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Abstract:	
  
Inspired by nature’s approach to biomaterials synthesis, we employ a bottom up assembly 
of proteins to fabricate defined fibers that are robust and stable.  We have decorated these 
protein fibers with bioorthogonal chemical moieties in the form of unnatural amino acids 
to achieve stability in fiber assembly and defined inorganic•protein complexes with 
magnetic properties. The resulting set of proposed biopolymers bear tremendous impact 
in understanding the principles for designing highly robust protein fibers in general. 
Moreover, the coupling of inorganic materials with biomaterials provides a means for 
patterning magnetite crystals on assemblies.  
	
  
Statement	
  of	
  the	
  problem	
  studied:	
  
In	
   this	
   grant	
   period,	
   we	
   explored	
   the	
   design	
   and	
   synthesis	
   of	
   coiled-­‐coil	
   protein	
  
fibers	
   such	
   that	
  we	
  are	
  able	
   to	
  control	
   the	
  assembly	
   from	
  the	
  nano-­‐	
   to	
  mesoscale.	
  	
  
We	
   have	
   been	
   able	
   to	
   improve	
   stability	
   and	
   protein	
   fiber	
   assembly	
   while	
   also	
  
template	
   inorganic	
   metal	
   nanoparticle	
   to	
   create	
   new	
   organic•inorganic	
   hybrids.	
  	
  
While	
   studying	
   these	
   systems,	
  we	
  also	
  developed	
  supercharged	
  coiled-­‐coils	
  mixed	
  
with	
  cationic	
  lipids	
  for	
  applications	
  in	
  gene	
  delivery.	
  
	
  
Summary	
  of	
  the	
  most	
  important	
  results:	
  	
  
Summaries	
  are	
  provided	
  in	
  discrete	
  projects	
  as	
  part	
  of	
  the	
  whole	
  grant.	
   	
  For	
  those	
  
projects	
  in	
  which	
  manuscripts	
  are	
  published	
  or	
  under	
  review,	
  abstracts	
  along	
  with	
  
figures	
   are	
   provided.	
   	
   For	
   the	
   project	
   that	
   is	
   not	
   completed,	
   a	
   more	
   lengthy	
  
description	
  is	
  provided.	
  
	
  
1)	
  Engineered	
  Coiled-­‐Coil	
  MicroFiber	
  [1]	
  
The	
   fabrication	
   of	
   de	
   novo	
   proteins	
   able	
   to	
   self-­‐assemble	
   on	
   the	
   nano-­‐	
   to	
   meso-­‐
length	
   scales	
   is	
   critical	
   in	
   the	
   development	
   of	
   protein-­‐based	
   biomaterials	
   in	
  
nanotechnology	
  and	
  medicine.	
  Here	
  we	
  report	
  the	
  design	
  and	
  characterization	
  of	
  a	
  
protein	
  engineered	
  coiled-­‐coil	
  that	
  not	
  only	
  assembles	
  into	
  microfibers,	
  but	
  also	
  can	
  
bind	
   hydrophobic	
   small	
   molecules.	
   Under	
   ambient	
   conditions	
   and	
   a	
   pH	
   4,	
   the	
  
protein	
  forms	
  fibers	
  with	
  nanoscale	
  structure	
  possessing	
  large	
  aspect	
  ratios	
  formed	
  
by	
   bundles	
   of	
   α-­‐helical	
   homopentameric	
   assemblies,	
   which	
   further	
   assemble	
   into	
  
mesoscale	
   fibers	
   in	
   the	
   presence	
   of	
   curcumin	
   through	
   aggregation.	
   Surprisingly,	
  
these	
   biosynthesized	
   fibers	
   are	
   able	
   to	
   form	
   in	
   conditions	
   of	
   remarkably	
   low	
  
concentrations.	
   Unlike	
   previously	
   designed	
   coiled-­‐coil	
   fibers,	
   these	
   engineered	
  
protein	
  microfibers	
  can	
  bind	
  the	
  small	
  molecule	
  curcumin	
  throughout	
  the	
  assembly,	
  
serving	
  as	
   a	
  depot	
   for	
   encapsulation	
  and	
  delivery	
  of	
  other	
   chemical	
   agents	
  within	
  
protein-­‐based	
  3D	
  microenvironments.	
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Figure 1. Transmission electron micrograph of Q fiber, 10 µM, pH 4. Schematic representation 
of Q fiber assembly with staggered positive (red) and negative (blue) regions of the pentamer. 
Confocal microscopy fluorescence images of Q protein fiber in the presence of 50 µM curcumin 
at pH 4, 50 mM PB at room temperature, illustrating size change from nanofiber to microfiber. 
	
  
2)	
  Stimuli	
  Responsive	
  Fluorinated	
  Protein	
  Engineered	
  Coiled-­‐Coil	
  Fibers	
  [2]	
  
We design and characterize fluorinated coiled-coil proteins able to assemble into robust 
nano- and micro-fibers. Fluorination is achieved biosynthetically by residue-specific 
incorporation of 5,5,5-trifluoroleucine (TFL). The fluorinated proteins C+TFL and 
Q+TFL are highly α-helical as confirmed via circular dichroism (CD) and more resistant 
to thermal denaturation compared to their non-fluorinated counterparts, C and Q. The 
fluorinated proteins demonstrate enhanced fiber assembly with higher order structure.  
Ionic strength dependent fiber assembly is observed for fluorinated as well as wild type 
proteins with robust fiber formation 100 mM NaCl. The proteins reveal metal ion 
dependent small molecule recognition and supramolecular assemblies. In the presence of 
Zn (II), enhanced thermal stability and fiber assembly is observed for the fluorinated 
proteins and their non-fluorinated counterparts. Whereas Ni (II) promotes aggregation 
with no fiber assembly, the stabilization of α-helix by Zn (II) results in enhanced binding 
to curcumin to by the fluorinated proteins. Surprisingly, the non-fluorinated proteins 
exhibit multiple fold increase in curcumin binding in the presence of Zn (II). In the 
context of growing number of protein-based fiber assembly, these fluorinated coiled-coil 
proteins introduce a new paradigm in the development of highly stable self-assembling 
fibers that promotes the binding and release of small molecules in response of external 
cues. 

	
  
Figure 2. Incorporation of TFL into C and Q proteins lead to improved stability and robust 
assembly under ambient, neutral conditions.  The C+TFL and Q+TFL proteins exhibit Ni (II) and 
Zn (II)-dependent assembly.  In the presence of Ni (II), aggregation is induced, whereas in the 
presence of Zn (II) fiber assembly and stability is enhanced, leading to improved binding to 
curcumin. 
 
3) Tunable Conformation-Dependent Engineered Protein•Gold Nanoparticle 
Nanocomposites [3] 
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We	
   demonstrate	
   the	
   fabrication	
   of	
   protein•gold	
   nanoparticle	
   (AuNP)	
  
nanocomposites	
   in	
   situ,	
   leading	
   to	
   distinct	
   assemblies	
   dependent	
   upon	
   protein	
  
secondary	
   structure.	
   In	
   the	
   presence	
   of	
   pentameric	
   coiled-­‐coil	
   proteins	
   C	
   and	
   Q,	
  
which	
   contain	
   histidine	
   tags	
   and	
   helical	
   content,	
   templation	
   of	
   AuNP	
   results	
   in	
  
precipitation	
   of	
   the	
   protein•AuNP	
   composites	
   with	
   AuNPs	
   that	
   are	
   6.5	
   nm	
   in	
  
diameter,	
   creating	
   macromolecular	
   assemblies	
   on	
   the	
   micrometer	
   scale.	
   In	
   the	
  
absence	
  of	
  the	
  histidine	
  tags	
  the	
  resulting	
  Cx	
  and	
  Qx	
  proteins,	
  which	
  exhibit	
   lower	
  
helicities,	
   stabilize	
   soluble	
   protein•AuNP	
   composites	
   AuNPs	
   that	
   are	
   4.5	
   nm	
   in	
  
diameter	
   for	
   several	
   days	
  without	
   aggregating.	
   By	
  manipulating	
   protein	
   structure	
  
via	
   external	
   triggers,	
   such	
   as	
   TFE,	
   we	
   obtain	
   control	
   over	
   the	
   macromolecular	
  
conformation	
  and	
  overall	
   physicochemical	
  properties.	
  These	
  hybrid	
  protein•AuNP	
  
assemblies	
   can	
   be	
   readily	
   deposited	
   on	
   electrodes,	
   where	
   they	
   can	
   serve	
   as	
   a	
  
tunable	
  bio-­‐nanocomposite	
  kinetic	
  barrier.	
  	
  
	
  

	
  
Figure 3. Protein nanoparticle film formation results from protein self-assembly, dictated by 
structure. Templation of gold nanoparticles on structured proteins leads to film formation via 
aggregation, while unstructured proteins solvate nanoparticles. In the presence of TFE, structure 
is induced in cleaved proteins allowing solvated nanoparticles to aggregate. Electrochemical 
properties indicate that these materials can be suitable for biosensor development. 

4) Magnetite Templation on Functionalized Protein Biomaterials  
Coiled-­‐coil	
   proteins	
   based	
   on	
   COMPcc	
   have	
   been	
   used	
   as	
   a	
   building	
   block	
   in	
   the	
  
creation	
   of	
   functional	
   materials	
   capable	
   of	
   templating	
   magnetic	
   nanoparticles.	
  
Unnatural	
   amino	
   acid	
   incorporation	
   of	
   an	
   azide-­‐bearing	
   residue,	
   L-­‐
azidohomoalanine	
   (AHA),	
   into	
   proteins	
   C	
   and	
   Q,	
   whose	
   sequences	
   are	
   based	
   on	
  
COMPcc,	
  offered	
  a	
  chemical	
  handle	
  upon	
  which	
  an	
  orthogonal	
  magnetite	
  templating	
  
peptide,	
   CMms6,	
  was	
   attached.	
   Alkyne-­‐functionalized	
   CMms6	
  was	
   attached	
   to	
   the	
  
AHA-­‐bearing	
   proteins	
   through	
   a	
   copper	
   catalyzed	
   click	
   chemistry	
   reaction	
   and	
  
monitored	
  molecular	
  weight	
  shifts	
  in	
  SDS-­‐PAGE	
  gel	
  electrophoresis.	
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Figure 4. Schematic overview of functionalization of CAHA and QAHA with an alkyne-
functionalized CMms6 via click chemistry.  
	
  

	
  
Figure 5. SDS-PAGE of click chemistry as a function of time, with sodium ascorbate and 
varying concentrations of prg-CMms6. (a) C+AHA lysate. 1. Ladder, 2-5: No prg-CMms6, 6-9: 
200 µM prg-CMms6, 10-13: 500 µM prg-CMms6, where lanes 2, 6, and 10 were taken at the 
beginning of the reaction; 3, 7, and 11 represent 20 h of incubation; 4, 8, and 12 represent 28 h of 
incubation; and 5, 9, and 13 represent 48 h of incubation. (b) Q+AHA lysate. 1. Ladder, 2-5: No 
prg-CMms6, 6-9: 200 µM prg-CMms6, 10-13: 500 µM prg-CMms6, where lanes 2, 6, and 10 
were taken at the beginning of the reaction; 3, 7, and 11 represent 20 h of incubation; 4, 8, and 12 
represent 28 h of incubation; and 5, 9, and 13 represent 48 h of incubation. 
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Magnetic	
  nanoparticles	
   (MNPs)	
  were	
   synthesized	
   through	
   coprecipitation	
  of	
  FeCl3	
  
and	
   FeSO4	
   and	
   reduced	
   with	
   NaOH	
   to	
   produce	
   octahedral	
   nanoparticles	
  
approximately	
  8.6	
  nm	
  in	
  diameter	
  in	
  the	
  absence	
  of	
  CMms6	
  and	
  diameters	
  ranging	
  
from	
  16.3	
   to	
  12.2	
  nm	
   in	
   the	
  presence	
  of	
  CMms6	
  concentrations	
   ranging	
   from	
  200	
  
μM	
  to	
  1	
  mM,	
  respectively.	
  Transmission	
  electron	
  microscopy	
  confirmed	
  that	
  regular,	
  
octahedral	
   MNPs	
   were	
   synthesized	
   in	
   the	
   presence	
   of	
   CMms6,	
   whereas	
   MNPs	
  
crystallized	
   with	
   only	
   AHA	
   protein	
   resulted	
   in	
   MNPs	
   of	
   irregular	
   morphology,	
  
including	
  needle-­‐shaped	
  crystals.	
  	
  
	
  

	
  
Figure 5. Transmission electron micrographs for MNPs formed in the presence of 1 mM prg-
CMms6 via coprecipitation in 50 mM PB, pH 8 (a, b). Electron diffraction pattern of MNPs 
formed in the presence of prg-CMms6 (c) displayed rings that were used to calculate d -spacing 
of the crystals. Scale bars are 100 nm 
(a), 20 nm (b), and 5 nm-1  (c). 
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Figure 6. TEM of unclicked C+AHA + MNP (a, b) and unclicked Q+AHA + MNP (c, d). 
Concentration of C+AHA was 23 µ M and Q+AHA was 11 µ M, with molar ratios of iron salts 
and reducing agent normalized accordingly. Presence of needle-like crystals is indicated by white 
arrows. Scale bars represent 100 nm in (b) and (c) and 50 nm in (a) and (d). Samples imaged 
without uranyl acetate stain. 
 
Whole	
   cell	
   lysate	
   containing	
   AHA	
   protein	
   clicked	
   with	
   CMms6	
   was	
   used	
   for	
  
templation	
  of	
  MNPs	
  and	
  studied	
  with	
  TEM.	
  Crystallization	
  and	
  stabilization	
  of	
  MNPs	
  
by	
  proteins	
  is	
  important	
  in	
  biomedical	
  fields	
  where	
  magnetic	
  materials	
  can	
  be	
  made	
  
biocompatible	
  or	
  ligand-­‐targeted	
  with	
  proteins	
  in	
  areas	
  such	
  as	
  magnetic	
  resonance	
  
imaging	
  as	
  well	
  as	
  targeted	
  drug	
  delivery	
  through	
  use	
  of	
  magnetic	
  fields.	
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Figure 7. Schematic of setup for magnetic separation experiments. 
 

	
  
Figure 8. Phase contrast microscopy of MNPs synthesized in the presence of 200 µM prg-
CMms6 in 50mM PB pH 8 before (a) and after (b, c, d) the application of a magnetic field. 
Direction of the magnetic field is indicated by the white arrows. Scale bar represents 100 µm in 
(a) and 75 µm in (b), (c), and (d). 
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  (6)	
  	
  
Figure 9. Phase contrast microscopy of MNPs synthesized in 50 mM PB pH 8 incubated with 
Q+AHA lysate and Q+AHA+prg-CMms6 lysate before (top) and after 2 washes (middle) and 4 
washes (bottom) via magnetic separation. Scale bar represents 100 µm in top left, middle left, and 
bottom left images and 75 µm in top right, middle right, and bottom right images. 
 
The manipulation of these solutions with a neodymium magnet demonstrated that 
prg-CMms6 and Q+AHA+prg-CMms6 samples were retarded in traveling through the 
solution compared to MNPs in Q+AHA samples.  This suggests that the presence of 
CMms6 influences the magnetite assembly and organization.	
  
 
5) Gene delivery from supercharged coiled-coil protein and cationic lipid hybrid complex 
[4] 
A lipoproteoplex comprised of an engineered supercharged coiled-coil protein (CSP) 
bearing multiple arginines and the cationic lipid formulation FuGENE HD (FG) was 
developed for effective condensation and delivery of nucleic acids. The CSP was able to 
maintain helical structure and self-assembly properties while exhibiting binding to 
plasmid DNA. The ternary CSP•DNA(8:1)•FG lipoproteoplex complex demonstrated 
enhanced transfection of β-galactosidase DNA into MC3T3-E1 mouse preosteoblasts. 
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The lipoproteoplexes showed significant increases in transfection efficiency when 
compared to conventional FG and an mTat•FG lipopolyplex with a 6- and 2.5-fold 
increase in transfection, respectively. The CSP•DNA(8:1)•FG lipoproteoplex assembled 
into spherical particles with a net positive surface charge, enabling efficient gene 
delivery. These results support the application of lipoproteoplexes with protein 
engineered CSP for non-viral gene delivery. 

 
Figure 10. a) Aligned sequences of COMPcc and CSP with mutated arginine residue positions 
shown in red. b) Schematic of CSP complexation with plasmid DNA and a ternary complex with 
cationic lipids to form lipoproteoplexes for gene delivery. 
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