we have
demonstrated an organizational hierarchy where protein aggregation is mediated
directly by monolayer microstructuring.  Understanding and mimicking interfacial
molecular recognition events such as those presented here are significant steps in
ultrathin film-based biological device fabrication,
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FORMATION OF SILK MONOLAYERS
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ABSTRACT

Cast silk membranes exhibit useful properties. However, there is limited
control over the molecular architecture in these structures. The Langmuir-Blodgett
technique can enhance the control of the membrane structure and allow improved
control over membrane properties. We have formed natural silk monolayers using
the Langmuir technique. Silk fibroin, regenerated from Bombyx mori cocoons,
formed stable monolayers evident from pressure/area isotherms. Multilayers of the
silk fibroin monolayers were deposited on a number of substrates and
characterized. Transmission Electron Microscopy (TEM) and ellipsometry data
provide basic information about the physical characteristics of the monolayer.
Preliminary analysis of electron ditfraction data ot the monolayer indicate
polycrystalline structure, consistent with the known structure of silk. Infrared
spectrometric analysis of the monolayer using Attenuated Total Reflectance (ATR)
gave wavenumbers for Amide |, lI, lif and V bands which compare with the silk Il
contormation reported for cast sitk membranes.

INTRODUCTION

Over the centuries, silk has been valued as a textile fiber, because of its
qualities of strength, elasticity, softness, lustre, absorbency and affinity for dyes. Sik
fibroin is used in various forms, such as gels, powders, fibers, or membranes,
depending on application. Recently [1-5] silk fibroin has been used as an excellent
immobilization matrix for enzymes. As a biomaterial it has many advantages over
both natural and synthetic materials used in biosensor systems. These attributes
include its biological compatibility, stablity 10 most solvents including water, good
tensile strength and elasticity properties. Silk fibroin has been used as a surgicat
thread due to its excellent mechanical and physical properties, good thermal
stability and microbial resistance [6]. Our interests lie in the membrane properties of
silk fibroin.

Fibroin is the primary structural element in silkworm coccon silk and is
embedded in a glue-like sericin protein matrix. Fibroin contains a unique amino
acid composition and primary structure. its major advantage as an enzyme
immobifization matrix is that it entraps the enzyme. This entrapment of the enzyme
without the usual cross-linking chemicals alleviates a major problem of residual
cross-linking chemicals in the matrix which can deactivate the enzyme. The
entrapment process is accomplished by physical. chemical or mechanical treatment
of the membrane { e.g., change in temperature, pH, solvent, mechanical shear or

Mat Res. Soc. Symp. Proc. Vol. 292, 1993 Materials Research Society
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stretch) which induces a phase transition. Bombyx morn silk fibroin has been used
as an immobilization matrix for enzymes such as glucose oxidase [1-4], alkaline
phophatase (7], peroxidase (5], and invertase [8].

Silk fibroin has three known conformations, random coll, silk |, and silk 1l All
three conformations can be prepared by the appropriate preparation conditions and
each is interchangeable under certain conditions {9]. The effect of casting
temperature and initial fibroin concentration during membrane formation was

studied using an agueous silk fibroin solution {10]. With casting solutions above 50°
C, a silk Il conformation was obtained irrespective of initial fibroin concentration.

However, casting at temperatures beiow 40° C resulted in a silk | conformation
when concentrated fibroin soluticns were used, and random coil conformation when
dilute solutions were used. Solvent-induced crystallization or conformation has atso
been reponted, with sitk 1l induced in polar hydrophilic solvents such as methanol
and silk | induced in hygdrophobic solvents [11}].

Silk structures studied for phase transitions as immobilization matrices have
been in the form of cast membranes. The cast silk membranes have good properties
as membrane materials; however, the casting process has limitations. There is
{imited control over the thickness of the membrane or the density and the onentation
of the polymer chains. Since the functionality of these membranes, including
permeability, the activity of entrapped enzymes, and mechanical integnty, is
dependent in part on conformation, density, and orientation of the polymer chains,
new processing techriques to control these propenties would be useful. The
Langmuir-Blodgett (LB) technique is used in this study in an attempt to enhance the
control of the physical processing of silk fibroin protein.

We describe the formation and characterization of natural sitk fibroin
monolayers using the LB technique. Some basic information on the physical
characteristics of the monclayers is obtained from pressure-area isotherms, electron
micrographs, and ellipsometry. Analysis of the monolayers with infrared
spectroscopy and electron diffraction provides insight into the silk conformation
favored at ambient temperature and the expected polycrystalline order of the silk
monolayer.

EXPERIMENTAL

B. mori cocoon sitk was regenerated as shown in Figure 1. A Pasteur pipet
was used to apply the solubilized silk to a Lauda Filmbalance FW2 (Brinkmann Instr.
Inc., Westbury. NY). To study pressure/area isotherms, the silk fibroin was added to

the surface of a Milli Q water subphase at 249 C with a compression rate of 46

cm@/min. Transmission Electron Microscopy (TEM) was performed on the
monolayers using a Hitachi H 600 { Rockville, MD) with samples collected from the
suriace ¢f the trough using T 1000 grids. The TEM samples were air dried at room
temperature. Fourier Transform Infrared Reflectance (FTIR) Attenuated Total
Retlection (ATR) analysis was performed on a Nicolet 20SXB Infrared Spectrometer
(Madison, WI) with an accessory holder for ATR (Harrick Scientific Co., Ossining, NY)
Silk samples for FTIR anaiysis were collected cn germanium prisms at a pressure of

16.7 mN/m, a dipping “.peed of 0.2 cm/min and a temperature of 200 C. The silk films
were depaosited on f- sted glass slides under the same conditions used for the FTIR
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COCOON

cut

FRAGMENTS (5 mmz)

sericin 44 boiling water, 2hrs

FIBROIN
dry 40°C, 16 hrs
9.3 M LiBr, 40°C

SOLUBILIZED FIBROIN
l dialysis, 3 days

AQUEOQUS SOLN FIBROIN (2.5%)

Figure 1. Schematic of the procedure to regenerate (solubilize) B. mori cocoon silk.

samples. These films were anatyzed on a Thin Film Ellipsometer Type 43603-200E
(Rudolph Research, Flanders, NJ) to determine the thickness ot the transferred
material. The refractive indices of silk fiber 1.591 and 1.538 were used as a guide in
ellipsometric calculations of film thickness.

RESULTS & DISCUSSION

Figure 2 is a pressure/area isotherm of the soluble silk. The consistent repeat
slope and stability of the curve indicate film formation. It should be noted that the x-
axis of the isotherm is in arbitrary units because the silk fibroin has an estimated

molecular weight of 350 KDa te 415 KDa {11] which exceeds the limits of the Lauda
software program. A molecular weight of 75.53 was used as the basis of
standardizing the calculation for the x-axis, derived from the amino acid composition
of fibrain [12,13] and is based on the average weight of each amino acid monomer
in the silk fibroin polymer. 1t has been difficuit to obtain an accurate quantitation of
the area per molecule due to the complex secendary structure of the silk fibroin
protein.
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Figure 2. Typical pressure/area isotherm of solubilized silk fibroin at 24° C.

Silk fibroin does not exhibit the typical amphipathic character of LB materiais
suitable for monolayer formation. Also, silk fibroin exhibits unique solubility
characteristics which can make the material difficuit to work with in an LB system.
Sitk fibroin is insoluble in volatile non-polar solvents often used in the application of
surfactants to an aqueous subphase. Silk fibroin is also insoluble in dilute acids and
atkali, and resistant to most proteolytic enzymes, [11,14], but soluble in 9.3M LIBr
aqueous solution.  After dialysis, the solubilized silk fibroin remains in solution if
undisturbed. ARer application to the trough, a portion of the polymer enters the
aqueous subphase. This event is evident from the protein residue observed when
cleaning the trough. This unusual solubility behavior adds to the difficulty in
obtaining an accurate determination of the area per polymer chain.

The silk fibroin films demonstrate excellent stability and transfer properties
indicative of a well behaved monolayer system. The compression barrier has been
stabilized for half hour to hour time perigds at various pressures (10, 15, 20, 25, 30,
35 mN/m) with no indication of film coilapse. Films remained stable overnight (16
hrs) without a change in area when studied at our usual working pressure for
transfer at 16.7 mN/m. In Figure 2, a typical isotherm for silk, there is no sudden
drop in surface pressure with compression which wouid be indicative of a collapsed
film. The steady rise in surface pressure of the isotherm may be indicative of the
increasing resistance to dense motecular packing. Upon complete collapse of the
monolayer, it was possible to remove very long fibers with the tip of a pipet indicative
of the characteristic strength and elasticity properties of silk {15,16].

Table 1 presents the ellipsometry data for silk films. The data provided the
relative thickness of a transterred monolayer. Many biomolecilar materials exhibit Y
or Z type deposition [17]. We believe that Y type deposition is characteristic of the
silk fibroin monolayer based on our observations of the change in area and shape of
the meniscus at the air/water interface during verticai deposition. The average
thickness of a monolayer determined from the data in Table 1 was approximately
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Number of Layers

Film Characteristic 3 5 7
Multi-Layer Thickness A 37 65 94
Calculated
Monolayer Thickness A 123 13 13.4

Table 1. Ellipsometry data on silk fibrcin LB films deposited on frosted glass slides.

11.6t0 11.9 A. The ellipsometry data indicated that the average thickness increased
with the number of layers deposited. Therefore, by extrapolation back 1o a single
monolayer, a value of 11.6t0 11.9 A was established.

The estimated thickness of the silk monolayer agrees with the published
structure of silk. Silk from B, morj consists of antiparallel 8 sheets as first described
by Marsh et al. [18]. The fibroin consists of both crystalline (short side chain amino
acid monomers - glycine, alanine, serine) and amorphous (amino acids with bulkier
side chains) domains. There have been two types of crystalline structures proposed
for silk, silk | and silk II. For silk il, the insolubie and more stable form of silk, the
reported unit celt based on X-ray diffraction data has an interchain distance of 9.4 A,
a fiber axis distance of 6.97 A, and an intersheet distance of 9.2 A [18). The
intersheet distance of 9.2 A is close to the estimated mongclayer thickness for the LB
silk film based on the ellipsometry data. Fraser and MacRae [19] used X-ray

reflections for silk Il to calculate crystalline domains of 59 A x 97 A x 22 A. This
would mean that five or six of the crystalline chain segments of several fibroin chains
are associated in a crystalline domain [20) as compared to the three crystalline
chains that form a unit cell of sitk . The smaller crystalline domains in the
moenolayer, proposed from the ellipsometry data, may be a result of the processing
procedure used in regenerating the silk as well as the initial unrestrained spreading
of the solubilized silk on the surface of the trough.

Infrared spectroscopy was used to partially characterize the structure of silk in
the LB film. Yoshimizu and Asakura [21], in a study on cast films with a thickness of
100-250 um, employed FTIR (ATR) to determine the conformational transition of the
silk membrane surface treated with methanol. The absorption bands observed for
membranes treated with methanol had wavenumbers of 1625 (amide i), 1528
{amide 11}, and 1260 cm™! {amide Ill), characteristic of a silk Il structure. Membranes
without methanol treatment showed absorption bands at 1650 {(amide 1), 1535
{amide 1), and 1235 cm" ! {amide 1), which were assigned the random coil
conformation. In addition, Asakura et al. [22] observed that the amide V band had a
frequency of 700 cm™! for a silk I compared to a 650 cm! for the random coil
conformation.

Table 2 compares the FTIR wavenumbers for cast membranes (sitk 1, silk 1)
with results obtained on silk fibroin LB fiims. A total of eleven silk layers were
deposited on a germanium prism. Absorption bands were observed at 1624 (amide
1), 1522 (amide 1), 1258 cm™! (amide IlI), and 700 {amide V). A pronounced

shoulder at 1260 cm™! is a critical feature to distinguish siik |l from random coil/silk |
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Absorption Cast Membranes

Bands Silk ! Silk i S‘L'.'; ';ii?,:fsm
Amide | 1650 1625 1624
Amide II 1535 1528 1522
Amide 1l 1235 1260 1258
Amide V 650 700 700

Table 2. Comparison of FTIR wavenumbers(cm") reported for cast films {21,22] (silk
I,silk 11) versus those obtained for silk fibroin LB films.

in cast silk films treated with methanol. in the FTIR spectra for silk fibroin LB film we

have identified this shoulder at 1258 cm™1. This confirms that at ieast part of the silk
fibroin in the monolayers has a silk Il conformation.

The explanation for the dominance of a silk Il structure in these thin films may
be in the mechanical forces present dunng the application of the solubilized fibroin
to the surface of the trough, during compression of the surface of the trough, and/or
during transfer of the silk fibroin. During application with the Pasteur pipet some
shear may induce, in pan, a silk {l conformation. The silk 1l conformation, due to its
insolubility in the aqueous subphase, would form the thin film. Another possible
source of mechanical shear is the stretching of silk fibroin during transfer and

Figure 3. A transmission electron micragraph of the deposited silk fibroin LB
film at 24° C.




Figure 4. A transmission electron micrograph of the deposited silk fibroin LB
fitm at 459 C.

depasition on solid support. Once a silk tibroin monolayer is formed there may be
resistance to transfer and deposition by interchain forces between the polymer
chains. The energy needed to break these interchain forces may contribute to the
phase transition of the deposited materiai.

Figure 3 is a TEM of the LB silk fibroin film formed at 24°C. The edge of the
TEM gnd appears in the micrograph as the black areas at the upper and lower
corner, while the dark areas in the field are assumed to be thicker regions of the film
The clear or spherical areas in the micrograph are holes in the film. These holes
appear irregulary throughout the film as do the thicker regions, and may arise during
film drying on the TEM grid. This conclusion is supported by the absence of these
holes in some films. The physical appearance of the film is atfected by the drying
and processing conditions. Figure 4 is a micrograph ot a silk fibroin LB film where

the temperature of the subphase was elevated to 459C. The physical appearance of
the film is different from that seen in Figure 3. The film has striations throughout. The
small dark cubic shapes in the film are crystals ot LiBr not removed during dialysis.
Altering the temperature of the subphase imparts significant changes in the physical
appearance of the silk fibroin film. Further studies are underway to correlate the
physical environment of the subphase and drying conditions of fransterred films with
the structure cf the LB silk itm iormed.

Figure 5 shows a micregraph of an electron diffraction pattern of an LB silk
fioroin film. The electron diffraction pattern is typical of a polycrystalline material

which 1s charactenstic of sk, Minoura et al. [23] and Magoshi et al. [10] have
published X-ray diffraction data on cast silk thick films which have similar patterns as

those observed here for the LB silk fibroin film. Asakura et al. [22] and Minoura et al
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{23], using X-ray diffraction, observed that the preparation and physical treatment of
silk films are critical factors in determining whether silk | or silk |l structures form. We
have yet to confirm, with electron diffraction, whether the silk present in these
monglayers is silk | or silk . Based on the IR data discussed earlier, we expect a silk
il conformation to be contirmed for the conditions under which these films were
prepared. Under the appropriate conditions, using the Langmuir method, it may be
possible to obtain a well oriented silk | film, This would provide a unique opportunity
to experimentally characterize the silk | structure since this structure has eluded
definitive structural characterization due to its metastable state.

Figure 5. Electron ditfraction patiern of silk fibroin LB film.
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ABSTRACT

Phycobiliproteins  form highly efficient light absorbing systems in
certain algae.  We have investigated the charge-transport phenomena in these
proteins by analyzing the dark current-voltage and  photocurrent
characieristics obtained across Au-phycobiliprotein-Au  samples. A
photovoltaic effect was observed for Au-phycoerythrin-Av  sample. At low
intensity levels, the photocurrent closely follows Onsager’s law of geminate
recombination in three dimensions.

INTRODUCTION

Phycobiliproteins, porphyrins and carotenoids in supramolccular
assemblics play a central role in encrgy and eleciron transfer processes in
natural systems.  Stacked porphyrin systcms have been proposed as potentially
useful materials in the fabrication of photovoltaic devices of cxceptionally
high performance and efficiency [1-2}.

Photodynamic proteins containing small pigment chromophores form
the photosynthetic apparatus in plants and algac. Photosynthetic pigments
comprise a broad category such as chlorophyll. bilins and carotenoids. The
role of chlorophylls and bilins have been well-¢stablished in the hLight-
harvesting process {3}

in algae, phycobiliproteins form large, highly organized
supramolecular antenna complexes called phycobilisomes. These complexes
arc responsible for harvesting visible light [4-5].  Siwudies on these complexes
have been on isolation and scparation of the individual pigment protcins from
their native cnvironments [6]. crystallographic structure determination [7].
and the absorption and fluorescence propertics [8-9] of these molecules and
assemblies. The molecular structures of some of the phycobilins are shown in
Figure 1. Phycocrythrin (PE), phycocyanin (PC) and allophycocyanin (APC)
arc the individual biliproteins that seif-assemble to form the phycobilisomes.
The most remarkable feature of this supramolecular complex lics in the
ordered hicrarchy of the assembly. The absorption and fluorescence
properties of each of thesc individual biliproteins form the basis for this
hicrarchy.  These assemblies are responsible for maximizing the efficiency of
light-harvest and cnergy {transfer between the individual biliproteins down to
photosystem I [3-5}.

In an earlicr study, it was dcmonstrated that phycoerythrin can be

incorporated into conducting polymers creating ordered sysiems poOssCssing
unusual optical and eclectronic properties {10}, in the present investigation,

Mat. Res. Soc. Symp. Proc. Vol. 292. <1993 Materiais Research Society




we have carried out experiments on pure proteins in order o understand the
charge-generation and charge-transport  phenomena. These  results have
been used in delincating the electron transport mechanisms n this imporant
class of proteins.
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Figure 1 Molecular structure of common phycobilins
(a) phycocyanobilin and (b) phycoerythrobilin.

EXPERIMENTAL

Interdigitated gold electrode geometry was uscd for pholoconductivity
measurements.  lacse electrodes consisted of digils scparated by 15 pm, and of
5000 A length and 1000 A thickness. A drop of aqucous protein solution was
placed on the electrode. After evaporation of the solvent, thin insulating
protcin films sandwiched bciween the Au digits were obtained. The resistance
of these films was of the order of several megaohms.

N.D.
Laser pilrer Chopper v electrodes

3 Power
Lock-in Amp. Supply

Figure 2 Experimental setup for steady state photoconductivity
measurements.

The experimental  sewup for steady state photoconductivity
measurements is shown in Figure 2. Continuous wave (CW) light of
wavelength 488nm from an Art laser was used as the light source. The light
beam was chopped a! 15 Hz. The signal across a | megaOhm resistor, which is in
series with the sample, was detected by a lock-in detector. The sample was
mounted on a cold finger type cryostat which can be cooled down to 20 K. All
the measurcments were dome in a vacuum betier than 103 torr.  The
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absorption spectra of the proteins in the thin film form were obtained in the
UV.visible range.  The dark current-voltage charactensiics of the resulting
metal-protein-metal configurations were measured in  air,

RESULTS AND DISCUSSION

The UV-visible absorption spectra of the proteins PC and PE in thin film
form are shown in Figures 3(a) and (b). Both the absorbance and fluorescence
spectra of these proteins in their dried thin f{ilm form closely rescmble their
solution spectra (fluorescence spectra not shown here).
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Figure 3 Absorption spectra of (a) phycocyanin and (b) phycocrythrin,
thin films.

The dark current-voltage (1-V) characteristics of the Au-protcin-Au
samples were delcrmined prior 10 optical measurcments.  Figures 4(a) and (b)
show the [-V characteristics of the proteins PE and PC respectively,  as
mcasured in air.  From the geomcetry of the sample, the ficld across the protein
is estimated (o be in the range of 105 - 105 V/m. The non-lincar or non-Ohmic
nature of the 1-V characteristics is apparcnt from the figure. Such non-linear
characteristics could arise eithcr from the bulk material or from the
mcial/finsulator junctions. In the latter case this would suggest 10 the
formation of a barrics across the junction or a possible formation of space-
charges near the clectrodes. A detailed anaiysis o the work functions of the
proteins and the metal forming the elecirode is essential for further
elucidation of these characteristics.
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Figure 4 The current-voltage characteristics of (a) Au-PE-Au and
(b) Au-PC-Au in air.
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Phycoerythrin  was chosen  for further detailed nvestigation in the
present work.  The Au-PE-Au sample was placed in a vacuum chamber.  The
photocurrent across the sample was measured before and after evacuastion It
was  observed that photocurrent signals  were  stronger before  evacuation.
Steady-state photoconductivity across the Au-PE-Au sample was mcasured as a
funcuion of applied eclccinic  ficld, light intensity and 1emperature aflter
evacuation.  The variation of steady-state photocurrent with intensity  at room
temperature is shown in Figure 5. The applied voltage across the sample was
70 Volts. .t was found that at very low excitation intensities ( <1 mW/em?®) there
was neglig ble photocurrent across the samplc. However, al intensitics above
ImW/cm~. the photocurrent across the sample increases linearly  with
intensity  up 1c 30mW/cm2.  Sawration of photocurrent 1s observed ar hisher
intensities.
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Figure S Stcady state photocurrent characteristics as a function of
iniensity at 296 K.

The variation of the photocurrent with the square root of the applicd
voltage is shown in figure 6 on a semi-log scale. The lower curve corresponds
to an cxcitation intcnsity of 20 mW/cm?2 and thc upper curve to S0 mW/cmZ.
The lincarity of these characteristics at lower intensity suggests that the
photocurrent [ follows the relationship

I o exp (B EN2/KT)-(E;/ kT))

where E is the ficld across the sample, k is the Boltzmann's constant and T is
thc absolute temperaturc. The lineanily also indicates that the phaotocurreni
generation closely f(ollows Onsager’s law of geminate recombination in three
dimensions [11]. At higher intensity, a dcviation from this law is obscrved
indicating that other conduction mechanisms dominatc in this regime.
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Figure 6 Variation of steady statc photocurrent with square root of
applicd voltage for PE at 296 K (a) 20 mW/cm?2 and (b} 50 mW/cm?,




The temperature dependence of the photocurrent across 1he sample was
studied at 50 mW/cmZ light intensity and at an applicd voltage of 50 V. Figure
7 shows the functional form of temperature dependence of photocurrent for
PE. The photocurrent remains constant at lower itemperatures (70 K - 150 K)
and increases exponentially at higher temperatures. The activation cnergy
for the process is estimated to be 300 meV,
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Figurc 7 Tempcrature dependence of photocurrent for PE.

CONCLUSIONS

Au-phycobiliprotein-Au  systems were fabricated and their dark |-V
characteristics as well as photocurrent characteristics have been investigated.
We obscrved for PE a photovoliage of (.2 microvolts, 1.9 microvolts and 2.6
microvolts for incident light intensities of 1 mW/cm2, 20 mW/cm? and 50
mW/cm2 respectively. Non-linzar dark §-V characteristics were obtained for
both PC and PE. The lincar variation of the logarithm of photocurrent with
square rool of the applicd voltage a1 lower inlensilics sugpests that  the
phoiocurrent closely follows Onsager's taw of geminate recombination in

three dimcnstons [11]. It is also observed that the photocurrent deccreascs
exponentially with decrease in emperature according to the predictions of
Onsager’s  law, The activaiion encrgy obtained from the Arrhenius plot

(Figure 7) is estimated to be 300 meV (114.8 x 10°17 K. cal).

It should be noted that PE shows pholoconducting propertics in addition

to being a good luminescent material. PE and other phycobiliprotcins arc
strongly  fluorescent. Fluorescence implies thermal frecing of trapped
carriers which in turn indicates that frcc charge carriers are formed by the
cxcitation process. The wcak dependence of the obscrved photocurrent
magnitude on applicd clectric ficld could be autributed to the luminescent
properties of PE. Good luminescent materials require rapid recombination
while good photoconducters require slow  rccombination. Simultancous

mcasurements of luminescence and photoconductivity would give us a decper
knowledge of charge gencration, transport and recombination processes {121
Such nvestigations will Jead (0 a better understanding of the potential of these
proteins in device applications and may Jecad to a more fundamental
appreciation of the biochemisiry and photophysics of how they function in
the phycobilisome in vivo.
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MECHANICAL PROPERTIES OF BIOPOLYMER CHAINS

RUTH PACHTER, PETER D. HAALAND, ROBERT L. CRANE AND W. WADE
ADAMS
Materials Directorate, Wright Laboratory, Wright-Patterson Air Force Base, Ohio 45433

ABSTRACT

Molecular simulations that predict the molecular mechanical response of alpha-helical
biopolymers with a reinforcing intra-molccular hydrogen bonding network, viz, a 'spring-like’
behavior, are presented in this study. Mechanical properties of extended biopolymer strands
based on naturally occurring amino acids, namely poly(l.-Ala) and for comparison poly(L-
Glu), versus synthetic PPTA containing an amide bond, are compared to those assuming
atpha-helical structures. Thus, the pivotal role of such motifs in biological systems utilizing
superior compressive mechanical propertics can be inferred.

INTRODUCTION

It is the purpose of the present study to report an application of a semi-empirical quantum
mechanical approach to the study of biopolymers versus similar synthetic molecular structurces,
which offers new insight into the mechanical propertics of flexible coiled coil arrangements of
alpha-helical motifs found in Nature, while also holding promise for the design of new
materials. The importance of such biopolymers and their function is profound and cannot be
covered in dewail, and thus is only referred to by example: alpha-helical structures as found in
keratin in hair, myosin and tropomyosin in muscle, epidermin in skin; and Gibrin in blood clots,
all of which play vital mechanical roles. In the casc of the myosin tail, the coiled coil
superstructure leads to a hicrarchy of reinforcing interactions within the alpha-helices, hence
culminating in the highly ordered array of a thick filament that provides the means for its
mechanical function in muscle contraction [1].  Another significant model is offered by
membrane skeletons that consist of spectrin networks which enable erythrocytes to resist
strong shearing forces in biood flow. These are comprised of flexible triple-stranded alpha-
helical coiled coils that provide the underlying mechanical stability and resilience of the
erythrocyte membrane [2]. Other similar membrane skeletons in erythrocytes play meaningful
roles in altering and stabilizing the shapes of various types of cells [3] and structural clements.
Likewise, it is supposed that alpha-helical strands are acting as a rubbery reinforcement matrix
to provide elasticity to spider silk {4], validated to some extent by our experimental study of
these fibers in compression [5] that indicate no ‘kinking' [6 ] failure. Indced. the development
of ncw biopolymer fibers is of special interest since spider silk designs were found to be
governed by the same principles that apply 1o synthetic materials [4]. This analysis presents a
theoretical verification of the absence of kinking' in biopolymer chains of an alpha-helical
structure, thus explaining their extraordinary mechanical functions in these examples, and
especially in supercoiling architectures.

RESULTS AND DISCUSSION

The prediction of mechanical propertics of polymers based on calculations employing
empirical potential energy functions has been addressed {7,8,9). However, such an approach is
limited because it applies a classical force-field dependent on a particular parametrization
scheme, but more important is that not all the possible deformation modes can be taken into
account. In our analysis we employ a rigorous method recently developed and applied {10,11],
The polymer calculations we performed apply the semi-empirical Neglect of Differential
Ovcrlap approximation at the modificd level AM1 (Austin Model 1). Furthermore, within this
approach [12] the so-called ‘cluster method’ that characterizes a polymer by a translation vector
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is applicd. In this approximation, a segment of a polymer is defined by a number of repeat
units, with periodic boundary conditions applied to describe different unit cells {13} The
advantage of this technigue is that end effects are eliminated. The equilibrium geometry of the
cluster is optimized and the translation vector thercafter incrementally increased or deereased,
representing the molecular strain. By optimizing the geometry for different trunslations, the
dependence of the heat of formation on (wasion and compression is established, therehy
defining the force constant.

The clastic modulus E for a polymer is given by:

AL

where @ is the stress (force/area), € is the strain (fractional change in cluster lenpth AL), K the
force constant (F/AL) and Leg the equilibrium length of the polymer as obtained from the
calculation. The force comtam is derived [ 14) from the dependence of the change in heat of
formation AHg on AL:

AH, = a,(AL)' +ay(AL)' +a,(AL)+q, )

where K=2a3 at cquilibrium at 0 K. The cross sectional arca Ay is obtained from X-ray
diffraction or the density d (grams/cm?) by:

=%=%rql"v=n AL (“)

g g

so that Agq =My /dNAL¢g; Mw is the molecular weight, n number of molkes, V volume, and Ny,
Avu;,.mro s number. ‘kth force constant can be alternatively derived by numerical
differcntiation, but the values obtained by cither method are within the fitting procedure error,

In this study we examine extended biopolymer strands bascd on naturally occurring amino
acids, namely puly(L-Ala) and for comparison poly(1.-Glu), vs. synthetic PPTA [15] containing
an amide bond, to those assuming an alpha-hclical structure. The polypeptides are helix
‘makers’ and are used as model compounds. The biomolecular models were derived to assume
cither an extended or an alpha-helical configuration for poly(i.-Ala), while PPTA has an
extended conformation. The cluster length requisite for this calculation is determined by the
electron delocalization length within the polymer [16]. Six repeat units for poly(i.-Ala) and
five repeat units for poly(1.-Glu) in the unit cell were simulated, showing that our use of the
maximal possible cluster length with such a calculation ensures that there are no non-zero off-
diagonal clements in the density matrix. The equilibrium geometry and heat of formation for
both one- and two- repeat units of PPTA were also determined, indicating a difference in {AH
/repeat unit} of ca. 5 kecal/mel. We compared the geometries caleufated by using the umidg
hond correction to the Hamiltonian [12] to those optimized with a classical force-field [17],
confirming that the alpha-helical configuration is conserved within our appreach since we use a
large number of repeat units [16] within the unic cell.

The calculated response of the extended PPTA, poly(L-Ala) and poly{l.-Glu) 10 the
application of strain is outlined in Figures la-1b. Although mechanical properties of PPTA
have heen previously calculated [18], none were carnied out at this level of theory. We have
also cvaluated the strain-dependence of the vibrational frequencies for this polymer.
Specifically, we carried out a study of the vibrational frequencics strain dependence tor PPTA,
indicating a lincar dependence on steain for 1056 cm-! and 3454 cm-}, with slopes of -10.8 cmi
/ % strain and 4.1 ¢m-1/% strain, respectively. The former normal mode represents a torsional
vibration between the phenyl groups and the latter a C-H motion at the joints linking the phenyl
groups. A negative slope for a strain-induced frequency change in PPTA single fibers was
observed experimentally [19], enabling further characterization of the maolecular deformation.




Toas mteresting o point out that a computation of the modulus from the cquiithrium
structure of polyil-ALn by a novel methed we recently demved isan good agreement with the
calculsied resutt vbtamed by straining the molecule. Within this approach an applicd loree F

HOR = F IBY

and II,I.:(FIQ’(;'R‘.//‘R} is et muluphied by the inverse of M o vield the virtual displacements o
all wtoms

AR =M'F 5

The modutus 1s thea caleulated by using the cluster’s geometry. An application ot the
method to the extended chain of polytL-Ali) by using a foree of 2 mD along the ransbaton
vector, results g modulus of 179 GPao We also applicd this method 1o a mechanical
propertics calculation of Cap molecules [20]0 Ohviousiy, high tensile strengths are predicted
for PPTA and extended bropolymers. More signiticant is the hehavior of these molecular
systems incompression, where a molecular buckling phenomenon is observed in PPTA that s
especially impoetant to the understanding of the possible mode of failure n these fibers. This
calculated resultsupports in part the supposition of a conformational change i PPTA upon
compression {210 Adso, the molecular structure of the exdended biopotvmers enables more
conformational variation since there s an additions! rotatable bond, resulting in only a small
change i epergy in compression. These data sugpest new dosign possihilinies Tor 'molecutar
engincenng’ of polymers with enhanced compressional strength,

The AL vss AL dependence (Figure Ta) for PPTA results ina modulus of ca, 330 GPa,
2 - .
where d=1.8 g/cm?, L= 13T AMG=23R25 gimoll A =200EA" and K=50.6 N which
overestimates the expenmental range of 120-200 GPa. However, the oserestimation can be
partially cocrected by hracng the Hessian with experimental vibrational frequencies {1 The
overall reaponse s simidar to that ot other rigid-rod polymers 110§, The dashed Poe s the
force curve (1OXTN) Bbiained by taking a numencal derivative of the energy,and s given as
an example of the addiional data that can be derived, namely that Kinking' occurs at
approximately 2.8% compressive steain. The toree curve is the molecular equivalent of o
strain-stress curve. For the exterded biopolymer chains (Figure TH), a modulus ot ca. 160
N . . .2 P , PR -
GPas calculated for poly(l-Ala), where AcqrfB() A, Luq=21,7 AL and K=145 N/m, and for
~ . ~a ol 0] ~ a - X - . .

poiy(l -Glud 4 modulus of ca. 230 GPa (/\qur-() AL chzl-i._ﬁ A, and K=32(} N/mby 18

cviluated.
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b Extended Polypeptide Chains
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Figune [: AHg vy, AL dependence for @ PPTA and b exiended polymer chains

A clearly ditferent response of an alpha-helicai chain to the application of srain is shown
in Figure 2, revealing a large energy change 1 compression but no buckling, while small
variatinns are caleulated 1 tension, Specificatly, the AHg vs. AL dependence for the alpha-
helical model of poly(l-Ala) results in a modulus of ca. 60 GPa, where A q~"(i A, L, *[(l 2

A, and K=107 N/m. The force (10-18 N) curve (dashed line) shows that in distinet (.omr.N 1
PPTA (Figure 1b), there is no evidence for Kinking'. This observation is supported hy the fact
thut no buckling is found in the alpha-helical biopolymer conformations in compression.
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Figun: 2: The AHg vs. AL dependence for the alpha-helical model of poly(1 - Ala)

A similar response is predicted for poly(1.-Glu), and although m-crcslim;ucd. the predicted
modulus for poly(1.-Glu) is in qualitative agreement with experiment [22]. Particularly, the
AHgr vs. AL dependence for the alpha-helical model of poly(L-Glu) n.xulLs in a modulys of ca.
60 GPa, where the Agg= 20 A2l Leg=5.2 A, and K=230 N/m. These results reveal a ‘spring-
like' hehavior of .nlph.x -helical biopolymer chains, in contrast to the extended sysiems.
Interestingly, it has been shown experimentally that all synthetic high performance pol)mue
[15.23] fail by buckling 16], whereas spider silk fibers that contain alpha-helical structures on
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SYNTHESIS AND CHARACTERIZATION OF PERIODIC POLYPEPTIDES
CONTAINING REPEATING —(AlaGly),GluGly— SEQUENCES

YOSHIKUNI DEGUCHI*, MARK T. KREJCHI*, JANOS BORBELY*, *tAURILLE J.
FOURNIER** THOMAS L. MASON** and DAVID A. TIRRELL*

*Department of Polymer Science and Engineering and **Department of Biochemistry and
Molecular Biology, University of Massachusetts, Amberst, Massachuseus 01003

ABSTRACT

We have expressed in £. coli a series of periodic polypeptides represented by sequence 1.
Our objective has been an understanding of the role of chemical sequence in determining the
chain folding behavior of periodic macromolecules. Molecular organization has been
examined by infrared spectroscopy and 'H and 13C NMR methods and a preliminary model of

the folded structure has been developed.
-+-(AlaGly)GhuGly-4+ 1 x=3, n=36
x=4. n=18
=3, n=28
x=5, n=i4
x=5, n=20
=6, n=10
x=fh, n=l4

|G An

INTRODUCTION

We have been studying a series of periodic polypeptides represented by the general
form.ula 2, wherein the repeating alanylglycine dyads are expected to bias the chain toward an
anti-parallel f-sheet conformation [1,2]. Our objective is contrui of chain folding in the solid
state, by incorporating periodic f-sheet breakers into the sequence. Qur first attempt used a
vaniant of sequence 2 in which x=3. Z=ProGlu, and n=54 [3]. X-ray diffraction analysis of
this protein afforded no evidence of crystalline structure. in this paper we report recemnt
progress in characterization of the similar family of polymers represented by sequence 1.

+-(AlaGly}ZGly-+n 2

EXPERIMENTAL SECTION

Synthetic straregy. The overall strategy for the production of the target material is shown
in Figure 1. Detailed experimental conditions are described elsewhere [3,4],

Protein expression. Anificial genes encoding proteins containing sequences la-g were
constructed and expressed in the pET3-b vector and E. coli strain BL2I(DE3)pLysS
developed by Swudier and coworkers [5]. Expression was initially monitored by the
incorporation of 3H-glycine into the target protein. A rich medium (YT) was used for sample
preparation. B-1sopropylthiogalactoside (IPTG, final concentration 95 mg/L.) was added to the
culture to induce protein production when OD at 600 nm reached ca. 0.8.

Purification. Cell extracts were prepared by freezing, thawing, sonication and spinning
out of cell debris. The extruct was adjusted sequentially to pH 5.0, 4.5 and 4.0 with glacial
acetic acid. After each pH adjustment, precipitated material was removed by cemmifugation.
After enzymatic removal of contaminating nucleic acids, the target protein was precipitated
by addition of ethanol to 40 v/v7%. Crude product was washed with water repeatedly until the
absorbance of the supernatant at 260 nm disappeared.

Mat. Res. Soc. Symp. Proc. Vol. 292. - 1991 Materials Research Society
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Figure 1. Overall strategy for biosynthesis of polymers of sequence 1.

Cyanogen bromide cleavage. Fusion ends were chemically removed by selective
cyanogen bromide cleavage at room temperature in formic acid.

Infrared spectroscopy. A portion of cleaved protein was placed in an Eppendorf tube and
90% formic acid was added thereto so that 1 puL of solution would contain 100 pug of solid.
The solution was kept at room temperature until use. After an appropriate time period, a
portion of the solution was spread on a NaCl plate and air dried.

Computer graphics. Molccular modeling was performed using Biograf version 2.2
(BioDesign, Inc.) running on a Silicon Graphics Iris work station.

NMR spectroscopy. NMR analyses were conducted at room temperature on Varian XL.-
300, Varian 500 MHz Unity, and Bruker 200 AF, 300 MSL and 500 AMX spectrometers.
Formic acid formyl-d} was used as solvent.

RESULTS and DISCUSSION

Protein expression. The expression strain, BL21(DE3)pLysS, carries a chromosomat
gene encoding bacteriophage T7 RNA polymerase under lacUV$ control [5]. The pLysS
plasmid produces a low level of T7 lysozyme, which suppresses leaky T7 RNA polymerase
activity prior to induction with IPTG. Each of the proteins 1a-g was expressed in E. coli
successfully. None of these proteins stained well with the conventional dye Coomassie Blue,
50 in vivo labelling techniques were used to monitor accumulation.

Purification. Contaminating proteins were removed readily from the product by stepwise
acidification of whole cell lysates, owing to the fact that the target proteins remain soluble in
mildly acidic solutions that precipitate native E. coli proteins. Purification leads to products of
general sequence 3, in which the repetitive oligopeptide building blocks are flanked by leader
and trailer sequences derived from the cloning and expression vectors. Typical yields of
purified protein were 20-70 mg/L, decreasing slightly with increased spacing between




glutamic acid residues. The leader and trailer sequences were removed by cyvanogen bromide
digestion prior to structurat analysis by infrared and NMR methods.

MASMTGGQOMGRDPMFKYSRDPMUGA)GEa K
GARMHIRPGRY QLDPAANKARKEAELAAATAEG

Infrared spectroscopy. Figure 2 shows IR ahsorption spectra of films of polymer 1¢ cast
from formic acid after aging of the casting solution for various times. The broad band in the
amide | region 1x apparently composed of two main peaks, one centered near 1660 cr! and
the other around 1625 ¢m!. The former band decreased in intensity as the solution aged,
while the intensity of the latter band increased. The rate of change in the relative intensities of
these wo bands was found to depend on the sample concentration, and was reduced in more
dilute solutions. Gelation of cach solution was observed concurrently with the rise in intensity
at 1625 emrl. We attribute the 1625 cmi-! band to an antipasallel B-sheet structure and the
higher frequency absorption 10 a disordered conformation.

Transmission

1800 1760 16800 1506 1460

Wavenumber

Figure 2. Infrared specua of cast films. Cleaved Ic prowein was dissolved i formic acd and films were cast on
NaCl. From the top, curves correspond to S min, 2 hr, 8 hr, and 26 hr of solution aging prior o film casting,

NMR spectroscopy. The infrared results discussed above, coupled with the observed
gelation of the formic acid solutions upon aging, suggest that an ordered B-structure develops
with time in these polymer solutions. This structure was probed more fully in preliminary
high-field NMR experiments. Of special interest were questions of: 1). whether or not the
chain folds in regular fashion in solution, and i1). if regular folding does occur, what the local
structure of the fold may be.

The 13C NMR spectrum of polymer Ic dissolved in formic acid-dy is shown in Figure 3.
Chemical shifts relative to formic acid (8166.31 ppm) and peak assignments are listed in
Table 1. Assignments were made on the basis of repeating unit sequence 4, in which the
designation of 3 distinct glycyl units and 2 distinct alany! units is suggested by the appearance
of multiple carbonyl resonances for each of these residues.

—(GlyAla)Gly*GluGly**Ala*. - 4
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Figure 3. 13C NMR spectra of cleaved tc. Upper: carbonyl carbons; lower: aliphatic carbons.

Table 1. Assignment of 13C NMR Spectrum of Polymer Ic

Sinppm Assignment
17.03 B-CH3 of all Ala residues
26.63 3-CHj of Glu
30.21 Y-CH3 of Glu
43.28 a-CHj of Gly
43.33 a-CHj of Gly* or Gly**
43.37 a-CH; of Gly* or Gly**
50.51 a-CH of Ala and Ala*
53.76 a-CH of Glu

171.88 Carbonyl of Gly*

172.00 Carbony! of Gly

172.31 Carbonyl of Gly**

174.26 Carbony! of Glu

175.94 Carbony! of Ala

175.98 Carbonyl of Ala*

177.83 Side chain carboxyl group of Glu

The relative intensities of the carbonyl signals are consistent with this assignment, and the
presence of sharp resonances suggests that the chain adopts a limited set of conformations in
formic acid solution. In contrast, the !3C NMR spectrum obtained in HFIP-d; solution shows
very broad carbony! peaks, suggesting that in HFIP the polypeptide chain exists as a random

coil.
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Figure 4 shows g partial NOESY spectrum of le taken in formic acid solution. The
observation of strong seguential o-proton-NH NOEs and absence of amide-amide NOEs
suggest that pleated B-sheets are present. This is supported by the appeurance of Hg-Hg and
Hg-Hg NOEs which are to be expected in a regular antiparallel f-pleated sheet. in which the
interstrand Hg-H, distance is approximately 2.4 A Furthermore, the NH peak of Gly**
indicates a short intorresidue interaction with the o-CH and a weak interaction with the §-CH»
of Glu. This observation is consistent with the occurrence of a B-turn. The very strong
correlation of Gly**NH > Glu,. jooCH suggests a tum of type Il rather than type Tor 1

2
g i ¢ é
& e ¢ 96 :
é & T ‘
T ¥ H T
s 4 3 2

Figure 4. Partiat NOESY spectrum of cleaved te.

CONCLUSIONS

Although this is a preliminary analysis. the 'H and 13C NMR data obtained in formic acid
are consistent with a cham conformation characterized by a predominance of B-strands
interrupted by reverse wrns. In contrast, the polymer in HEIP appears to be a statistical coll,
giving rise to broad resonances in the 13C NMR spectrum. Given these differences, it is
intriguing that polymer films cast from formic acid exhibit infrared spectra characteristic of §-
sheet structure. while those from HFEIP are disordered. We are pursuing refinement of the
solution structure of Fe and related polymers, with the objective of understanding the
mechanism of structure formatton during solidification.
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ABSTRACT

A variety of natural silk secretions (from spiders, sitkworms and aguatic inscet larvae), and
also reconstituted silk solutions, arc able to form a nematic liquid crystalline phase. The aniso-
tropic structures that self-assemble in this phase are formed from the isotropic phase by aggre-
gation of molecules, rather than by individual molecules undergoing a conformational change to a
rod-tike form. This enables the molecules to retain their solubility in water while, simultan-
cously. the viscosity of the solution is reduced. The liquid crystalline phase is stable under a
wide range of equilibrium conditions, but its ability to form is sensitive to the rate at which the
initially isotropic solution is allowed to dry. The kinetics of phase transitions exhibited by
solutions of silk proteins must be taken into account if solutions of silk fibroin are 10 be success-
fully processed in vitro.

BACKGROUND

Several biosynthesized polymers and their denivatives are useful as engineering matenials.
While unaltered or transgenic organisms therefore can play an important role as sources of
chemical feedstock in materials synthesis, the subsequent processing steps needed to manufac-
ture useful objects are still conducted in visro. There are many henetits of carrying out pro-
cessing operations (fiber druwing, film forming, injection molding) on polymcrs in the nematic
liquid crystalline state. and of retaining nematic order in the solid product [T 5]. In the case of
hmh liquid crystalline solutions and liquid crystalline melts, these benefits include:

the low viscosity and therefore easy processability of the liquid crystalline state, compared to

isotropic fluids having the same concentration of polymer;

* facilitated production of microstructures in which molecules are extended and globally
aligned, leading to enhanced uniaxial stiffness and strength in the solid product;

¢ the low thermal expansion coefficient of the product;

* reduced susceptbility of the product to retraction (dimensional change arising from randomi-
zation of molecular orientational order) when anncaled at temperatures above the glass
transition but below the melting point;

« the ability to orient non-liquid crystalline materials through guest-host interactions.
in addition, liquid crystalline melts (but not solutions) exhibit relatively low solidification shrin-
kage compared o conventiona! melts. and so can be used to obtain moldings with more precise
dimensional tolerances. These propertics of liquid crystalline polymers arc the result of spontan-
eous local alignment of extended molecules that characterizes the (fluid) liquid crysialline state.,
reducing the contributions of entanglements to fluid viscosities, and reducing the extent to which
molecular re-ordering raust occur during solidification.

Examples from all the major classes of hiological macromolecule (proteins [6-10], poly-
saccharides [11-13], glycoproteins [13), nucleic acids [14-16) and lipids [17-19]) are known to
form liquid crystalline phases in water. Of particular interest here are macromolecules that form
liquid crystalline phases under physiological conditions, so that the liquid crystalline state plays a
direct role in the in vivo assembly of these molecules into more complex structures, and thus is
directly responsible for their function. Then, in vitro processing of these materials and their
analogs in the liquid crystalline state is an obvious approach wowards duplicating the microstruc-
tures and propertics inspired by the natural materials.

Mat. Res. Soc. Symp. Proc. Vol. 292. #1893 Materisis Research Soclety
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LIQUID CRYSTALLINITY AND SILK

The silk fibers produced by spiders and the larvae of some inscets exhibit a variety of impres-
sive engineering properties; some significant ones are summanzed in Table 1.

Table I Somc Sophisticated Properties of Sitk

PROPERTY COMMENMTS REFERENCE
Mechanical {20-23)
strength up Lo 2 GN.m"2 for spider drag line
stiffness up 1o 30 GN.m2 for spider drag line
toughness clongation to failure can be greater than 30%
tor spider drag linc
Pracessing {23-25)
solvent silk fiber is spun from aqueous solution,

but will not subscquently dissolve in water
(compare Kevlar®, which is spun from a
solution in concentrated sulfuric acid)

processing wmperature silk fiber is spun at ambient temperature
processing environment  in air or under water

fiber thickness fihers may be as fine as 0.01um
Environmental [26, 27]
durability resists degradation in a wide varicty of out-

door and chemical environments

biodegradability degradation to the level of amino acids by
specific proteolytic enzymes allows «pidire
to recycle their web silk

We are especially interesied in the in vivo processing characteristics of silk secretions. Apart
from secking to reproduce in vitro the spinning of fibers from solutions of silk fibroin and
similar molecules (regardless of their source). we note the generic usefulness of a room-
teruperature processing route that converts water-soluble polymer to insoluble high-performance
fiber by physical rather than chemical means.

ilk

Qualitatively, we have observed the formation of liquid crystatline order in the silk sccretions
from diverse organisms and glands:
» silk glands from Bombyx mori silkworms;
* drag line, capture thread and cocoon silk sceretions from Nephila clavipes (golden orb
weaver) spiders;
+ salivary glands of Chironomus tentans (midge) larvac.
Liquid crystalline microstructures of silkworm and spider silk secretions are shown elsewhere.
In those cases [10Q, 28, 29}, liquid crystalline microstructures were seen to develop in the viscous
secretion recovered by allowing dissected silk glands to leak onto a glass microscope slide.
Microstructures of Chironomus silk secretions are shown in Figure 1. Salivary glands were
manually dissected from larvac and placed in a droplet of deionized water (@ 20 glands/50 pi
droplet) on a siliconized coverslip on the thermostated stage (4 °C) of a dissecting microscope.
The lumens were punctured with a needle; secretion was allowed to leak out for about 10
minutes. The glands were removed with dissecting needles, and the extract was transferred to a
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microfuge tube and centrituged at 12460 x ¢, Supernatants from five extracts were combined:
the final sample volume after turther concentration was ~50 gl This solution was initially fluid.
comparcd to undiluted seeretion obtained direetly from silkworms and spiders. Samples were
examined by trunsmitied polartzed light micrascopy within 4% hours of preparation. They were
allowed to dry slowly between a glass microscope slide and coverslip (Figure 1. left, or capidly
on a microscope slide with no covershp (Figure 1oright). The phase changes of Chironomus
silk are of particular interest because the natural sitk fibers are produced entirely under water.

Figure 1 Microstructures of Corentany silk secretion: (left) iquid erystalline order atter
partial drymg under a covershpt (righty crystailine order after partial drying with no covesslip.
Specimens viewed in transmission between crossed polars, 10pm

Figure 2 Microsiructure of
reconstitawed B. mori silk.
Specimen viewed in transmission
hetween crossed polars.

Hipm

We have also observed that liquid erystalline phases can torm in reconstituted silk solutions
(Figure 2). The broad range of solution compaositions tsilk : water : chaotropic saly) over which
this oceurs has not yet been guantificd. The microstructure in Figure 218 representative ol
materiat with the following history: B, morf cocoons (with the pupae cxcised) were boiled in
0B.4065% NaOH for 2-3 minutes and then in tap water for another 20 minutes, to remaove the
seecin coating. After deying 1 a desiceator, silk was dissolved at a concentration of 7.5% by
weightin Q. 3M LaBr [ 30]. Approx. 10 grams of the solution were placed in a 10-inch length of
cellulose dialysis whing (Spectra/Por; MWCO 12,000 - [400; previousty de-sulfurized by
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(reatment for 3 minutes in 1500 ml water + 30 g sodium bicarbonate + 0.618 g EDTAY and
dialyzed against ~200 mi tap water for 2 days.

Sceveral observations imply consistently that the “rods™ consututing the liquid crystalline
phase of silk are not individual molecules or molecular segments, but instead arise at the super-
molecular level:
¢ stk proteins from ditferent organisms have very difterent primary structures (none of which

is recognizably acmatogenic) in solution;

« the phase behavior of sitkworm and spider silk seeretions implies the existence of rigid rods
that have an axial ratio of approximately 30 {13, 29, 311; however, individual solubilized
mulecules are flexible and have no signilicant amounts of secondary structure [32, 33),

¢ microstructural observations imply that the rods are polydisperse [29].
By aggregating into rod-like structures, silk fibroin molecules with an essentially random cail
contormation can form a liquid crystalline phase without having to first undergo a change in con-
formation. Thus. the fibroin can retain its solubility in water, while at the same time the solution
becomes more easily processable because its viscosity is lowered, Fiber spinning is accom-
panicd by a shear-induced conformutional change [34]: the mokecules then form a stable crystal-
line structure that is no longer water-soluble. This mechanism may serve as the basis for
developing synthetic polymer processing routes that enable the fabrication of durable, water-
insoluble fibers from molecules initally in agqueous solution.

Because of the experimental ditficulties of accurately measunng protein and salt concentration

i small samples used for microscopy, reliable quantitative information abhout the concentration

range of liquid crystalline stability is limited.  Yet, even gualitative observations show that the

nematic phase forms under a wide range of conditions:

+ ihe ability to form a liquid crystalhine phase is exhibited by sitks of widely differing compo-
sitions, Lo itis not sensitive o the sequence of monomers; indeed. in the case of Chironaomus
silk. one is dealing with a mixture of proteins whose apparent molccular weights span two
orders of magnitude (25}

+  silk can form liguid crystalline phascs in substantially different environments — in the natural
secreted state (containing only a trace of dissolved components that are not fibroin {22]) as
well as in the presence of significant concentrations of LiBr (the material shown in Figune 2
contains LiBr at a concentration of approximately (.5M);

¢ in specimens of sitkworm and spider silk secretion (initial concentration ~26 vol.% or ~30
wL.% protein) ihat are maintained between a glass microscope slide and cover slip, a liquid
crystalline phase ean be recognized within minutes. i.c. after only a smalt change in concen-
tration dug to evaporation; a more ordered phase typically does not occur until after 2-3 days
of slow drying.

However, whether or not 4 continuously drying sitk solution exhibits liquid crystalline order

does appear Lo be sensitive 1o the initial concentrarion and the rate at which water is lost. Fluid

solutions, such as water-diluwed Chironomus silk seeretions, initially form liguid crystalline
phases if allowed to dry slowly hetween a glass slide and cover shp. If no cover slip is used,
then crystalline phases are formed. Viscous solutions, such as the undiluted silk secretions from

silkworms and spiders, form a liquid crystaltine phase whether or not a cover slip is present. A

similar dependence of microstructure on initial concentration and subsequent drying rate is

exhibited by other types of biological macromolecule {13].

REPRESENTING PHASE TRANSITION KINETICS ON TRANSFORMATION
DIAGRAMS

Phase diagrams display the phases that occur under equilibrium conditions in a given system.
In an open system in which equilibrium is not reached, the phases obtained depend on the
driving force for transformation (how far is the system from cquilibrium?) and on the extent to
which the microstructure is able W rearrange in response to this driving force.




An established reprosentation of the kincues of wmpesatire aindoced phase transforanations i
multn-component metals and coramies s by means of Time - Temperature Transtosnunon (T
curves [35]0 These carves (kgare 3an ilfustrate the time dependence of the mscrostructural
changes oxhibued by a syswem of fived composion sUditerent temperures The characienisie
O shape of the curves resalis trome the fact thal, atsmall supercoohngs sclose o cquihbriumo,
there as Title doving toree tor the phase change to oceur. AL large supercochings, there s
stgnficant diving foree Tor the system o convert o the nesa cguiltbrinm phase, but the atones or
matecules pow lack the moebility to achieve thes transformation gquickly, A intermediate
superconlings, the combination of driving toree and mobility enahles the runstormation o eccur
at a maxinum e, Tyvpeally, TTT curves are deawn tor 147 completuon and 990 contplenon ot
the transtormation, though g single curve 15 often adequate tor tustrative purposes. The tme
ditference between 14 completion and 994 completion is most sigiificant tor hanstormations
that occur ennrely i the sobid state.
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We find that an analogous graphical device provides a usetul intellectuad trumework tor iflus-
trating the kinetics of phase transformation in polymer solutions (Figure 3b). For transfor-
mations occurning in solutions of ditferent concentration at ¢ fixed temperature, the vertical axis
is scaled in terms of concentration. The behavior of the system at varying levels of super-
saturation is shown, rather than at varying degrees of supercooling. Transtormations at fow
supersaturations would vecur slowly, due 1o the system being close to equilibrum, and transfor-
mations at very high supersaturations would also occur slowly, since chain interactions would
limit microstructural mobility. Again, therefore, a maximum transtormation rate would he expec:
wed at inermediate supersaturations, where the combination of kinetic dave and muiecular
mubility would be optimized.  Given that the ransformation from isotropie material o a
mesophase is kinetically casier (requires fess microstructural rearrangement) than the precipitation
of a three-dimensionally ordered crystaltine phase, the transtormation curves for mesophase
formation and crystailization should be nested as shown (Figure 3.

The format of these curves is qualitatively consistent with the observed hehavior of sitk
solutions {Figure 3d). Dilute specimens maintained between glass slides (and thus tosing water
relatively slowly: curve 1y can form liguid crystalline phuses, with the possibility of crystalhzing
at very long times. Dilute specimens without a cover shide will start at the same concentrativn as
those maintained hetween glass surtaces, but will change in concentraton more tapidly. Thus
the “drying curve™ of the specimuen (Curve 23 may he able to intereept the "nose™ of the erys-
tallization curve. Concentrated specimens with (curve 3) or without (curve 4) a cover slide do
not have sufficient microstructural mobility to crystallize immediately after transtormation to the
hguid erystalline stue. The smooth curves (1-4) showing concentration change with time are
schematie in the present qualitative discussion: they are discontinuous at the “C™ curve fur
transformation o the liquid crystalline state because the ditfusion coefficients of solvent in liquid
crysialline and crystalline material wall be ditferent
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DECALCIFICATION STUDIES ON AVIAN EGGSHELL

M. Agsarwal, S.Q. Xiao and A H. Heuer
Department of Materials Science and Engineering, Case Western Reserve University,
Cleveland, OH 44106

ABSTRACT

Avian eggshells are one of the most rapidly calcifying systems known. Although the entire
shell contains ~ 97 weight % CaCO;3, etching in EDTA reveals great spatial variability in etching
rate. A correlation between the etching rate of various regions and the relative positions of the
different parts in the calcium reserve assembly (CRA) has been made; the CRA is the source of
calcium during natural decalcification by chick embryos.

INTRODUCTION

Nature produces many biological ceramics (mineralized or hard tissues) at ambient
temperature. These biological ceramics are biominerals reinforced with biopolymers. The
ceramic phase provides the structural integrity (strength and hardness), whereas the polymer
gives the structures the required toughness. The nucleation and growth morphology of the
ceramic is regulated by the biopolymeric organic matrix [1-4), which acts as a substrate.

The avian eggshell is a useful model system for understanding biomineralization. A cross
section of the eggshell is shown in Fig.1. The eggshell assembly is about 300-400 pm thick [5-
7]. The shell has a S pum thick layer on the outside, known as the cuticle. The shell nself, which
is known as the palisade layer and is mainly calcitic CaCO3 with approximately 3% organic
matrix, is about 250 pm thick. The mammillary or cone layer is about 50 pm thick. The shell
membrane, which serves as the substrate for the calcification of the shell proper, is about 70-
100 pm thick. The membrane s composed of a woven mat of collagen fibers which are about 2-
10 pm in diameter. Partial etching studies on eggshelts were performed in an attempt to mimic
natural calcification.

Figure 1 : Cross section of the
eggshell showing distinct
regions : cuticle (C), pahsade
layer (PL), mammillary layer
(ML) and the shell membrane
(SM).

Mal. Res. Soc. Symp. Proc. Vol. 292. * 1993 Materials Research Society
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EXPERIMENTAL PROCEDURE

Eggs trom White Leghorn hens were used. The membrane was separated from the shell by
soaking it in 15% (weight/volume) ethylene diamine tetraacetic acid (EDTA) solution for 60
minutes and then mechanically stripping it away from the shell. EDTA iy a Ca*? - binding
chelator and therefore dissolves some of the CaCOz at the interface of the shell and the
membrane, thus loosening the contact between the two [B-10]. The membrane was then rinsed
in distilled water.

For etching experiments, small pieces of the fractured eggshell were kept in EDTA solution
tor 1 hour, 2 hours and 9 hours.

The membrane after EDTA treatment and the partally etched cross secnons of the shells were
studied by scanning electron microscopy (SEM) and the local microchemstries deternmined
yualitatively using X-ray energy dispersive spectroscopy (EDS). For SEM | the samples were
couted with a 90A thick Pd film.

RESULTS

Figure 2 1s a micrograph of the outer eggshell membrane after mechanical separation from the
shel] proper. The collagen fibers form a dense network. At certain places, darker regions, 1020
um in diameter, are present. These darker regions are known as the mammillae; these were
believed in the past to be inital iz vive calcification sites. These knobs are elevated by 10-20 um
above the woven structure {11-13] and have a higher content of sulfur than the collagen fibers,

Figure 2 : Membrane after |
hour soaking in EDTA and
mechanical stripping from the
shell. The darker regions are
the mammillae (M).

Figure 3 is a micrograph of the cross section of the shell, etched in EDTA for 1 hour. On the
basis of the etching rates, the shell can be divided into distinct regions, numbered 1 through 5.




Regon Twas abmost completedy cichod aneas i this caseland, theretore, was most spsceptible
to denurerdhizanon, The second mostsiscepuble region i< regon 30 the upper halt of the
palisade Region 2 s most resotang to demimeradization, Cavities are tormed i the Jower part o
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Figure 30 Cross section of the shell eched tor 1 hour, Bave distinet
recions €023 and Sy co beadenutied.

Freure 4 1 Cross section of the shell etehed for 2 hours. Cavities are
formed in region 34,




A higher magnification micrograph of the broad interface between the palisade layer and the
membrane, after 2 hours etching in EDTA solution, is shown in Fig.5. [t can be clearly seen
that the organic sheets protrude from the shell membrane in the mammillary zone. Their
morphology and that of the crystalline fragments still present in this figure suggest that the
knob-like morphology of the mammillae in Fig.2 is an anifuct of EDTA demineralization. This
view is strengthened by Fig.6, which shows a view of the broad interface after prolonged
demineralization; it appears that the vertical organic sheets collapse upon demineralization 1o
form the mammillary "knobs”, which we now believe to be a misnomer.

Figure 5 : Cross section of the
lower pant of the shell after 2
hours in EDTA. Organic sheet
clusters (OS) can be seen, as
well as some crystatline
remnants (arrowed).

Figure 6 : Cross section of the
lower part of the shell after 9
hours in EDTA. Organic
sheets (OS) collapse to form
mammillae (M).

DISCUSSION

From the above observations, one can draw an inference that the mammillac comprise
discrete aggregates of fine organic sheets, mixed with calcite crystals. However, because of the
mechanical forces arising during extensive decaleification of the shell, these organic sheets
collapse to form the so - called mammillary knobs, which are apparently artifacts of in vitro
demineratization. Careful demineralization chows the true nature of the caleification sites to be




fine organic sheets. In a separate paper in this proceedings the ubtrastructure of epgshell s
been studied by transmission electron mucroscopy and the aggregation of organie sheets and
calerte crystals i the manmmillany zone i further continmed [ 14].

A one w one relationship between the regions of rapd deminerahization and the caleum
rexerve assembly (CRAY [15] apparentdy exists. A CRA consists of three distinet regrons.,
namely the daseplute (BPY which is partiatly inegrated mto the outer membrane, a calouen
reserve bodv (CRBY, mtached 10 the BP, and a distinet CRB eover. Another structure, the
crown. 1 present on top of the CRAL The relative positions and the sizes of the various regions
of the CRA and the crown are shown i Fig. 7 On the basis of this correlation, regrons T and 2
in Fig. 3 comprise the BP and CRB. which are about 70- 100 wm in thickness: part of region 1
forms the crown, which 15 30 pm thick. The crown region and the CRB are most suscepuible to
decaleification, providing further esidence that during awtural devalafication of the shell, the
prowmg embryvo draws its calcium from the CRB.

o
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Figure 7 :© The calcium
reserve assembly (CRA) and
the crown . CRB = culcium
CRA - reserve body, SM = shell
membrune. {Ret. 15]

ROV e
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CONCLUS{ON

The egashell assembly can be used as a mode! system for studying and understanding the
complexities of biomineralizaton. Preferential etching occurs in the eggshell assembly, although
the entire shell is mainly caleite in nature: this spatial variation in decalcification has implications
mwvolving differences in the microstrecture of caleite, as well as the differences in the organic
mainx, along the entire length of the palisade. Cotplete EDTA demineralization of the organic
sheet - calcite aggregates leads to the collapse of the sheets, forming anifactual knob-like
structures on the shell membrane,
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SUB-MICROMETER HYDROXYAPATITE BIOCERAMICS
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ABSTRACT

We studied the microstructures of hydroxyapatite (HA) ceramics which were sintered under
three different conditions. 1t was found that all the ceramics were of sub-micrometer structure,
The synthetic HA ceramics were also compared with human enamel. It is concluded that human
enamel has higher strength because of its unique microstructure.

INTRODUCTION

Human hard tissues are composed of living cells and bone matrix. The main components of
the bone matrix ase organic collagen and inorganic hydroxyapatite (HA). HA occupies nearly 69
wt% of bone {1]. Extensive study by many researchers has shown that HA ceramic is a bioactive
material, with good biocompatibility in the biological environment and the ability to bond with
the body's hard and soft tissues. However, the poor sintering properties of HA, and especially
its bad fracture strength and fatigue resistance, restrict its applications. Human cnamel is a
natural nanometer HA ceramic with a high strength. Promoting the powder sintering properties
of HA, and increasing the strength and fatigue resistance of synthetic HA ceramic. is now an
important subject in the biomaterials field. In this paper, the submicrometer structure of HA
ceramic is reported and discussed.

EXPERIMENT
Materials

High-purity HA powder, and a small amount of glass as sintering aid, were sufficiently
mixed. The glass must be wetting to HA and must cause no structure change of HA in the
sintering process. The melting point of the glass must be lower than 1200 °C, because when the
temperature is higher than 1200°C, HA will lose OH- groups. In this paper. the glass that we
chose was based on Si203 and B03.

The mixed powder was sintered in the following different ways to obtain samples:

1. in Ar under hot pressure (100 kg/cm? at 1100°C) for 1 hr

2. in air under hot pressure (300 kg/cm? at 1100°C) for 0.5 hr

3. ina microwave furnace at 1000-1050°C for 2 min.

Measurements

The sample was characterized by various experimental techniques. Density measurements
were made by the displacement method using doubly distilled water. Electron micrographs of
samples were obtained by high-resolution electron microscopy at the level of grains and at the
atomic level. The grain and pore sizes of samples were estimated from the micrographs. Bars of
2mm x 3mm x 26mm were cut from the samples with a diamond saw. The fracture strengths of
the HA ceramics were measured with these unpolished bars in three-point bending.
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RESULTS

Fig.1. Electron micrograph of Fig.2. Electron micrograph ot
HA sintered under hot pressure HA sintered under hot pressure
(00 kg/em? at 1100°C) for | hr. (300 kg/em< at 1HO0°C) for (0.5 hr.

Fig.3. Electron micrograph of

HA sintered in microwave at along [0001] zone.

1HX0-1050°C for 2 min. OH (white spots marked by arrow)
and Ca (hlack spots around OH)

Sintering was complete under all three sets of conditions. The sample sintered under the first
set of conditions (sample A) was translucent, with a density of 3.127 g/cm3, a fracture strength
of 115 MPa. and an average grain size of {0.46 um (Fig.1). The sample sintered under the second
set of conditions (sample B) was opaque, with a density 3.107 g/cm3, a fracture strength of 140
MPa, and an average grain size of 0.35 pm (Fig.2). For the third set of conditions (sample C).
the density was 3.10 g/em3, and he grain size was smaller, ranging from .2 to 0.3 pm (Fig.3).
The maximum graia size of all sintered samples was below (0.8 pm. The results of measure-
ments are shown in Table 1.




Table 1. Physical and mechanical properties of the sintered HA ceramics

Density Grain size Fracture Transparency
(g/cm?) (um) strength
{MPa)
Sample A 3.127 0.46 115 translucent
Sample B 3.107 035 140 opaque
Sample C 3.100 0.2-0.3 ! opaque

Microstructure

The structure of samples was observed by high resolution electron microscopy at atomic level.
It was found that all the samples had the same structure image. Fig.4 shows the structure image
along the {0001] zonc. From the image. it is found that the structure is hexagonal, having space
group P6y/m with a =9.42 A and b = 5.8 A_ This result indicates that all the samples are HA.
In Fig.4, OH and Ca in a unit cell can he seen clearly.

DISCUSSION
Relationshi Wi

Samples A were translucent, indicating that there was some light scatiering from the grain
boundaries; compared to samples B, considerable grain growth occurred. Long sintering time
results in increased grain and pore sizes. For the microwave sintering, the sintering time was
much shorter, so much smaller grains are obtained. Theoretically, the sample with higher
density has higher fracture strength. In this paper, all samples had similar dengities, regardless
of how they were prepared. Comparing sample A and sample B, it is found that the second one
has a fracture strength (140 MPa) which is higher than that of the first (115 MPa}. This is
because of their different microstructures. Sample B shows more micro-pores. These pores can
relax stress o enhance the strength of the sample. Furthermore, cracks in ceramics occur and
propagate along grain boundaries. In the ceramic with smaller grains, crack growth needs to
cover a longer route and eajrid moic encegy. This is also a reason why sample B has a higher
strength. Bars characterized in the experiments were not polished; otherwise, the strengths
would be much higher,

Human enamel is a nanometer HA ceramic with a high fracture strength. Its grains arc small
{20 x 50 x 200nm) and have a prior arrangement direction along the {(K)01] zone. The grain
boundaries of human ¢namel are wide, with many dislocations {2]. These dislocations can
dispersc siress concentration to increase the bonding strength of the grain boundary. Compared
to human enamel. the synthetic HA ceramic is composed of larger grains; these grains are
irregular in shape and arrangement. The grain boundaries in synthetic HA are more narrow, and
there are fewer dislocations at the grain houndaries (Fig.5). So, the fracture strength of the
cnamel is much higher than that of synthetic HA ceramic.




Fig.S. Electron micrograph ol a grain boundary in synthetic HA cecamic. The boundary s very
¢ Crograp e Y ) ) 3
clean, with tew dislocations at the boundary.

Erom the comparison above. it s found that there are sigrificant microstructural differences
between the syathetic HA ceramic and humas enamel. Human enamel has ¢ much higher
{racture strength because ol its unique microstructure. In order o promate the strength of
synthetic HA ceramic, we must pay attention to the following tactors:

1. The grains of human enamet are much smaller than those of TIA ceramic. Limiting grain
growth in the sintering process, to obtain HA ceramic with smaller geains, is helpiul 10
cnhancing material’s strength,

2. The signtficant diftferences between the grain beundaries of human enamel and synthetie
HA ccramic show that it 1s important to improve the grain boundaries of synthene HA
ceramic, o increase the bonding suength of the boundances.

3. The shape and arrangement of the grains also influence the matenial strength. How 1o
control the grain shape and arrangement in the sintering process needs further rescarch

CONCLUSIONS

We obtatned sub-micrometer HA ceramics by hot-pressure sintering. Those sintered under
higher hot pressure tor shorter sintering times had higher fracture strengah, Human eonamel has
higher strength because of 1its unique microstructure.
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CRYSTALLINE STRUCTURE AND MOISTURE EFFECTS ON
DEFORMATION MECHANISMS OF GELATIN FILMS UNDER
MODE 1 STRESS FIELD
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Materials Science and Engineering Division, Eastman Kodak Company,
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ABSTRACT

Crazing and shear-deformation phenomena are found in thin
getatin films.  The gelatin crystallinity and relative humidity affect
these deformation mechanisms significantly. A deformation map of
gelatin films at low strain rate is established.

INTRODUCTION

The mechanical fatlure behaviors of polymeric materials are
governed to a large extent by their deformation modes before final
fracture.  These deformation modes are brittle failure which is
determined by material surface energy, semibrittle failure which 1s
characterized by crazing phenomena, and ductile failure which is
associated with a shear yielding mechanism. Brittle to ductile
transitions and crazing to shear deformation transitions have been
observed in many polymers {1-31. These transitions actually
determine polymer failure behavior in terms of fracture toughness,
impact strength, and even fatigue characteristics.

The microscopic molecular textures such as entanglement
density (aging history), crosslinking density, crystallinity, and tne
morphology of secondary phases determine when such transitions
occur. Furthermore, it is well known that all the plastic deformations
such as crazing and shearing are thermal activation processes [4]. So
temperature has a large impact on brittle to ductile and crazing to
shear deformation transitions. In general, for a given applied stress
ficld, a given strain rate, and a given temperature, the material’s
response to that stress field depends on the microstructure of the
material.  Once such a structure-properties relation is established. it
opens many possibilities to tailor material structures to meet specific
product requirements for practical use.

Gelatin is a biopolymer and serves as a primary photographic
binder.  Its mechanical properties are essential to the end use of
photographic films. Since water is a good solvent to gelatin, moisture
has a severe plasticizing effect which lowers gelatin's glass transition
temperature Ty and mclting temperature Tq significantly  {5].
Therefore, the moisture effect to some extent can be considered as a
temperature effect for gelatin. It is well known that the Young's
modulus, break stress, yield stress and viscoclastic properties of
gelatin are strong functions of relative humidity. However, little is
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known about the nature of deformation phenomena of gelatin. Our
objective is to investigate how gelatin fails under stress and what
materials (crystallinity, morphology, aging history} and
environmental (relative humidity, temperature. strain rate)
parameters control that failure process. Ultimatelv we should relate
the results to the failure behavior of gelatin films.

In this study, we investigate thc brittle to ductile and crazing
to shear deformation transitions by examining the plastic
deformation zones in front of a Mode 1 crack in gelatin coatings.

EXPERIMENTS

Since gelatin is a fragile material, pure Kodak type IV gelatin
coatings (coated on a polymer support) were deformed with polymer
support at different relative humidities in order to minimize further
deformation during handling. The specimen geometry is shown in
Fig.1. The bare polymer supports were deformed at various
humidities too and they showed no apparent plastic deformation. So
whatever was observed in gelatin coatings on the support is
attributed to the deformation of gelatin. These specimens of various
degrees of crystallinity with Mode 1 precracks (cut with a razor
blade) were deformed with an Instron tester at cross-head speed of
0.5 mm/min to a maximum load of 15 Ib. Also some of the coatings
were peeled away from the support and tensile tests were
performed on these free-standing films. The plastic deformations in
all these samples were observed using optical microscopy. In
addition, x-ray diffraction patterns were collected for some of the
deformed tensile samples.

- W38 cme——— g

20cm —

16em

Fig. 1 The geometry of Mode I specimens.

The glass transition temperature, melting temperature, and
degree of crystallinity of gelatin films were measured using a
Perkin-Elmer DSC 7 with temperature rate of 10°9C/min. These
gelatin coatings have crystallinities AH of 0.0, 0.6, 1.9, and 3.2
cal/gram respectively. Fig. 2 shows a typical DSC scan of a gelatin
film with an apparent glass transition and a melting peak. The scan
also shows a aging peak, but the variation of aging peaks among the
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samples 1s not signiticant; for simplicity these coatings can be
considered as having similar relaxation enthalpy or aging history.
Fig. 3 shows Tpand Tp as function of relative humidity for the
samples that were examined. Noticeably, the glass transition
temperature Ty ar 80% RH is very close to room temperature.

Hoal Fow mW,

e ne o an 1n s

Tempesature § C)

Fig. 2 A typical DSC scan of a gelatin film at 50% RH.
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Fig. 3 Ty and Ty as function of relative humidity.
RESULTS

Figs. 4 & 5 show the typical crazing and shecar deformation in
gelatin, respectively.  As seen in Fig. 6, x-ray diffraction (100) peak
of the gelatin triple heliv girvcters jndiccear dacreasing  gelatin
crystallinity due to deformation. Three deformation transitions,
brittle (no deformation) to crazing, crazing to shear deformation,
shear deformation to crazing again, were observed as relative
humidity increased. The transition relative humidities at which such
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transitions occur are strongly dependent on  the degree  of
crystatlinity of a film at humidities below 65% RH.  There is a certain
margin around a transition relative humidity within  which both
crazing and shear deformation coexist. Therefore the final
judgement of transition relative humidity is based on the dominant
deformation feature at the close vicinity of a crack tip. Fig. 7
summarizes these results (at Instron crosshead speed of 0.5
mm/min) into a deformation map where the deformation mode can
be determined at given crystallintty and telative humidity.

{a) (b)

Fig.4 Typical cruzing phenomena of gelatin: (a) in front of a Mode 1
crack; (b) in a deformed tensile sample.

(a) (b)

Fig. 5 Typical shearing phenomena of gelatin: (a) in front of a Mode |
crack; (b) in a deformed tensile sample.

DISCUSSIONS

The features of two typical plastic deformations observed in
broken tensile samples shown in Figs. 4 & 5 agree well with the
general descriptions of crazing and shearing in literature [1,6]. The
crazes (Fig. 4) lay perpendicular to the direction of tensile stress, and
the shear bands (Fig. 5) approximately develop along the direction of
maximum shear stress which is 459 off the direction of teasile stress.
The crazing zone in front of a Mode I crack (Fig. 4) in gelatin strongly
resembles the craze distribution around a Mode I crack in
polystyrene |7} The shear deformation zone in front of a Mode 1
crack (Fig. 5) can be described using a Mode | plane stress slip line
field [8] (see Fig.8) which is gencrated based on a perfect plastic
material model obeying the Von Mises or Tresca shearing criterion.
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The moisture effect on these deformation transitions can be
understood as the temperature effect. Both shear yielding stress and
crazing stress are functions of temperature; which siress is lower at
a given temperature or relative humidity decides the mode of
deformation.

intens.ty (CPS.

16 ut‘i !'!‘B Ve ' ."-l[i} 60
26 {Degrees)

Fig. 6 Wide-angle x-ray diffraction of (100) peak of triple helix

structure in gelatin, The sample was deformed at 80% RH.
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Fig. 7 The deformation map of gelatin at 700F, displacement rate of
0.5 mm/min.

Fig. 8 The slip-line field in front of a plane stress Mode 1 crack.
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The x-ray diffraction data provide the evidence that the
crystalline structure of a gelatin film is disturbed after deformation.
The explanation of this decreasing (100) peak needs further study.
However, it implies that both crystalline domains and amorphous
regions of a gelatin film are involved in a deformation process.
Therefore, the shear yielding stress and crazing stress should depend
on the crystallinity of gelatin. Experimeatal results (see Fig. 7) do
show that gelatin crystallinity strongly affects the deformaton
mechanisms at relative humidities below 65% RH. Further
experiments and detailed analysis of each (transition will be
published elsewhere.

CONCLUSIONS

There are three deformation transitions in gelatin films, they
are brittle (no deformation) to crazing, crazing to shear deformation,
shear deformation to crazing. The transitions are achieved as
relative humidity increases. The crystallinity of gelatin strongly
affects the transition relative humidities at which such transitions
occur,
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ABSTRACT

Thin films of organic molecules, such as Langmuir monolayers and freely suspended
smectic films, can exhibit a spontancous breaking of chiral symmetry. This chiral sym
metry breaking can occur through at least three possible mechanisms: (13 the relation
between tilt order and bond-onentational order in a tilted hexatic phase. (2) a special
packing of non-chiral molecules on a two-dimensional surface, and (3) phase separation
of a racemic mixture, Because the chiral order parameter is coupled to vaniations i the
direction of molecular tilt, chiral symmetry breaking leads to the formation of patterus i
the tilt direction with one-dunensioual or two-dimensional order. Using a Landau theory,
we mmvestigate these patterns and predict the critical behavior uear the chiral symmetry
breaking transition.

INTRODUCTION

There is a very general connection between molecular chirality and pattern formation
in hiquid-crystalline systems. On a molecular scale. the fundamental basis of this connee-
tion 1s that chiral molecules do not pack paraliel to their nearest neighbors. Rather, there
is some finite displacement angle between each molecule and its nearest neighbors. On a
more macroscopic scale, molecular chirality leads to a continuum free energy that favors
a finite twist in the director field [1]. In a bulk three-dimensional (3D) system. this fimte
twist leads to a cholesteric phase, with a helical pattern in the molecular director. and
a smectic-C* phase. in which the director rotates from each layer to the next. In thin
filins, the molecules are frustrated, because it is impossible to accomumodate a uniforiy
twist in a 2D system. As a result, in thin films. chiral molecules form a striped pattern
of paralle] defect walls separating regions with the favored twist [2]. Furthermore, in the
specific case of tilted hexatic films, chiral molecules form star defects with spiral arms [3].
The spiral form of the defect arms is a direct result of the chirality of the molecules.

In recent experiments on Langinuir monolayers [4-5] and freely suspended smectie
films {6]. striped patterns and spiral star defects have been found in 2D systems of non-
chiral molecules. Because of the observation of spiral star defects, these systems have
been identified as chiral phases of non-chiral molecules. The chiral symmetry of the
mclecules is spontaneously broken in the macroscopic phase. These experimental results
lead to two general questions: (1) What is the mechanism for breaking chiral symmetry?
{21 How 15 chiral symmetry breaking related to pattern formation in these 2D systems”

[n this paper. we address both of those questions. We first discuss the mechanism
for chiral symmetry breaking. and propose three specific mechanisms. We then use a
Landau theory to investigate the connection between chiral symmetry breaking { through
any mechanism) and pattern formation, We find a general phase diagram that exhibits a
uniform non-chiral phase. a stniped pattern, a square lattice, and a uniform chiral phase
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I F L

Fig. 1. The tilt and bond directions in the hexatic-I, F, and L phases of Langmuir
monolayers of non-chiral molecules. Note that the hexatic-L phase is chiral while the I
and F phases are non-chiral.

We also discuss the cntical behavior at the transition from the uniform non-chiral phase
to the striped phase. This paper reviews work from Refs. [7-8], and further details can
be found in those references.

MECHANISMS FOR CHIRAL SYMMETRY BREAKING

There are several possible mechanisms for breaking chiral symmetry in a Langmuir
monolayer. First, Langmuir monolayers are believed to exhibit tilted hexatic phases in a
large region of the phase diagram [4-5}. In a tilted hexatic phase, chiral symmetry can be
broken by the relation between tilt order and bond-orientational order. As indicated in
Fig. 1. there are three different tilted hexatic phases, in which the tilt direction is locked
in different ways with respect to the boad directions. The tilt direction (projected into
the layer plane) can be locked along one of the six local intermolecular bonds (hexatic-1),
halfway between two intermolecular bonds (hexatic-F), or at an intermediate direction,
between 0° and 30° from a local bond (hexatic-L). All three of these phases have been
identified in x-ray scattering experiments on lyotropic lamellar systems [9]. Note that the
hexatic-{ and F phases have a reflection symmetry, but the hexatic-L phase does not,
and hence it is a chiral phase. The chiral order parameter is ¥(r) = sin[6(é(r) — 8(r))].
where ¢ is the azimuthal angle of the tilt and 8 is the orientation of the bonds relative
to the z-axis.

A second possible mechanism for chiral symmetry breaking in a Langmuir monolayer
is the packing of non-chiral molecules on a 2D surface. This mechanism depends on the
symmetry of the molecules themselves. If the molecules have the symmetry of a cylinder
with a single side group (like an ordinary pen with a clip), then they can pack on the
surface in two inequivalent ways that are mirror images of each other, with the side groups
extending to the right or to the left of the molecules. The chiral order parameter is then
the difference in the densities of the two packings. By contrast, if the molecules have
perfect cylindrical symmetry, then this mechanism for chiral symmetry breaking is not
possible. Note that this mechanism does not depend on the presence of hexatic order in
the monolayer.

Finally, a third possible mechanism for chiral symmetry breaking in a Langmuir
monolayer is phase separation of a racemic mixture. If the monolayer is composed of a
racemic mixture of two opposite enantiomers, the mixture can separate to form chiral
domains. In this case, the chiral order parameter is simply the difference in densities of
the two enantiomers. This mechanism does not occur in the experiments of Refs. {4-5],
because the molecules used in those experiments are non-chiral, but it could occur in
other systems.

In a freely suspended smectic film, chiral symmetry can be broken by the second
and third mechanisms described above—either packing of molecules in the film or phase
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separation of a racemic mixture. However, chiral symmetry breaking through the relation
between tilt order and bond-orientational order is more subtle. This mechanism depends
ot the thickness of the Hlin relative to the director correlation length. In a thin Shm,
the 3D molecular director it s uniform across the thickness of film. If the top and
bottom surfacex are equivalent, as ix normally the case, then ais equivalent to -a. For
that reason. all three of the tilted hexatic phases have an inversion symmetry. and hence
sin'G{o — 4 is not a chiral order parameter for o thin smectic flm. By contrast, in a thick
tilm. N is not uniform across the thickness of the film. As a result, the top and bottom
lavers are individually equivalent to Langmuir monolayers. and hence the hexatic- L phase
does break chiral svmmerry.

PATTERN FORMATION

To investigate the connection between chiral symmetry breaking and pattern forma-
tion, we have developed a Landau theory in terms of a general chiral order parameter
w(r) and the 2D nlt director field ¢(r) = tecoso{r),smotr)). Here, € is the (normalized?
projection of the 3D molecular director i1 into the ry plane. The general free energy ean
be written as

F = /d"r %K{Vl,')z + %la,"‘ + ;ur,-" + %1\'”"\6)4" + %1\'1(\_ x €3 - Az TUxé

In this expression, the first three terms are the Ginzburg-Landau expansion in powers of
. with the coefficient # passing through (0 as a function of temperature. The next two
terms are the Frank free energy for variations in €. For simplicity. we make the single-
Frank-constant approximation Ny = N3 = K. The final term is the coupling between
chiral symmetry breaking and variations in the director field. It corresponds to the ¥V x ¢
term that has been considered in earlier theories of striped phases of chiral moleenles
(3-12]. but here chiral symmetry is broken by the order parameter v:(r). which can itself
vary across the monolayer.

Throngh a combination of analytic calenlations and numerical nunimization of the
free energy. we have derived rhe mean-field phase diagram of Fig. 2. Tt 15 shown schemat-
ically in terms of the temperature t and the coupling A for fixed K. s, and u. At high
temperature, the system is in the nuiform non-chiral phase. From this uniform non-chiral
phase. there is a second-order transition into the striped phase. The natuie of the stoped
pattern changes continuously as the temperature decreases, as shown tn Fig. 3. Just be-
low the transition. the system is in the sinusoidal-stripe regime. in which both ¢ and o
vary sinusoidally as funections of position. In this regime. the wavelength of the striped
pattern decreases as the temperature decreases, At lower temperature, the system crosses
over into the soliton-stripe regime. which consists of domains of constant ¢ and linear
viriarion of o, separated by <olitons (sharp domain walls) in which 1 changes sign. In
this regime. the width of the stripes inrererases as the temperature decreases. When the
~tripe width diverges. there s a transition to the uniform chiral phase.

For small coupling . there is a smooth evolntion from the sitmsoidal-stripe regime
to the soliton-stripe regime. For larger values of A, these two regimes are separated by
a two-dunensionally ordered phase, iHlustrated in Fig. 4. This phase consists of a square
luttice of cells with alternating positive and negative chirality, separated by sharp walls
actons which o changes sign. Beeanse of this lattice of alternating, chirality, there is a tilt
vortex at the center of each cell and an antivortex at each corner where four cells meet.

Moast of aur quantitative results for this model have been discussed in detail in
Ref. 18] However, it is useful to emphasize the crtical behavior near the transition from
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Fig. 2. Schematic view of the mean-field phase diagram. Here, ¢t is temperature and A is
the coupling between the chiral order parameter and the curl of the tilt director field.

the uniform non-chiral phase to the striped phase. To understand the mean-field critical
behavior of ¥ and &, we make the variational ansatz ¥(r) = g cosqz, ¢(r) = d¢singr.
By minimizing the free energy aver the amplitudes {5 and ¢y and the wavevector g, we
find a second-order transition from the uniform non-chiral phase to the striped phase
at the critical temperature . = A2/K. Just below the transition, the amplitudes and
wavevector scale as thg x (t, — t), ¢o x q x (t. —t)"/?. The critical exponent § = 1
for the amplitude ¥y is surprising because it is not equal to the mean-field Ising critical
exponent § = 1/2.

If we apply a magnetic or electric field that couples to the tilt director &, the nature
of this phase transition changes significantly. A field & in the z-direction leads to an ad-
ditional term of —hcos @ = —h+ 1h¢? in the free energy. As a result, the transition from
the uniform non-chiral phase to the striped phase is depressed to the critical temperature
te = (A = (hx)Y/?)2 /K. Furthermore, the striped pattern sets in at the finite wavevector
g = (htc/Kx)"/* rather than at ¢ = 0. In this case, the amplitudes ¥ and ¢ of the
sinusoidal modulation both scale as 1 x ¢p x (f. — t)!/2, just as in mean-field theory
for the Ising model. Thus, a finite field suppresses the anomalous critical exponent {or
19 found in the zero-field case.

In Ref. [8], we go beyond mean-field theory in the zero-field case by considering how
thermal fluctuations in the director field affect the transition from the uniform non-chiral
phase to the striped phase. We find that these fluctuations lead to a finite-wavevector
instability in the chiral order parameter. Because of this instability, we expect the transi-
tion to be driven weakly first-order. In the presence of a finite field A, thermal fluctuations
in the director field are suppressed, and hence they should not have a significant effect
on the transition from the uniform non-chiral phase to the striped phase.
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ABSTRACT

a-Hemolysin (aHL) is secreted by the bacterium Staphylococcus aureus as g water-
soluble polypeptide of 293 amino acid residues. When presented with lipid bilayers or the
detergent deoxycholate (DOC). aHL assembles into hexameric cylindrical pores that each
conrain one channel ~1 10 < NM in internal diomete:. A lung-1term goai of 1his iaboratory is iv
use wild-type or re-engingered aHL pores as components of nanoscale materials: for
exampile, to confer novel pemeability properties upon thin films. The implementation of this
concept would be facilitated by a better understanding of the mechanism by which the
pore assembles. Reviewed here are findings that have given us insight into the assembly
mechanism, including the results of recent mutagenesis experiments. A crtical summary is
given of knowledge about the conformation of the monomaer in solution, the hexameric pore
and two proposed intermediates in assembly (a membrane-bound monomer and an
oligomeric pore precursor). Future directions are outlined including the prospects of
obtaining three-dimensional structural data on the aHL pore or its precursors, methods for
obtoining better monolayer sheets and new experiments on the topography of the pore and
its precursoss. The role of membrane receptors in focilitating the assembly of all is also
discussed. Finally. it is demonstrated that despite our rather rudimentory knowiedge of the
assembly process, the information gained so far still allows the design of mutant aHL
polypeptides with useful properties. For example. aHL mutants whose pore-forming ability is
activated by proteases have been made.

STAPHYLOCOCCAL a-HEMOLYSIN AS A CANDIDATE FOR PROTEIN ENGINEERING

A long-term goal of this laboratory is 1o utilize a-hemolysin (eHL as a building block in
molecular devices (1.2). aHL is o hydrophilic 293 amine acid polypeptide (3-5). folded largety
into B-sheet secondary structure (6). which is secreted by Staphylococcus aureus. The
molecule binds to and forms pores in red blood cells (RBCs) (7). phospholipid vesicies (8.9}
and planar bilayers (10). The diameter of the aHL pore is between 1.1 and 2.5 nm, as
estimated from measurements of the single channel conductance (10) and of the
pemmeabiiity of the channe! to nonelectrolytes (11). aHL pores are open in the absence of an
applied electric field. but close when a transmembrane voltage of sufficiont magnitude is
applied (10).

aHL is particularly well suited for use as @ component in nanoscale biomoleculor
devices (1.2). It is a robust polypeptide, with a sequence that is short enough to be
conveniently manipulated with recombinant DNA technology. The pore can assemble
without the participation of cellutar organeiles or enzymes. For example, the addition of
deoxycholate. a mild detergent. initiates oligomerization (12). Further, unlike many biclogical
channels (e.g. the acetyicholine receptor), the pore is formed by the assembly of identical
subunits. In addition, @ higher level of self assembly occurs: aggregates of the pores can
form extended crystalline two-dimensional (2D) arays (13.14).

Theretfore, while aHL is certainly not the only pore-forming polypeptide that might be
used in biotechnology. it is an attractive starting point.

POTENTIAL UTIUTY OF PROTEINACEOUS NANOSCALE PORES

Nanoscale structures, ranging from optical and electronic devices (15,16) to tiny
machines (17), are curently made from inorganic materials. Organic matenals might also be
used for such purposes (18). For example, molecules containing rings of atoms that slide
along molecular wires have been synthesized (19). In addition to chemical synthesis. a
plausible source of organic components is living cells, which have been producing
nanoscale structures based on polypeptides and other macromolecules for billicns of
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years. iIndeed., many biologicol molecules perform functions that parcilet those of
manufactured structures, including signatl transduction (20,21), energy transduction (22), and
force genergtion (23). The point of using polypeptides in molecular devices might be
questioned since nanofabrication of inorganic materials is now being extended to the
aofomic ievel (15). But polypeptides, betore or after rational chemical modification, are
sophisticated molecules, which, in addition to their ability to self-assemble, can recognize
other molecules. Ligands can be modified or transiocated. or a function of the receptor can
be activated by o ligand-induced conformational or organizational change. These
properties of polypeptides emerge in the size range of a few nanometers and above.

Perhaps the most competling proposed application (1.2} for aHL is in monolayer (or
perhaps muttilayer) lattices of pores bonded to support matrices for use in membraone
separation systems, sensor technoiogy and electronic devices. In sensor technology. @
coating with an aHL lattice might be used to select species of predetermined size and
~haroa far arceee tn ~ arfoc2 sych @ an electrode Pores gated by vottage. light or
pressure might be incorporated into microelectronic devices (Fig. 1).

Fig. 1: Specuiative depiction of a photogoted monclayer of aHL pores. A photoisomerzable
group. such as azobisbenzenre, is linked to a cysteine residue that has Laun introduced into
aoHL at a single site by site-directed mutagenesis. On ilumination the group. which tlocks the
pore in the dark, isomerizes and changes shape permitting ions to flow. The gole closes
when illuminated with light of a different wavelength. Adapted from ref. (2.

Regular arrays of aHL might also be used as templates for metallic nanostructures
(24; ¢r n¢ substrates to orient other proteins (25), which could be attached by cysteine
residues introduced ot selected sites by genetic engineering. Eventually it will be possible to
alter side-chains that project into the channei. The secure identification of residues that
control ion transport will altow the production of pores with a range of properties (e.g.
different ion selectivities. pore diameters, and gating activities). More speculative is the
possibilty of endowing pores in lipid bilayers or in lattices with catalytic properties, an idea
that has proved successful with antibodies (26). it might even be possible to achieve active
transport of setected molecules through modified aHL pores.

The implementation of these ideas would be facilitated by an understanding of the
mechanism by which the aHL pore assembles. Experimental findings that bear on this are
reviewed here. Information about the assembly of oligomeric membrane proteins also has
implications in basic science: tor understonding the biosynthesis of integral membrane
proteins. the physiclogical effects of cytolytic toxins and immune proteins, and how
receptors aggregate with each other or with regulotory proteins.

ASSEMBLY OF aHL- WHAT WE KNOW NOW

Recombingnt aHL: Progress both in fundamental studies of aHL, such as those on ossembly
described below, and on potential applications of aHL in materials synthesis requires
genetically engineered variants of the wild-type structure. Using recombinani DNA
technology. we have overexpressed the aHL gene in Escherichia coli (27). Approximatety
80% of the celiular protein is recombinant gHL. Recombinant and wild type aHL are virtuglly
identical, as judged by several criteria based on protein chemistry, biological assays and
electrical recordings (27). For example, they have the same apparent molecuiar weight. N-
terminal sequence and peptide maps, they form hexameric structures either in DOC or when




245

bound to RBCs, and they are equally effective at lysing RBCs. Pores formed by recombinant
and wild type aHL also exhibit very similar electrical properties when reconstituted into
planar bilayer membranes, They have virtually the same conductances. and the pH-
dependencies of the kinetics of pore formation, the conductance values. the gating kinetics
and the lon selectivities are indistinguishable.

The ablity 10 synthesize aHL and mutants thereof by in vitro transcription and
tansiation (IVIT) from plasmid DNA has greatly focilitated our studies (27-29). This procedure
can produce useful concentrations of aHL of up to 50 pg/ mL (aHL is hemolytic at ~30 ng/
mL). The polypeptide can be labeled. when necessary (o.g. for RBC binding), with 395 of
high specific radicactivity. Alterations in the central loop have been made by using an
additional technique based on IVIT: complementation mutcgenesis, in which oHL is
expressed as two complementary chains from two plasmids (29). By this means aHL
polypeptides have been made with nicks, overlaps and gaps in the loop (Fig. 2). This
opprodach is suparnor 1o conventional deletion mutagenesis, which can result in malfoiding of
the mutont polypeptide (Fig. 2. far right.

0 00 60 oo o

wild-type nick overiap deletion

Fig. 2: Complementation mutants of aHL. See refs. (29,30} for details.

j { nesi i i : Previous
studies had suggesfed a model for the assembly of aHL in which @ glycine-rich Ioop exists at
the surface of the monomer, constituting a hinge about which the polypeptide opens up to
form an amphipathic rod (6). The rod inserts into the lipld biloyer where, because of its
exposed hydrophilic tace, it aggregates into an oligomer, the hexameric nature of which
has been confirmed by chemical crosslinking (6). To identify the regions of the molecule that
are critical for assembly. @ series of aHL truncation mutants was recently produced by IVIT
in £, coli extracts (28). Three classes of mutants have been defined: those that bind 1o RBC
membranes as monomers and fail to oligomerize or do so only slowly, those that bind and
oligomerize but do not lyse the cells, and those that assemble into lytic pores. The eartier
findings combined with the results from mutagenesis suggest the following revised minimal
mechanism for assembly of the aHL pore. in which the centrot region is now regarcea as a
loop rather than o hinge (i.e. it has no active role in oligometization) and in which
oligomerization occurs before a final conformational change in which the transmembrane
channel is formed (Fig. 3).

Let us examine critically the evidence for structures 1 through 4. The proposed
struciures of 1 and 4 will be discussed first followed by a summary of the evidence for
assembly intermedioates 2 and 3.

Monomerg gHL in solution (structure 1): aHL as secreted by S. aureus or after expression in E.

coli ((27); unpublished) is a water-soluble monomer as cscertained Ly ge! fitration and
sedimentation analysis {11,12}. The monomer consists largely of B structure os determired
from its circular dichroism (CD) (6.31). Monomeric aHL in solution contains ;  .tease-sensitive
sites neor the midpoint of the polypeptide chain that lie in a glycine-rich sequ.nce {4.6). The
two haives of the polypeptide chain formed by proteolysis in this central foop, or by
complementation mutagenesis. are reiatively resistant to further cleavage (6,30), suggesting
that they are intimately associoted os implied in fig. 3. By contrast, individually syntheszed N-
or C-terminal domains of the polypeptide are highly susceptible to proteotysis (30).
Therefore, these halves are either maifoided or protease sites occluded in the two chain
complexes are exposed. Whatever the case, separately synthesized halves can be
combined to form pore-forming oHL molecules with nicks in the central ioop (29).




-@—'4w-§1 3

2 3 4

Fig. 3: Working model for assembly of the aHL pore. At this point, the model is intended to
provide o succinct summaty of experimental findings and not to be taken too literally. The
monomer in solution (1) comprises two domains linked by o glycine-rich loop. The N-terminal
N) and C-termsnal (C) domains are marked. aHL binds to the cell surfface as @ monomer in
which the loop is occluded (2). A nonlytic oligomer consisting of up to six subunits is then
formed (3). The subunits then further penetrate the membrane to form the lytic pore (4). The
interconversion of 3 and 4 may be reversible and comespond to certain gating transitions of
the pore seen in planar bilayers (see the text). Adaopted from ref. (28).

The gHL pore (structure 4): On contact with membranes or the detergent DOC, aHL forms
sodium dodecyl sulfate (SDS)-resistant oligomeric structures that are most probably
hexamers. Evidence for the stoichiometry of the oligomers was originally obtained by
electron microscopy (EM). which detected 5 1o 7 subunits per oligomer (32). More recent
appiication of @ rotationat averaging technique to views of single particles in membranes
yielded a structure with six symmetrically arranged peacks (33). By contrast, image
reconstruction from 2D tetragonal crystaliine arrays of aHL cligomers suggests that each
oligomer in an arnrgy contains four subunits. each with two domains (perhaps the N and C
termini) (14,34). Additional evidence, inciuding results from freeze-fracture EM. suggests that
this form of aHL IS attached to the outer leafiet of the lipid bilayer and therefore may
represent a pore precursor such as 3, but, surprisingly, tetrameric. This view is supported by
the finding that oligomers formed by noniytic trypsin-treated aHL have a similar projection
structure (34). Experiments based on gel electrophoresis and sedimentation analysis
indicated that the oligomer formed on RBCs or in detergent was likely 10 e 3 hexamer
(11.12}. These hydrodynamic methods are subject to systematic errors and therefore the
nature of the oligomer was loter re-evaluated by chemical crosslinking. which produces a
ladder of crossinked forms. the steps of which are easily counted. By this method the aHL
oligomer in DCC was found to be u hexamer (6). Aithough aHL in DOC is identical to wild-type
oligomers extracted from RBCs (12). it is not certain whether the pore (4) or its precursor (3)
was examined (see below). Further, in retrospect, the evidence from crosslinking does not
unequivocally demonstrate that the aHL ofigomer is not a heptamer, which would have
migrated with only a slightly reduced mobility compared to a hexamer. This rumingtion has
emerged because of a surprising new finding: the oligomeric form of the functionally-reiated
aerolysin, which has an unrelated primary sequence. is indeed a heptamer (35).

Another striking feature of the oligomeric form of aHL is that its circular dichroism (in
detergent) is very similar to that of the monomer in solution (6.31). aithough subtie differences
in the spectra are seen, indicative of a conformationgl change that involves little
reorganization of the polypeptide backbone. Of course, CD cannot reveal where these
changes are located. The calculated secondary structure contents of the monomer and
oligomer hardly differ. Both are largely § sheet and the a-helical content is unlikely to exceed
~10% (6.31). Therefore. it is quite likely that the channel is formed by B structure as is the case
for the porins (36} and perhaps for both voltage-gated (37) and igand-gated (38) eukaryatic
ion channels. Nevertheless, the existence of a single a helix capable of spanning the lipid
bilayer is not inconsistent with the CD measurements, atthough o helical hairpin as suggested
for colicing E1 and A {39} is less likely. These considergtions are important because six o
helices (one per aHL chain) are capabile of forming the walls of a channel ~1 nm (10,40} but
not 2 nm (6,11) in dlometer. The palypeptide sequence Is rather hydrophilic (3) and there are
no extended hydrophobic sequences that might penetrate the lipid Dilayer. Nevertheless, a
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condidate amphipathic a helix has been identified by computer anaiysis (40) Interestingly. it
contains g central proline, a common fegture of helices in ion ¢channels, and it is
immediately C-terminal of the central glycine-dch loop. However, thera is No expenmental
evidence that this region of aHL is ether helical or that it spans the lipid bilayer

By contrast with 1, the glycine-rich central loop is not available 10 proteases in 4 (28}
As yet, it cannot be ascertained whether this meagns that the aHL polypeptde has
undergone a conformational change or whether the loop is involved in subunit-subunit
interactions. buried in the lipid bilayer or perhaps bound to a receptor. The involvement of
the toop in subunit-subunit or aHL-receptor interactions that are pecessary for
oligomerization appears fo be ruied out by the finding that complementation mutants of aHL
missing large parts of the loop cre able to assemble info hexamers (29). Many of these
mutants are unable 1o form functional pores suggesting that the 3 -> 4 transition is blocked. or
that 4 is formed but alteration of the loop resutts in o defective channet (29)

Remarkably. below 65°C, aML cligomers are resistant to the detergent SDS, which is
genorolly dencturing at room temperature Furthermore, oligomers of aHl made from
complementation mutants that have breaks in the central 1oop (Fig. 3) are ako staule to SDS.
whather or not the mutc.nts are lytic. Because the two chains that constitute these mutants do
dissociate when the non-oligomerized polypeptides are treated with SDS, the interaction
between the N- and C-terminal domains of the protein must be strengthened by
oligomerization as early as the formation of 3. Unless the interaction between the two halves
is strengthened by a change of environment (e.g. immersion in the bilayer as suggested in
Fig. 3). this ruies out models in which only one hailf of the polypeptide chain is involved in
oligomerization, because. in this case. the other half would be free to dissociate upon the
addition of SDS.

While aHL mutcnts with drastically altered loop regions will oligomerize, only those
nicked at the center but not the edges of the loop lyse RBCs efficiently (Fig. 4). it will be
interesting to look at the properties of single channels formed by the active nicked
molecules n planar bilayers to see if the lesions lie close 10 the conductive pathway
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Fig. 4. Schematic ¢f the glycine-rich loop region of aHL. Giycine residues are underiined
Gaps in the sequence mark nicks in the polypeptide chain generated by complementation
mutagenesis The following phenotypes were observed. 0. oligumerization but no lysis: °.
oligomerization and lysis. From ref. (29).

Membrane-bound monomer (stryctyre 23 Of the proposed structures in Fig 3. the evidence
for o membrane-bound monomeric intermediate in assembly is the weakest. However,
unless oligomerization cccurs in solution, and there is no evidence that this happens at a
relevant rate, monomer adsorbed at the membrane surface must be at least a transient
intermediate. In favor of this, C-terminal truncation (AC) mutants missing 3 or 5 amino acids
have greatly reduced hemolytic activity and appear to be retarded as monomers ot the
celt surface (28). The AC mutants do lyse RBCs at a rate 100 times slower than wild-type aHL
when applied at a 100 times higher concentration, which we interpret as the very siow
formation of a hexomeric pore. Further, the central lcop in the membrane-tound mutant
monomers is protected from proteclytic cleavage. just as it is in the assembled wild-type
pore, while the 1oop in the monomer in solution is exposed. One interpretation ¢f this is ©
conformational change as depicted in Fig. 3. although other possibilities cannot be
eliminated as summarzed in the discussion of 4 in the case ¢ the AC mutants. an additional
possibility is that tha polypeptides do oligomerze on the membrane but that the oligomers
are lobile in SDS because of a weakened subunit-subunit interaction. This seems unlikely
because o small fraction of SDS-stable oligomers can be observed that are thought to
account for the slow lysis. Becouse the AC mutants are largely monomeric when
membrane-bound, it is likely that the C terminus is involved in the contacts made during
assembly. It is not claimed that the deleted residues themselves are at the contact site
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because a small truncation might cause malfolding of on extended domain of the
polypeptide

Nonlytic, gligomeric pore precyrsor (structyre 3. Nonlytic oligomenc structures. stable in
SDS. are a common phenotype among abt mutants They are seen when N-terminal
truncotions are made (28). when overaps. nicks and gaps are made :n the central ioop (29}
with various point mutants (e g. H35N: unpublished) ond with certain chemically modified
single-cysteine mutants (unpublished). As judged by proteolysis. the central loop of N-
terminal truncation (AN) mutants missing 2 to 22 omino acids is occiuded after they have
formed oligomers on RBCs. Uniike the AC mutants. the AN mutants are noniyhic at the highest
concentrations tested (4000 times greater than wild-type)

This phenotype suggests that, while the C terminus is involved in the rhci
aggregation of aHL on the membrane surface (2 -> 3). the N terminus plays a role in the fingl
step in pore assembly (3 -> 4). One possibility, depicted in Fig 3. is that the N terminus tselt
inserts into the tipid bilayer. In support of this. a proteoiytic ste at the N terminys is exposed on
the RBC surface in monomenc AC tru..cation muiants and the oligomerized AN deletion
mutant aHL(A3-293). but occluded in the wild-type hexameric pore (28), Of course this 15
hordly conclusive evidence, for example. the rote of proteolysis ot the N terminus is kely to
be affected by mutations in this region. Further, the result cannot show that a large volume of
the N-terminal domain becomes buried as depicted in the working model (Fig 3)

Of course, there must be other intermediates in assembly Six-way colhsions are
undoubtedly rare events, even when q polypeptide s constramed to move on a surface
However. there is little concrete evidence for intermeadiates containing between 2 and 5
subunits Tetramers have been tentatively detected on SDS gels (6). by single channe!
recording (10) and in 2D crystals (14.34). AN mutants missing 2 or 11 residues form pentamers
more reqadily than hexamers, indicating that the pore stoichiometry may be rather finely
balanced (28). This is reminiscent of the structure of the pore formed by the C9 polypeptide of
complement, which has a broad size distribution and contains up to 20 subunits (41). An
important question is whether the assembly of aHL is ordered or random, e g can the final
step be either ag + al. ag + a2 or a3 + a3 or only one of the possibilities White. no data is
avcilgble pertaining to this, the sequence of the potential intermedictes 2 and 3 in the
assembly pathway has at least been canfimed by using doeminart negative mutations. in
vitro. The weak hemolytic activity of AC deletion mutants is inhibited by subequimolar
“mounts of renivtic AN truncation mutants. suggesting that the AC mutants become trapped
with the AN mutants as nonlytic hetero-oligomers (28).

One further unresolved issue is whether 3 and 4 oare interconvertible If they cre the
interconversion might reflect the gating of the pore that is seen under certain conditions in
planar bitayers. This is an important question because it places in doubt the identity of the
structure seen in detergent, and assumed to be 4. upon which the CD measurements on the
‘pore” were performed It seems likely that the wild-type pore on RBC memtranes. os
examined for exampie by limited proteolysis, is largely the open form as the restin.g potential
of these cells is virtually zero and divalent metal ions are absent, conditions which mitigate
charne! closure (10). Although goting might well involve @ step distinct from 3 <> 4. it is
unlikely to involve the dissociation of hexamers os they are rather stable.

SELF-ASSEMBLY OF aMHt- WHAT WE NEED TO KNOW

Low resolution technigques might yet yield additional information gbout
the structure ot aHL ong #s assembly intermediates. For example. Fourier-transform infrared
spectroscopy could reveal the orientation of B sheets with respect to the lipid bilayer
Naturaily. ¢ three dimensional structure of aHL in monomeric or hexameric form would be
more informative. Of course, it might not tell the whole story. For example. if hexamers cre
seen it might not be clear whether they represent the proposed structure 3 or 4. Such
problems emphaosize the need for complementary biochemical data in interpreting
structures. Dr. Eric Gouaux (U. Chicago) has obtained crystals beginning with aHL mornomer
and our groups are collaborating on structure getermination and interpretation. aHL s too
large for high resolution nuclear magnetic resonance (NMR) in solution, and there is no
evidence that the individually expressed N- or C-terminal domains, which fall into the mass
range approprigte for NMR onalysis, are correctly folded
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How might the formation of 2D sheets ke mproved Besiges thes uhilty for structure
determination {14.34.42). 2D sheets of the aHL pore might! be useful for apphcations in
matenais sciance (1.2) The most readily formed Iathices of uHL are tetragonal and appear to
contain aHl tetramers lying on the surface of ¢ pid tilayer The tetramers are probably
Inactive pore pracursors (s8e above) Hexogonai arrays are hardar 1o obtoin and othough
they are suspected 10 contqin hexamers. thiy has not been conclusively demonstrated by
image anolysis (42). Therefore, Langmuir-Blodgett techniques may De required 1o make hims
from hexameric pores preformed by DOC treatment or isolated from RBC membranes In g
futher improvement the sheets might be covalently crossiinked using chemical reagents
that reucs Cther with the wild-type polypeptide or with sufhydry! groups placed of selected
sites in the polypephde by cysteine mutagenes:s

The RBC receptor what does it do? Whie the ohgomerization of aMl is faciiiated by
receptors on susceptible ceils. such as rabbit RBCs (43.44), apparently identical oigomers
are generated by treatment of monomernc aHL with heat {32}, decxycholate (12) or lipids (31},
or by freatment of resistant Celis with high concentrations of aHL (44) This raises the queston
of whether receptors on susceptible cells play an active role In triggering assembly or
whether they merely serve to concentiate aHL ot the cell surface

Let us fist consider the concentration effect oHL lyses rabbit RBCs when presented
at -} nM or ~30 ng/mL At 1 nM the mean intermolecular separation n solution is ~1 2 ym
Becouse there are at fcast 1500 receptors for ot par RBC (43 .44), ot sqturation the mean
intermolecuiar seporation on the surface of the cell witt be ~0 4 um. assuming a surface areo
of 200 um7 per RRC. Using the expressions of Hardt (45) for estimating the rates of diffusion
controlled reactions in two and three gimensions, it con be shown that attachment to
receptors expressed ot such low density cannot offer a significant kinetic gdventoge even
the diffusion coefficient of the membrane - bound «HL monomer s very high (e g 0.01 times
that in soiution) Therefore, it is likely that additional effects come inta play such gs onentation
at the cell surface. a conformational change induced by the lipid biayer of the stabilzation
of assembly intermediates The biayer itself plays ¢ rate-determining role when ahil
assembles on hposomes in this case. the presence of high mote fractions of cholesterol
grectly enhance both the rate and extent of marker release {46). At present, there 15 no
evidence ¢ suggest that receptors for aHL piay an octive role for example, by inducing a
contormational change

How the detergent DOC stimulaies the formahon of hexamer in solution as
demonstrated by Bhakd! et gl (12} remoins ¢ mystery. No other detergents tested cre
capoble ot causing efficient oligomerization ((12). unpublished). indeed. the etfect maoy be
spe-ific for DOC. Perhaps an impurity in the commercial detergent is responsibie. but this is
improbatte as recrystalized DOC works just as well. Further, oligomerization is optimat ¢f
around the critical micelle concentration, which aiso indicates that DOC is the causal agent
Incidentally. whether bile salt detergents form true miceties is debatable DOC forms smat!
clusters of 10 to 20 molecules: far 100 small @ structure to envelop on oHL hexamer Because
the bile salts are reiated in structure to cholesterol and because cholestercl-containing
bilgyers are more susceptible than others to damage by aht (46). we have examined the
effects of cholesterol on aH. assembly in solution Cholesterol was solubilized in oCiyt
glucoside. a detergent that does not cause oligomernzation, or solubilized by covaient
maodification {polyoxyethonyl-cholesteryl sebacate). In preliminary experiments. g wide
range of concentrations of these materials did not mediate ohgomenzation.

Ihermoedynamics gngd kinetics: There is no reason why an assembly process such as thot
presented by aHL cannot be studied using the thermodynamic and kinetic anglyses that are
apphed to chemical reactions in solution or on surfaces Nevertheless, relatively little work
has been done in this areq. perhaps because the assembly process 1s more complex than i
appears at first glance. With regard to thermodynamic parameters, transition enthalpes
might be obtained by comparing heating curves for moncmeric and hexameric samples ©f
aHL by using differential scanning calorimetry. Even irreversible processes can yield usefui
information (47). Uitimately, 1 might be possible to place restraints on modets for aHL folding
and oligomerzation based on such data (48)

Even though there is only one reqactant. the kinetic analysis of aHL gssembly is
complicated because the reaction is initiateq by binding to a surface: and by the potentially




high overall order of the reachon The lysis of RBCS 18 G complex process nvolving osmohc
lysis preceded and caused by the leakage of ions The efficiency of binding of aHL to RBCs
and RBC lysis decrease above 10 to 20°C  (43.44.49) For this reqason. the kinetics of lysis of
liposomes ¢f the penstration of plangcr ipid bilayers are more readily interpreted, but even
here there is g lengthy lag penod before lysis begins and lysis itself is multiphasic A usefut
start hos been made by Menestring ond his collaborators, who have determined the
dependence of the Iag peried, pore formahon ongd pore conductance on temperature and
aHL concentration by using electric recordings from planar bilayers and marker release
from liposomes (50). From concentration dependences. they conclude that reversdle
formation of smali aggregotes a2 and a3 (the tog phase) s follcwed by the wreversible
tormation of higher tytic oligomess ag. as and ag. From Amhenius plots. which are inear up to
S0°C. they further deduce that the achivation energy for the log phase is comparable 1o that
required for diffusion in the plane of the bilayer. Their datqa is consistent with earlier, less
readily analyzed. findings using RBCs. One hopre is that future kinetic studies will be facuitated
Dy using mutants that are arrested at various stages of assembly.

WHAT ARE WE DOING NOW?

To address some of the questions posed in this review, this laboratory is focusing on
the application of mutagenesis to studies of aHL assembly. For example, a senes of single-
Cysteine mutants is being constructed to obtain informahon about the topography of the
polypeptide with respect to the lipid bilayer and the conformational changes it undergoes
curing assembily. Topolegical questions can be addressed by using chemical modtfication
reagents to ask whether cysteine residues introduced at selected positions in the chamn ccon
be modified. ofter assembly. from one side of the bilgyer or the cther. Biotinylgtion of
selected residues followed by the investigation of topography with EM. uhlizing cvidin
ceonjugated tc colloidal gold. is a useful adjunct to chemical modification To further
characterize the cenformational changes that occur dunng assembly, fluorescence
techniques ore being employed. For example, using separctely synthesized N- and C-
terminal domains. it is possible to label each half of the molecule with different fluorescent
groups and then reconstitute active aHL. The distances between the fluorescent groups can
then be detemined by energy transfer measurements.

WHAT USE IS IT ALL?

Even though there is much more to tearn. the process of accumulating information
about the assembly of aHL has made us familiar with many aspects of what can and cannot
be done with the polypeptide. This has aliowed us to re-engineer the molecule for specific
purposes bosed on predictions made without the help of a three-dimensional structure For
example. the onalysis of complementation mutants indicated that the integrity of the central
loop is relatively unimportant for ofigomerization but crucial for pore formation (29) Based on
this., we have now been able to re-engineer the protease-sensitive wild-type aHll intc o
protease-activated form that contans two non-covalently attached chains (Fig. 5) (30).

<

A0 — (1

inactlive active

protease

Fig 5 Activation of an overlap mutant of oHL by proteolysis. Wild-type aHL waos rendered
insensitive .0 the protease endo C by removing a protease site neaor the N terminus by site-
directed mutagenesis. An ingctive overlap mutant was then generated in vitro by
complementation mutagenesis The pore-forming activity of this mutant can be activated
by endo C. which removes the redundant pephde in the central loop (30).




Based on these (odings we ore now desgning 'Promimuro'ysny | moahed b
molecuies that bind ta malgrant cells Trere they will be actvated by el surtag
pretegses and damage the pigsma membrane Given this success in modityng the
propeties 0f the wia-type polypeptde bl molecules activated by othier means such s
kght (Fig 1Y or metal ions should soon e avadaole. for which we have proected seve's
appications « botecnnoloqy. including matenals science
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ABSTRACT

The origins, syntheses, variable composition and physical properties of bioelastic
materials are discussed. The latter includes their capacily to undergo inverse temperature
transitions to increased order on raising the temperature and to be designable to
interconvert free energies involving the intensive variables of mechanical force,
temperature, pressure, chemical potential, electrochemical potential and 1 ght.

Bioelastic materials include analogues and other chemical variations of the
viscoelastic polypeptide, poly(Val-Pro-Gly-Val-Gly), and cross-linked elastomeric
matrices thereof. This parent material has been shown to be remarkably biocompatible; it
can be minimally modified to vary the rate of hydrolytic breakdown; it can contain
enzymatically reactive sites: and it can have cell attachment sites included which promote
excellent cell adhesion, spreading and growth to confluence.

One spccific application is in the preventinn of postoperative adhesion. There are
some 30,000,000 per year surgical procedures in this country and a large portion of these
would benefit if a suitable material were available for preventing adhesions. Bioelastic
materials have been tested in a contaminated peritoneal model, and promising preliminary
studies have been carried out in the rabbit eye model for strabismus surgery. in the
peritoneal model, 90% of the 29 control animals exhibited significant adhesions; whereas,
oniy 20% of the 29 animals using gas sterilized matrices had significant adhesions. On the
basis of this data, it appears that cross-linked poly(VPGVG) is an effective physical barrier
to adhesion forrnation in a trauma model with resulting hemorrhage and contamination.

The potential use ¢f bicelastic materials as a pericardial substitute following the
more than 400,000 open heart surgeries per year in the U.S. is under development
beginning with the use of bioelastic matrices to prevent adhesions to the lotal artificial
heart being used as a bridge to heart transplantation such that the site will be less
compromised when receiving the donor heart.

BIOELASTIC MATERIALS

Srigins of B i Materi

Bicelastic materials have their origins in repeating sequences of the mammalian
elastic protein, elastin!.2.  The most prominent repeating sequence occurs in bovine
elastin; it can be written (Val'-Pro2-Gly3-val4.GlyS), where n is eleven without a single
substitution. Another repeat first found in porcine elastin is (Vall-Pro2-Gly3-Gly4), but
this repeat has not been found to occur with n greater than 2 without substitution®. High
polymers of both of these repeats, written as poly(VPGVG) and poly(VPGG} or equivalently
as poly(GVGVP) and poly(GGVP), form viscoelastic phases in water and when y-irradiation
cross-linked form elastic matrices4.5.

Mat. Res. Soc. Symp. Proc. Vol. 292. 1993 Materials Research Society
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Compositions of Bioelastic Materiat

A wide range of compositions of bicelastic materials becomes possible when
substitutions are carried out in a way that does not disrupt higher order structure
tormation and elastic function®.7. For the series of primary structures that have been
considered in the prevention of adhesions applications the following general structural
formula may be written for the polypentapeptides as

poly[Su(VPGVG),fx(VPGXQ), f|(IPGVG)) {1]
and for ti.e polytetrapeptides as
poly[fW(VPGG), fx(XPGG)] {2}

where the f; are mole fractions such that in each formula the sum of f, 18 equal o one and
where V = Val, P = Pro, G = Gly, | = lle and X can be any naturally occurring amino acid or a
chemical modification thereof.

The compositions may be further modified to contain enzymatically reactive sites or
cell attachment sites. An example of the former is poly{30(IPGVG)}RGYSLG)] where
(RGYSLG). i.e., Arg-Gly-Tyr-Ser-Leu-Gly, is a specific kinase site wherein a cardiac
cyclic AMP dependent kinase can phosphorylate the Ser residue and the phosphate can be
removed by intestinal alkaline phosphatase®. An example of inclusion of a cell attachment
site 1s poly]40(GVGVP).(GRGDSP)] where (GRGDSP), i.e., Gly-Arg-Gly-Asp-Ser-Pro, is
a cell attachment sequence from fibronectin. Whereas in a standard culture medium cells do
not adhere to the matrix comprised of poly{(GVGVP), they do adhere, spread and grow to
confluence when GRGDSP is within the elastic matrix9.

A further modification could be the introduction of a site for proteolytic cleavage by
enzymes in the milieu of interest or by enzymes doped in the matrix for the purpose of
controlling rate of degradation. The matrices can be used for releasing therapeutic agents
whether being employed in the prevention of adhesions or in other drug delivery contexts.
Also, the chemical synthesis wherein glycolic acid residues, Glc, replaced either of the Gly
residues can provide a means of controlling rate of degradation for removal and/or for
release of drugs10.

Preparation of Bioelastic Matric

Polymers based on the repeating elastin sequences and their amino acid analogues can
be synthesized microbially by using genetic engineering'! and they can be synthesized
chemically by using classical solution and/or solid phase peptide synthesis methods or by
using a combination of microbial and chemical means''-'2. For poly(GVGVP) an estimate of
the cost for large scale chemical synthesis is of the order of $20.00/gram and for large
scale microbial synthesis of less than $1.00/gram.

For many applications elastomeric sheets or matrices are desired. While there are
many chemical and enzymatic means of achieving cross-linking to form elastic matrices, a
particularly convenient method is by y-irradiation. An effective dose is 20 Mrads with the
resulting elastic matrix being designated for example as X2%-poly(GVGVP). One gram of
poly{GVGVP) can result in a matrix 7 cm x 7 ¢cm x 0.4 mm when contracted and 15 cm x 15
¢m x 1 cm when swollen in water. Interestingly, for protein-based polymers of Formula
[1] above, nuclear magnelic resonance (even using nitrogen-15 and carbon-13
enrichment)13.14 and amino acid analyses (in preparation) before and after 20 Mrad
-irradiation cross-linking indicate amino acid destruction to be below detectable levels.

Physical Properties_of Bioelastic Materials

inverse Temperature Transitions: Protein-based polymers of Formulae [1] and {2]
as well as a number of other compositions such as poly(APGVGV) and poly(VPGFGVGAG) are
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soluble in water at low enough temperatures but on raising the temperature they self-
associate with clear examples ot unambiguous increase in order. This increase in order on
increasing the temperature is called an inverse temperature transition?5,

Tr-based Hydrophobicity Scale: On introduction of a more hydrophobic residue, e.g.,
Val - lle, the temperature of the transition, Ty, is lowered and on introduction of a less
hydrophobic residue, e.9., Val — Ala, the temperature of the transition, Ty, is raised. In
fact, a hydrophobicity scale has been developed for all of the naturally occurring amino acid
residues, their different states of ionization when relevant, chemical moditications, and
biologically relevant prosthetic groups’. This is referred to as the Ty-based hydrophobicity
scale; it provides the molecular engineer with the capacity to design materials of desired
properties.

Elasticity: The efastic (Young's) modulus for X20-poly(GVGVP) is about 1 x 108
dynes/cm2 (105 N- stons/m2) with little or no hysteresis and with extensions of up to
200% having been observed. The elastic modulus is proportional to the sguare of the
y-irradiation dose; for example, a doubling of the dose quadruples the elastic moduius.
Depending on the composition the elastic modulus for a 20 Mrad dose can vary from 105
dynes/cm? to 102 dynes/cm2. When determining the temperature, T, dependence of force,
f, at fixed length, a plot of In {f/7) versus T approximates a zero slope when above the
transition temperature range such that by classical arguments X29-poly(GVGVP) is a
dominantly entropic (ideal) elastomer® as is natural elastin with the potential for the
remarkable durability exhibited by natural elastin which appears to be capable of
sustaining billions of demanding stretch/relaxation cycles in the aortic arch.

Thermomechanical Transduction: For those compositions such as Formulae {1] and
[2] that form viscoelastic phases above the temperature, Ty, of the inverse temperature
transition, they may be shaped as desired, e.g., as sheets, and y-irradiation cross-linked to
form the elastic matrices described above. These matrices exhibit reversible contraction
and relaxation, i.e., de-swelling and swelling, on passing through the inverse temperature
transition. On raising the temperature from below 1o above T, the elastic matrices can
contract and perform the mechanical work of lifting a weight. They can perform
thermomechanical trar sduction5.18,

The ATyMechanism of
Free Energy Transduction:
Now instead of raising the
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concentration lowers T, this too becomes a means of driving contraction referred to as
extrinsic chemomechanicat transduction.

Energy Conversions Possible by the ATr-mechanism. In fact, the bioelastic matrices
can be designed for many forms of free energy conversion involving the intensive variables
of temperature, pressure, chemical potential, electrochemical potential, light and
mechanical force as depicted in Figure 1. A summary of the ATy-mechanism is given in
Figure 216

Biocompatibility of Biocelastic Materials

With the mammalian origin and nature (dynamic with a dominantly hydrophobic
structure} of the bioelastic matenals, it had been anticipated that these materials would be
biccompatible. Following the recommendations for the set of generic biological tests
required to estabhsh biocompatibility for materials in contact with tissues, tissue fiuids
and blood, eleven tests were performed on poly(GVGVP) and the elastic matrix, X20-
poly{GVGVP). With the results following in parenthesis, these were: (1) the Ames
mutagenicity test (non-mutagenic), (2) cytotoxicity-agaruse overiay (non-toxic), (3)
acule systemic toxicity (non-toxic), (4) intracutaneous toxicity (non-toxic), (5) muscle
implantation (favorable), (6) acute intraperitoneal toxicity {(non-toxic), (7) systemic
antigenicity (non-antigenic), (8) dermal sensitization—the Magnusson and Kligman
maximization method {non-sensitizing), (9) pyrogenicity (non-pyrogenic), (10) Lee-
White clotting study (normal ciotting time), and {11) in vitro hemolysis test {non-
hemolytic)"17. The result is a remarkable biocompatibility.
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In addition, biocompatibility tests are underway on a member of the polytetrapeptide
series, namely poly{GGAP) and X20.poly(GGAP). To date the series of tests—the Ames
mutagenicity test, cytotoxicity-agarose overlay, systemic toxicity, Kligman sensitization
and hemolysis—also underscore good biocompatibility. Further information is available
from peritoneal implants in the rat where numerous additional compositions of the
Formulae {1] and [2] class of bioelastic materials all appeared to be biocompatible with X =
Phe(F), Ata(A), Glu(E), and lle(l).

el Bi ic Mati

The bioelastic matrices—X29-poly(GVGVP), X20-poly(GGIP), X2%-poly(GGVP) and
X20.poly(GGAP)--do not result in cell adhesion by fibroblasts and vascular endothslial
celis in appropriate cell culture media. When 10% fetal bovine serum is used in place of
0.1% bovine serum albumin, cell adhesion is observed with bovine ligamentum nuchae
fibroblasts adhering better than human umbilical vein endothelial cells and with the order
of decreasing cell adhesion being X20-poly(GGIP) > X20-poly(GGVP) > X20.poly(GVGVP)
but with no cell adhesion even in the presence of serum for X20-poly(GGAP) 18,

On introduction of the GRGDSP cell attachment sequence'9, as in X20-
poly[40(GVGVP),(GRGDSP)], the bioelastic matrix presents a surface on which cells will
attach and spread and grow to confluence®. The cells include bovine ligamentum nuchae
fibroblasts, bovine aortic endothelial cells, human umbilical vein endothelial cells, and a
human A375 malignant melanoma cell line®.18.29,

interestingly, the GRGDSP sequence as presented at the surface of this bioelastic
matrix has been shown to be an attachment site for the vitronectin cell membrane
receptor2C rather than the fibronectin cell membrane receptor as might have been
expected, as GRGDSP is the sequence in fibronectin that binds to the fibronectin cell
membrane receptor!®. Since blood platelets contain the fibronectin cell membrane
receplor, this surface has the advantage of being very favorable for vascular endothelial cell
attachment without favoring unwanted blood platelet adhesion and activation.

Another advantage of the bioelastic matrix designed for cell attachment arises
because of its inherent elasticity and the capacity to vary the stiffness {the elastic modulus)
of the matrix over a wide range of vaiues from 105 dynes/cm? 10 102 dynes/cm? ranging
from a gelatin-like substance to a plastic-like material. Importantly, cells attached to a
bioelastic matrix, as 1o the natural extracellular matrix, could sense deformations to which
the matrix may be subjected in its role as a prosthesis, i.e., as a tissue substitute or
replacement. Cells capable of sensing the tensional forces to which a tissue or a prosthesis
is subjected function as mechanochemical transducers with the release of intracellular
chemical signals that turn on genes for producing protein necessary for maintaining or
reconsiructing the extracellular matrix21-23, Jn this way a biodegradable bioelastic
matrix could act as a temporary functional scaffolding which would have the potential to be
remodeled into a natural tissue.

PREVENTION OF ADHESIONS APPLICATIONS

More than 30 million surgical procedures are performed annually in the U. S, with
an equivalent number in Europe. In most of these adhesions, the formation of unwanted
fibrous scar tissue binding tissues and organs together that should otherwise be separated,
are a significant, and too often a severe, complication. An interesting example of a growing
subsel of these surgical procedures are the more than 400,000 open heart surgeries
performed annually in the U. S. which require cardiopulmonary bypass (CPB) with the
attending CPB-induced swelling of the heart which in turn commonly necessitates leaving
open the pericardial sac which normally surrounds the heart. The result can be adhesion of
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heart to the sternum, as wall as other adhesions, with great danger of laceiating the heart on
repeat sternotomy. A substantial number, approaching 20% at some centers, of the open
heart proceduraes are reoperations with far greater risk due to the adhesions. in the
abdominal cavity, post-operative and trauma-indu zed adhesions cause great discomfort and
even intestinal blockage requiring reoperation with again increased risk in part due to
adhesions obscuring the usual anatomical landmarks which guide the surgeon,

A Contaminated Peritoneal Model in the Rat?5

Bioelastic materials have been tested in an abdominal cavity model where, as
depicted in Figure 3A, the abdominal wall is scraped with a scalpel until bleeding; a loop ot
intestine is repeatedly punctured with a2 hypodermic needle until bleeding and bowel
contents can be extruded; and the injured contaminated intestine is held in apposition to the
injured wall by a loose loop of suture accessible without reopening the cavity. At seven days
the suture loop is removed and at two weeks the abdominal cavity is reopened and examined.
This results in the intestine being bound to the wall by adhesions in 100% of the cases (29
animals) with adhesions being significant in 90% of the animals25. Seen in Figures 4A and
B for these control animals and identified by the arrows are adhesions binding loop of bowel
to abdominal wall.
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When the gas sterilized bioelastic sheet is interposed between injured wall and
injured intestine as schematically shown in Figure 3B and photographed in Figure 4C,
significant adhesions were prevented in 80% of 29 animals25. What is not apparent in the
black and white print of Figure 4C is the presence of blood. In Figure 4D is the re-opened
abdominal cavity showing the scarred region of the abdominatl wall and the absence of any
adhesions. Thus, even with the presence of blood and with frank contamination, this
bicelastic matrix, X20-poly(GVGVP), provided in this model an effective barrier to
adhesion formation.

An instructive example is seen in Figure 4E where the vertical arrows indicate the
bioefastic matrix and the horizontal arrow identifies a small ioop of adhesion that has grown
around the sheet of X20-poly(GVGVP). The matrix is seen to have remained transparent; no
fibrous coating had encapsulated the matrix in the two-week period; in fact, the matrix
remains uncoated and transparent for months, seemingly ignored by the host. Through the
transparent matrix it is seen that there is no sign of inflammation of the abdominal wall
against which the matrix has been in c.ontact for two weeks. Seen in Figure 4F are two bands
of adhesion having grown through a break in the matrix indicated by the arrow. This
occurred approximately 10% of the time, such that if this were overcome, the matrix might
be expected to prevent significant adhesions some 90% of the time in this model. While
other barrier materials that have been proposed for the prevention of adhesions have not
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been compared in this model, this degree of efficacy has yet to be demonstrated by other
materials or therapies.

These favorable findings for the X2C-poly(GVGVP) composition of bioelastic matrix
may be obtainable by additional compositions. While there are as yet an inadequate number
of animals tested for the other compositions, two were particularly promising. With four
animals tested for each composition, X20-poly(GGIP) was effective 100% of the time, and
X20.poly(GVGIP) was effective 75% of the time. Also appearing eflective were X20.
poly[0.45(GVGVP).0.55(GAGVP)] and X20-poly[0.75{GVGVP),0.25(GFGVP)]. Less
eflective was X29-poly[0.67(GGVP),0.33(GGFP)); with 6 animals this material was
effective 50% of the time, but with the other three animals the matrix was entirely
encapsulated. Exhibiting the poorest performance, but still appearing to be biocompatible,
was X20.poly(AVGVP) where with but three animals the material was eflective 33% of the
time. These additional compositions provide the opportunily for a range of physical
properties; for example, they encompass the full range of elastic moduli noted above.

The serous membrane lining which covers the abdominal wall is calied the parietal
peritoneum, and that continuous part that is reflected over the internal organs is the
visceral peritoneum. In the contaminated peritoneal model in the rat utilized above, both
parietal and visceral peritoneal surfaces are injured and contaminated, and the injured sites
are heid in juxtaposition. This is a severe challenge to the fundamental problem of
achieving repair of the serous membrane by regeneration of the mesothelial cell lining
without resulting in the fibrotic response giving rise to adhesions.

Many adjunctive chemical therapies have been attempted for promoting mesothelial
regeneration while limiting fibrosis resulting from surgical procedures. These include25
heparin26, corticosteroids2’, antihistamines28, non-steroidal anti-inflammatory drugs29,
fibrinolytics 30, sodium carboxy methyl celiulose3, chondroitin sulfate32, proteolytics3?
and dextran34.25,  Quoting from Jansen3® in his review of "The First internationat
Symposium for the Treatment of Post-Surgical Adhesions® held in Phoenix, Arizona
September 1989, "Adjunctive therapy to promote mesothelial healing over librosis and
formation of adhesions has a tenuous basis in the clinical practice of preventing
adhesions37-39,  Corticosteroids, antihistamines, antiprostaglandins and anticoagulants
have all been used to aid healing, but properly controlied clinical studies are few and the
evidence is against their use around the time of operation making a material difference to
the eventual outcome.*

The use of bioelastic matrices for the prevention of adhesions involves the physical
barrier approach. There are many materials that have been considered as physical barriers
principally as pericardial substitutes as considered further below. As recently reviewed by
Gabbay49, "These have included silicone membranes?!, polyurethane?2, fascia lata43.44,
polytetrafluoroethylene (Gore-Tex) patches45.46. bovine and porcine pericardium
xenografts (PXs) treated with glutaraldehyde47-59, siliconized Dacron51.52 and duia
mater53-,

Soules, et al.5¢4, in a comparison of the available physical barrier materials for the
prevention of adhesions in the pelvic cavity, tested Gelfilm, Surgice!, Silastic, Gelfoam
paste, amnion, peritoneum and omentum and concluded "The data suggest that the barrier
methods aclually promote the formation of adhesions...". By further designing Surgicel,
specifically as a material for the prevention of adhesions, the resulting oxidized,
regenerated celiulose, called Interceed (TC7), was tested in the rabbit uterine horn
model55, Those results led to a multicenter clinical study where good surgical technigue
was the control with a 28% absence of adhesions and where use of interceed and good
surgical technique was *he test with a 54% absence of adhesions36. In the Japanese
multicenter clinical study for infertility and endometriosis surgery, adhesions were
reduced from 76% in the controls to 41% when Interceed was usedS7.

Interceed has now been approved for use in the pelvic region by the U. S. Food and
Drug Administration. Even in this favorable, approved, limited anatomical use, 41% to
46% of the cases resulted in adhesion formation. In addition, Interceed is considered to
promole adhesion when saturated with blood3® and it is contra-indicated when there is
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frank infection. Thus, the need for a material or therapy to prevent adhesions remains
critical to improve the oulcome of surgeries in general, to prevent the chronic pain and
discomfort that follow abdominal surgery, to decrease the incidence of bowel obstruction
following abdominal surgery, to decrease tho incidence of infertility in women due to
surgical procedures in the pelvic region, and to decrease risk and improve the outcome of
reoperations.

Strabismus Surgery Model in the Rabbit Eye58

Strabismus is a disorder of the rectus muscles of the eye which prevents both eyes
from simultaneously focusing on the same point, as in crossed eyes. Corrective surgery
attempts to alleviate this disarder by detachment of one of the four rectus muscies that
orient the eye and reattachment in order to bring the eyes into better alignment. The
complication is that the repositioned muscle can adhere {become reattached due to
scarring), for example, to the old insertion site, thereby defeating attempts to achieve
accurate alignment.

A number of materials—silicone59; a polyglactin 910 mesh80, Supramid
Extra®—have been used in the form of tubas ot sleeves to improve the outcome of this
surgical procedure®1.62, but these efforts have now been largely discontinued. It becomes
of interest therefore to determine the possible effectiveness of bioelastic materials.

In the rabbit eye model following a modification of Sondhi’s method®?, the superior
rectus muscle is detached at its insertion site on the sclera; a patch of sclera 3 mm x 3 mm
is removed underlying the muscle; the muscle capsule overlying the scleral injury is
removed, and the muscle is reattached at its original site. At one week the muscle is tightly
adherent to the scleral injury site and at eight weeks histological examination demonstrated
a dense fibrovascular scar. For the test animals two compositions of bioelastic materials
were used, X20.poly(GVGVP) with three animals and X20.
poly[0.75(GVGVPY,0.25(GFGVP)] with two animals. Both compositions were well tolerated
by the eye with no inflammation evident after the mild inflammation of the procedure
subsided within a few days. [n both cases adhesion of the muscle to the overlying
conjunctiva and the muscle to the sclera did not occur. A dlistening fibrous capsule formed
around X20-poly[0.75(GVGVP),0.25(GFGVP)] within two weeks whereas no capsule
formed around X20-poly(GVGVP) in a two-month period. Both materials ultimately
extruded through the conjunctiva of the small rabbit eye. The latter material holds promise
for use in strabismus surgery, particularly if the matrix can be designed to degrade within
a pericd of a month or two in order to prevent limiting of eye movement, and possible
extrusion.

Total Astificial . aif iticial Pericardium)

Use with the Tofal Artificial Heart: The properties of the bioelastic materials
considered in the peritoneal model appear to be appropriate for use with the total artificial
heart (TAH) as a bridge to heart transpiantation. When the TAH is emplaced even for a short

time, adhesions form to the surface of the device. Removal of the TAH prior 1o piacement of
the donor heart requires dissection of the adhesions which presents a compromised site for
the donor heart. Work is presently underway to make sheets of X20.poly(GVGVP) of
appropriate size which are to be utilized by the University of Utah group under the
direction of D. B. Olsen in the calf model. The periods of placement are to vary from one to
six months,

Toward an Artificia! Pericardium: In the more than 400,000 open heart surgeries
performed per year in the U. S. , the chest is opened by splitting the sternum; the
pericardial sac in which the heart resides is opened and cardiopuimonary bypass (CPB) is
instituted. When the procedure, which may be the emplacement of coronary artery bypass
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grafts (CABG), valve replacement or correction ol congenital defects, is completed. the
issue of closure is addressed. It is preferred if the pericardium can be closed, but it is often
necessary to leave the pericardial sac open for several reasons45.50.63.64  Duyring
cardiopulmonary bypass the heart can become distended and the compression due to closure
can lower the performance of the heart; compression due to closure can also compress,
distort or kink the aorta-coronary bypass grafts compromising their function; the
pernicardium can be left open to permit drainage. and shrinkage of the pericardium may have
occurred following a previous operation.

There are many conditions necessitating reoperation59.65; “intimal hyperplasia ot
saphenous vein bypass grafts, graft atherosclerosis, progression of underlying coronary
artery disease®5", prosthetic valve failure. perivalvular leakage, infection on prosthetic
valves and conduits, progression of coronary artery disease necessitating repeat CABG, and
congenital heart disease requiring a definitive operation following a palliative surgical
procedure®0

The increased risks on reoperation are many. Perhaps most striking are the danger
of rupturing the heart as the sternum is reopened due to severe adhesions between heart and
sternum resulting from having left the pericardial sac open and the danger of severing an
aorta-coronary graft buried within an adhesion®6. There is increased reoperation time,
excessive bleeding due to dissection of adhesions, and degeneration of pericardial substitutes
that may have been tried and adhesion of the pericardial substitute to the hearts9.

Gabbay40 has listed desirable properties for a pericardial substitute as (1)
nonadherence to the heart and easy separability upon reoperation; (2) nonadherance to the
sternum upon reoperation, so that repeat sternotomy is technically no different from the
original procedure; (3) capability of mechanical attributes, and maintenance of the
barrier integrity of the native pericardial sac; (4) freedom from dimensional distortion or
shrinkage upon prolonged implantation; (5) convenience and technical ease of handling;
{6) immunologic inertia, so as not to provoke inflammatory host response; and (7)
capability of acquiring fibronolytic activity similar to nature pericardial tissue”.

The consideration of bioelastic materials as a pericardial substitute presents a
challenge to which these new materials are well-suited. While it would be possible to
discuss bioelastic matrices in terms of each of the desired properties noted above, only
three aspects will be briefly noted. One is the capacity to design bioelastic matrices to have
an elastic modulus in the range exhibited by the pericarchal sac; the second is the
demonstrated capacity in the peritoneal and eye models noted above not to adhere to tissues
undergoing repair; and the third is the capacity to introduce ceil attachment sequences and to
provide a matrix on which those cells can function. Thus, identification and incorporation of
cell attachment sequences for the mesothelial cells that line the pericardiu.v and for the
underlying mesenchymal cells could provide for a pericardial substitute that couid be
remodeled to form a functional pericardium with, among other properties, a fibrinolytic
activity.
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THE PHYSICAL PROPERTIES OF A HYALURONIC ACID BASED
BIORESORBABLE MEMBRANE FOR THE PREVENTION OF POST-
SURGICAL ADHESIONS

K. Greenawalt, L. Masi, C. Muir, and J. Burns
Biopotymers Department, Genzyme Corporation, Cambridge, MA 02139

ABSTRACT

We have evaluated the physical propertics and animal efficacy of a hyaluronic acid (HA)
bascd bioresorbable membrane for the prevention of post-surgical adhesions. Test methods
were developed to measure the dey and wel tensile properties and in vilfo tissue
agdhesiveness of the membranes. The thin membranes were found to have sufficient
strength and flexibility in the dry state {or surgical handling. When hydrated in buffered
saline, the membranes became weaker and more elastic. The membranes exhibited a high
degree of tissuc adhesiveness and significantly reduced adhesion formation in a rat cecal
abrasion model.

INTRODUCTION

Surgical adhesions are unnatural joinings of normally separate tissue surfaces which
may form as a consequence of the normal wound healing response to injury. Adhcsions
can result in bowel obstruction and pain following abdominal surgery. limited range of
motion Tollowing orthopedic surgery, and infertility following gynccological surpery.
Various methods, including pharmacological agents, solutions, and physical barriers, have
been evaluated for adhesion prevention with limited success. The barner materials that are
currently available have definite limitations. For example, the only FDA approved product
for adhesion prevention is the Interceed™-TC7 barrier composed of oxidized regenerated
cellulose. However this product is contraindicated in the presence of blood [1]. The
GORE-TEX® Surgical Membrane barrier, made from expanded Teflon®, is currently
under investigation in human gynecologic surgery but must be sutured in place and
rernoved at a second operation [2).

We have developed a bioresorbable membrane for the prevention of post-surgical
adhesions based on sodium hyaluronate, the sodium salt of hyaluronic acid (HA). HAisa
naturaily occurring biopolymer found tn the synovial fluid, vitrcous humor, and
extracelular matrix of humans. it is a polyanionic polysaccharide with glucuronic acid and
N-acctylglucosamine repeating units (Structure 1) that can be modified to reduce its
solubility and degradation rate in physiological environments and therehy enhance its utility
as a hiomaterial. Qur studies in animal models have shown significant reduction of
adhesion formation with the use of HA based bioresorbable membranes [3,4). The
membranes reduce adhesion formation by providing a protective barrier at the specific sites
of tissue injury that occur during surgery.
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The physical properties of an udhesion harrier are critical w the product's performance.
The barrier must have sufficient strength and flexibility to provide the surgeon with good
handling properties in both a dry and wet environment and it must be readily resorbed
duning the normal wound healing process. The barmier must also possess a certain degree
of tissue adhesiveness to prevent product migration after placement on the injured site, but
must not adhere to surgical instruments and gloves. Finally, the bartier must be able 1o
withstand werminal swerilization.

The goals of this study were 1o (1) develop methods to analyze the dry and wet tensile
properties and tissue adhesiveness of HA hased bioresorbable membranes in arder to
assess their suitability for in vivo studies: (2) determine the effects of gamma irradiation on
the mechanical properties of the membranes; and (3) confirm effective adhesion reduction
with the membranes in an animal model.

MATERIALS AND METHODS

The bioresorbable membranes were manufactured from modihicd HA based
formulations made by a proprictary method (5], An Instron Universal Testing System
Modet 3201 was used for all of the tensile and dssue adhesiveness wsts. The membranes
were gamma irradiated at six doses, including nonirradiated controls,

Dry Tensile Testy

The dry tensile properties of the membranes were determined according to (N TM
Standard Test Method D882, Test samples were cut into strips T em wide and the cross-
sectional arca of cach sample was measured.  The test specimens were placed in air-
acwuated, Tat-taced grips with an initial separation of 25 mm. A constant crosshead ~peed
of 2 mm/min was used to dewermine the ultimate tensile strength, clastic mudulus, and
percent elongation at break.

Wt Tensile Tesis

Samples were prepared as above. A test chamber was specitically designed for
measuring the mechanical properties of the membranes in a physiological environment. In
this testing system, the entire sample was immersed in a phosphate buftered saline solution
(pH 7.2) at room temperature during mechanical testing. The initial grip separation was 25
mm and the crosshead speed was S mm/min. The test was performed immediately atter
immersing the membrane in saline. The ultimate tensile strength, elastic modulus, and
pereent elongation at break were determined.

Tissuc Adhesion Tests

A method for measunng the tissue adhesiveness of membranes i viteo was modificd
from the literature [6). The energy required to break the bond hetween the membrane and
hiological tissue (skinless chicken breast) was measured and related to the energy reguired
to break the bond between a Teflon™ reference membrane and tissue. A schematic diagram
ol the test apparatus is shown in Figure 1. The membrane was brought in contact with
moist tissue under a constant compressive Joad for 30 seconds. Then the membrane was
pulled off the tissue at a speed of 1 mm/min and the energy was recorded. A stainless steel
substrate was used to simulate the adhesiveness of the membranes 1o surgical instruments,

Animal Efticacy Study

Eighty female Sprague-Dawley rats (225-250 gm) were anesthetized with an
intramuscular injection of ketamine and xylazine. A madline incision wis made and the
cecum was isotated and abraded by a previously described method [4]0 Amimals were
randomiszed to test {membranc) of control (no membrane) groups after ahrasion. For
animais n the test group, a 2 in. x 2 in. picce of sterile HA based bioresorbable membrane
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wis wrapped completely around the cecum. The incision was closed and the aninds were
allowed to recover. Seven days alter surgery, the animals were sacrificed and graded for
the number and severity of cecal adhesions by a blinded evaluator. The severity of
adhesions was scored on a scaie of O0to 4 with a grade of 2 or higher considered chinicully
significant.

(ge]

Figure 1. Tissue Adhesiveness Test Apparatus
A: Tnstron st sysiem; B: Membrane sample halder;
C: Test membrane; D: Tissue substrate: E: Substrate holder

RESULTS

Mechamgeal Tests

The dry HA based bioresorbable membranes were very strong and stff. The mean dry
nominal tensile strength of the membranes was 72 MPa. the mean clastic modulus was 4.5
GiPa. and the mean elongatton at break was 2.6% (Table ). When immersed in saline, the
membranes hecame weaker and more elastic. The mean wet nominal tensile stength was
1.5 MPa. the mean clastic modulus was 3.3 MPa. and the mean clongation at break was
63% . We helieve the change in propertics 38 doe 1o the rapid hydration of the membrane,
which occurs within 30 seconds, and the inherent hydrophilic property of HA based
materials,

There was no change in the dry propertics of the membranes with pamma irradiation
dosage as compared o non-irradiated controls. However, gamma irradiation reduced the
wel strength of the HA based membranes (Figure 2). The membrances lost 50% of their
initiad wet strength afier irvadiation at 1.6 Mrad and 76% a1 2.5 Mrad.

Tahle L. Dry and Wet Tensile Propertics of
HAL-F™ Bioresorbable Membrane

Tensile Elongation Elasuc
enpth{MP; at Break (%) ModulustMPy)
DRY TET7+69 26+04 4,490 £ 400
WET 1.5£03 632 £ 2.0 33206

Values expressed as the mean + standard errar of the mean
n=6 for dry tests: n=4 for wet tests




Tissue Adhgsiveness Tests

During preliminary test method development, in vivo tissue adherence of the
membranes correlated well with the in vitro test results. A subsequent study showed that
HA based bioresorbable membranes had similar or greater tissue adherence properties when
compared to Interceed (TC-7)™ and Teflon® (Fi gure 3).
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Figure 2. Effect of Gamma lrradiation on
Retention of Wet Strength of HA Based Membrane

Bl Tissue
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Relative Adhesiveness
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Figure 3. Relative Adhesiveness of HA Based
Membrane and Interceed (TC7)™ 1o Teflon®

Relative Adhesiveness is the square root of the encrgy to break for
the sample divided by the energy to break for Teflon® reference.
Values expressed as the mean £ standard emror of the mean (n=6)
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Grade 2 or higher adhesions were found in 20% (8/40) of the animals in the HA based
membrane group compared to 92% (36/39) in the control group. This represents a4 78%
reduction of significant adhesions with HA based membrane wrcatment. Additionally, the
mean incidence of all cecal adhesions was sigaificantly lower in the HA bascd membrane
group (0.2 £0.1) when compared to the control group (1.9 +0.4).

SUMMARY

We have developed test methods to evaluate the physical propertics of HA based
bioresorbable membranes for adhesion prevention. Results from these tests have aided in
the selection of materials for manufacturing development and animal efficacy studics. ‘The
membranes had sufficient tensile strength in the dry state for surgicai handling and
placement. Upon hydration, the strength of the membranes decreased due to the rapid
hydration of the HA bascd material. The membrancs were able to be gamma iiradiated at
low doscs and possessed a high degree of tissue adhesiveness to prevent product migralion
after surgery. The wet strength of the membranes, even after gamma irradiation, w
sufficient to ensure the membranes remained intact to act effectively as an adhesion barricr
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HYDROXYAPATITF/AI;03 COMPOSITE BIOMATERIAL IMPLANT
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ABSTRACT

A new type of composite biomaterial was developed and is described in this paper. The
composite is based on a high strength Al203 ceramic substrate, sintered with a layer of
hydroxyapatite. The layer was examined by x-ray diffraction and infrared spectroscopy. Animal
experiment showed that the composite has good biocompatibility, and can form 1ight oswo-
integration with bone in 12 weeks. Tt is a hioactive material with a high strength.

INTRODUCTION

Alumina was the first bioceramic 1o achieve wide clinical applications [1]. It has high wear
resistance, high strength, good biocompatibility and very stable chemical properties in the
physiological environment. Alumina is an example of a nearly inert bioceramic which forms no
chemical or biological bond at the mawrial-tissue interface, but instead leads to the formation of a
nonadherent fibrous capsule. There is relative movement at the interface, which eventually leads
to interfacial detenioration.

Hydroxyapatite (HA) has the same structure as the inorganic substance of humai hard tissues.
It is a bioactive material that elicits a direct chemical response at the interface and forms a very
tight bond 1o the tissue. However, its poor sintering properties, low strength and limited fatigue
resistance restrict its applications [2). The present investigation developed a new type of
biomatenal, that combines the virtues of alumina and HA.

EXPERIMENTAL PROCEDURE
hj]‘s‘g"l S

Alumina powder with an average grain size of < 0. | pm and > 99.99% purity was mixed with
a small amennt of magnesia (0.x%). then shaped in the form of ¢4mm screws, and sintered in air
or Hp at 1600-1700 °C for 2-5 hr tc obtain the Al203 substrates.

A solution of Ca(NO3)2 and < solution of (NH4);HPO4 were brought to pH 11 to 12 with
concentrated NH4OH, then tiie ammonium hydrogen phosphate solution was added dropwise
into stirred calcium nitrate solution at a proper speed to produce a milky precipitate, which was
then stirred for 24 hr. HA is formed via the following reaction:

Ca(NO1)y + (NHy»HPQ4 - Cayg(PQs)e(OH)y + NHZNG,

The reaction mixture was washed with distilled water and centnifuged to get pure HA powder.

In accordance with phasc equilibrium diagrams, a glass with a melting point of < 1000 °C was
chosen as the sintering aid. This aid must be wetting to HA and Al;03. An appropriate amount
of the sintering aid and HA powder were mixed efficiently in distilled water or alcohol, Then the
mixture was coated on the Aly()s ceramic substrates and sintered in air at a emperature < 100°C
to obtain the composites (Fig. 1).

Mat. Res. Soc. Symp. Proc. Vol. 292. ©1993 Mater.ats Research Soclety
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Fig. . Shape of the composite implant

Measuements

The AlpOj3 substrate of the Al2OyHA composite was characterized by mechanical westing and
physical analysis.

The surface of the composite was examined by the techniques of x-ray diffraction (XRD) and
infrared (IR} spectroscopy.

Dogs weighing between 15 and 20 kilograms were chosen as the experimental animal. The
composite implants were implanted in the dogs’ mandibles. Dogs were sacrificed after 2, 4, 8
and 12 weeks implantation respectively to prepare sections. The sections were observed by light
microscopy and electron microscopy. The Ca* content at the implant-bone interface was
determined by energy-dispersion spectroscopic analysis.

RESULTS AND DISCUSSION

Characterization of the implant

The propertics of HA ceramic, Alz03 ceramic and Al Oy/HA composite are shown in Table 1.
The HA coating of the composite is about 60 um in thickness. The composite maintains the
good mechanical propertics of Ala0O3 ci.uinie, 50 it can be used for large load-bearing clinical
applications.

HA begins to lose OH® groups when the temperature is over 1200°C. In order to mainain the
structure of HA in the sintering process, a sintering aid with a melting point below 1000°C was
chosen. Light microscopy showed that the coating was porous; small undeveloped HA grains
were united by the glass. An XRD pattern of the surface is shown in Fig.2. Diffraction peaks
were correlated with ASTM data for HA (Fig.2). Further analysis by IR verified the existence of
absorption at 650 cm-!, which characterizes OH- groups (Fig.3). XRD and IR results therefore
indicate that there is no structure change of HA in the sintering process.
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Table L. The properties of HA ceramic, Al203 ceramic and AlyOy/HA composiwe

HA AlLO3 AL OVHA
Fracture strength 130 440 440
(MPa)
Bulk density 3.13 3.89
(g/cm3)
Bond dstcoinmgration fibrous capsule osteointegration
OH
50 45 40 35 30 25 3500_ i 1200 1000 800 600
Degrees 26 Wavenumber (cm-1)
Fig.2. X-ray diffraction pattern Fig.3. Infrared spectrum
of sintered coating of sintered coating

Composite-bone interdace

After 2 weeks, granulations were found at the composite-bone interface. Typical fibroblasts
could be identified clearly (Fig.4). After 4 weeks implantation, a number of new trabeculae
formed at the composite-bone interface. The trabeculae were surrounded by osteoblasts. In this
carlier period, osteoblasts, btood capillary and mesenchymal cells at the interface increased
rapidly. Collagen fibers began to mincralize (Fig.5). After 8 weeks, trabeculae at the interface
were larger and more regular in arrangement than those at 4 weeks postimpiantation, forming
new bone. The new bone connected with the base bone and began to mineralize. There were
Haversian canals forming (Fig.6). After 12 weeks, the new bone matured primarily and merged
with the base bone (Fig.7).

The calcium content of the implant-hone interface was determined at 2, 4, 8, 12 weeks
postimplantation. The results are shown in Table 1I. From the results, we conclude that the
calcium content of the interface after § weeks implantation was close to that of the normal bone,
and that these two quantities were the same after 12 weeks. This result agreed with histological
obscrvation.




Fig 4. Electron micrograph of the Fig.5. Electron micrograph ol the
mtertace after 2 weeks implantation interface ater 4 weeks implantation
tFibroblasts could be identificd) tCollagen tibers began to mineralize)

Frg 60 Elecron micregraph of the fag.7. Electron micrograph of the
interface after 8 weeks implantation ntertace ater 12 weeks implantation
tHaversian canads can he seen) {The bond has matured)

Table. . Ca* content of the interface at different weeks posumplantation X+SE
P p

Weeks 2 4 8 i2
Composite 3376067 54.1920.76 64.5611.04 68,0440 49
Normal bone S KT+ 607 R+ 17 6769+ 3 68 K1+09




Mechanism of implant-tissue attachment

In the biological environment, HA ceramic and bioglasses form bonds with bone in difterent
ways. When the bioacrive glass is implanted in the bone, a series of complicated interfacial
chemical reactions will wake place at first. These reactions result in a layer of apatite on the
surface. The glass bonds with the bone through this layer eventually. HA has the same structure
as the inorganic substance of hone tissues. Compared with the bioglasses, HA ceramic has
better affinity for bone. When HA ceramic 1s implanted in bone, it can hond with bone directly,
The diffusion of ion is very important to the bond forming and developing.

The coating of the composite consisted of small undeveloped HA grains, and glass that
contained Ca2* and PO43- . The small grains had high activity, and Ca2* and POy in the glass
migrate casily to the surface o promote the growth of new bone. The coating was porous: along
with degeneration of the glass. the pores became larger. Ingrowth of collagen and new bone into
the surface pores could increase the attachment area, promoting interfacial bonding strength,

CONCLUSIONS

Al OyY/HA composite is a bioactive material with i high strength. 1t maintains the high streapth
of the AlhO3 substrate, and can achieve larger load-bearing applications. Animal experiment
shows that it has very good biccompatibility and forms tight asteointegration with bone in 12
weeks, The composite is also very easy to process into ideal desired shapes.
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ABSTRACT

Polyanionic proteins isolated from biominerals serve as models for the development of
biodegradable surface-reactive commercial polymers. A simple model for the natural polyanions is
polyaspartic acid. This polymer may be made on a large scale using thermal polymenization of dry
aspartic acid. The immediate result of the reaction is polysuccinimide which is hydrolyzed with
base to form the polypeptide. The overall process yields up to 99% conversion of aspartic acid to
polyaspartate. The thermal polyaspartate (TPA) is a copolymer having 70% of the amide bonds

formed from P-carboxyl groups and 30% from @-carboxyl groups. TPA is as effective as the
commercial polyanion polyacrylate in mineral dispersion and growth inhibition assays.
Bindegradation of the TPA has been established using standard BOD and CO3 evolution 1ssays.
In contrast, polyacrylates appear to be non-degradable. Modifications of the TPA have been made
by reacting the succinimide with nucleophiles. Crosslinking of the polymer has been achieved, a
process which results in absorbent gels. Because TPA can be produced in large scale, has similar
activity to polyacrylate and is biodegradable, it seems a likely candidate for use in numerous
applications in which non-degradable polyanions are employed. These applications inciude use as
detergent additives, water reatment chemicals, dispersants for the paint and paper industry and as
superabsorbents in health and sanitary products.

INTRODUCTION

The search for degradable materials has led workers to consider using biopolymers as
components of new or existing technologies. However, in many cases the supply of the polymer
is limiting or the cost of obtaining the material is excessive for the application under consideration.

An example of a class of biopolymers having numerous theoretical applications but
available in only small quantities i< the marrix polyanionic protein extracted from various
biominerals such as teeth, bone and mollusc shell. It has been demonstrated that these charged
proteins can readily adsorb to crystals and in so doing inhibit their growth [1]. In the context of
biomineralization, the adsorption may be crystal face or site-specific and thus the inhibition may
occur for growth along specific axes {2]. It is in this fashion that matrix proteins may control
crystal growth leading to the conserved and sometimes unusual microstructures typical of
biominerals.

Some of the properties of polyanionic proteins that lead to control of biomineral formation
may also make them candidates for a number of commercial applications. For example, numerous
commercial polyanions which are produced in 100's of millions of pound quantities are used to
inhibit the growth of various minerals (anti-scalants) or act as dispersants of particles {3]. Like the
matrix proteins, these activities result largely from the capacity of the polymers to adsorb to particle
surfaces.

Having identified a natural material that is analogous to commercial polymers, the process
of evaluating the feasibility of adapting the biopolymer to technology begins. As mentioned above,
in the case of these polymers from biominerals there is no opportunity to directly utilize the
polymer. Rather, the strategy is to identify the characteristics of the biopolymer that make it
effective and then proceed to evaluate what approaches might be taken to cost-effectively
synthesize an appropriate analog.

MATRIX PROTEINS AND THEIR ANALOGS

We have focused our attention on proteins from one particular system, the CaCOj3 shell of

Mat. Res. Soc. Symp. Proc. Vol. 292. - 1993 Malerials Research Society
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the Eastern oyster. The proteins of this system appeur to exist in a series of molecular weights
including soluble proteins ranging from 50 to thousands of kDa and insoluble (possibly cross-
linked) proteins [4]. What ts somewhat unusual about these molecules is that all the size classes
are polyanionic, containing nearly 60% aspartic acid (Asp) and phosphoserine PSer, two anionic
amino acids. Further, it appears that Asp may be lurgely distributed in runs or domains of
polyaspartate {5). Other domains, such as regions enriched in PSer, may exist as well.

Having identified some of the major domains of the natural proteins, it was important to
produce selected analogs to better evaluate minimum structural requirements for activity. A variety
of small molecular weight polymers with specific sequences were synthesized using solid phase
chemistry and tested for their ability to adsorb to and inhibit the nucleation and growth of CaCO3
[6]. From these studies it was clear that peptides with continuous runs of anionic residues were
most effective in all categories. In particular, polyaspartate with a degree of polymerization of
approximately 20 adsorbed to CaCO3 with a high capacity and could completely inhibit growth of
CaCO;3 crystals. Although the efficacy of polyaspartate could be enhanced against crystal
nucleation if it had a higher degree of polymerization, or had a hydrophobic or PSer terminus, low
molecular weight polyaspartate emerged from these studies as a very simple mode! for larger scale
synthesis.

In retrospect, it is perhaps not surprising that polyaspartate is such an effective surface-
reactive polymer given that polyacrylate, also a polycarboxylate (Fig. 1), is no doubt one of the
most common commercial polymers used in many of the aforementioned applications. Ultimately
one of the important ditferences between the two polymers resides in the fact that pelyaspartate is
at lea.l theoretically biodegradable and polyacrylates are, at best, poorly degradable [7].

SR i Py
—-(1_‘.—- C—- N—?— H,—C—N— = CHy (’Z— CHy~ C— CH,—~
C\H,, %*=- o) Cl= 0O C=0
) |
(tf= O O o o)
o
Polyaspartate Polyacrylate

Figure 1. Comparison of the molecular structures of thermal polyaspartate and polyacrylate.

SYNTHESIS AND CHARACTERISTICS OF THERMAL POLYASPARTATE

Although polyaspartate appears to be a suitable analog of both the natural proteins and
commercial polymers. several questions must be addressed before one assumes that any new
polymer is an ideal candidate for development (Table 1). The first question is whether or not it can
be made on a large enough scale 1o suit the requirements of a market the size of that for
polyacrylates.

Synthesis of 4 polypeptide can be done by i number of methads, including those that utilize
solid phase or solution chemistry and genctically engineered microbes. These methods have
advantages in allowing control of composition and even sequence of amino acids. However, they
fail on the basis of other criteria, such as cost of producing large quantities or the requirement for
the use of undesirable reactants.

An alternative synthetic method, dry thermal polymerization. has been studied on a small
scale for a number of years {8] and has the advantages of not utilizing any additional reas nts other
than amino acids and has water as its primary by-product. The disadvantages of the technique are
that it is difficult to control the exact composition of peptides and nearly impossible to control
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peptide sequence. These disadvantages, for a simple polymer such as polyvaspartate, are oul-
weighed by the fact that we bave shown the synthesis can be readily scaled-up [9]. I temperature
and mixing during reaction are carefully controtied, quantities of aspantic acid as large as 100's of
kg can be reacted using either batch or continuous feed commercial reactors. Itis projected that the
requisite quantities of aspartic acid to be used in the polymer synthests processes can be produced
by either fermentation or immobilized enzyme processes.

Table 1. Selected Criteria for New Polymer Technology

Can polymer be produced in industrial scale?
Does synthesis result in a high yield of polymer?

[ S R

Does the polymer have consistent characteristics?

Does the polymer demonsinive competitive perfonnance?

n

Is the polymer biodegradable?

>

Is the polymer amenable to modificanon?

The reaction for thenmal polymerization of crystalline aspartic acid 1s shown in Figure 2.
The actual product is a powdered polysuccinimide [ 1. The time for reaction iy dependent on the
temperature of the mixture. A typical reaction is performed at 240° C. Below a certain
temperature the reaction is too slow tw be practical and will result in poor yields.

a-carpoxyl
H O - —-
H I H O H O
., &
N—C— c-on H . Heat H [t
T N=—C— C— Ot SNATC—~C +H,0
g l/ \\! e
H—C—H | I pl  JpNT
| H—C—H CH5 C
O==C 1
3-carboxyl O=C—OH - C dn
Aspartic add Polysuccinimide

Frgure 2. Theomal polycondensation of aspartic aeid 1o polvsuccinimide

The succinimide ring is readily opened with bise w form the polyvispurtate (Fig, 3). The
rate of hydrolysis is dependent on hydroxide 1on concentrution {11.12] and wemperawure {12}, Very
rapid rates can he achieved at pH 910 4nd 60 C without danger of side reactions or hydrolysis of
the polyimer backbone {121,

It should be noted that upon hvdrolyais the imide ning can open on either side resulting in a
torny of co-polymer. One of the monamers involves the nomal {a) carbon in the backbone of the

polymer whereas tor he other the f§-carbon iy involved. The fracion of B fonned in the thermal
polymerization we pertorm i approximately 7077 o addiion, at the normal temperature of
synthests, the polymier is made up of ¢ ravemic nunture of D-and Lo aspane acid despite the fact
that syathesis nihzes optically pure 1oAsp. The chuiae oristios of the thermal polyaspartate (TPA)
andts syathese are summanzed i Table 20 These charetene tes of the polymer are ughly
repeitable from higeh w batch, which s one of the pascipad crtena o be met by polymer in order
for it to be commerclly viable (Huble 1
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H O I

. L0 CcHEC
>\ QC*C\ 1Y DN=.. 4+ NaOH —

N—C—C

CHz 7 e

2 IE H O
Polysuccxmmide
H O H H O H
NTETC \ CH,—C—N—.. + N
|
ﬁcn2 <‘:==o
C-O O
C[)' 70% B-hnkage

30% a-linkage

Polyaspartate

Figure 3. Hydrolysis of polysuccinimide.

Table 2. Typical Selected Characteristics of Thermal Polyvaspanate (TPA) and TPA Synthesis

- Characteristic T Analysis Method
a/B amide bonds? 0.4 C-13NMRD
DAL aspartic ueide 1.0 Acid hydrolysis

and pelanmetry

Molecular weight Polvdisperse Size exciusion - HPLC
Ave e 2000 Da

Amine composition >U9% aspartic aowd Amino acud analysis
Carboaylate yield >0 pH utranon

Primary structure Anude hackbone FTIR

Yield (% comversion) SR Direct amine ntration

MMay vary shghtly with pH of hudrolvis
PPerformed sccording to [ 13]
May vary with temperature of syathesisy 13.15]
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ACTIVITY OF THERMAL POLYASPARTATE

The thenually produced polyaspartate has been tested in pumerous acuvity assays, the
majority of which are designed to test the etficacy of the polymer as a dispersant, an anu-
scalant, and a metal-binding substance. These assays are designed 1o reflect the viability of the
polymer in numerous commercial s plications including use in v 2o =avment formulas, paper
processing, paints and detergents to name & few. As a detergent addisive, the dispersant capability
would serve to prevent redeposition of soit on surfaces [7]. Any capability of the polymers
prevent insoluble minerals from forming or for “softening” the water, although not the principal
functions of polyanionic additives in detergents, would be beneficial as well {7.16].

To date, the activity of polyaspartate in the various bench assays has been comparable, and
in some cases superior, to commercial polyacrylates, one of the principal polymers manufactured
for many of the above-mentioned upplications. A specific example of comparative actvity is given
in Table 3. This data shows that TPA 1s as effective as an inhibitor of calcium carbonate as
commercial polymers. Itis interesting 10 note that the estimated average degree of polymerization
of TPA {approx. 20, bused on average MW in Tuble 2) is about that which was determined
previously as optimal for inhibition of carbonate [6].

Table 3. Inhibition of Calcium Carbonate Crystal Growth by Virious Polymers and
Aspartic Acid

Inhibitor g ab
Th :rmal Polyaspartatet 0.57 ug mi'! 5
Asplsd 0.68 4
Belclene SO0 0.60 S
/‘\crysol«z()r 0.51 Kl
Acrysol-15! 0.58 3
Aspartatef >4 3
BS Albumiah >10 3

4The concentration of polymier required to achieve SO% inhibinon of carbonate crystal growth in a
pil stat assay [4).

PNumber of data sets used 10 determine sy,

Polydspartate produced by @ process deseribed in the text and having a mean molecular weight of
approx. 200X},

dA polyaspartate made by solid phase synthesis.

¢A phosphinocarboxylic acid water treatment potymer produced by Ciba-Geagy.

FACrvsol-20 and -15 are two polyaerylates produced by Rhom and Flaas having mean molecular
weights of approx. 2000 and 350k} respectively

#Monomeric [.-aspartic acid. Note that o non polymeric anton is not necessanly an effective
inhihitor.

hBovine serum albumin. Note that proteins per a¢ are not necessanily good inhibitors,

Table 4 shows a number of additional assays in which polyaspartate has been compared to
polyacrylate. In each case the activity of TPA is similar to or exceeds that of polvacrylate. These
findings give additional support to the carlier observations that TPA may {ultill the activity criteria
of Table 1 for continned dev elopment as i new commercial polymer




Table 4. Assays for Which Activity of Themal Polyaspanate has been ldentified as

Comparable to Polyacrylate

Inhibition of Crystallization Dispersion

calcium phosphate ferric oxide

calcium sulfase calcium carbonate

calcium carbonate zinc hydroxide

bartum sulfate titunium dioxide
kaolin

soul

Ion Binding

Cal+, ‘\|g2+‘ Cul+, Col+, NiZ*, Znl+ Fed+

BIODEGRADABILITY OF THERMAL POLYASPARTA'TE

There dare two obvious reasons 10 chouse blopolymers for commercidiizauon (1) the
advantage one might gain from evolutionary design processes, and (2) the inherent
biodegradability of the polymers. Although one might assume a priori that any polypeptide would
be biodegradable, the actual demonstration of degradability is necessitated by the atypical peptide
structure of TPA.

Results to date suggest that TPA is in fuct degradable. This was demonstrated inidally
using standard biochemical oxygen demand (BOD) tests with diluted secondary effluent from a
sewage treatment plant as a source of flora. These tests demonstrate approximately $0% of
theoretical oxygen demand by 3 ppm TPA samples in a 3 week incubation period. In comparison
both D and L- aspartic acid or bovine serum albumin were nearly completely degraded in shorter
incubation periods, whereas polyucrylate was not degraded at all in longer incubations. The
slower rate of degradation of TPA compitred 10 control molecules may be i function of the

presence of B-linkages or D-amino acids or both. two structural aspects which may make the
peptide a less than ideal substrate for microbial proteases.

Because of the low biomass used in BOD tests, these studies may represent relatively
stringent conditions for determining degradation. Consequently, other tests are underway
including CO; evolution studies with treatment plant sludge as the source of flora. These kinds of
studies have been augmented by the use of *C-labelled TPA which allows the detection of
degradation using much lower, more realistic concentraaons of polymer. Depending on the exact
conditions, it can be demonstrated that either the rate or the extent of degradation exceeds that
demonstrated by the BOD tests.

SUMMARY AND PROSPECTS

At this time it appears that TPA cun be made in large scale. is significantly biodegradable
and has activity much like a non-degradable analog currently used in humerous commencal
applications. These characteristics in themselves warrant continued development. However, the
last property listed in Table | waants attenuon. That is, how readily can the polymer be modified
to either increase its efficacy or expand its uses. In partial answer to this, it should be pointed out
that many nucleophiles can react with the succinimide. Therefore, when NHy is added to the base
hydrolysis medium, a mixture of amide and carboxylate groups is produced. This is not purely an
academic exercise in that it has been noted that acrylanude-acrylic acid copolymers have improved
activity in certain water-treatment applications [17]. Using the same strategy, cross-linked gels
have been produced. This opens the door for the production of biodegradable superabsorbents for
the sanitary, health and agricultural markets. The development of this kind of product would
parailel that for the soluble polyaspartates in the many of the superabsorbents on the market today
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are cross-linked polyacrylates. Further, the insoluble polyanions from oyster sheli have
superabsorbent properties and thus can serve as examples that absorbent polypeptides can be
made.
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