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PREFACE

The MPSA international conference is held in a different country every two years. It
is devoted to methods of determining protein structure with emphasis on chemistry and
sequence analysis. Until the ninth conference, MPSA was an acronym for Methods in Protein
Sequence Analysis. To give the conference more flexibility and breadth, the Scientific
Advisory Committee of the 10th MPSA decided to change the name to Methods in Protein
Structure Analysis; however, the emphasis remains on “methods” and on “chemistry.” In
fact, this is the only major conference that is devoted to methods.

The MPSA conference is truly international, a fact clearly reflected by the composi-
tion of its Scientific Advisory Committee. The Scientific Advisory Committee oversees the
scientific direction of the MPSA and elects the chairman of the conference. Members of the
committee are elected by active members, based on scientific standing and activity. The
chairman, subject to approval of the Scientific Advisory Committee, appoints the Organizing
Committee. It is this latter committee that puts the conference together. The lectures of the
MPSA have traditionally been published in a special proceedings issue. This is different
from, and more detailed than, the special MPSA issue of the Journal of Protein Chemistry
in which only a brief description of the talks is given in short papers and abstracts. In the
10th MPSA, about half the talks are by invited speakers and the remainder were selected
from submitted short papers and abstracts. Inclusion of submitted contributions in the oral
program is an important mechanism for bringing new discoveries and innovations to the
forefront. These proceedings are divided into eight topics: (1) preparation of proteins and
peptides for microsequence analysis; (2) N-terminal sequence analysis; (3) C-terminal
sequence analysis; (4) mass spectrometry; (5) new strategies for protein and peptide
characterization; (6) immunological recognition, phage and synthetic libraries; (7) analysis
of protein structures of special interest; (8) database analysis, protein folding, and three-di-
mensional structures of proteins. We believe that the different chapters in this book will
provide a timely resource for the analysis of protein structures, which constitutes an
indispensable part of contemporary biochemistry and molecular biology. Protein structure
analysis continues to progress in line with other developments in modern biochemistry,
molecular biology, and biophysics, and is essential for the design of therapeutic agents useful
for the control of human diseases.

Conferences of this size (493 participants) require considerable funding. We would
like to express our gratitude to our sponsors. Without their support and generosity this
meeting would not have been possible. We especially would like to thank Millipore, Inc. for
supporting the Edman Award. Because of this wonderful support and the excellent registra-
tion we were able to offer assistance for attending the conference to six junior scientists and
thirteen students. Together with the International Science Foundation, we co-sponsored six
scientists from the former Soviet Republics of Russia and Uzbekistan.
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The editors wish to thank Marie Pellum, Kella Kunz, Priscilla Igori, and Shana Atassi
for their invaluable assistance in the organization of the conference and especially Priscilla
Igori and Shana Atassi for their help in the organization and preparation of this book.

M. Zouhair Atassi
Ettore Appella




THE EDMAN AWARDS 1994

On behalf of the Pehr Edman Award Selection Committee of the 10th MPSA and
Millipore Corporation, it is with great pleasure that I have been asked to write a few words
on the 1994 awardees and on the prize itself. To understand the contributions that Dr. Reudi
Aebersold and Dr. Joel Vanderkerckhove have made to this field, the pioneering work of
Pehr Edman should be acknowledged.

The field which has immortalized his name got its early roots with Pehr Edman’s
studies in 1946 on bovine angiotensin at the Karolinska Institute in Stockholm. He observed
that neither the molecular mass nor the amino acid composition were giving information on
the biological activity of the small, physiologically important molecule. During his stay at
the Rockefeller Institute at Princeton from 1946-47, he looked at different reagents that could
react with the amino group of peptides. This led him to introduce the use of phenylisothio-
cyanate for carbamylation of reactive amines on model peptides. With this tool the door was
opened for the systematic elucidation of the primary structure of polypeptides. It is evident
from the proceedings of the 10th MPSA that this chemistry is still alive as we move the
analytical capabilities into new directions all aimed at accelerating sequencing. However,
the basic chemical approach has not changed since Pehr Edman recognized the reactivity of
the amino group in peptides and proteins. He also recognized that the chemical degradation
of the amino terminal is a three-stage process in which it is critical that the thiazolinone
derivative be removed from the parent peptide and converted to the stable PTH derivative
in a separate vessel. This was the only way to achieve high repetitive yields, a prerequisite
for unraveling long peptide sequences.

Since the early work of Pehr Edman there have been many contributions to its
emergence as the primary protein structural characterization tool that it is today. The selection
of recipients of the 1994 Edman prize was a difficult one. Two individuals are recognized
this year; Dr. Joel Vanderkerckhove and Dr. Reudi Aebersold. Their contributions have
helped to make it possible to sequence samples from electrophoretic separations after
electroblotting to solid phases. In their earlier work they both recognized the importance of
the solid phase in presenting the sample to the instrumentation and chemistry of the modern
sequencer. At Millipore we have seen many applications develop in this field with the
introduction of the polyvinylidene fluoride (PVDF) membrane in 1986 and its recognition
as a sequencing support in 1987. At the 10th MPSA, clearly, we were still learning more
about the importance of the solid phase in this approach. Drs. Vanderkerckhove and
Aebersold are both actively moving this field forward and were selected by the 10th MPSA
Award Selection Committee to receive the Edman Award, sponsored by Millipore.

To learn more about the awardees who are being honored in memory of Pehr Edman,
the accomplishments and short biographies of Dr. Joel Vanderkerckhove and Dr. Reudi
Aebersold will be outlined here briefly.

ix
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Dr. Pehr Edman

JOEL VANDERKERCKHOVE

Dr. Joel Vankderkerckhove was born in Belgium and obtained a degree in Chemistry
at the University of Ghent in Belgium. In 1967, he started his Ph.D. work on the sequence
determination of the coat protein of bacteriophage MS2, work which brought him directly
to the heart of protein chemistry. This work brought him in contact with Dr. Klaus Weber at
the Max Plank Institute of Biophysical Chemistry in Gottingen. There, he started a second
period in his research career, studying the molecular basis of the different isoforms of actin
and analyzing their expression in different cells and tissues.

In 1981, Vanderkerckhove returned to his old “mews” where he continued the work
on the isoactin expression. That work became a classic in cell biology. In order to solve some
of the problems for this work, Vanderkerckhove introduced the protein electroblotting
techniques; the original method employing polybased-coated glass-fiber membranes as
immobilizing support. Similar techniques were at that time developed in the laboratory of
Professor Lee Hood at California Institute of Technology (Cal Tech), together with Drs.
Steven Kent and Reudi Aebersold. The success of this method is now well known.

Close contact with the successful plant-engineering group of Professor M. Van
Montagu at the University of Ghent, enticed Joel Vanderkerckhove to use transgenic plants
for the production of bioactive peptides as part of hybrid seed storage proteins. This was the
first step towards molecular farming offering interesting prospectives for increasing the
nutritional value of seeds.

The protein-chemical micropreparation techniques which were meanwhile devel-
oped were applied in the development of a 2D gel database in collaboration with the group
of Professor J. Celis. This is one of the largest databases of its kind.

In 1990, Vanderkerckhove became head of the Department of Biochemistry at the
Medical Faculty of the University of Ghent (an unusual appointment for a nonphysician).
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Dr. Joel Vanderkerckhove

Since then, his research has concentrated on the molecular mechanisms underlying the
organization of the microfilament system in the cell. In particular, he has addressed the
problem of the multiple interactions between actin and actin-binding proteins, a complex
protein-protein docking problem.

RUEDI AEBERSOLD

Dr. Aebersold is a native of Switzerland, where he grew up and received his
education. He graduated in 1983 with a doctoral degree in cell biology from the Biocenter,
University of Basel. His thesis work, which was carried out in the laboratory of Dr. J.Y.
Chang at Ciba-Geigy in Basel, involved the sequence analysis of monoclonal antibodies
directed against streptococcal group carbohydrates.

After this, he came to the U.S. to do a postdoctoral fellowship with Dr. Lee Hood at
Cal Tech. He stayed at Cal Tech from 1984-88 where he and his co-workers worked out
several protein analytical techniques. The most notable ones might be the isolation of
proteins for N-terminal sequencing by electroblotting from polyacrylamide gels, a procedure
for internal sequence analysis of small amounts of gel separated and electroblotted proteins
by in situ digestion on nitrocellulose membranes and the application of these techniques to
proteins separated by 2D gel electrophoresis. With this work, they attempted to make the
technique of protein sequencing compatible with techniques most commonly used in the
laboratory of the biochemist.

In 1988, Aebersold moved to the Biomedical Research Center at the University of
British Columbia in Vancouver to take an Assistant Professorship at the Department of
Biochemistry. In Vancouver, he started working on the delineation of signal transduction
pathways inside cells using a protein analytical approach. Initially, he characterized several
signaling proteins by sequencing. He developed protocols for the determination of sites of
Ser, Thr as well as Tyr phosphorylation by solid-phase sequencing. These techniques were
used to determine the sites of protein phosphorylation.

More recently, he has worked on developing combined chemical and mass spectro-
metric protocols for the determination of the sites of protein phosphorylation at high
sensitivities. He has demonstrated that the interaction between the kinase Zap 70 and
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Dr. Ruedi Aebersold

phosphorylated TCR zeta chain is mediated by tyrosine phosphorylation, is essential for the
T-cell receptor signaling, and can be interrupted with a synthetic analog modeled after the
phosphopeptide sequence.

In 1993, he moved to the Department of Molecular Biotechnology at the University
of Washington in Seattle to take a position as Associate Professor and Associate Director of
the NSF Science and Technology Center on Molecular Biotechnology. His work continued
to focus on the development and application of protein analytical technology.

The general aim of his work is, therefore, the development of analytical technology
thats can be directly interfaced with experiments in the typical biochemistry laboratory to
answer biological problems.

Dr. Malcolm G. Pluskal
Senior Consulting Scientist
Millipore Corporation
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CHARACTERIZATION OF PROTEINS
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INTRODUCTION

The investigation of cell differentiation, development, and signal transduction path-
ways are examples of current research projects which have in common the focus on complex,
highly regulated systems consisting of numerous interacting elements. A complete under-
standing of such processes can only be achieved if the problem is approached globally,
considering the temporal and spatial interactions of all the elements involved. This task is
supported by large amounts of data stored and annotated in databases such as nucleic acid
and amino acid sequence databases and two dimensional (2D)f protein databases.
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formance liquid chromatography; ESI-MS: electrospray ionization mass spectrometer/try; PITC 311:
4-(3-pyridinylmethylaminocarboxypropyl)phenyl isothiocyanate; 311 PTH: 4-(3-pyridinylmethylamino-
carboxypropyl)phenyl thiohydantoin; CE: capillary electrophoresis; PTM: post translational modification;
ER: enzyme reactor.
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The number of sequences entered in sequence databases is growing exponentially at
least in part due to coordinated large scale sequencing programs (e.g. Dujon et al., 1994).
Such genome sequencing efforts will result in the determination of the complete genome
sequence for a few species within the current decade (Collins and Galas, 1993). In addition,
systematic cDNA sequencing projects generate increasingly complete databases of the genes
expressed in specific tissues. Although access to the most advanced cDNA databases is
currently limited, it is expected and hoped that this resource will eventually become generally
accessible.

While sequence databases are useful for answering specific questions, the linear
structure of the stored information lacks important dimensions which are essential for
biologists. Spatial and temporal expression profiles and expression levels, regulatory fea-
tures including post-translational modifications and polypeptide processing, protein traffick-
ing and turnover, information on interactions with other elements and integration of
numerous components into complex pathways are examples of the types of information
which are not directly coded for in the DNA sequence and are therefore not extractable from
sequence databases alone.

2D protein databases, the display and annotation in a 2D pattern of the expressed and
fully processed protein components of a cell or tissue, represents an alternative format to
globally store and display information. While the term 2D in this context usually refers to
the two dimensions [isoelectric focusing (IEF) and SDS polyacrylamide gel electrophoresis
(SDS-PAGE)] used in a gel electrophoresis experiment to separate the hundreds or thousands
of proteins in an extract into a 2D pattern, the information content in a 2D protein database
is in fact multidimensional. Data dimensions which can be obtained by simple experiments
and/or subtractive pattern analysis and can be easily integrated into 2D protein databases
include temporal and spatial expression levels, information on regulatory features mediated
by covalent protein modifications, protein trafficking and turnover and information on the
interaction of polypeptides with other components to form functional protein complexes. 2D
gel electrophoresis by itself does however not provide any structural information on the
separated species.

The information contained in sequence databases and in 2D protein databases are
therefore complementary but not easily linked. Here we describe our approach towards a
rapid, sensitive and conclusive analysis of the complete covalent structure of gel separated
proteins and illustrate with selected results the current status of these projects. We are
pursuing two main objectives: i) characterization of gel separated proteins by their amino
acid sequence with the aim of correlating a protein spot in a 2D protein database with the
corresponding entry in DNA sequence database and ii) characterization of protein modifi-
cations with the aim of understanding regulatory features and protein processing pathways.

IDENTIFICATION OF PROTEINS SEPARATED BY GEL
ELECTROPHORESIS

It is frequently required in biological research projects that protein species repre-
sented as protein bands or spots separated by gel electrophoresis be further characterized.
Such proteins may be detected by comparative protein pattern analysis, western blotting, or
as dominant species in samples prepared by protein purification. Characterization of such
proteins by their amino acid sequence not only represents the most conclusive criterion for
protein identification but also provides a unique basis for further experimentation such as
cloning of the corresponding gene, altering specific activities by site-directed mutagenesis
and modulating temporal and spatial protein expression patterns. In addition, limited
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sequence information is suitable to unambiguously establish structural relationships between
proteins of comparable electrophoretic mobilities and to characterize protein isoforms with
different electrophoretic mobilities generated by differential protein processing or modifi-
cation.

To rapidly, sensitively and reliably characterize proteins separated by gel electropho-
resis at the level of the amino acid sequence we have assembled the protein chemistry
workstation shown in Fig. 1. The system consists of a gel electrophoresis unit, a reverse-
phase high performance liquid chromatography (RP-HPLC) system, an electrospray ioniza-
tion mass spectrometer (ESI-MS), a fraction collector, a protein sequencer and a datasystem.

The system was operated in the following way. Proteins separated by gel electropho-
resis, SDS-PAGE, IEF or 2D gel electrophoresis (2DE) were electrophoretically transferred
from the gel either onto nitrocellulose or onto a membrane with a cationic surface (Immo-
bilon CD) (Millipore Corp.) detected by staining and enzymatically cleaved as described
(Aebersold et al.. 1987); Patterson et al.. 1992 ). Recovered peptides were separated by
RP-HPLC and analyzed by on-line ESI-MS. Between the outlet of the chromatography
column and the MS ion source we inserted a flow splitting device which split approximately
10% of the column effluent into the mass spectrometer and the remaining 90% of the sample
was collected for further analysis such as peptide sequencing. (Hess et al., 1993). Since the
ESI-MS is essentially a concentration dependent detector, splitting of the column effluent
did not significantly reduce the sensitivity of peptide detection. The LC-MS peptide mapping
experiment therefore yields the masses of peptides derived from the protein under investi-
gation with minimal sample loss. In addition to indicating the degree of purity and homoge-
neity of the collected peptide fractions, as illustrated in Fig. 2, peptide masses can be used
to identify a protein in a sequence database using any one of a number of peptide mass search
algorithms which were developed independently in the last two years (Henzel et al. 1993;
James et al. 1993; Mann et al. 1993; Pappin et al. 1994; Yates et al. 1993).
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INPUT

PEPTIDE MASSES: 2072, 1388, 1165, 1027, 850, 843
ENZYME: TRYPSIN

ESTIMATED PROTEIN

MOLECULAR WEIGHT: 40,000

OUTPUT

3 . KAPA_CRIGR CAMP-DEPENDENT PROTEIN KINASE, ALPHA-CATALYTIC SUBUNI
2.7

4 . KAPA_RAT CAMP-DEPENDENT PROTEIN KINASE, ALPHA-CATALYTIC SUBUNI
2.7

; . KAPA_BOVIN CAMP-DEPENDENT PROTEIN KINASE, ALPHA-CATALYTIC SUBUNI
W7

6h - A25125 Protein kinase (EC 2.7.1.37), cAMP-dependent, catalyt
chain

7 . BOVPKINCA BOVPKINCA LOCUS BOVPKINCA 2522 bp ss-RNA MAM 07-AUG-1
Bos

8 . NS$S1CPKE c-aMP-dependent protein kinase (EC 2.7.1.37) (cAPK)
(catalytic

9 . NCF1_HUMAN NEUTROPHIL CYTOSOL FACTOR 1 (NCF-47K). - HOMO SAPIENS
(HUMAN) .

10 . T230_RAT TRYPTOPHAN 2,3-DIOXYGENASE (EC 1.13.11.11) (TRYPTOPH?
PYRROLA

11 . GUN1_RUMAL ENDOGLUCANASE I PRECURSOR (EC 3.2.1.4)

(ENDO-1, 4-BETA-GLUCANAS

12 . A3715%9 *Centrosphere protein, elongation factor 1 alpha-rele
Sea L e

Figure 2. Protein identification by peptide mass search.

Ilustration of the peptide mass database search procedure. Required entries for a
search are the experimentally determined peptide masses, the estimated mass of the intact
polypeptide (as determined by gel electrophoretic mobility) and the type of enzyme used for
protein cleavage. Search results specify protein name, ori ginating species, sequence database
access code and more. The displayed example used the MOWSE search algorithm (Pappin
et al. 1993) to search the OWL sequence database (Akrigg et al. 1988; Bleasby et al. 1990).

In cases in which the peptide mass database search could not or could not conclusively
identify the protein, collected, homogeneous peptide fractions were subjected to automated
peptide sequencing. To enhance the sensitivity of peptide sequencing we have developed a
new degradation chemistry which uses ESI-MS for the detection of the degradation products.
The chemistry is based on the reagent 4-(3-pyridinylmethylaminocarboxypropyl)phenyl
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isothiocyanate (PITC 311) (Bures et al. 1994, Hess et al. 1994) and is further detailed in an
article by Bures et al. in this issue.

The chemistry is compatible with commonly used absorptive protein and peptide
sequencing protocols. ESI-MS detection of the generated 4-(3 pyridinylmethylaminocar-
boxypropyl)phenyl thiohydantoins (311 PTH’s) affords detection limits at the low femto-
mole level and provides significant data enhancement by selected ion monitoring. Fig. 3
shows results from a high sensitivity sequencing experiment using PITC 311 and illustrates
the value of integrating different types of data obtained by the protein chemistry workstation.
3.2 pmole of bovine carbonic anhydrase (calibrated by quantitative amino acid composition
analysis) was cleaved by trypsin, the resulting peptide fragments were separated by RP-
HPLC and manually collected. 10% of the eluting peptide sample was split into the on-line
ESI-MS system. A peptide of 973.5 Da was subjected to automated sequencing using the
PITC 311 chemistry, the 311 PTH’s were analyzed by ESI-MS and the data are represented
in histogram format in Fig. 3. The specific residue determined in each sequencing cycle
(marked with * in Fig. 3) was easily determined. Furthermore, the sum of the molecular
weights of the determined amino acids and the experimentally determined molecular weight
of the intact peptide helped confirm the determined amino acid sequence.

SUMMARY: PROTEIN IDENTIFICATION

We have developed a protein chemistry workstation for the rapid, sensitive and
conclusive identification of proteins separated by gel electrophoresis. The system operates
on a two-pass basis. In the first pass proteins are enzymatically fragmented and peptide
molecular weights are determined by LC-ESI-MS or CE-ESI-MS. These peptide masses are
used to search sequence databases for corresponding protein sequences. The second pass,
required for protein identification in cases in which the peptide mass database search is
inconclusive, consists of automated sequencing of the collected peptides using PITC 311
and detection of 311 PTH’s by ESI-MS. Protein identification by the first pass is fast, simple,
does not require any peptide sequencing and is growing in importance with increasing size
of sequence databases. Protein identification by the second pass, PITC 311 sequencing is
currently slightly more sensitive than peptide sequencing using PITC and yields less
ambiguous results due to accurate mass analysis of the 311 PTH’s. We anticipate that future
developments in the PITC 311 degradation chemistry will make chemical peptide sequencing
more sensitive by at least one order of magnitude, faster and more robust. Finally, the data
obtained in the first pass and the second pass are synergistic. Integration of these data is
useful for the selection of peptides for sequencing, for confirmation of the obtained peptide
sequences and for minimizing the chance of sequencing in homogeneous peptide fractions
or peptides derived from autocatalysis of proteolytic enzymes.

DETERMINATION OF THE MOLECULAR BASIS OF
DIFFERENTIAL ELECTROPHORETIC MOBILITIES OF PROTEINS

There are numerous indications that the products of a single gene are translated and
processed into different molecular species which frequently can be resolved by high-reso-
lution gel electrophoresis. Such sets of closely related polypeptides are typically suspected
if proteins with comparable mobilities by SDS-PAGE can be resolved by IEF (charge trains
in 2DE). While the close structural relatedness can quite easily be verified by 2D western
blotting experiments, the molecular basis for the differential mobility is more difficult to
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elucidate. Since most sequences are determined by DNA sequencing which does not account
for post translational processing and modifications, there is a definitive need for advanced
technology to investigate the complete covalent structure of fully processed proteins.
Localization of a known modification within a polypeptide sequence and “de-novo” deter-
mination and localization of modified residues, respectively, represent two predominant
technological challenges.

LOCALIZATION OF MODIFIED RESIDUES WITHIN A
POLYPEPTIDE SEQUENCE

Among the many types of protein modifications described to date (Wold 1981),
(reversible) protein phosphorylation, mainly on serine, threonine and tyrosine residues is
intensely studied for its essential regulatory role in many physiological processes. To localize
the sites of protein phosphorylation we developed a post translational modification (PTM)
analyzer as shown in Fig. 4.

The system consists of a micro enzyme reactor (ER), a separation instrument [HPLC
or capillary electrophoresis] and an ESI-MS system. All three components are connected
on-line. A data system controls the operation of the analyzer and integrates the generated
data.

The use of a phosphatase ER for the determination of sites of protein tyrosine
phosphorylation illustrates the operation of the PTM analyzer. Differentially phosphorylated
polypeptides were prepared and enzymatically cleaved as described above. An aliquot of the
recovered peptide mixture was subjected to enzymatic de-phosphorylation in the phos-
phatase ER, and the reaction products were separated and analyzed by CE-ESI-MS or by

Protein Separation

O
O O 1D; 2-D PAGE
O
Protein Fragmentation
CE '
/ Electrospray
P | Mass
‘ ——(Enzyme Reactor)—( CE )——-»———\—\ Spectrometer
Injector

( Data System »

Figure 4. The post-translational modification analyzer

Subtractive (+, - ER) pattern analysis
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Figure 5. Determination of the site of protein tyrosine phosphorylation using the PTM analyzer. TCR/CD3 £
chain, phosphorylated in vitro with the tyrosine kinase P56/ was cleaved with trypsin. Resulting peptides
were analyzed in a PTM analyzer as described in Fig. 4, consisting of the following components: ER: human
tyrosine phosphatase  immobilized on biotin-avidin-methacrylate; RP-HPLC: C18 capillary column; ESI-
MS: Model API III mass spectrometer (PE/SCIEX). Total ion current (300-2000 Da) of peptides after ER
exposure are shown. Inserts show the mass spectra of the peaks indicated by the arrows. The characteristic
differences in elution time and measured mass identifies the two analyzed species as the phospho- and
dephospho form, respectively, of the same peptide.

LC-ESI-MS, depending on the configuration of the system. A second aliquot of the same
sample was analyzed in a similar way, except that it was not subjected to enzymatic
dephosphorylation. The MS data from both samples were compared in the datasystem and
phosphopeptides were identified by the characteristic change in mobility in the separation
system as well as by the characteristic change in peptide mass induced by enzymatic
dephosphorylation (reduction in peptide mass by 80 Da) per phosphate group removed. The
data shown in Fig. 5 further illustrate the procedure. The cytoplasmic part of the T cell
receptor ¢ chain was phosphorylated in vitro with the tyrosine kinase p56/ as described
(Watts et al. 1992), the phosphoprotein was cleaved with trypsin and the resulting peptide
mixture was analyzed as described above.

The total ion current shown in Fig. 5 represents all the ions detected within the mass
range 300-2000Da from the sample that was dephosphorylated in a ER consisting of
immobilized human tyrosine phosphatase § and separated by capillary RP-HPLC (Amankwa
et al., 1995). The ER was constructed by immobilizing a metabolically biotinylated human
tyrosine phosphatase B fusion protein on avidin-modified sepharose packed in a capillary
column. Mass spectral analysis of two peaks eluting around 28 min. indicated that the later
eluting peptide [(M+2H)?*=816.5] was the phosphatase product (the dephospho form) of the
slightly earlier eluting phosphopeptide [(M+2H)?*=856.5]. Comparative, systematic analy-
sis of all the peptides present in the samples with or without phosphatase treatment allowed
us to localize 5 additional phosphorylation sites in the { chain sample. ER’s for CE-MS were
constructed in a similar way by immobilizing the same phosphatase fusion protein onto the
inner surface of fused silica capillaries coated with avidin as described (Amankwa and Kuhr,
1992). We used this type of ER to identify a site of tyrosine phosphorylation on the human
platelet derived growth factor receptor (Amankwa et al., 1995).
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The system has the following advantages and limitations. i) Two independent criteria,
a shift in retention time and the characteristic mass reduction by 80 Da conclusively identify
phosphopeptides in a peptide mixture. ii) If the sequence of the polypeptide and the specificity
of the proteolytic enzyme used are known, the mass of the un-phosphorylated peptide is usually
sufficient to unambiguously identify the phosphopeptide within the polypeptide sequence. iii)
The system operates in an automated manner and at a low picomole sensitivity level and does
not require radiolabeling of the sample. iv) The substrate specificity of the immobilized
phosphatase distinguishes between serine, threonine and tyrosine phosphorylated peptides. v)
In peptides which contain more than one site which could be phosphorylated, the exact sites of
phosphorylation need to be determined by phosphopeptide sequencing ( Aebersold etal., 1991;
Meyer et al., 1991; Wettenhall et al., 1991) vi) The approach is general and can be extended to
the analysis of essentially any protein modification for which a distinguishing enzyme reaction
is known, and vii) The approach is easily adaptable to other types of analytical instrumentation
such as matrix assisted laser-desorption time-of-flight MS.

DE-NOVO CHARACTERIZATION AND LOCALIZATION OF
MODIFIED RESIDUES

De-novo characterization of modified amino acid residues is an important task in
analytical protein biochemistry. Basic research into the structure and function of proteins
continues to uncover novel types of protein modifications, the structures of which need to be
analyzed. In the biotechnology industry the covalent structure of recombinant, overexpressed
proteins needs to be documented. Frequently, such proteins carry modified residues. Metabolic
products of pharmaceuticals potentially modify selected proteins and interfere with their function.
Characterization of modified residues is therefore an important aspect of pharmacology and
toxicology. Current chemical protein sequencing technology is of very limited value for the
structural characterization of modified residues. We have therefore evaluated the potential of
automated peptide sequencing using PITC 311 and ESI-MS detection of the resulting 311 PTH’s.

The procedure is illustrated by the results shown in Fig. 6. A synthetic polypeptide
containing the regulatory tyrosine residue in the protein tyrosine kinase p60*© was cleaved
with trypsin and the phosphopeptide was isolated by RP-HPLC as described above. To allow
for maximum flexibility in the extraction conditions during automated sequencing, the
phosphopeptide was covalently attached to an arylamine-modified polyvinylidene fluoride
membrane (Millipore Corp.) (Coull et al. 1991) applied to the protein sequencer cartridge
and sequenced using PITC 311 following degradation protocols optimized for this chemistry
(Nika et al. , in prep.). The samples extracted from the sequencer cartridge were scanned by
on-line ESI-MS for the presence of an ion corresponding to 311 PTH phosphotyrosine
[(M+H)*"=555]. Fig. 6 illustrates the presence of the expected mass in cycles 7 and 8, whereas
the signal is absent in the cycles preceding cycle 7 and in later cycles. A phosphotyrosine
restdue was therefore positively identified in cycle 7 of the peptide.

We have used to same approach to structurally characterize additional types of
modified residues including catalytic nucleophiles in the active site of glycosidases which
were covalently modified with mechanism-based enzyme inhibitors (S. Lawson, D. Tull, S.
Withers, University of British Columbia, unpublished). In these cases the samples extracted
from the sequencer were analyzed by ESI-MS scanning an appropriate extended mass range
for the presence of derivatives of modified amino acid residues (data not shown). In cases
in which the 311 PTH mass did not unambiguously identify the modified residue, the
structure of the derivative was further analyzed by collision-induced fragmentation in a
tandem MS experiment (data not shown).
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Figure 6. Determination of site of protein tyrosine phosphorylation by automated peptide sequencing/ESI-MS
detection. A tyrosine phosphorylated peptide derived from p60™ was applied to automated protein sequencer
and sequenced as described in the text. The sample extracted from the sequencer after each sequencing cycle
was injected onto a C18 RP-HPLC column (Reliasil C18; 1x50 mm) (Michrom Bioresources) and the column
effluent was analyzed by ESI-MS. The MS was operated in the multiple ion monitoring mode. Data
corresponding to the extracted mass of 311 PTH phosphotyrosine {(M+H)*=555] are displayed for the
sequencing cycles around the detected phosphorylation site.

CONCLUSIONS

In this manuscript we describe a suite of complementary techniques for the high
sensitivity determination of the covalent structure of proteins separated by gel electropho-
resis. The described techniques focus on the two tasks which in our view will dominate the
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work of analytical protein chemists. The first is the identification of proteins relevant to a
biological system or process at the level of the primary structure and the second is the
determination and localization of modified or unnatural residues within an amino acid
sequence. For both tasks we have developed two-pass processes which consist of a rapid,
sensitive and simple initial screen which is followed, if necessary, by a more detailed, slower,
less sensitive but general and conclusive secondary analysis.

Our strategy to identify proteins at the sequence level takes advantage of the power
of rapidly growing sequence databases, the rapidly evolving capabilities in protein and
peptide mass spectrometry and includes a new sequencing chemistry for amino acid sequenc-
ing at enhanced sensitivity.

The technique for the localization and identification of modified residues within
polypeptides combines the specificity of enzyme reactions with the sensitivity and reliability
of LC-MS and CE-MS analysis. For de-novo identification of modified residues we rely on
chemical stepwise peptide degradation using a novel protein sequencing chemistry.

The described systems are modular. They consist of several components which are
easily interfaced. Individual components can be easily exchanged without interfering with
the performance of the system. For example, the described systems are compatible with a
variety of gel electrophoresis techniques, with essentially any separation technique and with
different MS techniques and instruments.

The central part of all the described instruments is a data system which stores and
integrates the data generated by the subsystems and allows for data analysis and interpreta-
tion in a synergistic manner. Clearly it is these data interpretation and analysis aspects,
together with systems integration aspects will require significant research and development
efforts to make protein analytical technology even more powerful.
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INTRODUCTION

One-dimensional (1-D) or two-dimensional (2-D) polyacrylamide gel electrophoresis
is a convenient technique for purifying small amounts of proteins from very complex mixtures
(O’Farrell, 1975; Celis & Bravo, 1984). For structural analysis, proteins are electrotransferred
from the gels onto immobilizing membranes for subsequent NH,-terminal sequence analysis
(Vandekerckhove et al., 1985; Aebersold et al., 1986; Matsudaira, 1987). Alternatively,
proteins can be cleaved either as membrane-bound molecules (Aebersold et al., 1987; Bauw ez
al., 1988) or when still present in the gel matrix (Rosenfeld ez al., 1992). The resulting peptides
are then separated for further characterization. Recently, computer searching algorithms have
been developed that use peptide mass fingerprinting to identify proteins whose sequences are
stored in databases (Mann et al., 1993; Pappin et al., 1993; Yates et al., 1993). Such peptide
mass information can be obtained from previously unseparated mixtures using matrix assisted
laser desorption ionization time of flight mass spectrometry (MALDI-TOF-MS) (Mann et al.,
1993, Zhang et al., 1994) or from a reversed phase column eluate on-line connected with an
electrospray ionization mass spectrometer (ESI-MS). Conventional automated Edman de-
gradation techniques or mass spectrometric-based methods allow sample analysis in the low
picomole or even femtomole range. Unfortunately, when only such small amounts are present
in the starting mixture it is difficult to purify and digest the protein with high peptide recoveries.
This is probably due to adsorption of a fraction of the protein within the pores of the
immobilizing membrane by which they are trapped, out of reach of the proteases. In case of
in-gel cleavage a fraction of the protein or its fragments stay inside the gel matrix. The problems
mentioned above can be reduced by working in small but highly concentrated protein spots,
thus reducing the membrane surface or gel matrix volume. When only small amounts of
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proteins are present in the gels, these conditions are seldomly met and therefore it is necessary
to combine several protein spots into a small volume. In this paper we describe a method that
allows to reproducibly elute and concentrate proteins from combined gel pieces. The concen-
tration factor can be larger then 50 and the protein is concentrated into an agarose gel. The
protein is then melted out of the agarose gel prior to proteolytic cleavage so that the digestion
proceeds in a soluble phase. The overall peptide yields are at least 70% of those obtained from
direct cleavage in free solution. This approach does not suffer from the problems of adsorption
or in-gel trapping and should therefore be a better procedure. In addition the technique is
amenable for miniaturization. Here we report our initial experiences with this technique and
show that it can serve as an efficient link between polyacrylamide gel purification and protein
identification by microsequencing or mass spectrometry in the very low picomole range.

MATERIALS AND METHODS

Tosyl-L-phenylalanine chloromethylketone-treated trypsin was obtained from Sigma
Chemical Company, St. Louis, USA. Agarose (ultrapure, electrophoresis grade) was from
BRL Life Technologies Inc., Gaithersbury, USA. Recombinant rat liver PFK-2/FBPase-2
was given to us by Dr. Crépin (International Institute of Cellular and Molecular Pathology;
Brussels) and rabbit skeletal muscle actin was prepared as described by Spudich and Watt
(1971). All other chemicals were from Janssen Chimica, Beerse, Belgium; Merck,
Darmstadt, Germany or Serva, Heidelberg, Germany.

SDS-Polyacrylamide-Gel Electrophoresis

Proteins were separated by SDS-PAGE using the mini-gelelectrophoresis design
originally published by Matsudaira and Burgess (1978). The gels were 0.5 mm thick. Proteins
were detected by staining for 20 min. in a solution of 0.25% (w/v) Coomassie Brilliant Blue
R250 (Serva, Heidelberg, Germany) in 45% (v/v) methanol/9% (v/v) acetic acid. Destaining
was carried out in 5% (v/v) methanol/7.5% (v/v) acetic acid for 2 hours. Protein bands were
excised, collected in Eppendorf tubes and washed in water for 1 hour by agitation. The
washed protein bands were cut in + 1 mm x 1 mm pieces and equilibrated for at least 1 h in
100-200 pl of sample buffer (1% (w/v) SDS, 10% (v/v) glycerol, 50 mM dithiothreitol, 12
mM Tris/HCI pH 7.1). Note that the sample buffer does not contain Bromophenol Blue. This
sample is ready for elution and concentration (see below).

Narrowbore Reverse Phase HPLC and Microsequencing

Peptides were separated by reverse phase HPLC ona C1 8 Vydac 2.1 mm x 250 mm
column (Separations Group, Hesperia, CA, USA), equilibrated in 0.1% (v/v) trifluoracetic
acid/5% (v/v) acetonitrile (solvent A). A linear gradient program of 5-100% B in 100 min,
where B = 0.1% (v/v) trifluoroacetic acid/70% (v/v) acetonitrile, was used to elute the
peptides at a flow rate of 80 ul/min, and the absorbance was monitored at 214 nm using an
Applied Biosystems 759 A absorbance detector. Peptides were collected by hand in Eppen-
dorf tubes and directly applied on the gas-phase sequenator (Applied Biosystems model
470A or 477A) equipped with a 120A phenylthiohydantoin-amino acid analyzer.

On-Line Electrospray Ionization Mass-Spectrometry

The outlet of the narrowbore HPLC (run as described above) was connected to a
solvent splitter which directed 80% of the eluate into the absorbance detector and 20% into
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the mass spectrometer (Fisons/VG Platform, Manchester, UK) via an interface employing a
0.0025 inch i.d. microbore polyetheretherketone tubing inlet. The instrument is equipped
with an electrospray ion source and the m/z ratios were measured by a quadrupole analyzer.
The flow rate of the peptide carrier solvent at the inlet of the interface was 16 ul/min. Droplet
evaporation was achieved by a flow of warm (60°C) dried nitrogen gas. The mass spectrome-
ter was scanned from m/z 300 to 1300 at a rate of 6s per scan during the first part of the
chromatogram (between 15 and 45 min after injection). In the second part of the chromato-
gram (from 44 min to the end of the run) scans were made every 6s from m/z 500 to m/z
1600.

Matrix Assisted Laser Desorption Ionization Time of Flight Mass
Spectrometry

Actin, concentrated in a volume of + 6l agarose gel (1.45% agarose, 0.1% SDS,
0.36 M Tris-HCI pH 8.7) was heated at 80°C for 5 min. The molten gel was mixed with an
equal volume of digestion buffer, containing 0.1 M Tris-HCI pH 8.5 and 0.1 pg trypsin and
kept at 0°C. Rapid mixing produces a fast drop in the sample temperature, limiting the rate
of trypsin autodigestion. The sample was kept at 37°C overnight as a solid gel and the
digestion was terminated by melting the gel at 80°C. An aliquot of 5 ul was removed from
the molten gel, acidified with 1 ul of 50% trifluoroacetic acid and mixed with an equal
volume of a saturated solution of a-cyano-4-hydroxycinnamic acid in acetonitrile and
trifluoroacetic acid (1:2 v/v) (Beavis et al., 1992). 2 pl of this mixture was applied to the
sample support and dried. The MALDI mass spectra were recorded in the linear mode with
a Bruker Bioflex (Bruker Instruments Inc., Bremen, Germany). The spectra shown represent
the accumulation of 150 sample shot spectra taken with a conventional UV laser (nitrogen,
337 nm) set at an attenuation of 50-35. The acceleration voltage was at 28.5 kV and low
molecular weight ions were deflected with a 1.7 kV puls of 500 nanoseconds.

RESULTS AND DISCUSSION

Protein in-Gel Concentration Procedure

The construction of the mini-agarose concentration gel is shown in Fig. 1. The gel is
cast between two glass plates 10 cm x 9 cm, separated by spacers 1 cm wide and 0.75 mm
thick and clamped together. They are sealed at the vertical edges with molten 2% agarose.
A strip of Whatman 3 MM paper is inserted at the bottom and serves as support for the lower
agarose gel stopping it from slipping during electrophoresis. The sample well is formed by
a 1 cm wide x 0.75 mm thick spacer set between two parallel spacers each 0.5 cm wide x
0.75 mm thick inserted at the center of the glass plates and attached with adhesive tape at
the top edge of the back plate. The volume of the sample well can be varied by changing the
depth of the slot forming spacers and the height of the agarose concentration gel. The most
convenient construction is shown in figure 1.

The lower gel is an agarose gel, 2 cm deep, 1.45% w/v agarose in 0.36 M Tris/HCI,
pH 8.7, containing 0.1% SDS (w/v), poured as a freshly prepared hot molten solution. Once
the agarose has set, it is overlayed with the polyacrylamide stacking gel, composed of 5.45%
acrylamide, 0.13% bisacrylamide, 0.12 M Tris/HCI pH 6.8 and 0.1% SDS. The level of the
stacking gel reaches up to 1 cm from the top edge of the front plate. When the stacking gel
has set, the central spacer is removed, leaving a well £ 2 ¢m high, 1 cm wide and 0.75 mm
thick. The mini concentration gel is then mounted on a small electrophoresis tank (LKB-
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Figure 1. Construction of the mini agarose concentration gel.

Produkter AB, Bromma, Sweden) and the slot is filled with gel pieces collected from
Coomassie Blue stained protein bands cut from primary mini-polyacrylamide gels and
equilibrated with sample buffer. The sample well can accommodate approximately fifty 1 x
1 mm gel pieces. The remaining volume is further filled with blank gel pieces also
equilibrated in sample buffer and if necessary with additional sample buffer, such that the
level is 5 mm above that of the edge of the stacking gel. The electrophoresis run is started
at 100 V, allowing the proteins to elute out of the combined gel pieces. The concentration
effect is obtained by a combination of protein stacking and a horizontal compression of the
stacked proteins. This is illustrated in figure 2 showing a series of time-lapse photographs
of the migration of a coloured protein through the mini-concentration gel. In this particular
experiment, the sample well was filled up with blank gel pieces equilibrated in sample buffer
to which a cytochrome ¢ solution was added. After running at 100 V, the protein enters the
stacking gel as a sharp band between the two vertical sample spacers (Fig. 2A). At this point
the central spacer is re-inserted into the sample well and the voltage is increased to 150-200
V. The migration of the protein between the spacers is thus retarded with respect to the
migration of the solvent front down the sides of the spacers (Fig. 2B). The slot forming spacer
is again removed when the solvent front on the outside has passed the end of the two vertical
spacers and moves inwards (Fig. 2C). The protein band which has been retarded is now
compressed into a small spot in the stacking gel (Fig. 2D). This spot moves further into the
agarose gel (Fig 2E). The electrophoresis procedure is stopped when the protein has migrated
in the agarose gel over a distance of approximately 5 mm (Fig 2F). Note that the sample
buffer used in this experiment did not contain the tracking dye Bromophenol Blue. When
Coomassie Blue is present in the protein samples it is well separated from the protein
probably by an isotachophoretic effect, even though the agarose has no separating capacity.
Several points are important in order to obtaining good protein concentration.

1. Protein concentration is controlled by re-inserting the slot forming spacer during
electrophoresis, so that the migration of the protein between the central spacers
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Figure 2. Time-lapse photographs of the migration of a protein through the agarose concentration gel.

acquires a + 1 cm handicap versus the front in the stacking gel before it leaves the
exit of the sample well (see below).

2. Control of the pH difference between the sample and the stacking gel is important
for obtaining good sample concentration. The sample pH is 7.1, that of the stacking
gel is 6.8. Therefore, the polyacrylamide gel pieces must be washed extensively
with distilled water to remove remaining acetic acid of the destain before equili-
brating in sample buffer.

3. The gel pieces should be kept as small blocks and not crushed in order to avoid
clogging the sample slot and trapping air bubbles formed during electrophoresis.

4.1t is important that the sample well is filled completely with gel pieces. If the
protein-containing gel pieces do not completely fill the well; blank gel pieces can
be added to build up the level.

Following fixation and staining with Coomassie Blue, the protein is seen as a £ 2
mm? spot, representing a concentration factor of about 50 fold. The gel is carefully washed
with distilled water to remove excess of acid. The spot is then excised in a minimal volume
of agarose gel (+ 5 pl) and transferred into an Eppendorf tube. The agarose gel is melted in
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Figure 3. Tryptic peptide profile of recombinant rat PFK-2/FBP-ase-2 analysed by on-line narrowbore
HPLC/ESI-MS.

50 pl of digestion buffer (0.1 M Tris/HC, pH 8.7, 0.2% n-octyl-B-glucoside) by heating at
+ 80°C for + 2 min and cooled to 37°C. Trypsin (0.1 pg in 1 ul) is added and the digestion
is carried out overnight at 37°C. Following digestion, the peptide mixture is frozen at -80°C
for at least 1 h, thawed and centrifuged at full speed during 5 min in an Eppendorf centrifuge
to remove the precipitated agarose. The supernatant is used for mass spectrometry and
narrowbore HPLC analysis.

Characterization of in-Gel Concentrated Proteins

The procedure described above is illustrated using two proteins: recombinant rat
6-phosphofructose-2-kinase/fructose 2,6-bisphosphophatase (PFK-2/FBPase-2) and skele-
tal muscle actin. In the first experiment recombinant PFK-2/FBPase-2 was passed over mini
SDS-PAGE. A total amount of 3.5 pg or 63 pmol was divided over five wells of the primary
gel. After Coomassie Blue staining, protein bands were excised, combined, concentrated in
an agarose gel and digested with trypsin in molten gel. The peptide solution was frozen at
-80°C and thawed. The agarose in the pellet fraction was separated from the peptide mixture
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Tryptic peptides of PFK-2/FBP-ase-2

Theoretical mass Found mass

Number Position (Da) (Da)
1 231-238 968.0 967.4
7 55-60 711.8 712.9
9 357-360 656.8 658.6

10 269-278 932.2 932.0
11 448-457 1186.3 1186.0
12 292-299 818.9 818.7
13 3-11 1064.2 1063.0
15 258-266 1054.1 1054.5
17 122-136 1646.7 1646.1
17 364-373 11952 1195.8
18 74-82 1152.3 11533
20 458-470 1444.5 1444.0
21 407-415 1051.1 1050.4
22 15-28 1596.8 1596.0
23 153-171 21945 2193.0
24 64-73 1192.4 1191.7
25 308-323 1834.1 1834.2
26 89-104 2013.1 2012.4
29 374-383 1228.5 1228.3
30 31-52 2303.7 2305.6
32 281-291 1329.5 1328.7

Figure 3. Continued.

in the supernatant by centrifugation in an Eppendorf centrifuge. Peptides were separated by
narrowbore reversed phase HPLC with a solvent splitter directing 80% of the eluting peptides
into the UV detector and 20% into the mass spectrometer. The UV absorbance profile is
shown in figure 3A. The m/z spectra of some selected peptides are shown in figures 3B and
3C. Peptides whose molecular weights could be deduced from the scans are listed in Fig. 3.
Of the 23 peptides measured, 21 were assigned as fragments of the recombinant protein
(Crepin et al., 1989). This was further confirmed by NH,-terminal sequence analysis (results
not shown). The two remaining peptides are probably trypsin autodegradation products.
This experiment provides important points of information necessary for future
development and application of this technique. First, proteins available in the 50 picomole
range (here we refer to total amounts loaded on the primary gel) can be recovered from
combined gel pieces and digested in the agarose solution with a high overall recovery. In the
example shown, peptides are recovered with £ 75% yield. Second, the resolution of the
HPLC peptide separation is not significantly affected by small amounts of agarose polymers
left over in the peptide supernatant after agarose precipitation. Third, in a similar way, on-line
electrospray mass spectrometry is not strongly affected by possible remaining agarose
components. It should be mentioned however that some low molecular components are
regularly observed in the mass spectra of some peptides (see for instance Fig. 3C). This may
impose a lower detection limit when ESI-MS analysis is used. The use of capillary chroma-
tography will undoubtly improve the sensitivity. However, when sufficient peptide has to be
saved for subsequent sequence analysis, the practical lower limit of the procedure is expected
to be around 30-50 pmol. Fourth, the presence of the agarose in the digestion mixture does
not result in NH,-terminal blocking of the peptides. This follows from a comparison of the
initial yields of the phenylthiohydantoin amino acids of the peptides which did not differ in
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78-97 2283.6 2283.9 +0.3

Figure 4. MALDI mass spectrometric peptide map of a tryptic digest of actin.
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Figure 4. Continued

the molten agarose from those obtained in free solution (results not shown). In the second
experiment we have mainly used the agarose concentration gel approach with respect to the
problem of protein identification by tryptic peptide mass fingerprinting using as few protein
as possible. Now the protein was digested in a smaller volume and the peptide mixture was
not separated from the agarose for subsequent MALDI-TOF-MS analysis. Ten pmol (0.42
ug) of actin were recovered in 6 ul agarose gel (1.45% agarose). This was melted at 80°C
and mixed with an equal volume of digestion buffer containing 0.1 pg of trypsin kept at 0°C.
By rapid mixing the temperature is immediately shifted to about 40°C, reducing heat
denaturation of the trypsin. The agarose (final concentration 0.7%) stays solid at this
temperature. The digestion is continued overnight at 37°C and terminated by heating at 80°C
and acidification with 1 pl of 50% TFA in water. An aliquot (5 ul) of the molten phase is
removed, mixed with 5 pl of the matrix solution and 2 pl is taken for analysis. The amount
analysed corresponds with 770 fmol of peptide, assuming complete cleavage of the protein.
The corresponding MALDI-TOF-MS spectrum is shown in figure 4A. When compared with
the blank analysis of trypsin (Fig 4B) we notice 17 peptides which could be assigned to the
actin sequence (3 of these peptides resulted from partial digestion). This information is
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sufficient to identify the protein by molecular weight search in the tryptic peptide mass
database. The high amount of trypsin autodigestion fragments is not surprising since the
substrate to trypsin ratio used in this experiment was 4/1 and trypsin denaturation is likely
in view of the use of 0.05% SDS during the digestion and the possible heat denaturation
resulting from sample mixing.

In the example given here, 10 pmol of actin could be readily identified, however the
quality of the MALDI-TOF spectra suggest that the starting amount of protein could be
further decreased. The way this can be done may be directed by the finding that protein
digestion with trypsin can proceed with the same efficiency in the gel phase as in solution -
the agarose can be melted at high temperature either to obtain adequate mixing between the
substrate and trypsin, or to take aliquots of the digestion mixture for analysis. Secondly and
probably more importantly, MALDI-TOF-MS analysis can be successfully carried out on a
peptide mixture still embedded in the agarose gel. This gives us the possibility to avoid the
agarose/peptide separation step which takes place in a large volume and to work in small
volumes.

CONCLUSIONS AND PERSPECTIVES

A feasibility study was made to use an agarose gel as protein holding matrix in which
proteolytic cleavage can be carried out or from which mass spectrometric peptide analysis
could be started. This approach could serve as an alternative for polyacrylamide in-gel
digestion or on-membrane digestion procedures (Rosenfeld et al, 1992; Aebersold et al,
1986; Bauw e al., 1988). The reason for such a study is based on potential advantages of
using agarose versus other procedures. First, the agarose can be melted, converted into a
liquid phase and therefore render the protein much more accessible for digestion while the
recovery of the peptides should be more efficient. A second advantage is the finding that
MALDI-TOF-MS analysis can be performed on peptide mixtures in the presence of high
concentrations of agarose, opening the possibility for high sensitivity mass spectrometric
protein identification. We have described in detail a procedure to transfer proteins from
combined pieces of stained polyacrylamide gels into an agarose gel. By deformation of the
electrical field, the eluting protein can be directed into a highly concentrated spot. In one
strategy, the protein containing agarose gel is melted, followed by dilution with digestion
buffer. Protein cleavage now proceeds in the liquid phase at 37°C. The example shown starts
from 63 pmol of protein and peptides are subsequently separated by narrowbore HPLC
on-line connected with an electrospray ion source. Peptide yields are sufficient for both
peptide mass fingerprinting and individual amino acid sequence analysis. The sensitivity of
the procedure described here could further be increased, e.g. by trying to concentrate the
protein in smaller volumes and by using capillary chromatographic methods. Although these
modifications seem possible, the lower limits will probably be set by contaminants derived
from the incomplete agarose-peptide separation, interfering with ESI-MS. In the second
approach we have digested the protein in solid agarose. This was achieved by melting the
agarose gel piece at 80°C and consecutively mixing it with an equal volume of cold buffer
containing trypsin. The digestion now proceeds in solid 0.75% agarose. At the end of the
digestion the matrix is melted again for sample preparation. MALDI-TOF-MS peptide mass
analysis is done in the presence of agarose, avoiding sample dilution or the agarose-peptide
separation step. This second approach is particularly attractive because it should give us the
opportunity to characterize very small amounts of gel-separated proteins. The example
shown starts from 10 pmol of a 42 kDa protein. Further minjaturization of the system (e.g.
concentrating in 1 pl volumes) will allow us to reduce the starting amount of protein by a
factor of five or more. At this stage the lower limit will probably not be set by the limits of
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the miniaturization but probably by yet unknown parameters related with interactions with
or modifications by either the primary polyacrylamide gel or the secondary agarose gel which
may occur at these extreme low protein amounts. Other problems may be related to staining
and destaining procedures and have to be considered in future experiments. The use of
agarose as a holding matrix has clearly some interesting perspectives. While it allows to
obtain peptides in high yields for further HPLC separation, the combination with in-ge/
MALDI-TOF mass spectrometric analysis of the peptide mixture opens the possibility of
protein characterization on quantities which could never be reached previously.
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INTRODUCTION

Reversed-phase high-performance liquid chromatography (RP-HPLC) and polyacry-
lamide gel electrophoresis (PAGE) are two of the most widely-used high-resolution tech-
niques for isolating proteins and peptides for structural analysis (Simpson et al., 1988, 1989;
Matsudaira, 1993; Patterson, 1994). Inrecent years, the importance of these two technologies
has been further enhanced by using them in tandem. For example, proteins from complex
mixtures such as total cell lysates can be resolved by two-dimensional gel electrophoresis
(2-DE) and, following proteolytic digestion, the generated peptides separated by microbore
column RP-HPLC. Proteolytic digestion of 2-DE gel spots can be accomplished either in
the gel matrix (Ward et al., 1990, Eckerskorn et al., 1990, Rosenfeld et al, 1992, Ji et al.,
1994, and Hellman, U. personal communication) or on immobilizing membranes such as
polyvinylidine difluoride (Fernandez et al., 1992) and nitrocellulose (Aebersold et al., 1987),
following electrotransfer from the gel. Protein identification can be achieved by microse-
quence analysis of the isolated peptides using either automated Edman degradation or
tandem mass spectrometry (Hunt et al., 1986; Burlingame et al., 1994). More recently,
alternative means of protein identification such as peptide mass fingerprinting (Pappin et al.,
1993; Mann et al., 1993; Henzel et al., 1993, James et al., 1994) and amino acid composi-
tional analysis (Sibbald et al., 1991, Shaw, 1993) have emerged. Since these latter techniques
have the potential for generating large quantities of data rapidly, there is now an increasing
need for rapid protein and peptide isolation procedures.

Although the concept of high-speed RP-HPLC using linear velocities in the range
1000-5000 c¢cm/hr (i.e., 0.5-3.0 ml/min for a 2.1-mm ID column) has been previously
documented (Kalghatgi and Horvath, 1987, 1988; Nugent, 1990, Fulton et al., 1991,
Regnier, 1991), this technology has been slow to gain general acceptance in the bios-
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Figure 1. Frontal loading adsorption isotherms of conventional “wide pore” derivatised silica (Brownlee
RP-300) and macroporous divinylbenzene crosslinked polystyrene (Poros RII/H) supports. Protein: 1 mg/ml
solution in aqueous 0.1% TFA. Superficial linear flow velocities: 173, 347, 866, 1732 and 3465 cm/h.
Temperature: 25°C. (A) RP-300 2.1 mm ID cartridge. (B) Poros RII/H 2.1 mm ID column. Adapted and
reproduced with permission from Moritz et al., 1994,

ciences. This has been due to a number of shortcomings in the methodology, foremost
of these being stationary phase design. Initial attempts at designing stationary phase
materials that would meet the fundamental criteria of fast protein chromatography, such
as good solvent permeability and constant retention behaviour, led to the development
of non-porous stationary phase packings (Unger et al., 1986; Kalghatgi and Horvath,
1987, Yamasaki et al., 1989). With these packings, “diffusion” involving the intraparticle
pores is eliminated and the solvent passage is restricted to interparticle “convective flow”.
Since “diffusion”, which results in slow mass transfer of analyte within particle pores
(into and out of stagnant pools), is the major contributing factor to peak broadening (Fig.
1), non-porous packings exhibit minimal reduction in peak resolution over a broad range
of flow rates. However, the reduction in particle surface area of these packings, due to
the elimination of pores, results in their inferior binding capacity (~ 1.0 mg/g) compared
to the conventional wide-pore (3 00A) silica-based packings (~36 mg/g). Moreover, packed
beds of non-porous packings are stable to very high pressure environments (typically,
6000 psi). However, these packings exhibit very high pressure drops across the column
thereby restricting their use at very high linear flow velocities (Yamasaki et al., 1989;
Nice and Simpson, 1989; Rozing and Goetz, 1989).

Many of the problems encountered with non-porous packings have been circum-
vented with the design of macroporous packings, such as “perfusive” stationary phases
(Afeyan et al., 1990) and “hyperdiffusive” packings (Boschetti, 1994). The salient features
of these packings are (i) the very large pore diameters (= 8000A), (ii) the high binding
capacity (compared to the non-porous packings), and (iii) maintenance of resolution (i.e.,
chromatographic efficiency) over a broad range of linear flow velocities (1000-5000 cm/h;
i.e., 0.5-3.0 ml/min for a 2.1-mm ID column). While the “perfusive” packings are derived
from divinylbenzene cross-linked polystyrene (PS-DVB), the “hyperdiffusive” packings are
a soft agarose gel encased in a rigid PS-DVB spherical lattice. Both of these packings are
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robust in the practical operating range of flow rates, but at very high flow rates their utility,
compared to some of the widely-used mesoporous silica packings (e.g., 300A), is limited
due to their fragile nature.

The principal advantages that macroporous packings afford over conventional silica-
based reversed-phase packings are purported to be their ability to operate at very high linear
flow velocities (1000 cm/h) while maintaining both high sample loading capacity and
increased chromatographic resolution (Kassel et al., 1994). Here, we report a protocol for
fast chromatographic analysis (<12 min) of proteins and peptides using a conventional 300A,
7-um silica-based support and standard liquid chromatographs. Using an inexpensive
conventional 2.1-mm “wide-pore” reversed-phase cartridge and rapid linear flow velocities
0f 500-1000 cm/h (0.3-0.6 ml/min), highly reproducible separations can be achieved in 10-12
min, almost a magnitude faster than standard chromatographic conditions, without any
serious compromise in chromatographic efficiency.

MATERIALS AND METHODS

Bovine serum albumin, bovine pancreatic ribonuclease-B, hen egg lysozyme, horse
heart myoglobin, hen egg albumin (ovalbumin), rabbit muscle phosphorylase-b and bovine
erythrocyte carbonic anhydrase were obtained from Sigma (St Louis, MI). Sequence grade
trypsin was purchased from Promega. Coomassie Brilliant Blue R250 (CBR-250) was from
LKB-Pharmacia (Uppsala, Sweden), 10% Tris-glycine acrylamide gels from Novex, tri-
fluoroacetic acid (TFA) from Pierce and HPLC grade solvents were obtained from Mallinck-
rodt (Melbourne). High purity, deionized water was obtained from a tandem Milli-RO15 and
Milli-Q system (Millipore, Bedford, MA). All other reagents used were of analytical grade
quality.

High-Performance Liquid Chromatography

Instrumentation. Protein and peptide mixtures were fractionated by RP-HPLC on a
Hewlett Packard model 1090A liquid chromatograph fitted with a model 1040A diode-array
detector. Samples were injected either by an integrated autoinjector or by using a Rheodyne
model 7125 injector equipped with a 2-ml injection loop installed in the heated column
compartment. Fractions were collected manually in 1.5-ml polypropylene tubes (Eppendorf)
and stored at -20°C.

Column Supports. The following columns were used in this study: (a) Brownlee
RP-300 (300A pore size, 7-um particle diameter, octylsilica packed into a 100 x 2.1 mm ID
cartridge, Applied Biosystems, Foster City, CA); (b) POROS RII/H (10-um divinylbenzene
crosslinked polystyrene packed into a 100 x 2.1 mm ID stainless steel column, Perseptive
Biosystems, Cambridge, MA).

SDS-Polyacrylamide Gel Electrophoresis

Phosphorylase-b (97,000 M,) was separated in 1.0 mm thick 10% SDS-gels (Novex).
Two-dimensional gel electrophoresis (2-DE) of total cell lysates from cultured human
colonic LIM1863 celis (Ji et al., 1993, 1994), with isoelectric focussing (IEF) using precast
immobilized pH gradients (Pharmacia) in the first dimension, and SDS-PAGE in the second
dimension were performed as described (Ji et al., 1994). Proteolytic digestion of gel-resolved
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proteins was performed in-situ, essentially as described (Ward et al., 1990a, b) with
modifications based on the methods of Rosenfeld et al., (1992) and Hellman, U et al. (1994).
Step 1. Visualization of proteins with CBR-250. Gel staining conditions: 50% methanol /
10% acetic acid / 0.1% CB-R250 (~ 5-10 min). Destaining conditions: 12%

methanol / 7% acetic acid for 1-1.5 h (with ~ 3 changes).

Step 2. In-situ proteolysis: (i) excise stained protein gel band; (ii) wash twice (~ 200 pl)
for 30 min at 30°C with 1% ammonium bicarbonate / 50% acetonitrile; (iii) dry
gel band completely by centrifugal lyophilisation (Savant, ~ 30 min); (iv) rehy-
drate gel band twice with trypsin-containing solution (~ 0.5-1.0 pg trypsin in 10
ul 1% ammonium bicarbonate / 0.5 mM CaCl,) for 15-30 min; (v) add 150 pl

1% ammonium bicarbonate containing 0.5 mM CaCl, and incubate at 37°C for
~ 16 h.

Step 3. Pepride extraction: (i) collect enzymatic digestion buffer; (ii) add 200 ul of 1%
TFA, sonicate the gel mixture for ~ 30 min (35-40°C) and collect the extract; (iii)
add 200 pl of 0.1% TFA / 60% acetonitrile and sonicate the mixture for ~ 30 min
at 35-40°C and collect the extract; (iv) concentrate the pooled extracts by cen-
trifugal lyophilization to a final volume of 10-20ul for RP-HPLC.

RESULTS AND DISCUSSION

Protein Binding Capacity and Mass Transfer Kinetics of Conventional
and Macroporous Packings

A conventional wide-pore silica-based reversed-phase column (e.g., Brownlee
RP-300, C8, 7-um, 300 A particles) was evaluated for its binding capacity and mass
transfer kinetics at varying superficial linear flow velocities and compared directly with
a macroporous column (e.g., POROS RII/H, divinylbenzene cross-linked polystyrene,
10-pum, = 8000A particles). Using frontal analysis chromatography, it can be seen that
the total protein binding capacity (saturation level) for lysozyme was significantly greater
(~ 3-fold) for the conventional packing (~ 11.5 mg) than the macroporous support (~4
mg) (Fig. 1). The protein saturation levels for both conventional and macroporous
packings are independent of linear velocity over the range 173-3465 cm/h. It should be
noted for the conventional packing that the initial binding (or breakthrough), however,
does depend on linear flow velocity. In contrast to the macroporous packing, marked
variation in the frontal curve shape is observed for the conventional silica-based packing.
For example, protein breakthrough at 173 cm/h occurs with loads > 11 mg, while at a
20-fold higher flow rate protein breakthrough occurs at ~ 7 mg. This variation in frontal
curve shape for the conventional support is indicative of “stagnant mobile phase mass
transfer” (attributable to the large number of inaccessible pockets in these particles where
slow or unmoving mobile phase accumulates and mass transfer occurs by extended-path-
length diffusion) (Fig. 2). This observation has been previously reported for a wide range
of other silica-based supports (Snyder and Kirkland, 1973). The lack of variation in
frontal curve shape for the macroporous packing are due to minimal stagnant mobile
phase pool formation (Fig. 1B), a feature of this packing design.

The amount of protein that one can load on a reversed-phase packing is dependant
Jargely on the total surface area of the packing. Narrow-pore silica-based porous packings
(60A) exhibit very high surface areas (300 m?/g) compared to non-porous packings (<
5 m¥/g) (Yamasaki et al., 1989, Esser and Unger, 1991). Conventional wide-pore packings
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Figure 2. Physical factors which contribute to peak broadening in porous HPLC packings. (A) Longitudinal
diffusion - results from normal diffusion of molecules in liquid medium and is more pronounced in slow moving
fluid flow. (B) Eddy diffusion - results from multiple differentially distanced flowpaths between particles in a
column. (C) Mobile-phase mass transfer - results from differing flow rates for different parts of a single flow
stream between particles in a column. (D) Stagnant mobile-phase mass transfer - results from stagnant or
unmoving mobile phase within the pores of a particle. Diffusion resulting from this is thought to be the major
contributor to band broadening. (E) Stationary-phase mass transfer - results from molecules penetrating the
stationary phase covering the surface of the particle by diffusion to varying extents. Adapted from Snyder and
Kirkland, 1979.

(300 A), originally designed for protein and peptide separations exhibit surface areas of
50-100 m%/g and protein loads of ~ 35 mg/g. Macroporous packings (> 8000 A) such as the
POROS R series exhibit low protein binding capacity (i.e. ~ 5 mg/g) due to a smaller surface
area. Later attempts to increase the binding capacity by the re-introduction of short-path-
length pores led to a modest (2-fold) increase in the total protein binding capacity (~ 10
mg/g, data obtained from the manufacturer). With the exception of chromatographic tech-
niques such as displacement chromatography, to achieve efficient chromatographic separa-
tion of proteins and peptides on reversed-phase packings, sample loads of < 5% of the total
capacity are typically used. Under these conditions, deleterious slow mass transfer kinetics,
due to extended-pathlength diffusion into stagnant pools of mobile phase, become less
pronounced; with higher sample loads deleterious peak shape can result from column
overloading (Snyder and Kirkland, 1973)

Another aspect of rapid chromatography that warrants careful consideration is the
instruments liquid pumping and data collection capabilities. For rapid microbore RP-HPLC,
a binary pumping system capable of producing precise gradient formation at low flow rates
with minimal system dead volume must be used. To achieve similar chromatographic
efficiency within a reduced time frame, linear flow velocities are increased whilst maintain-
ing the same gradient volume as formed at lower linear flow velocities. Pumping systems
that are unable to produce precise gradient formation at low linear flow velocities and which




32 R. L. Moritz et al.

incorporate large system dead volumes will not perform less efficiently at the higher linear
flow velocities.

With respect to UV detection, to obtain a true representation of the chromatographic
separation, the collected data must not be compromised by an erroneous data set. As linear
flow velocities are increased whilst maintaining gradient volumes, proteins and peptides will
elute in the same solvent fraction volume of the organic modifier as in slow linear velocities.
This results in the analytes passing through the detector far more rapidly. If the operating
parameters of the UV detector are similar to those used at conventional low linear flow
velocities then there is an increased risk of false chromatographic separation representations.
To compensate for this, data collection rates must be increased, (e.g., ~ 100 msec for linear
flow velocities > 3500 ¢cm/h), accordingly.

Effect of Linear Flow Velocity on Resolution and Recovery of Proteins
and Peptides

Chromatographic separation of a mixture of six proteins at varying flow rates on
conventional and macroporous packings is shown in Fig. 3. It would appear that the
resolution of these standard proteins varies little over the range of flow velocities examined.
However, upon close inspection of the conventional reversed-phase packing (compare Fig.
3A and E), there is a discernible loss of resolution upon increasing the flow rate from 0.1 to
2.0 ml/min (i.e., 173 to 3465 cm/h). However, a loss of resolution is also evident for the
macroporous packing, but to a lesser extent (compare Fig. 3F and J). It should be noted that
the seemingly lower recoveries at the higher flow velocities are due to peak broadening.
Sample recoveries for a glycoprotein (ribonuclease-b) by both stationary phases examined
in this study are shown in Fig. 4. Good recoveries from the alkyl silica of ~ 98% per iterative
step with an overall recovery of ~ 96% after two reinjections is shown in Fig 4A. For
perfusive stationary phases however, lower recoveries of 94% per iterative reinjection and
overall recoveries of 86% after two re-injections are found (Fig. 4B). For multidimensional
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Figure 3. Rapid reversed-phase chromatography of standard proteins. Supports: RP-300 (panels A - E); Poros
RII/H (panels F-J). Chromatographic conditions: linear 6-ml gradient of 0-100%B. Solvent A: aqueous 0.1%
TFA, Solvent B: aqueous 0.1% TFA containing 60 % acetonitrile. Temperature: 45°C. Chromatographic runs
performed at superficial linear flow velocities of 173 cm/h (0.1 ml/min) (A, F), 347 cm/h (0.2 m{/min) (B, G),
866 cm/h (0.5 ml/min) (C, H), 1732 env/h (1.0 ml/min) (D, I) and 3465 cm/h (2.0 ml/min) (E, J). Proteins (5
ug): 1, ribonuclease-B; 2, chick lysozyme; 3, bovine serum albumin; 4, myoglobin; 5, carbonic anhydrase; 6,
ovalbumin.
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Figure 4. Protein recovery by rapid reversed-phase liquid chromatography. Supports: RP-300 (panel A);
Poros RII/H (panel B). Chromatographic conditions are as described in Fig. 3. Sample: 5 ug Ribonuclease-B
initially injected onto the respective columns. Once eluted the sample was collected into a 1.5ml polypropylene
tube. The column was then re-equilibrated with at least 20 column volumes of Buffer A, and the collected peak
diluted 1:1 with Buffer A and reapplied. Recovery measurements were calculated from peak heights. All
experiments were performed in duplicate. Flow rate symbols: (#) ; 173 cm/h, 0.1 ml/min, (A) 866 cm/h, 0.5
ml/min (@) 1732 cm/h, 1.0 ml/min (W) 3465 cm/h, 2.0 ml/min.

purification strategies, low recoveries of protein obtained from perfusive packings would be
of some concern.

The effect of linear flow velocity on the chromatographic separation of a tryptic
digest of cytochrome-c on conventional and macroporous reversed-phase packing are
compared in Fig. 5, panels A-J. It is apparent from the profiles at 0.1 ml/min that the
chromatographic efficiency of the conventional silica-based packing exceeds that of the
macroporous packing. It is also evident from the greater (~ 30%) “peak capacity” (i.e., the
number of peaks that it is possible to resolve in a given chromatographic separation) that the
silica-based packing exhibits a greater chromatographic efficiency than the macroporous
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Figure 5. Rapid reversed-phase HPLC peptide mapping. Sample: 20 ug tryptic digest of cytochrome-c.
Columns: RP-300 2.1mm ID cartridge (panels A - E); Poros RII/H 2.1mm ID (panels F - J). Chromatographic
conditions are as described in Fig. 3.
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Figure 6. In-gel versus in-solution tryptic digestion of phosphorylase-b. Peptide maps were obtained by fast
chromatography RP-HPLC using a Brownlee RP-300 100mm x 2.1mm LD. column. Chromatographic
conditions: a linear 6 m1 gradient from 0-100% B; solvent A, aqueous 0.1% TFA; solvent B, aqueous 0.1%
TFA / 60% CH;CN. Flow: 0.5 ml/min (866 cm/h). Panels A, B & C: control tryptic digests in-solution using
2,5 and 10 pg phosphorylase-b, respectively. Panels D, E & F: in-situ gel tryptic digests of 2, 5 and 10 pg of
phosphorylase-b, respectively. Reproduced with permission from Moritz ef al., 1994.

packing. In contrast to earlier reports (Kassel et al., 1994), the chromatographic efficiency
of the silica-based support exceeds that of the macroporous support at high flow rates (e.g.
3500 cmv/h, compare Fig. 5E and J). The selectivity differences between the two packings
used in this study (compare peaks 1 and 2 in Fig. 5A and F) indicate that they could be used
in series in a multidimensional peptide purification strategy.

Rapid Peptide-Mapping of Acrylamide Gel-Resolved Proteins

Several internal amino acid sequencing strategies for electrophoretically separated
proteins have been developed over the past few years (see Ward et al, 1990a, Rosenfeld et
al, 1992; Patterson, 1994 and references therein). An excellent practical assessment of these
methods by the Association of Biomedical Resource Facilities (ABRF) was published in
1992 (Stone, 1992) and 1993 (Williams et al., 1993). In an earlier report (Ward et al., 1990a)
we described our in-gel digestion strategy which relies on first removing SDS from the
CBR-250 stained gel prior to in-gel enzymatic digestion and an extensive acid extraction of
generated peptides. In an effort to further reduce the overall time of the procedure, we omitted
some of the TFA extraction steps (see Materials and Methods) without compromising the
overall yield of recovered peptides. Additionally, we have replaced the initial SDS removal
step with a dilute 1% ammonuim bicarbonate / acetonitrile extraction step. Using varying
amounts of a tryptic digest of phosphorylase-b (M, ~ 97000) and pre-cast 10% gels (Novex),
we compared peptide recoveries from in-gel derived peptide maps with those obtained
in-solution (Fig. 6A-F). It can be seen that the peptide map profiles of the in-gel and solution
digests compare favourably, even with 20 pmol (2 pg) amounts of protein. The recovery of
peptides from the in-gel proteolysis, based upon absorbance at 214 nm, is ~ 80% compared
to the control in-solution digests. Comparable data was obtained using standard proteins of
lower M, such as lysozyme and B-lactoglobulin (data not shown). In an effort to minimize
possible interference by detergent with electrospray ionization, we evaluated peptide recov-
eries in the absence of any added Tween 20. The data shown in Fig. 7A-F reveals that
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Figure 7. In-gel tryptic digestion of phosphorylase-b, effect of Tween-20. Peptide maps were obtained by fast
chromatography RP-HPLC using a Brownlee RP-300 100mm x 2.1mm I.D. column. Chromatographic
conditions: a linear 6 ml gradient from 0-100% B; solvent A, aqueous 0.1% TFA; solvent B, aqueous 0.1%
TFA / 60% CH3;CN. Flow: 0.5 ml/min (866 cm/h). Panels A, B & C: in-situ gel tryptic digests containing
0.02% Tween-20 during digestion and extraction of 10, 5 and 2 pg of phosphorylase-b, respectively. Panels
D, E & F: control in-situ gel tryptic digests using 10, 5 and 2 g phosphorylase-b, respectively.

omission of Tween does not seriously affect peptide recoveries even at low quantities of
protein (Fig. 7F).

Examples of the Application of Rapid Peptide-Mapping of
2-DE-Resolved Proteins

Over the past few years, we have been identifying 2-DE separated proteins from
various human colorectal cancer cell lines by sequence and mass analysis as part of an
ongoing program directed towards identifying specific colon tumour markers (Ward et
al., 1990c; Ji et al., 1993, 1994). Examples of the power of this rapid peptide mapping
approach are given in Figs. 8 and 9) for proteins #1 and #4 isolated from the colorectal
cell line LIM 1863. Four CBR-250-stained protein spots from identical gels were digested
with trypsin and the digest mixtures were chromatographed at 0.5 ml/min on a conven-
tional 2.1 mm ID reversed-phase cartridge using a 6.0-ml linear gradient of acetonitrile
in 0.1% TFA. In the case of protein spot #1, the partial sequence data obtained (Fig. 8),
at 48-55 pmol levels, was used to search the available protein sequence databases and
permit the unambiguous identification of this protein as thioredoxin. For protein spot #4
(Fig. 9), peptide T4 was sequenced directly while the peptide fraction containing peptides
T1-3 was further resolved by rapid second dimensional chromatography on the same
column, but utilising a modified mobile phase of 1% NaCl / 50% acetonitrile (Fig. 9B),
prior to subjecting the component peptides to sequence analysis. The partial sequence
data obtained (data not shown), at 5-17 pmol levels, was used to identify this protein as
heat shock protein 60 (HSP-60).

SUMMARY

This report describes a rapid (~ 10 min) chromatographic approach for separating
proteins and peptides on conventional silica-based reversed-phase packings employing a
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Figure 8. Rapid peptide mapping of colorectal cancer cell line LIM 1863 protein #1. Coomassie blue stained
protein #1 from 4 identical 2-D gels was digested in-gel with trypsin, as described in Materials and Methods,
and chromatographed on a conventional silica-based support (Brownlee RP-300) as described in Fig.3. First
chromatographic dimension (Panel A): linear 6 ml gradient 0-100% B; solvent A, aqueous 0.1% TFA; solvent
B, aqueous 0.1% TFA / 60% CH;CN, Flow, 0.5 ml/min (866 cm/h). Sequence information obtained from T1
and T2 are shown. Protein identified as Thioredoxin.

standard liquid chromatograph. An improved in-gel enzymatic digestion strategy is de-
scribed. Examples are given for peptide maps of phosphorylase-b from a 1-D gel and 2-DE
protein spots from colorectal cancer cell line LIM 1863. In conjunction with microsequenc-
ing and mass spectrometric peptide-mass fingerprinting technologies, this approach may
facilitate a rapid expansion of 2-DE gel protein databases.
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Figure 9. Rapid peptide mapping of colorectal cancer cell line LIM 1863 protein #4. Coomassie blue stained
protein #4 from 4 identical 2-D gels was digested in-gel with trypsin, as described in Materials and Methods,
and chromatographed on a conventional silica-based support (Brownlee RP-300) as described in Fig.3. First
chromatographic dimension (Panel A): linear 6 ml gradient 0-100% B; solvent A, aqueous 0.1% TFA,; solvent
B, aqueous 0.1% TFA / 60% CH;CN, Flow, 0.5 ml/min (866 cm/h). (B) Second chromatographic dimension
(Panel B); peptide fraction containing peptides T1, T2 & T3 (see collection bar) from Fig.7A were rechroma-
tographed on the same column but using a linear 5 ml gradient from 0-50% B; solvent A was aqueous 1%
NaCl, pH 6.5 and solvent B was acetonitrile. Flow rate, 0.5 ml/min (866 cm/h). protein identified as heat-shock
protein (HSP-60, data not shown). Reproduced with permission from Moritz et al., 1994.
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INTRODUCTION

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (Laemmli 1970) (SDS
PAGE) is still the most powerful method of resolving a complex mixture of proteins.
However, it is generally used as an analytical rather than a preparative tool. With the advent
of PVDF membranes which are stable under the conditions employed by the Edman
degradation, it has become common to try and obtain N-terminal sequence data from proteins
separated by SDS PAGE followed by electrophoretic transfer to a PVDF membrane (Mat-
sudaira 1987). It is also possible to electroelute proteins out of gel slices for sequencing or
enzymic digestion. Alternatively the proteins can be enzymically digested within the gel
matrix or directly on the membrane after transfer and the peptides eluted for subsequent
HPLC purification (Bauw 1989). Both these procedures require the proteins to be stained
after electrophoresis in order to locate their position in the gel or on the membrane. The
staining process generally fixes the proteins and leads to significant loss of material.

Some of these problems may be overcome by pre-electrophoretic labelling (Kraft
1988). A simple method of pre-labelling proteins with a water soluble Edman reagent
S-DABITC (see figure 1) (Chang 1989) which couples to the N-terminal amino acid and the
epsilon amino group of lysine has been developed. The reaction takes place under very mild
conditions and the reagent has been described for its use in the identification of reactive
lysines on the surface protein molecules {Chang 1992). By denaturing proteins in the
presence of SDS it is possible to label most of the available sites on a molecule. The method
provides a simple method of generating coloured marker proteins for electrophoresis which
can be used in preparative electrophoresis apparatus or on SDS PAGE gels. More importantly
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Figure 1. The structure of 4-N, N-dimethylaminobenzene-4'-isothiocyanate-2'-sulphonic acid, S-DABITC.

the labelled proteins can still be sequenced after the labelling procedure and electrophoretic
separation. The N-terminal label is removed during the first cycle of Edman degradation.
The labelled molecules can either be transferred to a suitable membrane for direct sequencing
or passively eluted from the gel, since no fixing or further staining is required and collected
on a Prospin cartridge or similar device. Passive elution is especially useful for high
molecular proteins where it is often necessary to collect material from several gels to obtain
enough for sequencing. The fact that the proteins carry a coloured label makes it easier to
keep track of them. Further, the label does not interfere with enzymic or chemical digestion
and lysine containing peptides are readily identified during HPLC separation because they
have a characteristic absorption at 450nm. The procedure has been tested on several proteins
and found to be a practical Method of labelling and recovering proteins and peptides for
sequencing.

MATERIALS AND METHODS

B-lactoglobulin, Problott and Prospin devices were from Applied Biosystems. bovine
serum albumin (BSA), ribonuclease and carbonic anhydrase were from Sigma. S-DABITC
was from Protein Institute, P.O. Box 550, Broomall PA, 19008-0550 U.S.A. The reaction
buffer for labelling reactions was 20mM sodium bicarbonate pH 8.3, with or without
0.1%SDS. Proteins were labelled for 30 minutes at 60°C. Electrophoretic transfer to Problot
was performed in a Biorad mini-gel blotting apparatus using either 25mM tris glycine pH
8.5 or 10mM CAPS buffer pH 11, both buffers containing 10% methanol. Proteins were
transferred at 100 volts constant voltage. Cyanogen bromide (CnBr) cleavage was performed
by incubating the protein with 100pl of a saturated solution of CnBr in 70% formic acid,
overnight, in the dark and at room temperature. Protein sequencing was performed on an
Applied Biosystems 476a protein sequencer using the FSTBLT cycle. The instrument was
equipped with a model 610a Data collection system.

RESULTS AND DISCUSSION

Presented here is a simple method of labelling proteins with a coloured water soluble
Edman type reagent. The labelled proteins can be used as coloured markers during SDS
PAGE and show a small increase in apparent molecular weight, probably due to the increased
mass contributed by the label. Figure 2 shows the behaviour of several S-DABITC labeled
proteins on SDS PAGE compared to coomassie blue stained marker proteins. The labelled
proteins are yellow in colour at pH values greater than 7, but will appear red if subjected to
acid conditions.

A major advantage of labelling proteins with S-DABITC is that they can still be
sequenced after electroblotting and there is no requirement to stain the blot to Jocate the
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proteins. This is illustrated in figure 3 where the degradation of 50pmol of elctroblotted
S-DABITC B-lactoglobulin is shown. The N-terminal leucine is not visible, since the HPLC
conditions are not designed for the detection of the S-DABPth derivative. However, there is
no Pth-Leucine visible, showing that the N-terminus of the protein was completely labelled.
There is a small amount of Pth-Isoleucine (the second amino acid in the B-lactoglobulin
sequence) present in cycle 1 which is probably due to the partial removal of the N-terminal

gl

Cycle 1

Cycle 7

[

Figure 3. Edman degradation of 50pmol of B-lactoglobulin labelled with S-DABITC before SDS PAGE and
transfer to Problot.
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Figure 4. Edman degradation of 50pmol of B-lactoglobulin labelled with S-DABITC before SDS PAGE and
transfer to Problot. Prior to loading into the sequencer the blot was treated with 20 pl of TFA, dried in vacuo
and washed with ethyl acetate in order to remove the derivatised N-terminal amino acid.

Jeucine during the Fstbgn cycle of the sequencer run. Pretreatment of the blotted sample with
TFA prior to loading in the sequencer overcomes this preview problem and as shown in
Figure 4 only the second residue of f-lactoglobulin, isoleucine is visible on the chromato-
gram again indicating the labelling of the N-terminus was complete. Alternatively the fstbgn
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Figure 5. Edman degradation of 50pmo! of 8-lactoglobulin labelled with S-DABITC before SDS PAGE. The
protein was passively eluted into water and then captured on an Applied Biosystems Prospin device.

cycle could be modified. Cycle 7 in figure 2 shows the presence of a small amount of Pth
lysine, which indicates the epsilon amino group of this residue was not completely deriva-
tised with S-DABITC in this sample.

A further advantage of pre-electrophoretic labelling is that there is no requirement to
stain the gels to visualise the proteins, therefore the proteins are not contaminated by the
staining procedures nor are they fixed in any way and can be passively eluted from the
excised bands by placing them in water. Figure 5 shows the results of sequencing passively
eluted S-DABITC labelled B lactoglobulin. After elution the protein was captured on a
prospin cartridge for sequencing.Prior to sequencing the membrane was treated with TFA to
cleave off the N-terminal leucine. There is a small amount of Pth leucine present in cycle
one, indicating that the derivatisation of the N-terminus was not 100% in this case.

In order to demonstrate that the label can be used to isolate labelled peptides 200
pmol of BSA were labelled, digested with cyanogen bromide, the fragments separated by
SDS PAGE and finally electro-blotted onto problot. The result of the blot is shown in figure
6. A parallel reaction was set up with unlabelled BSA and also separated and transferred to
problott from the same gel. The S-DABITC labelled blot and the ponceau S stained
unlabelled blot are shown in figure 6, and demonstrate similar senstivity. The results of
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Figure 6. The SDS PAGE separation of the cyanogen fragments generated from
BSA labelled with S-DABITC prior to digestion. Shown are the fragments after
electrophoretic transfer to problot.
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Figure 7. Edman degradation of a cyangen bromide fragment of BSA. The BSA was labelled with S-DABITC
prior to digestion. The fragments were separated by SDS PAGE and electrophoretically transferred to Problot
for sequencing.
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Figure 8. SDS PAGE showing the S-DABITC labelling of a cell lysate of Osteragia circumcincta.

Table 1. Some uses of pre-electrophoretic labelling

« To make PAGE Markers visible during electrophoresis

« Coloured proteins are easy to track

» Edman degradation not hindered

« No additional staining or fixing allows easy passive elution

« Tracking proteins for preparative electrophoresis eg HPEC, Prep Cell
« Isolation of labelled peptides by HPLC

sequencing of one of the bands on the S-DABITC labelled blot are shown in figure 7. Two
sequences AD and RE, corresponding to the N-terminus of 2 BSA CNBR fragments are
present.

The ability of S-DABITC to label a complex was tested by reacting a cell lysate of
Osteragia circumcincta with the reagent. The labelled protein mixture was separated by SDS
PAGE and the result is shown in figure 8. There are many labelled bands visible clearly
showing that it is possible to label complex mixtures.

The results presented here demonstrate that it is possible to efficiently label proteins
with a water soluble Edman reagent S-DABITC. The labelled molecules are visible during
SDS PAGE separation and can be sequenced either after electro-blotting or passive elution
from the gel. The latter method may be useful for accumulating and concentrating quantities
of protein for sequencing or digestion, especially in the case of high molecular weight
proteins where electro-transfer is often difficult. The label is stable to cyanogen bromide
digestion and the labelled peptides can be isolated. The potential of the reagent as a tool in
protein sequence analysis is clearly great, it may be a useful alternative to PITC for
sequencing and work is in progress to assess this possibility.
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ABSTRACT

Capillary electrophoresis and laser-based photothermal detection are used to analyze
minute amounts of PTH amino acids. This technology is demonstrated for analysis of manual
Edman degradation reactions. This technology is also used to analyze the products generated
by a highly miniaturized automated protein sequencer.

INTRODUCTION

The determination of the primary amino acid sequence of minute amounts of proteins
remains important in biology. Current technology relies on the repetitive application of the
Edman degradation reaction (1). In this reaction, the N-terminal amino group of the peptide
reacts with phenylisothiocyanate (PITC) under basic conditions to form the phenylthiocar-
bamyl (PTC) derivative. After excess reagent is extracted, the PTC- peptide is treated with
anhydrous acid to cleave the cyclic phenylthiazolinone amino acid. In the process, the
peptide is truncated by one amino acid residue. Last, the thiazolinone is extracted from the
truncated peptide and treated with aqueous acid to produce the stable phenylthiohydantoin
amino acid (PTH). There are also two common side products produced in the sequencing
reaction, diphenylthiourea (DPTU) and dimethylphenylthiourea (DMPTU). Cysteine does
not survive the Edman degradation reaction. As a result, there are 19 possible PTH amino
acid products for unmodified amino acids, plus the two main interfering products.

Manual protein sequencing involves a laborious series of reactions and extractions
to isolate the PTH amino acid products from each cycle of the Edman degradation reaction.
The development of automated protein sequencers lead not only to a significant increase in
efficiency and reproducibility but also allowed the use of smaller amounts of reagents, which
allows the study of smaller amounts of peptide (2-4). Miniaturization of the automated
sequencer has lead to improved sequencing sensitivity. This approach has been quite
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successful for one fundamental reason. The major impediment to sequence determination is
reagent impurity and contamination. By reducing consumption of reagents, contamination
is reduced; smaller amounts of protein may be sequenced.

In all examples of protein sequencing, either thin layer chromatography or high
performance liquid chromatography have been used to identify the PTH amino acid products.
In general, detection of less than one picomole of PTH amino acid is difficult. While the use
of microbore columns may offer some sensitivity advantages, the limits of liquid chroma-
tography appear to be in sight.

We have reported an alternative technology for detection of minute amounts of PTH
amino acids. This technology is based on micellar capillary electrophoresis for separation
and a laser-based thermo-optical absorbance technique for detection (5). Micellar capillary
electrophoresis relies on addition of surfactant to the separation buffer in zone electropho-
resis. The technique has been used to separate 22 PTH amino acids in 28 minutes (6).

Recently, we have studied the effect of SDS concentration, buffer concentration and
pH on the separation of a mixture of nineteen PTH amino acids (PTH-cysteine was excluded)
and two common by-products formed during Edman degradation: diphenylthiourea (DPTU)
and dimethylphenylthiourea (DMPTU) (7). Many of the components in this mixture are
sensitive to their immediate environment, which is a similar problem encountered in HPLC.
PTH-histidine (pKa~6) is especially sensitive to pH during the separation . We have achieved
baseline separation of the 19 PTHs and DPTU and DMPTU within 10 minutes with a pH
6.7 buffer consisting of 10.7 mM sodium phosphate, 1.8 mM sodium tetraborate and 25 mM
SDS, at ambient temperature. Thermo-optical absorbance provides detection limits (35) for
the PTH amino acids that range from 0.2 to 5 fmol injected onto the column. This limit is
almost 1,000 times better than currently used methods for HPLC.

While these separation and detection capabilities are outstanding, it is important to
understand one property of the technology: samples must be injected in small volumes, on
the order of a few nanoliters; injection of larger volumes leads to unacceptable band-broad-
ening, which destroys the separation. As a result, there is a fundamental mismatch between
the volumes produced by commercial protein sequencers and the volumes required for
capillary electrophoresis.

In this paper, we demonstrate the performance of capillary electrophoresis for
analysis of the products generated by manual Edman degradation reaction. The electro-
phoretic analysis is much faster and much easier to perform than gradient elution reversed
phase liquid chromatography. We also demonstrate the use of capillary electrophoresis for
analysis of the products generated by a highly miniaturized protein sequencer.

EXPERIMENTAL

Manual Edman Degradation

The method for manual protein sequencing is described in detail elsewhere (7).

Micellar Capillary Electrophoresis

Determination of PTH amino acids was performed using the CE/thermo-optical
absorbance instrument described in detail elsewhere (4, 7), with a few changes: the pump
laser was operated at 625 Hz, a neutral density filter (O.D. = 0.3) was placed in the beam
path to reduce the beam intensity, the probe beam intensity was detected by a variable
gain/variable bandwidth Model 2001 Front-end Optical Receiver (New Focus, Inc., Moun-
tain view, California, USA), and data were collected at 3 Hz directly from the lock-in
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amplifier to the PC via an RS232 interface. A program was written in BASIC for data
collection and display.

Automated Protein Sequencing

Sequencing grade 12.5% trimethylamine in water and 5% phenylisothiocyanate in
heptane were purchased from Applied Biosystems. Anhydrous trifluoroacetic acid, Poly-
brene, toluene (redistilled) and oxidized insulin chain B were purchased from Sigma.
Acetonitrile (HPLC grade) was purchased from BDH Chemicals Canada. Argon gas was
bubbled through the trimethylamine and trifluoroacetic acid solutions to deliver the reagent
in the vapor form to the reactor. Acetonitrile and toluene were mixed in a ratio of 15:85. The
acetonitrile:toluene mixture and phenylisothiocyanate were pumped as liquids through the
reaction chamber with argon gas pressure. Insulin chain B was dissolved in 8.3% trimethy-
lamine in propanol:water, 3:2 (V/V) adjusted to pH 9.5 with trifluoroacetic acid and loaded
into the reaction chamber with a 1-pL syringe.

The reaction chamber was constructed from fused silica capillaries; the outside of
the capillaries were supplied with a polyimide coating. A 350-um inner diameter and 500-pm
outer diameter capillary was inserted about I-cm into a 530-um inner diameter, 700-pm
outer diameter and 5-cm long capillary; the two pieces were epoxied together. A 4-mm long
bed of Porasil-T coated with 20% (w/w) Polybrene was placed in the larger capillary. A Zitex
plug was inserted at either end of the bed to hold the Posasil packing in place. The reaction
chamber was precycled once using the reaction protocol described below. The reaction
chamber was flushed with argon gas and 890 picomoles of insulin chain B was loaded.

The reaction chamber was heated by Peltier devices purchased from Melcor. A
Digi-sense thermocouple was used to monitor the temperature of the reaction chamber.

Prepurified argon was passed through an oxygen trap and distributed by a gas manifold.
The argon was used to pressurize all reagents to 3.7 psig. The reagent bottles were connected
to a valve block originally designed for use with the Beckman spinning cup sequencer. The
valve block has three single position valves and one seven position valve; only the latter valve
was used in this experiment. Reagents were delivered by opening the appropriate valve inlet
and allowing the pressurized argon to push the reagent to the valve block. The liquid reagents
were then pushed through the reaction chamber by a stream of argon.

The conditions used for the sequencing reaction are listed in Table 1.

Table 1.
Step Reagent Time (s) Step Reagent Time (s)
coupling, 57 °C  12.5% TMA 60 Cleavage TFA 180
5% PITC 5 Argon 180
12.5% TMA 300
5% PITC 5 Extraction Acetonitrile/toluene 5
12.5% TMA 300 argon 60
5% PITC S acetonitrile/toluene 5
12.5% TMA 300 argon 60
5% PITC 5
Argon 120
Wash Acetonitrile/toluene 5
argon 60
acetonitrile/toluene 5
argon 60
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The extracted anilinothiazolinone was collected into a 600-ul microcentrifuge tube
containing 10-pl of 25% trifluoroacetic acid in water. The extract was then dried in a
Speed-Vac. Conversion to the PTH amino acid was performed by dissolving the extract in
50-pL of 25% trifluoroacetic acid and heating at 62 °C for 30-35 minutes. The product was
dried in the Speed-Vac and stored at -20 °C.

RESULTS AND DISCUSSION

Separation of Manual Edman Degradation Products

SP-5 is pentapeptide with the sequence: NH,-arginine-lysine-glutamic acid-valine-
tyrosine-COOH (NH,-R-K-E-V-Y-COOH). Figure 1 shows the electropherograms for the
sequence analysis of 865 nmol of SP-5. The standard contains approximately 20 fmol for
each PTH amino acid, DPTU and DMPTU. No PTH-cysteine is present in the standard. The
electropherograms show good signal-to-noise for the analyte PTH residue because of the
very large amount of starting material used. In the first cycle, a few unidentified peaks are
seen besides the DPTU by-product peak. Extensive wash steps apparently completely
remove DMPTU. Each cycle shows a slight amount of lag, PTH product from the previous
cycle present in the current cycle. Only cycle 2 shows evidence of preview, PTH product
from the following cycle present in the current cycle.

Separation of Edman Degradation Products from the Highly
Miniaturized Sequencer

Figure 2 presents a set of electropherograms generated from 890 pmol of insulin
chain B. Tyrosine (Y) was added to each electropherogram as an internal marker of retention
time. The retention times were normalized to the DMPTU and tyrosine peaks. The first cycle
shows a strong peak for phenyalinine, which demonstrates a small amount of lag in
subsequent cycles. The second cycle shows a strong peak for valine (V), which again shows
lag in subsequent cycles. The third cycle shows a medium-size peak for asparagine (N);
although this peak is easily identified as the terminal residue, lag from previous cycles begin
to confound the interpretation of the data. There are also two anomalous peaks in this
electropherogram. The first appears at about 5.3 minutes and appears to be due to the passage
of a bubble through the detection chamber. The broad peak at 5.7 minutes is of unknown
origin. By the fourth cycle, the peak from glutamine (Q) is present, although peaks from N
and V, due to lag from previous cycles, dominate the electropherogram.

It is clear that the automated sequencer produces very clean electropherograms, with
relatively little spurious signals from reagent impurities. However, lag from previous cycles
is a serious problem with the current instrument. We have investigated a number of
experimental parameters, and the lag does not appear to be associated with low coupling
efficiency. Instead, the instrument appears to suffer from modest cleavage efficiency. The
instrument is being modified to improve the efficiency of the cleavage step.

CONCLUSIONS

We have reported the use of capillary electrophoresis for identification of PTH amino
acid residues produced by both manual and automated protein sequencing. The electropho-
resis system requires about 11 minutes to separate and identify the PTH amino acids.
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Figure 1. Electropherograms for the manual sequence analysis of 865 nmol of a pentapeptide.

Furthermore, because the system does not require re-equilibration, a new sample may be
analyzed immediately after completion of an electropherogram. The capillary electrophore-
sis system is much faster and simpler than gradient elution high performance liquid
chromatography.

In addition to highly efficient separations, our use of photothermal absorbance
detection produces high sensitivity analysis. The laser-based detector generates sub-femto-
mole detection limits for the PTH amino acids. However, the system suffers from one
important limitation. Only a few nanoliters of analyte may be injected onto the capillary
without introducing an unacceptable amount of band broadening.

We report the development of a highly miniaturized protein sequencer, which is
matched in volume to the volume required by capillary electrophoresis. The highly mini-
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Figure 2. Electropherograms for the automated sequence analysis of 890 pmol of insulin chain B. Tyrosine is
added to each sample as an internal standard.

aturized instrument is much smaller than conventional technology. It is based on a 400-pm
diameter reaction mat, which has about 1/1000 the cross-sectional area of a conventional
sequencer. This minute size allows a three order of magnitude reduction in reagent consump-
tion, with a concomitant reduction in contamination. Two important steps remain in our
instrumentation development program. First, we must improve the cleavage step in the
miniaturized sequencer to reduce the amount of lag and to improve the overall conversion
efficiency. Second, we need to couple directly the reaction chamber with the electrophoresis
system. By achieving these two goals, we should be able to sequence routinely femtomole
amounts of proteins.
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INTRODUCTION

The Edman degradation (Edman, 1949) has been the most successful, general and
widely used technique for the determination of the amino acid sequence of proteins and
peptides. As a benefit of this distinction, over the last four decades the method has been
refined to a high degree of perfection. Nevertheless, sequencing with phenyl isothiocyanate
(PITC)! suffers from a few practical limitations. First, the extinction coefficient of the
phenylthiohydantoins (PTH’s) limits sequencing sensitivity. Currently, routine sequencing
in most laboratories requires low picomole amounts of sample applied to the sequencer.
Second, UV-absorbing products which may co-elute with PTH’s during high performance
liquid chromatography (HPLC) separation have a tendency to obscure the specific PTH
signals during high sensitivity sequencing. Third, with the exception of select cases {Wet-
tenhall et al, 1991; Meyer et al, 1990, 1991; Aebersold etal, 1991; Gooley etal, 1991; Pisano
et al, 1993), modified and unnatural amino acids of known structure are difficult to identify

*Correspondence address: Department of Molecular Biotechnology, University of Washington, FJ-20,
Seattle, WA 98195.

¥ ABBREVIATIONS: PITC: phenyl isothiocyanate; PTH: phenylthiohydantoin; HPLC: high-performance
liquid chromatography; ESI-MS: electrospray ionization mass spectrometer/metry; MS/MS: tandem mass
spectrometer/metry; PETMA-PITC: 3-[4'(ethylene-N,N,N-trimethylamino)-phenyl]-2-isothiocyanate;
PITC-311: 4-(3 pyridylmethylaminocarboxypropyl)-phenyl isothiocyanate; RP-HPLC: reverse-phase high-
performance liquid chromatography; TFA: trifluoroacetic acid; MeCN: acetonitrile.

Methods in Protein Structure Analysis, Edited by M. Z. Atassi and E. Appella
Plenum Press, New York, 1995 57




58 E. J. Bures et al.

and de-novo characterization of such residues by UV absorbance detection alone is extremely
difficult.

To overcome these limitations we have attempted to develop a new protein degrada-
tion chemistry. In particular, the aims of this new chemistry were to achieve higher
sensitivity, to provide enhanced selectivity for detecting the specific signal in the products
of a chemical sequencing cycle and to provide the possibility of structural characterization
of modified residues. To this end we endeavored to design a sequencing reagent which
generated derivatives that are detectable by electrospray ionization mass spectrometry
(ESI-MS). Femtomole level detection sensitivity of ESI-MS is well documented and mass
analysis of the cleaved and extracted residues is expected to enhance the ability to identify
modified residues and to extract the specific signal out of the complex chemical mixture
generated by the protein sequencer. An additional intrinsic capability of an ESI-MS-based
sequencing chemistry is the potential for de-novo structure determination of modified
residues by analysis of tandem MS (MS/MS) fragmentation patterns of amino acid deriva-
tives.

As part of ongoing efforts in our group to develop and improve methods of protein
structure analysis, we report the synthesis, evaluation and application of a panel of reagents
for stepwise degradation of polypeptides and analysis of the resultant derivatives by ESI-MS.
We describe the process by which the reagents were designed, the difficulties that arose with
specific compounds, and the evolution toward a structure that met the intricate requirements.

A NEW PROTEIN SEQUENCING REAGENT: EVOLUTION OF THE
DESIGN

The first reagent we synthesized and reported on was 3-[4(ethylene-N,N,N-trimethy-
lamino)phenyl]-2-isothiocyanate (PETMA-PITC) (Aebersold et al, 1992) as shown in
Fig. 1, structure 1. The molecule was designed to include three specific components, each
of which was to serve a distinct purpose. The PITC moiety was included to ensure the optimal
coupling and cleavage kinetics which distinguish the Edman chemistry. The strongly basic
functional group, a quaternary amine in the case of PETMA-PITC, was added to mediate
efficient ionization for high sensitivity detection by ESI-MS. The bridging section consisting
of an ethyl group in the case of PETMA-PITC was added to ensure steric and electronic
separation of the PITC and the basic groups. Such separation was desirable to minimize
interference between the two functional groups.

Experiments using PETMA-PITC demonstrated that the resulting amino acid deriva-
tives could be detected at low femtomole sensitivities by ESI-MS and that the kinetic
properties of the reagent were comparable with those of PITC. However, when PETMA-
PITC was tested in an automated protein sequencer we observed two limitations. First, the
reagent was too polar to be compatible with common absorptive sequencing protocols. This
prevented the use of this chemistry in the majority of sequencers currently in use without
significant modifications to hardware and protocols. Second, we discovered that it would be
preferable for the sequencing reagent to have a higher molecular weight to ensure that the
derivatives would appear in an area of the mass spectrum that was less abundant in interfering
background contaminants.

To reduce polarity and to enhance the molecular weight the reagent C10-PETMA-
PITC (Fig.1, structure 2) was synthesized. While the PITC and quaternary amine functional
groups were maintained, this compound differed from PETMA-PITC by a ten-carbon chain
extension which was attached with an amide bond linkage. With this reagent, the formation
of amino acid derivatives detectable by ESI-MS was effected without difficulty, however,
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Figure 1. Molecular structure of reagents synthesized and evaluated. 1: PETMA-PITC 2: C10-PETMA-PITC
(n = 10) 3: C5-PETMA-PITC (n = 5) 4: pyridylmethylisothiocyanate 5: nicotinic phenylisothiocyanate 6:
pyridyl-methylphenylisothiocyanate 7: 4-(3-pyridinylmethylaminocarboxypropyl) phenyl isothiocyanate
(PITC 311).

the products were found to chromatograph very poorly under typical reverse-phase high
performance liquid chromatography (RP-HPLC) conditions. We attributed this occurrence
to the formation of micelles, a structure common to amphipatic molecules. To reduce the
potential for micelle formation we next shortened the length of the chain extension to five
carbons to form the reagent C5-PETMA-PITC (Fig. 1., structure 3). This was achieved by
using the same synthetic steps as with C10-PETMA-PITC, except that a starting material of
different size carbon chain was used. This “cassette-style” process to create the reagents
expedited synthesis considerably. Unfortunately, as was the case with C10-PETMA-PITC,
the C5-PETMA-PTH’s generated by sequencing polypeptides with C5-PETMA-PITC were
difficult to resolve and recover by RP-HPLC. To overcome the difficulties associated with
the strongly polar quaternary amine one of us (DJCP) suggested the use of a pyridyl group
as a mediator of ionization in ESI-MS. In contrast to quaternary amines the pyridyl group is
not formally charged under typical RP-HPLC conditions, suggesting that pyridyl-based
reagents could be more suitable to chromatographic separation and absorptive sequencing
conditions. Using the reagent 3-pyridylmethyl isothiocyanate (Fig. 1, structure 4) we showed
that pyridyl-containing amino acid derivatives were detectable at sensitivities comparable
to those derived from quaternary amine-based reagents. Unfortunately this reagent had the
disadvantage of a small molecular weight, thus generating amino acid derivatives that would
appear in a region of the mass spectrum which was obscured to a significant degree by low
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molecular weight contaminants of unknown origin and nature. Thus our proposed course at
this stage was to create a molecule that would concentrate on two main components: i) a
pyridine ring for ESI-MS detection and reduced polarity compared to a positively charged
quaternary amine, and ii) a higher molecular weight to increase the organic character of the
compound and to produce derivatives to appear in a cleaner area of the mass spectrum.

The first reagent incorporating these insights was nicotinic phenylisothiocyanate
(Fig. 1, structure 5). This compound was developed from the amide linkage of nicotinic acid
and p-nitrophenethylamine. While preliminary results demonstrated desirable coupling and
cyclization/cleavage kinetics as well as good detection sensitivity by ESI-MS, application
of this reagent for automated sequencing revealed chemical instability during the sequencing
process. We learned that the amide bond tended to cleave (at roughly 50% yield) upon
exposure to trifluoroacetic acid (TFA). Adjustment of the sequencing conditions to limit TFA
exposure and reduce temperature did not yield significant improvement.

To arrive at a more stable structure while maintaining the desirable characteristics of
nicotinic phenylisothiocyanate we synthesized and evaluated 4-pyridylmethyl
phenylisothiocyanate (Fig. 1, structure 6). Amino acid derivatives prepared with this reagent
showed favorable chromatography and ESI-MS detection characteristics. However, the
reagent showed poor coupling kinetics in manual “bench-top” coupling reactions as well as
in automated peptide sequencing. We attributed this observation to the characteristic of
possessing only one carbon atom in the spacer group.

At this point we decided to return to using an amide bond linking group similar to
nicotinic phenylisothiocyanate, but with two modifications aimed at arresting the cleavage
problem. The first change was to insert a spacer between the amide bond and the pyridine
ring to attenuate the electron withdrawing effects of the ring on the amide bond, the effect
believed to be responsible for weakening the amide in nicotinic phenylisothiocyanate. The
second change was to reverse the sense of the amide bond so that the carbonyl would be
even further removed from the pyridine ring. With this rationale, the reagent 4-(3-pyridyl-
methylaminocarboxypropyl)phenyl isothiocyanate (Fig. 1, structure 7) was synthesized.
While the name 4-(3 pyridylmethylaminocarboxypropyl)phenyl isothiocyanate is a chemi-
cally accurate description for the reagent we use the simpler name PITC 311 to reflect the
molecular weight of the compound in the name. It was with this reagent that we observed
superior results with respect to chemical stability, reactivity and chromatography and we
therefore proceeded to a detailed characterization of this reagent. The preliminary evaluation
of the panel of compounds described above with respect to molecular weight, polarity,
reaction kinetics, HPLC chromatography, chemical stability, and mass spectral detectability
are summarized in Fig. 2.

ANALYSIS OF 311 PTH AMINO ACID DERIVATIVES BY ESI-MS

Initially we synthesized thiohydantoins of the 20 naturally occurring amino acids and
analyzed the products by ESI-MS (Bures, 1994). The mass spectrum of 311 PTH Val shown
in Fig. 3 is representative of a typical result obtained with such compounds. The measured
mass of [M+H]* = 411.0 corresponded to the calculated mass for the molecule and it is
apparent that the molecule displayed only very limited fragmentation under the ionization
conditions used.

We next evaluated the detection sensitivity, linearity of detector response and the
dynamic range of the detector. Different amounts of 311 PTH’s ranging from 50 fmole to 10
pmole were applied to a Imm i.d. column and subjected to LC-ESI-MS analysis. The results
for residues with acidic, unpolar and neutral-polar side chains shown in Fig. 4. demonstrate
that 311 PTH’s are detectable by ESI-MS at a sensitivity below 50 femtomoles and that the
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Figure 3. Structure and mass spectrum of 311 PTH Val. One pmole of purified 311 PTH Val was analyzed by
LC-MS. The sample was chromatographed over a 1x50 mm Reliasil BDS C-18 column at a flow rate of 50
pl/min using a TFA/acetonitrile (MeCN) solvent system. The inset shows the chemical structure of the
compound.

detection sensitivity is comparable for amino acid derivatives with acidic, unpolar and
neutral-polar side chains. This sensitivity level was comparable to values achieved pre-
viously with PETMA-PITC and supported the potential for protein sequencing at enhanced
sensitivity using PITC 311 and ESI-MS detection of 311 PTH’s. Furthermore, the detector
response was linear in the range of 50 fmole to several pmole and the dynamic range of
detection covered three orders of magnitude. Finally, it is important to note, that the
instrumental conditions employed for these experiments were such that they would emulate
those to be used in a sequencing run in an automated sequencer. In particular, the system
was compatible with the injection of sample volumes of up to 100 pl without loss of
resolution and sensitivity (Hess et al, 1994).

AUTOMATED SEQUENCING WITH PITC 311

Given that the preliminary testing of PITC 311 showed promise, the next goal
was to append an ESI-MS to an automated polypeptide sequencer to attempt “real”
microsequencing conditions. The system that was employed is schematically presented
in Fig. 5. A commercially available sequencer (Applied Biosystems model 477A) was
interfaced on-line with the LC-ESI-MS configuration used for the PITC 311 evaluations
described above.

To assess the potential of the ESI-MS system for detection of 311 PTH’s generated
by automated sequencing we applied an aliquot of a synthetic peptide to the cartridge of the
protein sequencer, subjected the sample to automated sequencing using PITC 311 and
monitored the degradation products sequentially by UV absorbance detection and by
ESI-MS. The data shown in Fig. 6 compare the UV absorbance signals in the first 2
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Figure 4, LC-ESI-MS of 311 PTH’s. Samples of the amounts indicated and the derivatives indicated were
chromatographed over a 1x50 mm Reliasil BDS C-18 column at a flow rate of 50 pl/min and analyzed by
multiple ion monitoring LC-ESI-MS. Samples were injected with a 50 pul loop and subject to a 14 minute
gradient using a TFA/MeCN solvent system. Integrated peak values are shown. The system consisted of a
Michrom UMA HPLC system (Michrom Bioresources) and an API I1I triple quadrupole MS (PE/SCIEX).

sequencing cycles (panels A1, A2), the total ion current representing all the ions detected by
ESI-MS in the mass range from 365-755 Da of the same cycles (panels B1,B2), and the
enhanced MS signal generated by selected ion extraction (panels C1, C2). Comparison of
panels A and B in Fig. 6 illustrates that most of the contaminants which were detected at a
relatively constant level by UV absorbance detection during the sequencing experiment were
also detected by the ESI-MS. In general, the ESI-MS results largely resemble the UV data
in this form. Selective monitoring of the ions corresponding to the expected 311 PTH’s and
their adducts (panels C1, C2) dramatically enhanced signal levels, suggesting that the use
of MS detection for the products of chemical peptide degradation will be advantageous for
high sensitivity sequencing experiments.

In an experiment designed to evaluate the level of sequencing sensitivity achievable
using ESI-MS detection of 311 PTH’s, we applied decreasing amounts (calibrated by
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Figure 5. Schematic of system for PITC 311 sequencing. The operation of the sequencer, HPLC and MS was
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triggered and subsequently the data acquisition of the MS was started by contact closure signals. A fused silica
capillary with an inner diameter of 75 um was used to connect the UV-cell of the HPLC with the ESI-MS ion
source. Liquid connections between instruments are in solid lines. Electrical connections are represented by
broken lines. The flow splitter between the HPLC unit and the electrospray ionization interface was optional
and did not affect the performance of the system.
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Figure 6. Signal enhancement by ESI-MS detection of 311 PTH’s. A synthetic peptide was subjected to
automated sequence analysis using PITC 311 and the resulting 311 PTH’s were monitored sequentially by UV
absorbance and ESI-MS. Results from the first two sequencing cycles (1,2) are displayed. Row A: UV
absorbance detection of 311 PTH’s. Row B: Total ion current of 311 PTH detection. Mass range displayed is
365-755 Da. Row C. Extraction of acquired MS data for the masses corresponding to 311 PTH’s of naturally
occurring amino acids. Peaks are designated with the one letter code of the corresponding amino acid and the
mass of the compound.
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Figure 7. Subpicomole peptide sequencing with PITC 311. A 500 fmole amount of a synthetic decapeptide
with the sequence NH,-Val-Gln-Ala-Ala-Ile-Asp-Tyr-Ile-Asn-Gly-CO,H was subjected to automated se-
quence analysis using PITC 311 and the resultant 311 PTH’s were monitored by ESI-MS operated in the
multiple ion monitoring mode. Each panel depicts a cycle-by-cycle histogram of the abundance of ESI-MS
signal corresponding to the amino acid indicated by the single letter code in the upper right hand corner of the
graph. The darkly shaded bars indicate the amino acid residue specific for the respective sequencing cycle.

quantitative amino acid composition analysis) of a synthetic decapeptide with the sequence
NH,-Val-Gln-Ala-Ala-Ile-Asp-Tyr-Ile-Asn-Gly-CO,H to the cartridge of the protein se-
quencer and sequenced the peptides with PITC 311 under the conditions described above.
The results of an experiment in which 500 fmole of peptide was covalently attached to an

Arylamine Immobilon disc (Millipore) (Coull, 1991) and applied to the sequencer is shown
in Fig. 7.
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The 311 PTH mass provided a third data dimension in addition to the RP-HPLC
retention time and the signal intensity. To reduce the complexity we displayed the
sequencing data as a series of two-dimensional histograms, each histogram representing
the abundance of ESI-MS signal corresponding to a particular amino acid derivative
as a function of the sequencing cycle. The data in Fig. 7 illustrate that femtomole
amounts of peptide can be sequenced by this system. Whereas the background signal
for most 311 PTH’s is relatively constant and low we observed a contaminant isobaric
to 311 PTH Tyr which almost co-eluted with 311 PTH Tyr, obscuring the specific
signal in cycle 7. We determined that this contaminant was associated with certain
batches of PITC 311 and could be removed by additional purification of the reagent.
The aspartic acid (D) signal in cycle 6 was suppressed as a result being covalently
attached to the support membrane during sequencing. While covalent sample attachment
is not a requirement for the PITC 311 chemistry it was advantageous to use covalent
sample attachment in the early sequencing experiments prior to optimization of ab-
sorptive sequencing protocols.

While these results are an encouraging demonstration of the potential of PITC
311 chemistry for high sensitivity sequencing the use of a synthetic peptide substrate in
tightly controlled test experiments precludes an assessment of the generality of the
procedure. The key information pertinent to scientists that are working with proteins is
how much material is needed to obtain N-terminal or internal sequence data. To address
this practical issue we used trypsin to cleave decreasing amounts (calibrated by quanti-
tative amino acid composition analysis) of bovine carbonic anhydrase , separated the
resultant fragments by microbore RP-HPLC and sequenced selected collected peptides
using PITC 311 as described above. The resultant degradation products were analyzed
by ESI-MS and the data are displayed as described above for Fig. 7. The data shown in
Fig. 8 represent the sequence of a peptide obtained by cleavage of 1.2 pmole of protein.
Considering the losses associated with HPLC purification, collection and transfer of the
peptide into the sequencer clearly only femtomole amounts of peptide were sequenced.
The darkly shaded bars in Fig. 8 indicate that the sequence could be easily and unambi-
guously called even at that sensitivity level.

SUMMARY

We have synthesized and evaluated a panel of novel protein sequencing reagents
designed to yield amino acid derivatives detectable at the low femtomole level by ESI-MS.
Polypeptide degradation with these reagents is based on the phenylisothiocyanate function-
ality introduced by Edman (Edman). The chemistries were therefore easily adapted to
automated stepwise degradation. Through a systematic process, we have arrived at a new
reagent, PITC 311, that permits a sequencing approach that incorporates ESI-MS detection.
Employing this approach, we have shown that PITC 311 is compatible with femtomole level
peptide sequencing. Additionally, we have demonstrated that mass information provided by
ESI-MS detection enhances confidence level in data interpretation. Similarly, mass informa-
tion available by ESI-MS analysis of 311 PTH’s assists in characterization of modified and
unnatural amino acid residues. In future work with this reagent, our aim is to optimize
automated sequencing cycles for high sensitivity protein sequencing. We also endeavor to
develop a methodology to apply PITC 311 for high sensitivity absorptive sequencing, and
to create rapid sequencing protocols.
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Figure 8. High sensitivity PITC 311 sequencing. A 1.2 pmole sample of bovine carbonic anhydrase was
cleaved with trypsin and the resultant peptide fragments separated by RP-HPLC and collected manually. One
of these collected peptides was subject to automated sequence analysis using PITC 311 and the resultant 311
PTH’s were monitored by ESI-MS operated in the multiple ion monitoring mode. Each panel depicts a
cycle-by-cycle histogram of the abundance of ESI-MS signal corresponding to the amino acid indicated by the
single letter code in the upper left hand corner of the graph. The darkly shaded bars indicate the amino acid
residue specific for the respective sequencing cycle. A -S: 311 PTH dehydro serine.




68 E. J. Bures et al.
ACKNOWLEDGMENTS

This work was funded in part by the Department of Industry, Science and Technology,
Canada(ISTC) and by the Canadian Human Genetic Disease Network. R.A. was the recipient
of a Medical Research Council(MRC) of Canada scholarship.

REFERENCES

Aebersold, R., Watts, J.D., Morrison, H.D., Bures, E.J. 1991 Determination of the site of tyrosine phosphory-
lation at the low picomole level by automated solid-phase sequence analysis. Anal. Biochem.
199:51-60.

Aebersold, R., Bures, E.J., Namchuk, M., Goghari, M.H., Shushan, B., Covey, T.C., 1992 Design, synthesis,
and characterization of a protein sequencing reagent yielding amino acid derivatives with enhanced
detectability by mass spectrometry. Protein Sci. 1:494-503.

Bures, E.J., Nika, H., Chow, D.T., Morrison, H.D., Aebersold, R. 1994 Synthesis of the protein-sequencing
reagent 4-(3-pyridinylmethylamino-carboxypropyl) phenyl isothiocyanate and characterization of
4-(3-pyridinyl-methylaminocarboxypropyl) phenylthiohydantoins. Anal. Biochem. in press.

Coull, .M., Pappin, D.J.C., Mark, J., Aebersold, R., Koester, H. 1991 Functionalized membrane supports for
covalent protein microsequence analysis. Anal. Biochem. 194:1 10-120.

Edman, P. 1949 A method for the determination of the amino acid sequence in peptides. Arch. Biochem.
22:475-476.

Gooley, A.A., Classon, B.J., Marschalek, R.,, Williams, K.L. 1991 Glycosylation sites identified by detection
of glycosylated amino acids released from Edman degradation: the identification of Xaa-Pro-Xaa-Xaa
as a motif for Thr-O-glycosylation. Biochem. and Biophys. Res. Commun. 178:1 194-1201.

Hess, D., Nika, H., Chow, D.T., Bures, E.J., Morrison, H.D., Aebersold, R. 1994 Liquid chromatography-elec-
trospray ionization mass spectrometry of 4-(3-pyridinylmethylaminocarboxypropyl) phenylthiohy-
dantoins. Anal. Biochem. accepted for publication.

Meyer, H.E., Hoffmann-Posorske, E., Korte, H., Donella-Deana, A., Brunati, AM., Pinna, L.A,, Coull, J.,
Perich, J., Valerio, R.M., Johns, R.B. 1990 Determination and location of phosphoserine in proteins
and peptides by conversion to S-ethylcysteine. Chromatographia 30:691-695.

Meyer, H.E., Hoffmann-Posorske, E., Donella-Deana, A., Korte, H., 1991 Sequence analysis of phosphotyros-
ine-containing peptides in Methods in Enzymology (Hunter, T., and Sefton, B.M., Eds.), Vol. 201,
Academic Press, Orlando, FL.

Pisano, A., Redmond, J.W., Williams, K.L., Gooley, A.A. 1993 Glycosylation sites identified by solid-phase
Edman degradation: O-linked glycosylation motifs on human glycophorin A. Glycobiology 3:429-
435.

Wettenhall, R.E.H., Aebersold, R., Hood, L.E., Kent, S.B.H., 1991 Solid-phase sequencing of 32P labeled
phosphopeptides at picomole and subpicomole levels in Methods in Enzymology (Hunter, T., and
Sefton, B.M., Eds.), Vol. 201, Academic Press, Orlando, FL.




IDENTIFICATION AND
CHARACTERIZATION OF GLYCOSYLATED
PHENYLTHIOHYDANTOIN AMINO ACIDS

Anthony Pisano, Nicolle H. Packer, John W. Redmond, Keith L. Williams,
and Andrew A. Gooley

Macquarie University Centre for Analytical Biotechnology (MUCAB)
Macquarie University
Sydney, N.S.W., 2109 Australia

SUMMARY

The three major groups of glycosylated phenylthiohydantoin (PTH) derivatives
Asn(Sac), Ser(Sac) and Thr(Sac), can be clearly resolved and separated from the other 20
commonly occurring PTH-amino acids using a new 5 mM triethylammonium formate
(TEAF) buffer, pH 4-0 with an acetonitrile gradient. The glycosylated amino acids elute early
in a 1'5 min “glycosylation window” between 6:5-8 min, while all the other PTH-amino
acids elute between 8—15 min. This buffer system was developed principally for its ability
to separate all PTH-amino acids and glycoamino acids at low ionic strength. The low buffer
concentration is necessary to minimize glucose contamination for monosaccharide analysis
of the PTH-glycoamino acids.

We demonstrate that: (a) a TEAF buffer system is compatible with monosaccharide
analysis of the PTH-glycoamino acid and, in principle, the volatile nature of the buffer makes
it suitable for ionspray mass spectrometric analysis of recovered PTH-glycoamino acids. (b)
the “glycosylation window” is important for the detection of site-specific partial glycosyla-
tion and for identifying different forms of PTH-glycoamino acids.

INTRODUCTION

Bioactive proteins are commonly glycosylated and in many cases the glycosylation
is important for stability, secretion, biological activity, recognition and cell-cell interactions
(Williams and Barclay, 1988; Mallett and Barclay, 1991). However, in many other instances
the glycosylation has not been assigned to specific residues and usually only the pooled
oligosaccharides from the protein are characterized (Dwek et al., 1993). The control of
glycosylation is also becoming increasingly important in the biotechnology industry with
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the use of eukaryotic expression systems where the rules for in vivo glycosylation, especially
O-linked oligosaccharides are only now being understood (Gooley and Williams, 1994).

The traditional approach to the study of carbohydrates attached to proteins and
peptides has been to release them from the polypeptide chain by chemical or enzymatic
treatment and then characterize the oligosaccharides/monosaccharides separately by: high
performance anion exchange chromatography with pulsed amperometric detection (HPAEC-
PAD) (Townsend et al., 1989; Townsend and Hardy, 1991), fluorophore assisted carbohy-
drate electrophoresis (FACE™) (Jackson, 1991) or mass spectrometry (Carr er al., 1993).
However glycoproteins often contain a heterogeneous collection of both N-linked and
O-linked oligosaccharides and the release of glycans of a particular class provides no specific
information concerning site-specific glycosylation.

Solid-phase Edman degradation is a powerful tool in the identification and quantita-
tion of sites of glycosylation as individual glycoamino acids are recovered for monosaccha-
ride analysis and mass analysis (Gooley et al., 1994a; Gooley et al., 1994b). It is also the
only method available for the characterization of clustered sites of glycosylation found in
glycoproteins including, mucins, the extracellular domain of human glycophorin A and the
macroglycopeptide of bovine k-casein (Pisano et al., 1993; Pisano et al., 1994).

Phenylthiohydantoin (PTH)-amino acids are easily separated by reversed-phase
HPLC and the most popular buffer systems use sodium acetate in tetrahydrofuran. This
provides a compact chromatogram without a suitable “window” for the early elution of polar
modified amino acids such as glycosylated Asn, Ser and Thr. Two alternative solvent sysiems
have been proposed recently. The first is a 35 mM ammonium acetate, pH 49 /acetonitrile
system recommended by Millipore/BioSearch for the MilliGen ProSequenator™ and used
by Gooley et al., (1991) and Pisano et al., (1993) for the identification of glycosylated
PTH-amino acids. This system was found to be unsuitable for monosaccharide analysis
because of a high glucose contamination on hydrolysis (Gooley et al., 1994a). It also does
not allow for the unambiguous assignment of glycosylated residues because of insufficient
resolution or the detection of low levels of glycosylation. The second solvent system
(Strydom, 1994) which involves a mixture of triethylamine-phosphate buffered/metha-
nol/acetonitrile as solvent A and a mixture of methanol/isopropanol/water as solvent B has
not been systematically evaluated for extraneous sugar content, nor have the elution positions
of glycosylated Ser/Thr residues been established.

For the detection, correct assignment and characterization of glycosylated PTH-
amino acids by on-line reversed-phase C;3 HPLC during routine N-terminal sequence
analysis, it is advantageous to have a chromatographic system that:

a. identifies each type of glycosylated amino acid

b. separates the PTH-glycoamino acids from the PTH-amino acids to allow the
detection of partially glycosylated sites

c. separates the 20 non-glycosylated PTH-amino acids

d. uses a solvent system which is low in glucose contamination to enable monosac-
charide analysis and

e. is compatible with ionspray mass spectrometry.

Here we propose the use of a simple, low-molarity triethylammonium formate
(TEAF)/acetonitrile system for the routine detection/characterization of glycosylated PTH-
amino acids, which meets these criteria. We also show that the PTH chromophore conjugated
to a glycoamino acid can be used as an effective “tag” for obtaining structural information
on specific sites of glycosylation following exoglycosidase(s) treatment of glycopeptides.
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MATERIALS AND METHODS

Materials

PTH-amino acid standards were from Applied Biosystems (Div. of Perkin-Elmer,
CA); analytical grade formic acid, 90%, was from Ajax Chemicals (Australia); triethylamine,
sequencing grade, Cat no. 25108, was from Pierce; human glycophorin A (Cat. no. G-9511),
Ovomucoid (Cat No. T-2011) and bovine k-casein macroglycopeptide (Cat no. C-7278) were
purchased from Sigma. Recombinant PsA (rPsA), a secreated form of cell surface glycopro-
tein of Dictyostelium discoideum was prepared by the method of Zhou-Chou et al (1994).
B-galactosidase was from Diplococcus pneumoniae (Cat no. 188718, Boehringer
Mannheim). Trifluoroacetic acid (TFA) was obtained from Sigma-Aldrich.

Preparation of Tryptic Glycopeptides

The tryptic glycopeptides from the human serum albumin mutant Casebrook
(Argd85-Lys500) and rPsA (Ile88—Lys122) were prepared according to the method of
Gooley et al., (1994a) except that cysteines were alkylated with 4-vinylpyridine according
to Tarr (1986).

Preparation of Glycopeptide from Bovine k-Casein Macroglycopeptide

The bovine k-casein Met106—Thr124 glycopeptide was prepared by C,5 (Sephasil™,
Pharmacia-Biotech) reversed-phase chromatography (SMART™ system, Pharmacia-
Biotech) from bovine k-casein macroglycopeptide according to Pisano et al., (1994).

Desialylation of Glycopeptides/Glycoproteins

Between 0:5-3 nmol (20-100 ply of glycopeptide or glycoprotein in 20% (v/v)
acetonitrile, was mixed with an equal volume of 0-2 M TFA and incubated at 80°C for 1h to
remove sialic acids. The sample was then diluted 1 in 10 (v/v) with 20% (v/v) acetonitrile
and concentrated to = 10 pl in a vacuum centrifuge. The process of dilution and concentration
was repeated once.

B-Galactosidase Digestion of Desialylated Albumin Casebrook Tryptic
Glycopeptide

Approximately 3 nmol of desialylated albumin Casebrook (Arg485—Lys500) were
dissolved in 150 pl of 40 mM acetate buffer, pH 6 with 10% (v/v) acetonitrile. The
glycopeptide solution was then divided into three 50 pl aliquots and 2 mU of B-galactosidase
was added to one aliquot and incubated for 2 hr at 37°C to obtain a partial digest. To the
second glycopeptide aliquot, 2 mU of B-galactosidase was added and the third aliquot was
incubated without enzyme as a control. These two samples were incubated at 37°C for 24
hr. The glycopeptide was separated from the B-galactosidase enzyme by C 5 (Sephasil™,
Pharmacia-Biotech) reversed-phase chromatography (SMART™ system, Pharmacia-
Biotech) using a 30 min linear gradient: 0-05% (v/v) trifluoroacetic acid (TFA) as solvent A,
85% (v/v) acetonitrile + 0-045% (v/v) TFA as solvent B.
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Covalent Attachment and Solid-Phase Edman Degradation

Human Glycophorin A (GpA). Between 0-5-2 nmol of desialylated human glyco-
phorin A was dissolved in 20% (v/v) acetonitrile and covalently attached to Sequelon AA™
membranes via the side-chain carboxyl groups using water soluble N-ethyl-N'-dimethylami-
nopropylcarbodiimide (EDC). The coupling reaction was carried out by the addition of 5 pl
of coupling buffer (02 mg EDC/pl), at 4°C for 15 min as described by Liang and Laursen,
(1990). The coupling buffer used was that supplied by MilliGen/BioSearch in the Sequelon
AA™ attachment kit. The coupling reaction was terminated by vortexing the Sequelon AA™
membranes in 1 ml of 50% (v/v) methanol, followed by 1 ml of methanol then drying the
membranes at 55°C.

Bovine x-Casein Glycopeptides and Tryptic Peptides of Serum Albumin Casebrook
and rPsA. Between 02—1 nmol of desialylated glycopeptides were covalently attached to
Sequelon AA™ membranes by using the manufacturer’s recommended procedure (See
Sequelon AA™ attachment kit User’s guide) and the incubation was carried out at 4°C to
increase coupling yield as recommended by Laursen et al., (1991).

Sequelon AA™ coupled protein/peptide membranes were subjected to automated
solid-phase Edman degradation using a MilliGen ProSequencer™ 6600 with the standard
66008 method supplied by the manufacturer. The PTH-glycoamino/amino acid derivatives
were transferred directly from the conversion flask to the on-line HPLC system.

On line HPLC

The on-line HPLC system consisted of a Waters 600 multisolvent pump delivery
system supported by a Waters 600-MS system controller and a Waters 490E programmable
multiwavelength detector set at 269 nm and 313 nm. The PTH-amino acids were separated
by on-line reversed-phase chromatography using a 39 mm x 300 mm Cis Nova-Pak™
(Waters) column.

Solvent A: S mM TEAF buffer was prepared by the addition of 300 ul of formic acid
to 12 1 of degassed MilliQ water and the pH was adjusted to pH 40 with the addition of
triethylamine (620 pl). Solvent B: 100% acetonitrile (Ajax chemicals, Australia); both
solvent A and solvent B reservoirs were kept under constant helium head pressure of
approximately 20 kPa during HPLC operation. Optimal separation of PTH-gly-
coamino/amino acids was achieved by modifying the manufacturer’s gradient (see Table 1).

Table 1. Gradient conditions for PTH-
amino/glycoamino acid separation”

Time (min) Solvent A Solvent B
Initial 95 5
0.7 80 20
1.4 73 27
2.8 73 27
5.7 55 45
7.4 55 45
8.1 53 47
12 20 80
20 95 5

*Flow rate of 0.7 ml/min.
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Calculation of Corrected Yields

The combined peak areas of a completely glycosylated PTH-Thr(Sac)142 site in
bovine x-casein macroglycopeptide was found to be equivalent to 0-83 of the equivalent
yield of PTH-Val (Pisano et al., 1994). Therefore a correction factor of 12 was used to
convert the area of the PTH-Thr(Sac) to pmol and this was applied to the Met106—Thr124
glycopeptide to determine the amount of glycosylation on Thr121.

Monosaccharide Compositional Analysis of PTH-Ser(Sac)

The PTH-glycoamino acids (= 400 pmol) were collected from the MilliGen ProSe-
quencer on-line HPLC. An equal volume of 4 M TFA was added and the sample was
hydrolysed at 100°C for 4 h. After evaporation of the acid, the liberated monosaccharides
were analysed by HPLC using a Dionex CarboPac PA1™ column (4 mm x 250 mm) with a
waters 600 LC system and 464 pulsed amperometric electrochemical detector. The sugars
were eluted isocratically with 15 mM NaOH and were identified by comparison with
standards. An internal standard of 2-deoxyglucose was used for quantitation.

RESULTS

Solid-phase sequence analysis of glycophorin A, bovine x-casein, ovomucoid and
human mutant albumin Casebrook was used to characterize their glycosylated amino acids
by their retention time, peak distribution pattern, chromatographic mobility shift following
exoglycosidase treatment and monosaccharide composition. These results were made pos-
sible using low molarity acidic solvents as solvent A and acetonitrile as solvent B with on-line
C,g reversed-phase HPLC analysis of the PTH-glycoamino/amino acids in either preparative
or analytical modes.

Separation of PTH-Amino Acids in TEAF Buffer

The gradient of 5 mM TEAF pH 4-0 buffer in acetonitrile (Table 1) effectively
resolves the 20 amino acids in an 8 min window (Fig. 1). The pattern of elution for the first
11 amino acids (Asp, Asn, Ser, Gln, Thr, Glu, Gly, His, Ala, Tyr and Arg) is similar to the
sodium acetate/tetrahydrofuran buffer system except that Glu elutes before Gly. The final 9
amino acids (Pyridylethyl(PE)-Cys, Met, Val, Pro, Trp, Lys, Phe, Ile and Leu) have an elution
profile typical for chromatogram using the MilliGen ProSequencer™ system equipped with
a Waters PicoTag™ C,5 column and ammonium acetate/acetonitrile gradient (Gooley et al.,
1991). Dehydroalanine (from Ser) and dehydro-a~-aminobutyric acid (from Thr) elute at 11-8
and 12-1 min, respectively and are monitored by simultaneous detection at 269 nm and 313
nm (data not shown). The Edman degradation by-products dimethylphenylthiourea
(DMPTU, 104 min) and diphenylthiourea (DPTU, 14 min, which co-elutes with Trp) are
not problematic in solid-phase sequencing and do not interfere with amino acid assignments.
The only disadvantage of the low molarity TEAF buffer system is that His and Arg are very
sensitive to variations in pH and ionic strength. However, careful titration of the buffer
provides a satisfactory elution position for both these amino acids (Fig. 1).

The elution positions of all 20 amino acids were confirmed by the known N-terminal
amino acid sequence analysis of human glycophorin A and ovomucoid.
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L Figure 1. A C;3 HPLC chromatogram with
an elution profile of 19 PTH-amino acid
standards routinely encountered in N-termi-
nal sequence analysis. The PTH-amino acids
are (in order of elution): Asp (D), Asn (N),
Ser (S), Gln (Q), Thr (T), Glu (E), Gly (G),
His (H), DMPTU at 104 min, Ala (A), Tyr
(Y), Arg (R), Met (M), Val (V), Pro (P), Trp
(W) which co-elutes with DPTU, Lys (K),
Phe (F), Ile (I) and Leu (L). PE-Cys(PE-C) is
not routinely included in our PTH-amino acid
standards mixture and subsequently its elu-
tion time was identified separately. The elu-

Absorbance (269 nm)

T T T T 1 tion position of PE-Cys is indicated on the

6 8 10 12 14 16  elution profile by aarrow. The 20 PTH-amino
acids were separated using 5 mM TEAF, pH

Time (min) 4-0 as solvent A and acetonitrile as solvent B.

Separation of PTH-Glycoamino Acids in TEAF Buffer

Reversed-phase elution of PTH-amino acids with 5 mM TEAF, pH 4.0, provides a
clear chromatographic window for the elution of PTH-Asn(Sac), PTH-Ser(Sac) and PTH-
Thr(Sac) which all elute prior to PTH-Asp (Fig. 2, Table 2). PTH-Asn(Sac) from Casebrook
tryptic glycopeptide Arg485—Lys500 elutes first off the column as two peaks, one of which
is heterogeneous [Asn(Sac), at 69 min], and a small peak, Asn(Sac), at 765 min (Fig.2d).
PTH-Ser(Sac) from human glycophorin A consistently elutes as two peaks: Ser(Sac), at 725
min and Ser(Sac), at 7-85 min. The first peak elutes as a poorly resolved doublet and Ser(Sac),
co-elutes with Thr(Sac), (Fig. 2b and ¢ , Table 2). Thr(Sac) elutes as two major peaks
Thr(Sac), at 7-5 min and Thr(Sac), at 7:85 min and two minor peaks Thr(Sac); at 825 min
and Thr(Sac), at 865 min (Fig. 2b, Table 2).

Figure 2. A comparison of the C;g HPLC elu-

1 2 Thr(Sac) tion profiles for the three main groups of PTH-

N . glycoamino acids: Asn(Sac), Ser(Sac) and

(b) Thr(Sac) separated with solvent A as 5 mM

1———[— Ser(Sac TEAF buffer, pH 4-0. (a) First five PTH-amino

) 52 acids to elute from the column: Asp (at 80

© min); Asn (at 83 min); Ser (875 min), Gln
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Table 2. Retention times of PTH-glycoforms and parent
PTH-amino acids

Retention time

PTH-(glyco)amino acids PTH-oligosaccharide (R, min)
Asn(Sac), GleNAc,Man;GleNAc,Gal, 6.85
Asn(Sac), GleNAc,Man,” 7.65
Ser(Sac), GalNAc,Gal; 7.25
Ser(Sac), 7.85
Thr(Sac), GalNAc;Gal, 7.50
Thr(Sac), GalNAc,Galy? 7.85
Thr(Sac), GleNAc or GalNAc 8.25
Thr(Sac), GleNAc or GalNAc? 8.65
Asn 8.30
Ser 8.75
Thr 9.16

*Previously reported as GleNAc,Man, (Gooley et al.,1994a).

One major advantage of a unique chromatographic window for the glycosylated
amino acids is the detection of partially glycosylated amino acids free from the background
of the other amino acids. This is best demonstrated by the sequence analysis of the bovine
k-casein glycopeptide Met106-Thr124. Figure 3a shows the corrected yield for this peptide
from Asn114-Asn123. Normal PTH-Thr/Ser are recovered in low yield due to the production
of the dehydro forms of Ser/Thr during the coupling and cleavage reactions. Hence, these
two amino acids are rarely quantitated and it generally suffices to assign these on the basis
of detection of their dehydro forms which are detected at 313 nm.

However, the glycosylated forms of the Ser and Thr are recovered in high yield and
it is possible to determine how much of the amino acid is modified (see Materials and
Methods). It was estimated that 5% of the Thr121 is glycosylated. An enlarged section of
the Thr121 chromatogram is shown in Fig. 3b with the previous cycle Pro120 overlaid. The
solid line is the 5% glycosylated Thr121 and is clearly visible after 16 cycles of Edman
degradation. The two major glycoforms of Thr(Sac): (Thr(Sac), and Thr(Sac), elute at 79
and 82 min respectively, while Thr elutes at 91 min) are easily distinguishable above the
preceding cycle overlay (dotted line, Fig. 3b).

Monosaccharide Analysis of Glycosylated PTH Amino Acids

PTH-glycoamino acids released by solid-phase Edman degradation of the N-terminal
extracellular domain of human GpA (PTH Ser(Sac),,,4, at position 2 and PTH Thr(Sac), .4
at position 4), of the spacer domain of PsA of Dictyostelium discoideum (PTH Thr(Sac)s,n44
at position 91) and of the tryptic peptide of albumin Casebrook (PTH Asn(Sac),,.q at
position 494) were collected and characterised by monosaccharide compositional analysis
(Table 2). The low molarity elution buffers allowed the glucose contamination to be kept to
a level able to be completely resolved from the component sugars by HPAEC.

Chromatographic Shift of PTH-Asn(Sac) following B-Galactosidase
Treatment

Human mutant albumin Casebrook has a single biantennary N-linked oligosaccharide
at Asn494. The PTH glycoamino acid released by Edman degradation showed chroma-
tographic heterogeneity after 10 cycles (Fig. 2d) The intact tryptic glycopeptide (Arg485—
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Figure 3. (a) Corrected yields for the
solid-phase Edman degradation from
Asnll4-Asnl123 from the glycopeptide
Met106-Thr124 from bovine x-casein
macroglycopeptide. The recovery of
both Glu (E) and Asp (D) was low since
they remain covalently attached to the
Sequelon AA membrane following car-
bodiimide activation of the side-chain
carboxyl groups. Non-glycoamino acids
are shown as shaded bars and glyco-
amino acids are solid black bars. (b) A
chromatogram overlay of cycle 15 (dot-
ted line) and cycle 16 (solid line) focused
on the elution positions of both PTH-
Thr(Sac)121 and PTH-Thr121 from the
partially glycosylated peptide Met106—
Thri24 following solid-phase Edman
degradation. The peak at 8'5 min is a lag
from Asnl14. The chromatography is as
described in the Materials and Methods
section with the exception that Solvent A
was 2 mM acetic acid.

Table 3. Resolution of glycoforms on PTH-Asn494 from

albumin Casebrook

PTH-Oligosaccharide

Retention time
(Rt, min)

GlecNAc,Man;GleNAc,Gal, (Asn(Sac);)
GlcNAc¢,Man;GlcNAc,Gal,
GlcNAc,Man;GlecNAc,

GlcNAc,Man, (Asn{Sac),)

6.85
7.05
7.15
7.40
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Figure 4. Solid-phase Edman degradation of
human mutant albumin Casebrook tryptic
glycopeptide following digestion by B-galac-
tosidase. Chromatograms show PTH-
Asn(Sac) glycoamino acids separated after
10 cycles of Edman degradation of the glyco- T T T T 1

peptide(a) which had been incubated with 6 6.5 7 75 8 85
enzyme for(b) 2 h and (¢) 24 h.

Time (min)

Lys500) was subjected to a time course of digestion with B-galactosidase to see if the
heterogeneity observed was due to the sequential loss of galactose. There was a progressive
shift of the major peak of PTH Asn(Sac), (6:85 min) to a longer retention time with a peak
at 7:05 min appearing after 2 h and the final product after 24 h of incubation eluting at 7-15
min (Fig. 4). Monosaccharide analysis of this peak showed that there was no galactose
present. The heterogeneity of the PTH-glycoamino acid could thus be attributed to loss of
terminal galactose residues during the Edman chemistry. These glycoforms were separated
by the chromatographic conditions used (Fig. 3, Table 3.

DISCUSSION

The accepted practice of ignoring modified amino acids during routine sequence
analysis is no longer necessary as glycoamino acids can be identified as part of solid-phase
Edman degradation. This is particularly important in the for quality control of products
from eukaryotic expression. These modified amino acids hold key insights into the primary
structure motifs that confer modifications. We have developed a method for detecting
and characterizing glycosylated Asn, Ser and Thr (Gooley et al., 1994b; Pisano er al.,
1994). However, in routine microsequencing our methodology was incompatible with
core facilities where an instrument cannot be dedicated solely to sequencing known
glycosylated proteins.

Here we describe the development of a triethylammonium formate (TEAF) buffered
system for use in the routine sequence analysis of PTH-glycoamino acids extracted by
N-terminal solid-phase Edman degradation with on-line C,, reversed-phase HPLC chroma-
tography. This system can separate both the glycosylated and non-glycosylated PTH-amino
acids in one chromatographic run. We also show that it is possible to obtain saccharide
sequence/structure information by monitoring the retention times of PTH- glycoamino acids,
following exoglycosidase(s) treatment,
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PTH-Amino Acid/Glycoamino Acid Chromatography

The new TEAF system resolves all 20 amino acids (Fig. 1) and separates the three
major groups of glycoamino acids (Fig. 2 b and d), into their own chromatographic space.
The TEAF buffer system provides a 1'5 min “glycosylation window” for the unambiguous
detection of glycosylated Asn, Ser, and Thr residues, including partially glycosylated forms
(Fig. 3). This has been demonstrated by the N-terminal sequence analysis of Asn(Sac) at
position 494 from albumin Casebrook tryptic glycopeptide (Arg485-Lys500), Ser(Sac) at
position 2 and Thr(Sac) at position 4 from the N-terminus of human GpA and Thr(Sac) in
the spacer domain of PsA of Dictyostelium discoideum. The elution profiles of Asn(Sac),
Ser(Sac) and Thr(Sac) in the TEAF system were found to be consistent with data obtained
from C,g reversed-phase chromatography with 2 mM acetic acid or 2 mM formic acid as
solvent A (Pisano et al., 1994; Gooley, et al., 1994b).

The separation between Asn(Sac), and Asn(Sac), has been improved with TEAF so
that Asn(Sac), no longer co-elutes with the major Ser(Sac) glycoform Ser(Sac),. Also the
separation between Ser(Sac), and Thr(Sac), has increased by 035 min (Table 2; Pisano et
al., 1994). The pattern of glycosylated Thr(Sac) peaks (Fig. 2b) is identical to that observed
in the rat CD8a hinge peptide (Gooley et al., 1991) and human GpA (Pisano et al., 1993),
with two major peaks, Thr(Sac), and Thr(Sac), eluting well before Thr (Fig. 2a and b). This
characteristic pair of peaks probably represents diastereomeric forms of PTH-Thr(Sac), a
similar pattern to that obtained for PTH-B-methyl-S-ethyl-cysteine, the ethanethiol adduct
of p-eliminated phosphothreonine (Meyer ez al., 1993)

The separation of Thr(Sac); and Thr(Sac), from Asp, Asn and Ser also has signifi-
cance because these peaks have been shown to co-elute with the diasteromeric forms of
PTH-Thr(Sac) from the spacer domain of recombinant PsA, a cell surface glycoprotein, from
Dictyostelium discoideum (Gooley et al., 1991). The PTH-Thr(Sac) from recombinant PsA
is believed to be a single GlcNAc residue conjugated to Thr (Gooley et al., in preparation).
Single GlcNAc residues have recently been reported with increased frequency on many
intracellular proteins such as nuclear pore proteins (Hart et al., 1989), neurofilaments (Dong
et al., 1993) and keratins (Ku and Omary, 1994).

The ability to detect partially glycosylated residues is dependent on the PTH-glyco-
sylated residues eluting in a region on the chromatogram with low background noise.
PTH-glycoamino acids separated by 2 mM acetic acid, formic acid and TEAF buffer all have
very low PTH-amino acid background in the “glycosylation windows”. Partially glycosy-
lated glycoforms are typical of k-casein (Pisano et al., 1994) and their detection was made
possible by their early elution.

Monosaccharide Analysis

Monosaccharide analysis is an important first step in the characterization of oligosac-
charides since mass spectrometry alone cannot distinguish between isomeric sugars.

We have shown that it is possible to collect a PTH-glycoamino acid directly off the
sequenator in TEAF buffer/acetonitrile and subject it to monosaccharide analysis (Table 2).
TEATF, like 2 mM acetic acid and 2 mM formic acid, is volatile and compatible with ion-spray
mass spectrometry.

B-Galactosidase Digest of Albumin Casebrook Tryptic Glycopeptide

Not all protein analysis core facilities may be equipped with HPAEC and ion-spray
capabilities. The technique of on-line Edman degradation described in this paper permits the
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determination of the sequence of the oligosaccharide(s) by using exoglycosidase treatments
and subsequent monitoring of the products .

The N-linked glycosylation site at Asn494 on serum albumin Casebrook has been
well characterized by both monosaccharide and NMR analysis and was found to consist of
a single NeuAc,Gal,GlcNAc,Man;GIcNAc, linkage (Haynes ef al., 1992). Recently, the
desialylated PTH-Asn(Sac); was collected after 10 cycles of Edman degradation from the
Casebrook tryptic glycopeptide (Argd85—Lys500) and subjected to compositional analysis
and ion-spray mass spectrometry. The major mass was found to be consistent with a
PTH-Asn-GleNAc,Man;GIeNAc,Gal, (Gooley, et al., 1994). There were also secondary
masses which correspond to the loss of one and two hexose residues in the mass spectra for
PTH-Asn(Sac)494 from the tryptic glycopeptide. The chromatography after exoglycosidase
treatment shows that these were Edman degradation by-products and not fragmented parent
ions that arose from the mass analysis process (Gooley et al., 1994a). Treatment with
B-galactosidase (Fig. 4) show that the degradation was due to the loss of terminal galactose
residues. We have defined the retention times of a PTH-Asn N-linked biantennary oligosac-
charide with the Joss of one galactose as 7-05 min and loss of two galactoses as 7-15 min
(Table 3).

Reversed-phase chromatography of PTH-glycoamino acids obtained by solid-phase
Edman degradation was first demonstrated by Gooley ef al., (1991). We have now shown
that it is possible to monitor single saccharide changes in PTH-glycoamino acids by using
a TEAF/acetonitrile buffer system.

By using this system it is possible:

1. to create a retention time data base for the on-line detection of different oligosac-
charide-amino acid linkages as a routine first step in the characterization of site-specific
glycosylation sites released by solid-phase Edman degradation.

2. to subject either the glycopeptide or PTH-glycoamino acid to exoglycosidase(s)
and monitor the change in chromatographic profile of the PTH-glycoamino acid.

CONCLUSION

Solid-phase Edman degradation with on-line Cj3 reversed-phase chromatography
using TEAF/acetonitrile has been developed for the routine detection of PTH-glycoamino
acids. This system is useful for analytical and preparative scale PTH-glycoamino acid
analysis. The PTH-chromophore is a convenient “tag” for monitoring site-specific changes
in glycosylation.
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INTRODUCTION

Proteins with a blocked N-terminus are common. Frequently the modification in-
volves an acetyl-, formyl- or pyroglutamyl-moiety coupled to the a-amino group and direct
sequence analysis by Edman degradation is not possible. Several enzymatic and chemical
methods to remove the blocking group have been suggested (cf. Tsunasawa and Hirano,
1993), but they often suffer from poor yields and a large extent of undesirable peptide bond
cleavage. Acetylation represents the most frequent N-terminal modification and is found in
alcohol dehydrogenases among many other proteins. To circumvent the conventional ap-
proach to sequence analysis of blocked proteins (i.e. proteolytic cleavage, HPLC of frag-
ments and internal sequence analysis) we have tested direct chemical deacetylation using a
mixture of trifluoroacetic acid and methanol (Gheorghe et al., 1995). In this manner,
drawbacks as high protein consumption, long handling times and inaccessibility of the
N-terminal fragment to Edman degradation, are avoided. The protocol has been applied to
both a synthetic peptide corresponding to the N-terminal segment of horse liver alcohol
dehydrogenase and to the intact protein.

A technique to obtain internal sequence information from N-teminally blocked
proteins and from partially sequenced polypeptides, that in addition saves protein material,
is treatment with cyanogen bromide directly on the sequencer filter. We have tested this
approach for analysis of new structures and identification of known proteins (Bergman,
1994). Polypeptides bound to the sequencer filter are in situ cleaved with CNBr followed
by analysis of the resulting internal sequences. Interpretation is facilitated by the varying
extent to which peptide bonds are cleaved after individual methionines. Both electroblotted
samples and samples applied in solution have been treated with CNBr after initial sequence
analysis for a necessary number of cycles. In this manner, both unknown and known proteins
available in amounts sufficient for only one sequencer application can be analyzed and
identified even if they are blocked at the N-terminus.

Methods in Protein Structure Analysis, Edited by M. Z. Atassi and E. Appella
Plenum Press, New York, 1995 81
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EXPERIMENTAL PROCEDURES

Deacetylation was tested both with an N-terminal fragment of horse liver alcohol
dehydrogenase (residues 1 - 14) and with the intact protein (374 residues; cf. Jornvall, 1970).
The peptide fragment was synthetically prepared using an Applied Biosystems 430A instru-
ment and side-chain-protected tertiary butyloxycarbonyl amino acid derivatives (cf. Kent,
1988). N-terminal acetylation was performed before cleavage from the resin and deprotection
(treatment with a mixture of acetic anhydride/ triethylamine / dichloromethane (9:4:87, by vol.)
for 10 min at room temperature) to avoid simultaneous modification of lysine residues present.
Horse liver alcohol dehydrogenase was purchased from Sigma. Deacetylation for N-terminal
sequence analysis of both peptide and intact protein was performed with a mixture of
trifluoroacetic acid (TFA) and methanol (MeOH). The samples were carefully lyophilized to
complete dryness in small (500 pl) plastic tubes with caps after which 100 pl freshly prepared
TFA/MeOH (1:1, by vol.) was added. The tubes were closed and after a brief vortex the samples
were incubated at 43°C for three days. Subsequent to this treatment, the reagents were removed
under vacuum and the products were analyzed by both capillary electrophoresis and Edman
degradation. For capillary electrophoresis, a Beckman P/ACE 2100 system operated as
described (Bergman et al., 1991) was used, and the sequence analysis was performed employ-
ing an Applied Biosystems 470A instrument with reverse-phase HPLC of phenylthiohydantoin
amino acids essentially as described (Kaiser et al., 1988).

Cyanogen bromide cleavage of a protein immobilized on a sequencer filter (Poly-
brene-treated glass fiber or polyvinylidene difluoride (PVDF)) was carried out with a
solution of 0.2 g CNBr/ml 70% formic acid for 22-26 h at room temperature. After a sufficient
number of Edman cycles, the filter was placed in an Eppendorf tube (1.5 ml) and 30 ul CNBr
solution was added. A small additional volume (60 1) was placed in the bottom of the tube,
below the filter, to maintain a CNBr-saturated atmosphere. Nitrogen gas was introduced and
incubation was performed in the dark. Following this treatment, the filter was dried under
vacuum and reapplied to an Applied Biosystems 470A sequencer.

RESULTS AND DISCUSSION

A combination of trifluoroacetic acid and methanol was found to cleave the N-terminal
acetyl-group of polypeptides with high specificity (i.e. with a low extent of simultaneous internal
peptide bond cleavage). The approach was tested on a synthetic peptide (14 residues) correspond-
ing to the N-terminal segment of horse liver alcohol dehydrogenase and on the intact protein (374
residues). Deacetylation was monitored as a function of reaction time, temperature and ratio
between trifluoroacetic acid and methanol using capillary electrophoresis and sequence analysis.
The results indicate that a 1:1 (by vol.) mixture of TFA/ MeOH added to the lyophilized sample
followed by incubation for three days at 43°C is efficient (Gheorgheet al., 1 995). Both the peptide
fragment and the much larger protein molecule are deblocked without predominant cleavage of
internal peptide bonds. Capillary electrophoresis of the 14-residue peptide before and after
deacetylation reveals that only 17% of the blocked structure remains while the deacetylated but
else intact peptide corresponds to the major peak and represents 65% of the total sample
(Gheorghe et al., 1995). The extent of undesirable internal cleavage is low and only a minor peak
corresponding to a product resulting from a cleavage after a glycine in position 4 (cf. Jomvall,
1970) can be detected (18% of the total sample). Sequence analysis after deacetylation of the
N-terminal fragment (Fig. 1) and the intact protein reveals initial yields up to 60%. Interestingly,
the ratios of deblocking over unspecific cleavage of internal bonds are similar for the peptide (7:1)
and the protein (8:1), despite the much larger size of the latter molecule (374 instead of 14
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Figure 1. Sequence analysis before and after deacetylation of the N-terminal alcohol dehydrogenase fragment.
The amino acid residue detected in each cycle after deblocking is indicated and in full agreement with the

expected sequence (cf. Jornvall, 1970). The symbol AS indicates the serine degradation product dehydroalan-
ine.
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residues) (Gheorghe et al., 1995). Consequently, the results are promising for direct analysis of
N-terminally acetylated proteins via Edman degradation after deblocking of the intact protein.

Electroblotting is efficient for recovery of proteins separated at the low pmol-level
in SDS/polyacrylamide gels and the blotted material is easilly accessible for direct chemical
cleavage with cyanogen bromide. A 42 kDa DNA-binding phosphoprotein (cf. Egyhazi et
al., 1991) was electroblotted onto a Polybrene-treated glass fiber filter disc as described
(Bergman and Jornvall, 1987). Although the total amount of sample available, 360 pmol,
was applied to the electrophoresis gel, no significant sequence could be detected when the
blotted protein was analyzed for 16 Edman cycles, establishing the absence of a free o-amino
group in this 42 kDa polypeptide. The filter was subsequently removed from the sequencer
and treated with CNBr. After reapplication of the filter to the sequencer, several sequences
appeared and at least one major sequence could be interpreted for nine cycles (Fig. 2). The
sequencer initial yield was 60 pmol or 17% of the amount applied to gel electrophoresis.

A sample of human endothelial cell proteins was separated by SDS/polyacrylamide
gel electrophoresis and a 42 kDa band was isolated through electroblotting (Schuppe-Koisti-
nen et al., 1995; Bergman and J6rnvall, 1987). Edman degradation of the blotted material
revealed no sequence and the protein was concluded to be blocked since approximately 700
pmol was loaded onto the electrophoresis gel. The filter disc with the blocked polypeptide
was removed from the sequencer after 19 cycles and in situ treated with CNBr followed by
reapplication. Several sequences were now detected and a major cyanogen bromide fragment
was analyzed for 18 cycles at a repetitive yield of 97% which allowed identification of the
42 kDa protein as actin (Schuppe-Koistinen ez al., 1995).

Transthyretin (TTR) associated with amyloid deposits in the heart or in nerve tissue is
known as a highly heterogeneous mixture of N-terminally blocked and truncated polypeptides
with structures identical to segments of the plasma TTR sequence except for point mutations at
different positions. A sample of amyloid related TTR isolated from cardiac tissue was separated
by SDS/polyacrylamide gel electrophoresis and a major band at 14.5 kDa was recovered via
electroblotting onto a PVDF-membrane (Hermansen et al., 1995; cf. Matsudaira, 1987).
Sequence analysis for 14 cycles revealed a polypeptide starting at position 49 in the plasma
TTR sequence (cf. Kanda et al., 1974). However, the initial yield in the Edman degradation was
unexpectedly low, only 6% of the material applied to the gel, and therefore the protein was
concluded to be partially blocked. After in situ CNBr-cleavage and reapplication of the
PVDF-membrane to the sequencer, two additional sequences were detected, one starting at
position 14 and the other at position 112 in the plasma TTR structure (cf. Kanda et al., 1974).
This result clearly shows the presence of a fraction in the cardiac amyloid TTR sample that
consists of blocked polypeptides starting at positions before residue 14. Furthermore, since the
sequence of plasma TTR contains only one methionine at position 13, the second fragment
detected after CNBr-cleavage (starting at residue 112) indicates a point mutation to be present
in amyloid related TTR isolated from heart tissue (Hermansen et al., 1995).

The amino acid sequence of procarboxypeptidase A2 (PCP A2) in rat pancreas is
known from the corresponding cDNA (Gardell ez al., 1988). It has the N-terminal structure
GlIn-Glu-Thr-Phe- which suggests the presence of a blocking pyroglutamic acid modification
at the N-terminus. An HPLC-purified sample was analyzed for 15 Edman cycles after
application of 100 pmol (the total amount available) and, as expected, no sequence data were
obtained. To identify the blocked protein, in situ CNBr-cleavage was performed followed
by reapplication of the filter to the sequencer (Oppezzo et al., 1994). The resulting seven
sequences detected correspond to a cleavage after each methionine present in the PCP A2
structure (cf. Gardell et al., 1988). The fragment sequences could be traced up to ten cycles
of Edman degradation. Interpretations were facilitated by the cleavage efficiency that varied
for different methionines. The major cleavage after Met-271 resulted in a fragment giving
an initial yield of 52 pmol (52%) of the starting material (Oppezzo et al., 1994).




Deacetylation and Internal Cleavage of Polypeptides

7 3RES

e il

sa g5 1880

8.9

L o= - 8 ==

18.3

Pt

@
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In conclusion, efficient deblocking of N-terminally acetylated proteins using a
mixture of trifluoroacetic acid and methanol reveals sequencer initial yields up to 60% and
a ratio of deblocking over unspecific cleavage close to 10:1. Similarly, cyanogen bromide
cleavage directly on the sequencer filter of N-terminally blocked or partially sequenced
polypeptides provides an efficient approach to analysis and identification of protein struc-
tures at the pmol-level.
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INTRODUCTION

The amino acid sequence of a protein of interest is usually one of the first pieces
required in today’s molecular biology, be it for gene cloning or synthesis of immunoreactive
peptides. To date, amino(N)-terminal sequencing using the Edman degradation procedure
has almost exclusively provided such data. Methodologies for sequencing proteins from their
carboxy(C)-termini have remained relatively primitive requiring much protein in return for
little sequence information. Carboxypeptidase digestion is still the most widely used method
despite its intrinsic limitations of substrate specificity and endoprotease contamination.
Several chemical degradation methods have been reported (Stark, 1968; Yamashita,1971;
Bailey et al., 1994), and a few automated C-terminal sequencers are almost available to the
public.

Recently, we observed that peptides subjected to the vapor of either 90% aqueous
pentafluoropropionic acid at 90°C appeared to have amino acid residues successively
cleaved from their C-termini (Tsugita et al., 1992a). By fast atom bombardment (FAB) or
electrospray ionization mass spectrometry, the C-terminally successive degraded molecular
ions were clearly observed and the peptide C-terminal amino acid sequence was deduced
from the molecular mass differences. The predicted reaction mechanism was the formation
of the oxazolone rings at the C-terminal amino acids followed by removal of the C-terminal
amino acid residues. As well as the C-terminal degradation, two specific internal peptide
bond cleavages were observed at the C-terminal side of internal aspartic acid residues and
at the N-terminal side of serine residues.

In this paper we present an extension of C-terminal degradation method by the use
of perfluoroacyl anhydride vapor instead of perfluoric acid. This method is superior to the
perfluoric acid vapor method since more extensive C-terminal degradation was observed
and essentially no internal peptide cleavage was observed. Preliminary reports of this method
havebeen presented (Tsugita et al., 1992b, and two proceedings; Tsugita et al., 1992c¢, Tsugita
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etal., 1993). Recently we also published a preliminary report of the application to the proteins
(Nabuchi et al., 1994).

FURTHER STUDIES ON REACTION METHODS

In previous experiments (Tsugita et al., 1992b, 1992c¢, 1993), the degradation reaction
was conducted in the presence of acetonitrile.

When the same degradation reaction was performed in the dry glove box we observed
that the presence of acetonitrile was not always needed from the reaction. Comparison of
FAB mass spectra of the reaction products of the dodecapeptide, Ala-Arg-Gly-Ile-Lys-Gly-
Ile-Arg-Gly-Phe-Ser-Gly, under the usual reagent conditions such as a vapor from 30%
PFPAA in acetonitrile solution (Fig.1a), PFPAA vapor only (Fig. 1b), and by incubation with
vapors from separated PFPAA and acetonitrile (Fig. 1¢), clearly showed that acetonitrile was
not necessary for the reaction to proceed. To clarify this seemingly contradictory data, we
repeated the degradation reaction on the same dodecapeptide using a vapor from 300 pl of
a PFPAA.: water mixture of 10:1 (molar ratio), at -20°C for lh either without acetoniirile
(Fig. 1d) or in the presence of acetonitrile (100 pl) (Fig. 1e). Without acetonitrile, the reaction
did not proceed in the presence of water, probably confirming our earlier results. However
upon inclusion of acetonitrile in this reaction, the reaction proceeded as normal. We surmise
that acetonitrile must absorb the moisture/water in the air ensuring that the degradation
reaction can take place.

Usually operations were carried out in a glove box (1100 x 650 x 700 mm) that was
continuously flushed by dry nitrogen gas. The sample peptide (2- 50 ug) was dried in a small
sample tube (6 x 40 mm) in a vacuum desiccator and then transferred to the reaction tube
(19 x 100 mm, Pierce , Rockford, USA). PFPAA (10% or 30%) or HFBAA (15%) in
acctonitrile were used for the reagent solution. These reagents were obtained in 300 pl
ampoules from Nacalai Tesque, Kyoto, Japan. The reagent solution (300~500 pl) was added
to the reaction tube but outside of the sample tube(s), whilst dry nitrogen gas was continu-
ously flushed into the sample tube(s) located in the reaction tube (Fig. 2(A) and (B)). The
reaction tube was cooled with liquid nitrogen. Care must be taken to maintain dry conditions
when cooling the reagent, as moisture in the air easily condenses and hydrolyses the acid
anhydride. At liquid nitrogen temperature the reaction tube was evacuated (1072 Torr) and
sealed. The reaction tube was transferred to the reaction bath (Histo-bath, Neslab Instrument
Inc., Newlngton, USA) set at -20°C when the reaction proceeded for various reaction times.
After the reaction, the reaction tube was again transferred to liquid nitrogen when the reaction
was stopped. The sample tube was removed from the reaction vessel, and then dried under
vacuum (See Fig 2).

Partial oxidation of peptides under the present reaction conditions was observed for
methionine and tryptophan residues and unmodified cysteine residues. Cysteine residues
may be pyridylethylated (Amons, 1987) before the reaction. The peptides employed in this
study contain almost all of the common amino acid residues and the C-terminal degradation
of peptides containing these amino acids exhibited no problems. In an attempt to determine

Figure 1. Effect of acetonitrile as solvent and addition of water. The reactions of the dodecapeptide, ARGIK-
GIRGFSG (10 pg) were carried out at -20°C for 1h with the vapor of ; (a) 30% PFPAA acetonitrile solution
(300ul), (b) PFPAA (90 ul), (c) PFPAA (90 pl) and acetonitrile (210 pl) in separate tubes, (d) 300 pl of a
PFPAA: water mixture of 10:1 (mol/mol) without acetonitrile and () the same mixture with acetonitrile
(100 pl).
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Figure 2. Reaction tube(s) and grove box; which contains desiccator, Dewar bottle and reaction bath.

the relative ease of cleavage we investigated degradation yields, as a percentage, roughly
calculated from the peak height of mass spectra. Table 1 lists the truncated products observed
in the present experiments from about 20 peptides including several natural C-terminal
peptides and table 2 summarizes the relative cleavage ratio of peptide bonds from more than
fifty experiments including the peptides listed in table 1. The vertical column is the amino
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Table 2. Degradation ratio of peptide bond by perfluoroacyl anhydride vapor

D N T S E Q P G A VvV M I L Y F H K R W

D 99 99 9 96 94

N 55 95 98 99 80

T 22

S 95 42 93 87 91

E 68 76 94

Q 87 94 50

P 91 65 89 40 12 90 14

G 99 97 85 29 50 65 84 95 96
A 33 89 68 96 47 80
v 69 75 27

M 99 65
I 23 60 99 70 64 84
L 91 38 90 81 90 90
Y 94 21 96 75 75

F 98 &9 94 93 96 22 85 60 78 83
H 87 56 98

K 91 97 41 75 95 88 63 93 71 66 73 77
R 14 86 58 82 42 50 23 42 42 20
W 98

Vertical column is the amino side residue of peptide bonds and horizontal column is the carboxy side
residue. Degradation ratios (%) were roughly calculated from the peak heights in mass spectra.

Table 3. Peptide sequences and degraded residues

Peptide Residue Peptide Residue
ARGIKGIRGFSG R LEDGPKFL D
YGGFMRRVGRPE R RPPGFSPFR R
YGGFLRRIRPKLKWDNQ R DRVYVHPFNL R
YGGFM G EAKSQGGSN A
YGGFL G NRVYVHPFHL R
NRVYVHPFHL v YGGFLRRIRPKLKWDNQ S
PRLIEDAEYAARG R WAGGDASGE S
GIGKFLHSAGKFGKAFVGEIMKS K RRLIEDAEYAARG R
HPFHLLVY F KRNKKNNIA K
RFA R RPKQQGFFG R
LWMRFA M VGKVTVN v
MRFA R HSOGTFTSDYSKYLDSRRAQDFVOWLMNT R
PG R KKKHPDYI K

RPPGFSPFR

Underline in the peptide sequence stands for identified successively degradation at positive mode.
Residue stands for carboxy terminal residue in observed smallest ion peak at positive mode in FAB mass
spectrometry.
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side residue of peptide bond and the horizontal row is the carboxy side residue. The
degradation ratio given are not quantitative and are therefore only indicative of relative ease
of bond cleavage.

Most peptide bonds are readily cleaved however some residue combinations
exhibited some difficulty to break. Arg residues on the amino side in peptides seemed to
be somewhat resistant to degradation, as shown in Table 3. However this is not true
because the negative mode of analysis showed further extension of the reaction as shown
in Fig. 3.

Attention to the ion mode used in FAB mass spectrometry is important to maximize
the amount of sequence information obtained in the present analysis. We degraded the
peptide Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln using a
30% PFPAA acetonitrile solution at -20°C for 30 min in vapor phase followed by aqueous
pyridine vapor treatment. Mass spectrometries of the degraded peptide were carried out in
both positive mode and negative mode. Positive mode analysis, as shown in Fig. 3a,
suggested that degradation was only achieved until the peptide 1-6. All that has happened is
that the positive charge has been lost by including acylation. Negative mode analysis
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Figure 3. Positive and negative ionization of FAB mass spectra of the C-terminally degraded products of a
peptide, Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln. The peptide (5 pg) was
exposed to a vapor of 10% PFPAA acetonitrile solution at -20°C for 1h. The degraded product was treated with
water vapor. The product was dissolved in 2 ul of 67% acetic acid and 1 ul of solution was mixed with same
volume of the matrix composed of glycerol, thioglycerol and m -nitrobenzyl alcohol. One ! of the solution
was applied to the FAB mass spectrometer. The spectra are detected in (a) positive mode and (b) negative mode
both using the same product solution and matrix.
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Figure 4. Matrix effect on FAB mass spectrum of C-terminally degraded product. The degradation of
ARGIKGIRGFSG with vapor of 10% PFPAA acetonitrile solution followed by pyridine-water vapor and the
resultant mixture treatment was dissolved in 3 pl of 67% acetic acid. Each 1 pl of solution was mixed with
same volume of matrix and subjected to FAB mass spectrometer. Matrix; (a) mixture of glycerol: thioglycerol:
m -nitrobenzyl alcohol (1:1:1 v/v), (b) glycerol.

demonstrated that the reaction has proceeded further to the peptide 1-4 (Fig. 3b). We have
observed that this is a common phenomenon. Many degradations appear to stop short of
what is actually achieved, such as at positive charged arginine residues. Therefore mass
spectrometries using both positive and negative modes are needed to make sure all the
sequence information has been retrieved, although positive mode is more sensitive than
negative mode, in general.

Another feature of the analysis procedure that has a significant effect on the data
obtained is the matrix used shown in Fig. 4. A mixture of glycerol, thioglycerol and m
-nitrobenzyl alcohol in the ratio 1:1:1 (Fig. 4a), was generally found to be superior than
glycerol only (fig. 4b). The mixture containing m-nitrobenzyl alcohol tends to stress
hydrophobic peptides. When an unknown sample is analyzed then we suggest that at least
two different matrices are used.

C-Terminal degradation of peptides having an a-carboxy! amide group did not occur
upon exposure to perfluoroacyl anhydride vapor under the present conditions (data not
shown).
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Figure 5. Water treatment simplified the degradation fragment peaks.

EXPERIMENTS TO UNDERSTAND THE REACTION MECHANISM.

The C-terminal successive degradation was carried out with the vapor of per-
fluoroacyl anhydrides followed by treatment of aqueous pyridine vapor. The reaction was
carried out with 10% PFPAA at -18°C for 2h on ARGIKGIRGFSG.

The water vapor treatment simplify the mass spectrum as shown in Fig. 5, where the
major parts of -18 molecular ions were moved to the respective C-terminal truncated
molecular ions, and the part of acylated molecular ions were subjected to deacylation. The
recoverable -18 molecular ions may be due to the formation of oxazolones (or mix anhy-
drides) at the C-terminal a—carboxyl groups while the latter unstable acylation may be
O-acylation of the oxazolone and/or hydroxy group of Ser or Thr residue.

Evidence that the intermediate degradation products to be oxazolone was provided
by converting them to the corresponding propy! esters. Successive degradation of the
octapeptide His-Pro-Phe-His-Leu-Leu-Val-Tyr with a vapor of 15% HFBAA-acetonitrile
solution at -20°C for 30 min was followed by esterification of the degradation products with
a propanol vapor at 60°C for 15 min. The products were analyzed by FAB mass spectrometry
(Fig. 6). This results show that the main degraded products were acylated intermediate
compounds such as oxazolones which easily converted to their propyl esters.

The similar type of experiment was also carried out by the use of dimenthylhydrzaine
where the dimethyl hydrazides were observed instead of the propyl esters (Fig. 7).
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Figure 6. FAB mass spectrum of the esterified products of the C-terminally degraded His-Pro-Phe-His-Leu-
Leu-Val-Tyr with HFBAA vapor. The peptide (5 pg) was exposed to a vapor of 15% HFBAA acctonitrile
solution (100 pl) at -20°C for 30 min. The product was cooled by liquid nitrogen, dried in vacuo and reacted
with a vapor of propanol at 60°C for 15 min. The reaction product was dried in vacuo and analyzed by FAB
mass spectrometry. In this figure ‘prop’ stands for propylester.

The other possible -18 mass ion peak may be caused by dehydration of serine residue,
acid amide residues and acidic amino acid residues converting into dehydroalanine, acid
nitriles and formation of 5(6)-membered rings, respectively (Fig. 8b). These conversions are
speculated by the observations of appearances and disappearances of -18 mass ion peaks in
the course of C-terminal successive degradation of various peptides tested.

The accompanied molecular ions were not only -18 and acylated molecular ions but
also, often seen, -1 (Fig. 8a) and -46 (Fig. 8c) molecular ions. A set of the following
experiments were made to clarify these molecular ions.

A peptide Ala-Arg-Gly-Tle-Lys-Gly-Ile-Arg-Gly-Phe-Ser-Gly (20 mg) was cleaved
using the vapor of 30% PFPA A-acetonitrile solution in the vapor phase at -20°C for 1h, and
was exposed to the vapor of aqueous pyridine. One twentieth of the reacted peptide was
analyzed by FAB mass spectrometry to confirm that the peptide was indeed degraded
(Fig. 9a). The rest of the degraded peptides were fractionated by HPLC (Fig. 9b). Isolated
fractions were subjected to FAB mass spectrometry and identified as the acylated products
corresponding to the respective sequential degradation products. In addition to the acylated
sequences, -1 mass peaks were also found (Table 4). This -1 mass peak is due to the cleaving
at the amino groups resulting in the acid amides (Fig. 8a) but not to the cleaving at the peptide
bond. This cleavage causes the discontinuation of the further successive degradation.

The -46 peak was thought to be due to decarboxylation of the C-termini of the
degradation products. This was tested by degrading the tetrapeptide Met-Arg-Phe-Ala under
the standard C-terminal degradation conditions and fractionating the degradation products
by HPLC. Figure 10a shows 280 nm-profile. It is known that the Amax of a phenyl group
attached to an aryl group is 280 nm, whilst that of a pheny! group alone is 254 nm with low
extinction coefficient. Therefore the major peak in chromatogram at 280 nm corresponds to
the degraded peptide 1-3, acyl-Met-Arg-NH-CH = CH-C¢H;, (Fig. 8c). FAB mass spec-
trometry of this peak showed a molecular ion peak of 553 (Fig. 10b) which corresponded to
the calculated mass of the above degraded compound (552.9). Taken together, these experi-
ments confirm the nature of the -46 mass peak.
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Figure 7. FAB mass spectra of degradation product derivatized with dimethylhydrazine vapor. Successive
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Table 4. FAB mass spectrometric identification of the HPLC
separated fragments of C-terminally degraded products.

Peak No. Observed mass Sequence  Calculated mass

1 391.3 12t 391.1

2 4492 1-3 4992

3 3922 1-2 392.1

4 1220.3 1-10 1220.6

5 746.3 1-61 746.4

6 689.3 1-5t 689.4

7 747.3 1-6 747.4
1218.5 1-12 not acylated : 1218.7

8 690.4 1-5 690.4

747.3 1-6 747.4

9 1072.1 1-9f 1072.6

10 561.2 141 561.2

746.3 1-6f 746.4

1015.7 1-8* 1015.5

11 1016.4 1-8 1016.5

1073.5 1-9 1073.6

12 1016.4 1-8 1016.5

1073.3 1-9 1073.6

13 1017.5 1-8 1016.5

1074.5 1-9 1073.6

14 562.5 14 562.2

859.5 1-77 859.4

15 562.2 1-4 562.2

16 562.1 1-4 562.2

17 860.5 1-7 859.4

1364.5 1-12 1364.7

18 860.5 1-7 859.4

1308.0 1-11 1307.7

19 1219.8 1-10* 1220.6

20 1219.7 1-10f 1220.6

The truncated degradation products were separated by reverse
phase HPLC (Fig. 9b). Fractions numbered in the HPLC profile
were identified by FAB mass spectrometry. Degraded product
were acylated except 1-12 (Peak 7).

findicates the -1 mass products.
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Figure 9. FAB mass spectrum and HPLC profile of the C-terminally degraded dodecapeptide. Dodecapeptide,
Ala-Arg-Gly-Ile-Lys-Gly-Ile-Arg-Gly-Phe-Ser-Gly (20 pg) was degraded with 30% PFPAA acetonitrile
solution at -20°C for 1h in vapor phase followed by water treatment. After reaction an aliquot (1/20) of the
product was analyzed by FAB mass spectrometry. The rest of the product was separated by reverse-phase
HPLC. (a) FAB mass spectrum of the degraded product mixture; (b) Elution profile of the product by
reverse-phase HPL.C. HPLC was made under the following conditions; System: 600E (Waters-Millipore,
USA), Column: TSK-Gel (4.6x250 mm TOSOH, Japan), Flow rate: 0.8 ml/min, solvent: TFA and 0.1% TFA
in 80% aqueous acetonitrile, Gradient system: a linear gradient between 0 to 48% acetonitrile for 60 min. The
chromatographic peaks with numbers were analyzed by FAB mass spectrometry. The results were summarized
in Table 4. The most of the peaks without numbers are amino acid acyl derivatives from the truncated C-termini.
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Figure 10. C-Terminal successive degradation fragments of Met-Arg-Phe-Ala were analyzed with HPLC and
the major peak at 280 nm was analyzed by mass spectrometry. C-Terminal degradation of the peptide (20 pug)
was carried out with a vapor of 30% PFPAA acetonitrile solution (100 pl) for 1h at -20°C. HPLC was made
with the SMART HPLC system under the following conditions. Column, uRPC C2/C18 PC 3.2/3 (2.1 mm x
100 mm, Pharmacia); flow rate, 0.2ml/min; solvents, 0.1% TFA aqueous solution and 0.1% TFA acetonitrile
solution. A linear gradient of acetonitrile concentration (5-60%) was made from 5 min to 17.5 min followed
by an isocratic elution from 17.5 min to 20 min. The chromatogram was monitored at both wavelengths 215
nm (data not shown) and 280 nm (panel a). Peaks were fractionated and collected. After dried, the major fraction
marked by * was analyzed by FAB mass spectrum shown in panel b.

APPLICATION TO BIG PROTEINS

It is not easy to apply this method to protein C-terminal sequencing because usual
protein mass are too big to analyze by FAB mass directly. Electrospray ionization (ESI) mass,
has been successfully applied to direct measurement of protein molecular weights, although
an analysis of a sample containing a mixture of similar molecular masses like truncated
molecules is not always easy.

The following three strategies were tested for protein C-terminal sequencing shown
in Fig. 11. Three strategies are illustrated in the figure as follows; (1) First fragment the
protein and the C-terminal fragment is isolated by somehow specific method and is degraded
with perfluoroacyl anhydride vapor. (2) First fragment the protein and the fragmented
mixture is degraded with the anhydride vapor, using the specific fragmentation which results
in the inactive non-C-terminal fragments. (3) The protein is first degraded with the anhydride
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Figure 11. Three strategies for protein C-terminal sequencing.

vapor and the truncated mixture is fragmented. Then the truncated C-terminal fragments are
analyzed.

According to the strategy, we tried to fragment a protein and selectively isolate the
C-terminal peptide. After various trials, we selected the classical cyanogen bromide cleavage
specific for methionyl peptide bond. The cleaved peptide fragments were selectively frac-
tionated by covalent bond formation with the N-(2-aminoethyl)-3-aminopropyl glass (APG,
LKB Biochrom Ltd.) into non-C-terminal fragments and the C-terminal peptide. The
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Figure 12. FAB mass spectrum of truncated C-terminal peptide of cytochrome c. Five nmoles of cytochrome
c (horse heart) were cleaved by CNBr at room temperature for 16 h. The mixtures were evaporated and added
anhydrous TFA for 30min. The product solution was mixed with APG, pre-equilibrated with a 2% triethylamine
DMEF solution and incubated for 2 h at 45°C. The products were dissolved in water and then added with DMF.
The APG was washed with DMF and 0.1 M pyridine collidine buffer (pH 8.2). The unbound and washed
fractions were collected and evaporated in a small test tube. The degradation was performed with 30% PFPAA
acetonitrile solution at -20°C for 1h followed by aqueous pyridine vapor treatment.

C-terminal peptide was successively degraded with perfluoroacyl anhydride vapor and
analyzed by FAB mass

A model dodeca spectrometry peptide, YGGFMRRVGRPE was cleaved by CNBr.
The resultant N-terminal pentapeptide ending homoserine was converted to homoserine
lactone with TFA at 20°C for 30 min. The APG supernatant was analyzed by FAB mass. The
results showed the complete heptapeptide C-terminal sequence (Nabuchi et al. 1994).

Sheep myoglobin was subjected to the C-terminal sequencing. The C-terminal
peptide (143-153) was isolated by APG treatment and subjected to HFBAA vapor. The
analysis by FAB mass spectrometry showed C-terminal sequence of four amino acid residues
(Nabuchi et al., 1994). The other protein, cytochrome ¢ was sequenced after isolation the
C-terminal peptide (81-104). The reaction with the vapor of 30% PFPAA acetonitrile solution
at -20°C for 1h resulted in the C-terminal seven amino acid sequence as shown in Fig. 12.

As for the strategy (2) the rice Plastocyanin (10 pg) was cleaved with CNBr at 20°C
for 72h and the reaction mixture was dried and treated with TFA at 20°C for 30 min. The
homoserine lactones of the C-termini of non-C-terminal peptide are insensitive for the
present perfluoroacyl anhydride reaction. Thus without purification of the C-terminal
peptide, the mixture was subjected to the anhydride reaction. Even with high background
including matrix lines, the sequence of four amino acids from the C-terminal was analyzed
(Fig. 13).

As for the strategy (3) the same protein was directly degraded with the vapor of 30%
PFPAA in acetonitrile at -18°C for 2h. The truncated protein was analyzed showing the
C-terminal tetra peptide sequence (Fig. 14). Further more works will be carried out for the
protein C-terminal sequencing.
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Figure 13. FAB mass spectrum of successively degraded C-terminal peptide of Plastocyanin. Rice plastocy-
anin, which contains one Met at 90th was cleaved with CNBr. The peptides dried and treated with TFA at 20°C
for 30 min. The reaction mixture was directly subjected to the anhydride reaction. M stands for matrix line.
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Figure 14. FAB mass spectrum of the C-terminal degradation of CNBr fragments of plastocyanin. Denatured
plastocyanin (10 pg) was treated with the vapor of 30% PFPAA acetonitrile at -18°C for 2h. After aqueous
pyridine vapor treatment , the product was subjected to CNBr cleavage. M stands for matrix line.
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INTRODUCTION

In 1992 we reported a new method of sequencing proteins from the carboxy-terminus
(C-terminus) (Boyd et al., 1992). In the past 2 years, we have continued our investigations,
including the mechanism of the initial activation of the C-terminal carboxyl group and the
deliberate modifications of the reactive side-chains of the amino acids with the sequencing
reagents. Through the selection of the reagents and reaction conditions used for our
sequencing protocol, aspartic acid, glutamic acid, serine and threonine are derivatized. The
amidation of aspartic and glutamic acid, and the acetylation of serine and threonine, have
led to improved yields in sequencing these residues. Aspartic and glutamic acid are now
categorized, as seen in Table 1, as amino acid residues that are readily sequenced. Our criteria
for determining whether a residue is reliably called is the ability to sequence through and
detect that residue when it is present in one nanomole of a protein sample. On average, it is
possible to sequence 5 cycles on one nanomole of protein applied to polyvinylidene
difluoride (PVDF) membrane if the amino acid sequence contains those residues listed in
the “reliably called” column of Table 1. Our focus for the 1994 MPSA conference is to
illustrate the current utility of this C-terminal sequencing method in the sequencing of
proteins immobilized onto PVDF.

SEQUENCING METHOD

Our chemical approach for sequencing proteins from the C-terminus first reported 2
years ago is presented in Scheme 1 (Boyd et al., 1992). Similar to the Schlack and Kumpf

Methods in Protein Structure Analysis, Edited by M. Z. Atassi and E. Appella
Plenum Press, New York, 1995 109
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Table 1. Alkylated thiohydantoin amino acids

Reliably called In development Stops sequencing
Alanine Histidine Glycine Cysteine Proline
Arginine Isoleucine Phenylalanine Serine
Asparagine Leucine Tryptophan Threonine
Aspartic acid Lysine Tyrosine
Glutamic acid ~ Methionine Valine

Glutamine

method (Schlack and Kumpf, 1926), the C-terminus is first derivatized into a thiohydantoin
(TH). In the Schlack and Kumpf approach the amino acid-TH is cleaved and the truncated
C-terminus is returned to a carboxylic acid. A unique feature of our sequencing method
(Scheme 1) is that the C-terminal TH is alkylated. Alkylation results in an alkylated
thiohydantoin (ATH) that is more readily cleaved from the C-terminus of the protein relative
to the parent-TH. The ATH is cleaved by thiocyanate anion {NCS}" under acidic conditions.
An important advantage of our method is that while {NCS}- cleaves the ATH, the amino
acid residue adjacent to the ATH is simultancously derivatized into a TH. The efficient and
selective cleavage in addition to simultaneous derivatization of a new (n - 1) proteinyl-TH
bypasses the need to return to a carboxylic acid at the C-terminus. The sequencing method
shown in Scheme 1 has been successful in sequencing up to ten cycles on protein samples,
noncovalently attached to PVDF. The data is presented herein.

(o] R* ©
X { 1] 1 [
Protein—mNH——CH——C¢—NH-—CH—-C~—0H
l “Begin” cycle:

o]
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g YA
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—>» Protein—NH—cH—c-— NY NH
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Scheme 1. The applied biosystems alkylation chemistry for automated c-terminal protein sequence analysis.
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RESULTS AND DISCUSSION

Using nuclear magnetic resonance (NMR) spectroscopy, we observed that the acti-
vating reagents such as tetramethylchlorouronium chloride (Bozzini et al., 1992 and Boyd
et al., 1992) and diphenylchlorophosphate (Guga et al., 1993), under basic conditions using
diisopropylethylamine (DIEA), converted the C-terminus entirely into a peptidyl-oxazolone.
Using our protocol, the oxazolone is reacted with {NCS}" in a separate step under acidic
conditions (TFA) to form a peptidyl-TH. Acidic conditions reportedly favor the cyclization
into a TH. (Inglis, 1991.)

The NMR studies also revealed that the oxazolone, while under basic conditions will
form an adduct with excess activating reagent. (Boyd et al., manuscript in preparation)
Additionally, basic conditions promote diketopiperazine formation at the C-terminus. Both
of these side-reactions of the oxazolone retard or prevent proteinyl-TH formation. Using a
weaker base, such as lutidine, and a less reactive activating reagent, such as acetic anhydride
(Ac,0), the oxazolone side-reactions are suppressed.

The carboxylic acid side-chains of aspartic and glutamic acid residues also react with
Ac,0, forming mixed-anhydrides. Scheme 2 portrays the formation of an oxazolone at the
C-terminus, and the formation of a mixed-anhydride at a glutamic acid side-chain. The NH,
formed from the dissociation of ammonium thiocyanate (NH,SCN) was observed to react
with the mixed anhydride, but not with the ionized oxazolone at the C-terminus while
conditions were still basic. The resulting amidations of the aspartic and glutamic acid

H (I) HR
N
\"/ \/\N)KC/OH
H I
o (‘:H, 0

P
COOH

0 (from NH,SCN)

Scheme 2. Activation of side-chain carboxylic acid vs. C-terminus.
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side-chains form asparagine and glutamine. If piperidine thiocyanate is used in place of
NH,4SCN, aspartic and glutamic acid are converted to the piperidine amides. To avoid the
possibility of the amidation at the C-terminus, tetrabutylammoniumthiocyanate (NBuy;NCS)
is used as a source of {NCS}- for all steps in our sequencing protocol where proteinyl-TH
is formed. Amidation of glutamic and aspartic acid residues is carried out preferably after
proteinyl-TH formation.

Acetic anhydride will also acetylate the hydroxyl groups of serine and threonine,
the phenol group of tyrosine, and the epsilon amine group of lysine. Except when serine
or threonine are located at the C-terminus, the hydroxy! groups of serine and threonine
interfere with the present sequencing method (Boyd et al, 1992). Acetylation of the
hydroxyl group prevents displacement of the alkylated sulfur atom of an adjacent ATH
residue during sequencing. Therefore, “capping” the serine and threonine residues elimi-
nates the interfering side-reaction. At present, DIEA is used with Ac,O for the deliberate
acetylation of the hydroxyl groups. Typically, a reduced yield is observed in cycles
following a serine or threonine. The ATH derivative for serine and threonine, if detected,
corresponds to the dehydro-analog. Whether the presence of dehydrated serine and
threonine in a protein prior to sequencing interferes with the sequencing method has not
yet been determined. A protein with multiple serine or threonine residues near the
C-terminus remains difficult to sequence.

Acetylation of the epsilon amine group of lysine results in an ATH derivative that
co-elutes with an artifact peak in our current chromatography system. At present, the lysine
residues are derivatized into phenylureas prior to sequencing with phenylisocyanate (PIC).
Reproducible HPLC peaks are observed for tyrosine and arginine residues when acetic
anhydride is used for the initial activation. The independent synthesis of the ATH reference
standards for acetylated tyrosine and arginine is in progress.

Figure 1 illustrates the aspartic acid residue in cycle 3 of enolase (...G-D-K-F)
amidated to the piperidine amide during the initial cycle of our sequencing protocol. The
ATH derivative for the amidated aspartic acid residue is clearly identified during sequencing.
Our amidation procedure has been consistently successful on all proteins containing aspartic
and glutamic acid sequenced to date.

Horse heart Cytochrome C (....L-K-K-A-T-N-E, Figure 2) has a C-terminal
glutamic acid and a threonine in cycle 3. The glutamic acid is observed as both the
piperidine amide and the free acid due to incomplete amidation. The hydroxyl group
of threonine is acetylated during the initial cycle of sequencing. A C-terminal aspartic
acid or glutamic acid residue can interfere with initial proteinyl-TH formation, and
likely reduces the initial yield in this example (Stark, 1968). As described above, the
ATH of threonine forms the dehydro-analog and often is not detected. However, in
this example of Cytochrome C (2 nmol, PVDF) the amino acid sequence could be
determined for 7 cycles.

RNase (....F-D-A-S-V, Figure 3) has both a serine and an aspartic acid residue. Prior
to the recent improvements in our sequencing protocol, it was not possible for us to sequence
this protein. After acetylation of the hydroxyl group of serine and amidation of the aspartic
acid into a piperidine amide, the sequence could be determined for five cycles. The decline
in yield in sequencing through a serine residue occurs as described above, but does not
terminate the sequencing.

The final two protein sequencing examples are included to illustrate the improved
sequencing performance relative to our publication 2 years ago.

One nanomole of beta-lactoglobulin (BLG) was applied to a PVDF membrane and
was sequenced for 7 cycles. The fifth and sixth residues from the C-terminus of BLG are
glutamic acid residues which are both detected as the piperidine amides in Figure 4. The
ATH of histidine in cycle 2 is also clearly seen in this protein. The cystine in cycle 3 was
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Figure 1. C-terminal sequence analysis of 2nmol of yeast enolase applied to PVDF. The lysine ATH residue
in cycle 2 is the phenylurea derivative and the aspartic acid in cycle 3 is the piperidine amide derivative.
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Figure 2. C-terminal sequence analysis of 2 nmol of Horse Heart CytochromeC, aaplied to PVDE.
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Figure 3. C-terminal sequence data for 1nmol of RNaseA. The serine ATH in cycle 2 is detected as the
dehydro-analog.
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Figure 4. C-terminal sequence data of 1nmol of b-lactoglobulin applied to PVDFE.
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Figure 5. C-terminal sequence analysis of Horse Apomyoglobin, 500 pmol applied to PVDF.

not reduced prior to sequencing, so no signal was detected. When cysteine is present in a
protein, HPLC peaks corresponding to both dehydroalanine and the S-alkylated ATH
derivative have been detected (Guga et al., 1993).
The C-terminal sequence data for Apomyoglobin (500 pmole) is presented in Fig-
ure 5. The amino acid sequence could be determined for ten cycles.
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SUMMARY

At the seventh symposium of the Protein Society (July,1994), we demonstrated the
utility of our sequencing method for the characterization of genetically engineered proteins
including the sequencing of samples electroblotted onto PVDF (Bozzini e al., 1994). In this
article, we demonstrate the improvements in our ability to sequence amino acids with
reactive side-chain groups, and in sequencing protein samples at higher sensitivity.

Acetic anhydride, a reagent with a long history of use for the activation of carboxyl
groups, as well as for the acetylation of serine, threonine, lysine, and tyrosine, has been
integrated into our sequencing protocol. The suitability of acetic anhydride for protein
modifications including proteinyl-TH formation is well documented. Acetylation of the
serine and threonine hydroxyl groups has enabled sequencing through these residues in some
of the proteins we have sequenced to date. Acetylation of the epsilon amine group of lysine
will make phenylisocyanate pretreatment unnecessary. The resolution of acetylated lysine
ATH in the HPLC separation system is currently being optimized. The use of single reagent,
acetic anhydride, for the activation of the carboxylic acid groups and for advantageous
acetylation of reactive side-chain residues, reduces the number of reagents to which the
protein is exposed.

The 500 pmol, 10 cycle sequencing example of apomyoglobin illustrates our progress
in the development of our sequencing protocol. Our continued developement towards
sequencing through all of the amino acids residues, and the enhancement in sensitivity, will
expand the utility of this C-terminal sequencing method.
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INTRODUCTION

An automated carboxy-terminal (C-terminal) protein sequencing technology devel-
oped by Hewlett-Packard enables the direct confirmation of the C-terminal sequence of
native and expressed proteins, the detection and characterization of protein processing at the
C-terminus, the identification of post-translational proteolytic cleavages, and partial se-
quence information on amino-terminally blocked protein samples. The approach offers
sequence analysis through each of the 20 common amino acid residues including proline,
which has historically been highly problematic. Additionally, the scope of typically analyz-
able protein samples spans a usefully broad molecular weight range and degree of structural
complexity.

The automated sequencing chemistry of the HP G1009A C-terminal protein sequenc-
ing system utilizes diphenyl phosphoro-isothiocyanatidate (DPPITC) as the coupling reagent
and trimethylsilanolate (KOTMS) as the cleavage reagent for the efficient generation of
thiohydantoin-amino acid derivatives (TH-aa) (Bailey, J. M. et al, 1990, 1992)). The
automated HPLC analyses of the sequencing cycles is accomplished using the HP 1090M
liquid chromatograph with the HP specialty PTH analytical HPLC column (HP technical
note, 1994).

MATERIALS AND METHODS

Protein samples were applied to precut Zitex membranes and inserted into C-terminal
sequencer columns for sequence analysis using the HP G1009A C-terminal protein sequenc-
ing system (H-P, Palo Alto, CA). The system consists of the HP G1000A C-terminal protein

Methods in Protein Structure Analysis, Edited by M. Z. Atassi and E. Appella
Plenum Press, New York, 1995 119
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sequencer, HP 1090M liquid chromatograph, HP Vectra 486/66 computer with Microsoft®
MS-DOS® and Windows™ environment, and HP specialty C-terminal sequencing reagents,
solvents, HPLC columns and solvents, and all related consumables.

Protein samples were obtained from Sigma Chemical Co. (St.Louis,MO). Thiohy-
dantoin-amino acid derivatives were prepared for and quality-controlled by HP (3). The
C-terminal chemical sequencing method was developed for automation using a chemistry
licensed to HP from the City of Hope, Duarte, CA.

RESULTS AND DISCUSSION

Sequencing Criteria

The principal requirement for any chemical sequencing methodology is to enable
efficient, rapid, and reproducible reactions that can be applied to all 20 common amino acid
residues. This applies in particular to proline which has historically challenged all sequencing
degradative reaction schemes resulting in no identifiable derivative and preventing sequenc-
ing chemistry. The chemical cleavage of the cyclized peptidylthiohydantoin must adequately
yield the thiohydantoin-amino acid derivative as well as the shortened polypeptide, chemi-
cally suitable for the succeeding cycle of sequencing chemistry. The criteria for reliable and
reproducible analyses are, in part, satisfied by the use of an inert reaction support that readily
immobilizes the sample without any intervening covalent attachment protocols or pre-se-
quencing procedures that impart irreproducible and unpredicatable sample losses and
variable yields. This sequencing methodology utilizes a Zitex membrane (a porous Teflon
membrane) as a non-covalent reaction support. Protein samples are applied directly to the
reaction membrane and are adsorptively immobilized for the chemical sequencing. Addi-
tionally, the protein sequence analysis relies on the implementation of a stable and repro-
ducible chromatographic method for the analysis of the thiohydantoin-amino acid
derivatives.

Sample Application on Zitex Membranes

The protein samples for C-terminal sequencing are conveniently applied directly to
Zitex reaction membranes (Imm x 12mm) that have been pre-treated with alcohol (iso-
propanol). The liquid sample solutions, on occasion made homogeneous by the addition of
a small volume (1-5ul) of dilute aqueous trifluoroacetic acid, are applied to the wetted Zitex
membrane in 5-20ul volumes and allowed to dry either at room temperature (10-20 minutes)
or at a controlled elevated temperature.

The dry membrane is inserted into a C-terminal sequencer column (inert Kel-F
columns fitted with inert endfrits) and installed in any one of the four sample positions on
the HP G1009A sequencer. The sequencer column reactions that occur on the Zitex mem-
brane include the chemical coupling and cyclization of the C-terminal residue and the
cleavage and extraction that releases the thiohydantoin-amino acid derivative. The thiohy-
dantoin-amino acids are extracted off the Zitex membrane from the sequencer column to the
sequencer transfer flask for preparation for HPLC injection.

The sample application is compatible with diverse samples recovered in various
buffers (phosphate, inorganic salts) and solvents (HPLC fractions). Samples that have been
subjected to amino-terminal sequence analysis using the HP G1005A N-terminal protein
sequencing system and Zitex as a reaction support may be transferred to C-terminal
sequencer columns and subjected to C-terminal sequence analysis with the HP G1009A
C-terminal sequencing system.
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C-Terminal Coupling and Cyclization Reactions

Diphenyl phosphoroisothiocyanatidate (DPPITC) in the presence of pyridine consti-
tutes the new chemical coupling and cyclization reactions for the HP G1009A automated
C-terminal sequence analysis (1). Prerequisite to the coupling reaction with DPPITC is the
base activation of the protein C-terminal carboxylic acid moiety to a carboxylate species.
The membrane adsorbed protein sample is treated with a suitable base such as diiso-
propylethylamine or trimethylsilanolate. The carboxylate salt of the C-terminal amino acid
residue is highly reactive to the dipheny! phophoro-isothiocyanatidate coupling reagent,
speculatively generating a reactive pentavalent species which collapses to the C-terminal
acylisothiocyanate. The Zitex membrane is washed with organic solvent (acetonitrile) to
eliminate the excess DPPITC.

The coupled peptidylacylisothiocyanate is treated with pyridine to induce the five-
membered ring closure to the carboxy-terminal peptidylthiohydantoin. The reaction of
pyridine has been found to efficiently promote the cyclization of the acylisothiocyanate to
the acylthiohydantoin product. The effectiveness of pyridine in this reaction can be assigned
to its nucleophilic properties in addition to its basicity. The coupled and cyclized membrane-
bound peptidylthiohydantoin is washed with organic solvent to remove the excess pyridine
and resultant reaction by-products.

Additional treatment of the peptidylacylisothiocyanate with liquid anhydrous tri-
fluoroacetic acid enables the cyclization of the C-terminal prolylisothiocyanate to the
corresponding prolylthiohydantoin (Bailey, J. M., et al 1995). This species is readily cleaved
by treatment with 2% aqueous trifluoroacetic acid vapor (and trimethylsilanolate treatment)
to yield the thiohydantoin-proline derivative. A methanolic extraction of the thiohydantoin-
proline residue from the reaction column to the transfer flask is subsequently followed by
the column cleavage reaction and solvent extraction to conclude the essentials of the
chemical degradative cycle.

Cleavage Reaction of the Peptidylthiohydantoin

The peptidylthiohydantoin (coupled and cyclized product) is subjected to chemical
cleavage to the C-terminal thiohydantoin-amino acid residue and the shortened polypep-
tide using an alkali salt of trimethylsilanolate (KOTMS). The cleavage reagent is a highly
reactive nucleophile displacing the thiohydantoin derivative from the C-terminal acylthio-
hydantoin moiety. The resulting trimethylsilyl ester is rapidly cleaved to a free C-terminal
carboxylate species amenable for the next cycle of chemical coupling with DPP-ITC.
The released thiohydantoin-amino acid is extracted off the Zitex membrane to the transfer
flask as the cleavage solution and subsequent organic solvent (acetonitrile). The extraction
solvents are evaporated and the thiohydantoin-amino acid is redissolved in the HPLC
transfer solvent (dilute aqueous trifluoroacetic acid) and injected into the HP 1090M
HPLC for analysis.

HPLC Analysis of Thiohydantoin-Amino Acid Derivatives

The HP G1009A C-terminal protein sequencing system provides automated HPLC
analysis of sequencer cycles using the HP 1090M liquid chromatograph with filter photomet-
ric detection at 269nm and the HP specialty (2.1mm x 25¢m) reversed-phase PTH analytical
HPLC column (3). A 39-minute binary gradient (Solvent A: phosphate buffer, pH 2.9;
Solvent B: acetontrile/water) utilizes an ion-pairing reagent (alkyl sulfonate) enabling highly
reproducible elution times and peak resolution. A stable thiohydantoin-amino acid standard
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Figure 1. Thiohydantoin-amino acid standard.

mixture is incorporated on the sequencer for on-line automated peak calibration and
quantitation.

The thiohydantoin-amino acid standard mixture (TH-Std) consists of the synthetic
thiohydantoin derivatives corresponding to the actual sequencing products resulting from
chemical sequence analysis. In particular, the serine, threonine, cysteine, and lysine
thiohydantoin derivative standards correspond to their respective sequencing degradation
products. The sequencing product derivatives of serine and cysteine yield the same
degradation species and, without cysteine side chain modification, permit the identifica-
tion of either residue for confirmatory analysis of a known sequence. The residue
assignment of cysteine for unknown sequences requires the prior chemical modification

of cysteine (an S-alkylation) as is routinely done with amino-terminal sequencing meth-
ods.

Absorbance at 269 nm (MmAU)

time (min)

Figure 2. Chemical background of 3 blank cycles.
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Figure 3. Cycle-1 of mouse immunoglobulin G samples.

The thiohydantoin-amino acid standard HPLC chromatogram (Figure 1) shows the
elution times for each of the 20 common amino acid derivatives including thiohydantoin-Pro
(P) and the common peak designated S/C, identifying Ser and Cys residues. The relative
retention time for the S-carboxymethyl derivative of cysteine is indicated by the arrow. The
peak identified for Lys (K) corresponds to the free-epsilon amino derivative of thiohydan-
toin-lysine. Thiohydantoin-Ile (I) chromatographically resolves into two components repre-
senting the structural isoforms for the amino acid residue; the Ile peaks do not coelute with
any other thiohydantoin-amino acid derivative or chemical background. The thiohydantoin
standard chromatogram shown represents a 50 pmol mixture of the standard thiohydantoin
derivatives except for the Ser, Cys, Thr, and Lys derivatives that represent approximately
100 pmol amounts.

C-Terminal Sequence Analysis of Diverse Samples

The chemical sequencing background generated on the Zitex reaction membrane,
resulting from the reaction by-products of the coupling reagent (DPPITC) appears chro-
matographically as three principal and two minor UV absorbing components (Figure 2).
These background related species do not coelute with any of the 20 common thiohydan-
toin-amino acid derivatives and thus do not interfere with sequencer cycle residue
assignments.

The recoveries of first-cycle residues typically result in sequencing initial yields
ranging from 10%-50% of the total amount of sample applied to the Zitex membrane. As
observed for amino-terminal sequencing, there is a sample dependency (and residue depend-
ency) that contributes to the initial thiohydantoin-amino acid recoveries.

Mouse immunoglobulin G (150kDa) was applied as a phosphate buffer solution
directly on a Zitex reaction membrane and subjected to C-terminal sequence analysis (Figure
3). The C-terminal cycle identified the extent of protein processing of the C-terminal heavy
chains by the detection and quantitation of the heavy chain Lys (K, expected full-length
sequence C-terminal residue) and Gly (G) residues. The C-terminal residue of the light chain
was identified as the expected Cys (C) residue. The arrows indicate the sequencing chemical
background. The results of sequence analysis of a 900 pmol and 450 pmol sample of the
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Figure 4. Cycle-1 of mouse immunoglobulin G samples (top: 900 pmols; bottom: 450 pmols).

mouse IgG show the linearity in signal response and the unambiguous residue assignments
at each of these sample amounts (Figure 4).

Superoxide dismutase, an N-terminally blocked protein, was applied to a Zitex
reaction membrane in the amount of approximately 1 nmol in 10ul of 1% aqueous tri-
fluoroacetic acid. The first three cycles of C-terminal sequence analysis results in the
identification of Lys (K) cycle-1, Ala (A) cycle-2, and Ile (I) cycle-3 (Figure 5). The chemical
background remains relatively stable as a thiohydantoin background increases in part
attributed to internal cleavages as analogously observed for amino-terminal sequencing
chemistry.

The results of C-terminal sequence analysis of a chromatographically isolated
hemoglobin B chain is shown for the first three sequencer cycles (Figure 6). Approximately
1 nmole of protein sample, recovered from reversed-phase HPLC separation of the hemo-
globin A and B chains, was directly applied to a Zitex reaction membrane and immediately
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Figure 5. Cycles of superoxide dismutase.
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Figure 6. Cycles 1-3 of hemoglobin B chain.

subjected to C-terminal sequence analysis. The results show the unambiguous identification
of the first two cycles, His-1 and Tyr-2, and the confirmatory identification of the third cycle
residue, Arg-3. Sequence analysis of the hemoglobin A chain, isolated chromatographically,
resulted in unambiguous residue assignments of Arg (R) cycle-1 and Tyr (Y) at cycle-2
(Figure 7).

The results of C-terminal sequence analysis on a series of proline-containing protein
samples shows the identification of thiohydantoin-Pro (P) at each cycle-1 of the analyses
(Figure 8) confirming the expected full-length sequences. The model polypeptide,
polyproline, was applied to a Zitex reaction membrane and directly sequenced as were the
additional two protein systems shown. Ovalbumin and apo-transferrin were subjected to
sequence analysis and resulted in the recovery of thiohydantoin-Pro as first cycle sequencer
residues. The sequencing chemistry invokes the use of neat trifluoroacetic acid (as described
here and elsewhere, cf ref.3) to generate the cleavable thiohydantoin-Pro derivative which

Absorbance at 269 nm (mAU)
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time (min)

Figure 7. Cycles 1 and 2 of hemoglobin A chain.
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Figure 8. Cycle-1 of proline-containing proteins.

is released upon treatment with aqueous acidic vapor and the use of trimethylsilanolate. The
neat trifluoroacetic acid induced cyclized prolylthiohydantoin is cleaved with aqueous
trifluoroacetic acid vapor, the thiohydantoin-Pro derivative is extracted with methanol to the
transfer flask, and the reaction membrane treated with trimethylsilanolate (as part of the
routine cleavage steps of the chemistry cycle) that cleaves any residual thiohydantoin-Pro
from the cyclized peptidylprolylthiohydantoin species.

The results of C-terminal sequence analysis on a 1 nmol sample of bovine beta-lac-
toglobulin A are shown in Figure 9. The first three cycles of analysis show the identification
of cycle-1 Ile (I), cycle-2 His (H), and cycle-3 Cys (C) confirming the expected full-length
protein sequence.

The results of C-terminal sequence analysis on a variety of low molecular
weight protein samples are shown as cycle-1 chromatograms (Figure 10). Bovine
insulin A and B chains (combined mol wt 5.8 kDa) yielded Asn and Ala respectively

Absorbance at 269 nm (mAU)
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Figure 9. Cycles 1-3 of bovine beta-lactoglobulin A.
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Figure 10. Cycle-1 of low molecular weight proteins.

and the 13.7 kDa protein, bovine ribonuclease B resulted in the unambiguous identi-
fication of Val at cycle-1.

Sequence analysis of an approximate 1 nmol sample of human serum albumin
(68kDa) resulted in the identification of cycles 1-3 and are assigned as Leu (L) cycle-1, Gly
(G) cycle-2, and Leu (L) cycle-3 (Figure 11).

A 1 nmol sample of human serum albumin was applied to a Zitex reaction membrane,
inserted into an N-terminal sequencer membrane-compatible column, and installed in the
HP G1005A N-terminal protein sequencer (Miller, C. G., 1995). The sample was subjected
to five cycles of automated N-terminal sequence analysis (cycles-1 Asp,D and -2 Ala, A are
shown) and the Zitex reaction membrane transferred to the HP G1009A C-terminal protein
sequencing system (Figure 12). The first two cycles of automated C-terminal sequence
analysis of the previously N-terminal sequenced sample resulted in the unambiguous
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Figure 11. Cycle 1-3 of human serum albumin.
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Figure 12. Human serum albumin—1 nmol on Zitex. (5 cycles N-terminal and 2 cycles C-terminal.)

C-terminal sequence residue assignments of Leu (L) at cycle-1 and Gly (G) at cycle-2. This
example of the integration of amino-terminal and carboxy-terminal sequence analysis on a
single sample should become an invaluable procedure for the sequence determination and
structural identification of protein samples.

CONCLUSIONS

The HP G1009A C-terminal sequencing system automates an efficient, reliable,
and reproducible carboxy-terminal sequencing chemistry based on the introduction of
diphenyl phosphoro-isothiocyanatidate as the coupling reagent, pyridine as a cyclization
reagent, and trimethylsilanolate as the cleavage reagent. The strategic incorporation of
trifluoroacetic acid into an extended cyclization scheme enables the sequence analysis
through all of the 20 common amino acids, including proline. The sequencing method-
ology does not require any pre-sequencing modifications to protect side chain residues
or covalent attachment protocols to retain protein samples to the reaction support. The
use of Zitex as a reaction membrane enables the adsorptive immobilization of protein
samples by a facile direct sample application to the alcohol-treated membrane. A robust
HPLC method for the identification of the thiohydantoin-amino acid derivatives, in
addition to an on-line thiohydantoin-amino acid standard mixture, enables the reliable
detection and identification of sequencer cycle residues. The sequencing system provides
the flexible platform on which further developments and refinements to the chemical
methodology can be accomplished. It is anticipated that the exceedingly high chemical
reaction efficiencies obtained for amino-terminal sequence analysis (HP G1005A) will
be approached by continued advancements in carboxy-terminal sequence analysis. The
immediate needs and requirements for the identification of C-terminal sequence and the
detection and quantitation of protein-processing at the C-terminus of native and expressed
proteins and protein products are achievable using the current HP G1009A sequencing
technology.
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INTRODUCTION

There has been much interest in the development of a chemical method for the
sequential C-terminal sequence analysis of proteins and peptides. Such a method would be
analogous and complimentary to the Edman degradation commonly used for N-terminal
sequence analysis (Edman, 1950). It would also be invaluable for the sequence analysis of
proteins with naturally occurring N-terminal blocking groups, for the detection of post-trans-
lational processing at the carboxy-terminus of expressed gene products, and for assistance
in the design of oligonucleotide probes for gene cloning. Although a number of methods
have been described, the method known as the “thiocyanate method” (Schlack and Kumpf,
1926), has been the most widely studied and appears to offer the most promise due to its
similarity to current methods of N-terminal sequence analysis.

The thiocyanate method involves the reaction of a protein with an isothiocyanate
reagent, in the presence of a carboxylic acid activating reagent, to form a C-terminal
peptidylthiohydantoin. The C-terminal amino acid, derivatized as a thiohydantoin, is then
specifically removed to yield a shortened peptide or protein and a thiohydantoin amino acid.

Many of the problems associated with the thiocyanate chemistry which have pre-
vented its routine use in the protein chemistry lab have been addressed over the last few
years. The use of sodium or potassium trimethylsilanolate for the cleavage reaction provided
a method for rapid and specific hydrolysis of the derivatized C-terminal amino acid which
left the shortened peptide with a free C-terminal carboxylate ready for continued rounds of
sequencing (Bailey et al., 1992a). The use of diphenylphosphoroisothiocyanatidate (DPP-
ITC) and pyridine combined the activation and derivatization steps and permitted the
quantitative conversion of 19 of the twenty common amino acids (the exception being
proline) to a thiohydantoin derivative. These improvements permitted application of the
C-terminal chemistry to a wide variety of protein samples with cycle times similar to those
employed for N-terminal sequence analysis (Bailey et al., 1992b). The introduction of Zitex
(porous Teflon) as a support for protein sequencing permitted the C-terminal sequence
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analysis of protein samples which were non-covalently applied to the sequencing support
(Bailey et al., 1992b; Bailey et al., 1993).

The inability of C-terminal proline to be derivatized to a thiohydantoin has been a
major impediment to the development of a routine method for the C-terminal sequence
analysis of proteins and peptides. Since the method was first described in 1926 (Schlack and
Kumpf, 1926), the derivatization of C-terminal proline has been problematic. While over
the years a few investigators have reported the derivatization of proline, either with the free
amino acid or on a peptide, to a thiohydantoin (Kubo et al., 1971; Yamashita and Ishikawa,
1971, Inglis et al., 1989), others have been unable to obtain any experimental evidence for
the formation of a thiohydantoin derivative of proline (Turner and Schmerzler, 1954; Fox et
al., 1955; Stark, 1968; Bailey and Shively; 1990). Recently, utilizing a procedure similar to
that described by Kubo et al. (1971), Inglis et al. (1993) have described the successful
synthesis of thiohydantoin proline from N-acetylproline. This was done by the one-pot
reaction of acetic anhydride, acetic acid, trifluoroacetic acid, and ammonium thiocyanate
with N-acetyl proline. We have reproduced this synthesis and further developed it to a large
scale synthesis of TH-Proline.

We also describe the development of chemistry based on the DPP-ITC/pyridine
reaction which permits the efficient derivatization and hydrolysis of peptidyl C-terminal
proline to a thiohydantoin and discuss the integration of this chemistry into an automated
method for the C-terminal sequence analysis of polypeptides containing C-terminal proline.

MATERIALS AND METHODS

Materials. Diphenyl chlorophosphate, acetic anhydride, trimethylsilylisothiocy-
anate, anhydrous dimethylformamide (DMF), anhydrous acetonitrile, and anhydrous pyri-
dine were from Aldrich. Water was purified on a Millipore Milli-Q system. Sodium
trimethylsilanolate was obtained from Fluka. Diphenyl phosphoroisothiocyanatidate was
synthesized as described (Kenner et al., 1953). All of the peptides used in this study were
either obtained from Bachem or Sigma. N-Acetyl proline was from Sigma. Diisopropylethy-
lamine (sequenal grade), trifluoroacetic acid (sequenal grade), and 1,3-dicyclohexylcarbodi-
imide (DCC) were obtained from Pierce. The carboxylic acid modified polyethylene
membranes were from the Pall Corporation (Long Island, NY). Zitex G-110 was from Norton
Performance Plastics (Wayne, NJ). The amino acid thiohydantoins used in this study were
synthesized as described (Bailey and Shively, 1990). The Reliasil HPLC columns used in
this study were obtained from Column Engineering (Ontario, CA).

Synthesis of Thiohydantoin Proline. Acetic anhydride (100 ml), acetic acid (20 ml),
and trifluoroacetic acid (10 ml) were added to N-acetylproline (500 mg). The mixture was
stirred until dissolved. Trimethylsilylisothiocyanate (3 ml) was added and mixture stirred at
60°C for 90 min. The reaction was dried to a powder by rotary evaporation and water (50
ml) added. This solution was again dried by rotary evaporation and water (20 ml) added. A
white powder formed. The solution was kept on ice for approximately 30 min. The powder
(thiohydantoin proline) was collected by vacuum filtration. The yield was approximately
40%. The product was characterized by UV, FAB/MS, and NMR. The UV absorption
spectrum had a A_,, of 271 nm in methanol. FAB/MS gave the expected MH* = 157. NMR
6 4.32(H,, m), 3.85 (H;, m), 3.43 (Hs, m), 2.20 (H, and Hg, m), 1.70 (Hg, m).

Covalent Coupling of Peptides to Carboxylic Acid Modified Polyethylene. Peptides
were covalently coupled to carboxylic acid modified polyethylene and quantitated as
described (Shenoy et al., 1992).
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Application of Protein Samples to Zitex. The Zitex support (2 x 10 mm) was pre-wet
with isopropanol and protein samples (2-5 pl) dissolved in water were applied. The samples
were allowed to dry before sequencing.

HPLC Separation of the Amino Acid Thiohydantoins. Reverse phase HPLC separa-
tion of the thiohydantoin amino acid derivatives was performed on a C-18 (3u, 100 A)
Reliasil column (2.0 mm x 250 mm) on a Beckman 126 Pump Module with a Shimadzu
(SPD-6A) detector. The column was eluted for 2 min with solvent A (0.1% trifluoroacetic
acid in water) and then followed by a discontinuous gradient to solvent B (10% methanol,
10% water, 80% acetonitrile) at a flow rate of 0.15 ml/min at 35°C. The gradient used was
as follows: 0% B for 2 min, 0-4% B over 3 min, 4-35% B over 35 min, 35-45% B for 5 min,
and 45-0% B over 3 min. Absorbance was monitored at 265 nm.

Automation of the C-Terminal Sequencing Chemistry. The instrument used for
automation of the chemistry described in this manuscript has been described previously
(Bailey et al., 1993).

RESULTS AND DISCUSSION

Chemistry for Automated C-Terminal Sequence Analysis of Proline
Containing Polypeptides

Application of the acetic anhydride/TMS-ITC/TFA procedure, used for the synthesis
of TH-proline, to the tripeptide, N-acetyl-Ala-Phe-Pro, in our laboratory, found that thiohy-
dantoin proline was formed in low yield (approx. 1-2% of theoretical). Recovery of the
peptide products after the reaction revealed that approximately half of the starting peptide
was unchanged and the remaining half had been decarboxylated at the C-terminus, thereby
blocking it to C-terminal sequence analysis. This was most likely caused by the high
concentration of trifluoroacetic acid, the excess of acetic anhydride present, and the high
temperature (80°C) at which the reaction was performed. Substitution of TMS-ITC in place
of ammonium thiocyanate and lowering the reaction to 50°C also resulted in an approxi-
mately 2% yield of TH-proline, although no decarboxylated peptide was formed.

The poor reaction with C-terminal proline most likely stems from the fact that proline
cannot form the necessary oxazolinone for efficient reaction with the isothiocyanate.
Previous work in our laboratory has obviated the need for oxazolinone formation by the use
of diphenyl phosphoroisothiocyanatidate and pyridine. Reaction of this reagent with C-ter-
minal proline directly forms the acylisothiocyanate. Once the acylisothiocyanate is formed,
the addition of either liquid or gas phase acid followed by water was found to release proline
as a thiohydantoin amino acid derivative. Unlike thiohydantoin formation with the other 19
naturally occurring amino acids, C-terminal proline thiochydantoin requires the addition of
acid to provide a hydrogen ion for protonation of the thiohydantoin ring nitrogen. This step
is necessary for stabilization of the proline thiohydantoin ring. The resulting quaternary
amine containing thiohydantoin can then be readily hydrolyzed to a shortened peptide and
thiohydantoin proline by introduction of water vapor or by the addition of sodium trimethyl-
silanolate (the reagent normally used for cleavage of peptidylthiohydantoins). The automat-
ion of this chemistry has allowed proline to be analyzed in a sequential fashion without
affecting the chemical degradation of the other amino acids.

The chemical scheme for C-terminal sequencing is shown in Figure 1. The first step
involves treatment of the peptide or protein sample with diisopropylethylamine in order to
convert the C-terminal carboxylic acid into a carboxylate salt. Derivatization of the C-ter-
minal amino acid to a thiohydantoin is accomplished with diphenylphosphorylisothiocyana-
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Figure 1. Reaction scheme and postulated intermediates for the sequential C-terminal degradation of polypep-
tides Which may contain proline.

tidate (liquid phase) and pyridine (gas phase). The peptide is then extensively washed with
ethyl acetate and acetonitrile to remove reaction by-products. The peptide is then treated
briefly with gas phase trifluoroacetic acid, followed by water vapor in case the C-terminal
residue is a proline (this treatment has no effect on residues which are not proline). The
derivatized amino acid is then specifically cleaved with sodium or potassium trimethylsi-
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lanolate to generate a shortened peptide or protein which is ready for continued sequencing.
In the case of a C-terminal proline which was already removed by water vapor, the silanolate
treatment merely converts the C-terminal carboxylic acid group on the shortened peptide to
a carboxylate. The thiohydantoin amino acid is then quantitated and identified by reverse-
phase HPLC.

The proposed role of trifluoroacetic acid (TFA) is for the protonation of the
thiohydantoin proline ring. The addition of water or silanolate salt is required for
cleavage of the TH-proline. If the temperature is raised to 80°C and the TFA step is
prolonged (10 to 20 min) the acid alone can be used to cleave the TH-proline. TFA
and water under the conditions used for the proline reaction at 50°C does not cleave
peptidylthiohydantoins formed from the other 19 amino acids. This makes it possible
to integrate the unique steps needed for proline as routine steps in the automated
C-terminal sequencing program.

Examples of Automated Sequence Analysis

Automated C-terminal sequencing was performed on a compact protein sequencer
designed and built at the City of Hope (Bailey et al., 1993). The total program run time for
a cycle of C-terminal sequencing is approximately 60 min.

The performance of the automated method was evaluated by sequencing a number
of peptide and protein samples. Peptide samples for C-terminal sequencing were covalently
attached to carboxylic acid polyethylene (PE-COOH) prior to sequence analysis. Proteins
and longer polypeptides (5 kdal and larger) were noncovalently applied to Zitex G-110
(porous Teflon). Figure 2 shows the automated C-terminal sequence analysis of the tripep-
tide, AFP (12 nmol). The yield of the amino acid in cycle 3 is low since this is the amino
acid which is covalently attached to the solid support. This has been observed for all peptides
covalently attached to PE-COOH (Bailey et al., 1992a). Figure 3 shows the automated
C-terminal sequence analysis of polyproline (1 nmol) (the average molecular weight of the
polyproline used was 12,000 daltons) noncovalently applied to Zitex. The reduced yields of
proline in cycles two and three are consistent with the known washout of samples with
molecular weights of less than 16,000 daltons. Figure 4 shows application of the sequencing
chemistry to ovalbumin (approx. 5-6 nmol) noncovalently applied to Zitex. The expected
sequence at the C-terminus is —Val-Ser-Pro. Although there is considerable cycle to cycle
lag in this example, proline is clearly sequenced. Work is continuing toward optimizing this
automated chemistry.

SUMMARY

We have described a simple procedure for the large scale (200 mg) synthesis of
thiohydantoin proline from N-acetyl proline and extensively characterized this analogue.
The thiohydantoin derivative of proline is conveniently obtained as a white powder which
is stable to long term storage. The availability of a thiohydantoin proline standard is critical
for the evaluation of automated sequencing results.

We have described automated chemistry which is capable of the C-terminal sequence
analysis of polypeptides containing C-terminal proline. This chemistry has been integrated
into the automated sequencing program previously used for the C-terminal sequence analysis
of the other 19 amino acids without affecting performance.

We have proposed a chemical mechanism for proline sequencing via the thiohydan-
toin route which is consistent with the experiments performed to date.
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The failure of previous methods to derivatize C-terminal proline maybe due to the
inability of proline to form an oxazolinone, a necessary step in many of the previous methods.
The use of DPP-ITC/pyridine for derivatization permits the direct formation of an
acylisothiocyanate at the C-terminus without the need for oxazolinone formation.

Once an acylisothiocyanate is formed it can cyclize to a quaternary amine containing
thiohydantoin. This thiohydantoin, if protonated with acid, is stable. If the acid step is
eliminated C-terminal proline is regenerated. The quaternary amine containing proline
thiohydantoin can be readily cleaved with water vapor or alternatively with the silanolate
salt normally used for the cleavage reaction.
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Current Expectations for C-Terminal Sequencing

Current technology now permits 1-3 cycles of automated C-terminal sequence
analysis on 200 pmol - 4 nmol of non-covalently applied protein samples which contain any
of the twenty common amino acids.

Work is continuing toward the goal of extending the number of cycles of sequence
information which can be obtained with this automated method.
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INTRODUCTION

Mass spectrometry (MS) is now widely accepted as an analytical technique of
complementary value to Edman-based approaches to peptide and protein structure determi-
nation. The value of MS derives from the accommodation of mixtures and the possibilities
for characterization of modified amino acid residues. Tandem MS in particular is important
in addressing both of these issues. The essential features of tandem MS are the promotion
of ion fragmentation (generally following collision with a target gas) and the establishment
of connectivity between precursor and product ions. Such analyses can yield structural
information for individual components of mixtures. A variety of instrumental techniques
have been used for tandem MS, differing in the choice of ion analyzers and the precise
experimental conditions under which precursor ion activation and decomposition take place.
Thus, for example, tandem MS of peptides using four-sector mass spectrometers generally
involves high energy collisional activation of precursor ions (usually [M+H]") to promote
fragmentations indicative of sequence and permitting the differentiation of isomeric/isobaric
amino acid residues [1].

Tandem MS analyses using triple quadrupole or hybrid sector/quadrupole instru-
ments usually include collisional activation at low energies with a correspondingly extended
time period during which precursor ion decompositions can be observed. These conditions
may promote fragmentation processes which differ from those observed under conditions of
high energy collisional activation; aspects of this ion chemistry remain to be elucidated. Our
recent work has included studies aimed at the understanding of the factors determining low
energy fragmentations of protonated peptides. This work has suggested that extensive
diagnostic fragmentation of protonated peptides via low energy pathways is promoted by a
precursor ion population which is heterogeneous with respect to the site of charge [2]. This
is consistent with the general concept that low energy decompositions are generally charge-
directed and is in accord with previous observations of the unfavorable fragmentation
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Figure 1. Structures of 4-hydroxynonenal and putative products of reaction with amino acids.

properties of peptides which incorporate strongly basic residues (such as arginine) [3].
Definitive evidence comes from the analysis of peptides which have been converted to
pre-charged derivatives; little fragmentation diagnostic of sequence is observed [2].

Electrospray ionization has proved highly compatible with tandem mass spectrome-
try. As anticipated in the discussion above of low energy fragmentations, the multiplicity of
protonation sites promotes extensive fragmentation. Much further work is required, however,
to improve our understanding of the fragmentations of multiply charged ions and facilitate
the interpretation of product ion spectra derived from unknowns. Nevertheless, impressive
examples have been reported of the high sensitivity characterization of peptides using
tandem MS of low charge states [4].

In the present report we describe two aspects of this laboratory’s recent work on the
tandem MS of peptides. The first area concerns model studies on the detection and charac-
terization of peptides modified by reaction with 4-hydroxynonenal, a common product of
lipid oxidation. Figure 1 shows the structure of 4-hydroxynonenal and of putative products
of reaction with cysteine and histidine (via Michael addition), and with lysine (involving
formation of a Schiff’s base). Secondly, we describe further studies of intra-ionic acid/base
interactions in gas-phase peptide ions.

EXPERIMENTAL METHODS

Materials

Bovine insulin B-chain (in which cysteine residues were oxidized to cysteic acids)
was purchased from Sigma and used as supplied. Angiotensin III (2-7) was prepared from
angiotensin (Sigma) via tryptic hydrolysis followed by HPLC purification. Similarly the
peptide SCFR was prepared from RLCIFSCFR (synthesized in the School of Biological
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Sciences, University of Manchester) via chymotryptic digestion followed by HPLC purifi-
cation. Oxidation of cysteine to cysteic acid residues was carried out using performic acid
as described by Burlet et al. [5].

4-hydroxynonenal (HNE) was synthesized by a modification of the method of
Esterbauer and Weger [6]; the details will be provided elsewhere (manuscript in preparation).
Reaction of various peptides with HNE was carried out as follows. The peptide standards
were dissolved to a concentration of 1 mg/ml in an aqueous 0.1M K,HPO, buffer solution
which had been adjusted to pH 7.4 by the addition of 0.1 M KH,PO,. A ten-fold molar excess
of HNE was added and the samples were vortexed for 1 min before incubation at 37°C for
6-24 h. The incubations containing angiotensin III (2-7) or SCFR were fractionated by
reverse phase HPLC, whereas the insulin B-chain incubation was subjected to rapid HPLC
for de-salting purposes only.

Enzymatic Digestions

Removal of the C-terminal arginine residue of RLCIFSCFR was achieved by car-
boxypeptidase B hydrolysis using a modification of the procedure described by Allen [7].
The enzyme was added to a solution of the peptide in 0.1M ammonium acetate (pH 8.5) to
give an enzyme:substrate molar ratio of approximately 1:100. Hydrolysis was allowed to
proceed for approximatley 1 h, with monitoring of the progress of the reaction by mass
spectrometry.

HPLC Separations. HPLC was performed using a Waters 600 HPLC pump and
controller with a Waters 490 variable wavelength UV detector. Separation was achieved
using a Waters Novapak Cis column (3.9 x 150 mm). A linear gradient was formed from
100% to 0% A in 50 min at 1 ml/min. Solvent A was water with 0.1% trifluoroacetic acid.
The UV detector was set to monitor 217 nm and the HPLC fractions were collected into 1.5
ml polypropylene tubes and dried under reduced pressure. HPLC desalting was performed
using a Vydac Cg column (2.1 x 150 mm) with a 5 min isocratic elution at 100% solvent A
followed by a step gradient elution to 20% A. The flow rate was 0.5 ml/min and detection
was at 217 nm. The UV peak eluting after the step gradient was collected and dried as above.

Mass Spectrometric Analyses

FAB MS analyses were performed using a VG 7070Q instrument with the configura-
tion, electric sector (E)/magnetic sector (B)/collision quadrupole (q)/analyzer quadrupole (Q).
The FAB primary beam was xenon atoms of 8 keV energy. The liquid matrix was a 1:1 mixture
of bis-(2-hydroxyethyl)-disulfide and thioglycerol. For tandem MS analyses, precursor ions
were selected at 1000 resolution using EB and subjected to collisional activation in q. The
pressure of argon collision gas was sufficient to decrease the transmission of the precursor ion
by ca. 80%. Product ions were recorded by scanning of Q, with resolution set to achieve peak
widths of of 1-2 m/z units. Alternatively, precursor ion scans were obtained by scanning of B
with Q set to transmit a selected product ion. Data were recorded via a VG 11/250 data system,
with acquisition in the “multi-channel analyzer” mode; 5-15 scans were accumulated.

Electrospray MS analyses were performed (through the courtesy of Dr. M. Morris,
Fisons Instruments) using a VG Quattro II triple quadrupole instrument. Analytes were
introduced by loop injection into a stream of acetonitrile:water (1:1) containing 0.2% formic
acid. Ionization was by nebulizer-assisted electrospray; the nebulizer gas was nitrogen and
the electrospray needle was held at 3.5 kV. Precursor ions were selected at a low resolution
sufficient to pass all of the major isotopic variants into the collision hexapole. Selected ions
were subjected to collision with argon at a pressure of 5 x 103 mbar. The collision energy
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was optimized for maximum fragmentation efficiency in each analysis. Product ions were
scanned at unit resolution.

Electrospray MS analyses of HNE-modified angiotensin III (2-7) were performed on a
Sciex APIIII triple quadrupole instrument. The analyte was dissolved in water/acetonitrile/ace-
tic acid (49/49/2) and introduced into the ion source via constant infusion at 10 pl/min using a
Harvard Apparatus syringe driver. The nebulizer gas was nitrogen and the electrospray needle
was held at 4.5 kV. Precursor ions were selected at low resolution and introduced into the
collision quadrupole which was maintained with an argon collision gas thickness of 6.4 x 10!
atoms/cm?. Product ions were scanned with resolution set to achieve peak widths of 3 m/z units.

Matrix-assisted laser desorption/ionization (MALDI) analyses were performed (by
courtesy of Fisons Instruments) on a VG TofSpec instrument equipped with a nitrogen laser.
Samples were prepared in aqueous 0.1% trifluoroacetic acid at a concentration of ca. 10
picomole/ul per component. A2 pl aliquot was mixed with 2 pl of a freshly prepared aqueous
solution of 0.1% trifluoroacetic acid saturated with 2,5-dihydroxybenzoic acid. The mass
resolution was approximately 500 (FWHM).

RESULTS AND DISCUSSION

As an initial assessment of the reactivity of different amino acid residues with
4-hydroxynonenal, we have investigated the sites of modification of a model oligopeptide,
the B-chain of insulin incorporating oxidized cysteine residues (ie. cysteic acids). Figure 2
compares the MALDI/TOF MS analyses of the chymotryptic digest of the unmodified
peptide and the product of reaction with 4-hydroxynonenal. The peptide sequence and the
expected chymotryptic cleavage sites are indicated in Figure 3. Reaction with HNE resulted
in the incorporation of one or two HNE moieties in fragment 1-16, consistent with modifi-
cation of the histidine residues. None of the peaks corresponding to fragments 17-24, 17-25,
25-30 or 26-30 was shifted in mass, indicating that Lys?® and other residues were not
modified or that the modifications were labile under the conditions of analysis.

Tandem MS provides a powerful approach to confirmation of the structure of lipid-modi-
fied peptides and proteins. We have therefore initiated a study of the fragmentation behavior of
HNE-modified peptides. Figure 4 shows the product ion spectrum obtained by collisional
activation of [M+2H]** ions formed from HNE-adducted angiotensin III (2-7) during electrospray
MS analysis. The decomposition is highly efficient and yields a variety of diagnostic fragment
ions corresponding to the products of one or two cleavages within the peptide chain. The first
category includes N-terminal fragments (a- and b-series) and C-terminal fragments (y-series),
where the nomenclature used is Biemann’s modification [8] of the suggestion of Roepstorff and
Fohlman [9]. Product ions resulting from two chain cleavages include “internal” fragments (by,y,)
and immonium ions representing single amino acid residues. Immonium ions corresponding to
the tyrosine and modified histidine residues are particularly prominent. The latter appears at m/z
266, consistent with Michael addition of HNE to the imidazole ring.

The same modified peptide was analyzed by FAB/tandem MS with CAD of the singly
protonated molecule, MH*. The product ion spectrum (Figure 5) shows the modified
histidine immonium ion (m/z 266) as the most prominent product ion. The apparent
propensity to fragment in this way suggests a means for screening for the presence of
HNE-modified histidine-containing peptides in mixtures such as protein digests. Figure 6
illustrates this principle with the analysis of a simple binary mixture of angiotensin III (2-7)
and the HNE-adducted analogue. Tandem MS analysis involved scanning of the first mass
analyzer with the second set to transmit a single product ion species (in this case m/z 266).
The resulting precursor ion spectrum reveals the mixture component (and its ion source-
formed fragments) which incorporates a modified histidine residue.
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Figure 2. (a) MALDI/TOF MS analysis of the chymotryptic digest of oxidized (cysteine to cysteic acid) insulin
B-chain; (b) equivalent analysis of the oligopeptide modified by reaction with 4-hydroxynonenal.
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Figure 3. The sequence of the oxidized B-chain of bovine insulin. C(ox) represents cysteic acid residues. The

arrows indicate the observed points of chymotryptic cleavage.
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Figure 4. Product ion spectrum obtained following collisional activation of [M+2H}?* ions obtained by
electrospray of VYIH*PF (where H* represents the modification of the histidine residue by reaction with
4-hydroxynonenal).

The analyses reported here represent the initial phase in the development of a
screening and characterization strategy for the study of lipid-modified peptides and proteins.
Tandem MS plays a central role in this strategy; its most effective use will be ensured by
improved understanding of the relationship between peptide sequence and the propensities
to fragment via a number of pathways. We have therefore pursued investigations of the low
energy fragmentations of protonated peptides, with particular reference to the influence on
fragmentation of the site of charge.

Figure 7 shows the product ion spectrum obtained following low energy CAD of
singly protonated RLCIFSCFR (generated by FAB). A C-terminal rearrangement ion
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Figure 5. Product ion spectrum obtained following collisional activation of MH* ions obtained by FAB of
VYIH*PF (where H* represents the modification of the histidine residue by reaction with 4-hydroxynonenal).
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Figure 8. Product ion spectrum obtained following collisional activation of [M+2H]?** ions obtained by
electrospray of RLCIFSCFR.

(representing loss of the C-terminal residue but retention of one carboxylic oxygen [10])
is observed as a highly favored fragmentation. Lower members of the rearrangement ion
series (b,#H+OH) are also observed but these and all other fragment ions are observed
with low abundance. Low energy CAD of the doubly protonated analogue (generated by
electrospray) shows a low overall efficiency of fragmentation (Figure 8; note the mag-
nification factors), though a large number of diagnostic fragment ions are discernible.
Interestingly, there is no evidence for the occurrence of the C-terminal rearrangement
process. The high gas phase basicity of arginine suggests that the principal structure
represented in the precursor population of doubly charged ions incorporates the two
protons on the guanidino groups of the arginine residues, resulting in little charge-directed
fragmentation of the peptide chain.

This hypothesis was evaluated by electrospray tandem MS analysis of the same
peptide following oxidation of the cysteine residues to cysteic acid. Previous studies
[5] suggested that intraionic acid-base interactions between cysteic acid and arginine
residues reduce the propensity for charge location on the arginine residues, resulting
in increased yields of diagnostic ions associated with cleavages of the peptide chain.
Figure 9 shows the product ion spectrum obtained by CAD of doubly protonated
RLC(SO;IIFSC(SO;H)FR, where C(SO;H) represents cysteic acid. In marked contrast
to the equivalent data for the unoxidized peptide, a high decomposition efficiency is
observed with the production of multiple C-terminal and N-terminal fragment ions.
These findings are consistent with a precursor ion population heterogeneous with
respect to the site of charge, a situation facilitated by the putative cysteic acid/arginine
interactions.
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Figure 9. Product ion spectrum recorded following collisional activation of [M+2H]?** ions obtained by
electrospray of RLC(SO;H)IFSC(SO;H)FR, where C(SO;H) represents cysteic acid.
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INTRODUCTION

For structural studies of various proteins, a combination of traditional sequence
analysis and mass spectrometry (MS) has been effectively used in our laboratory. Protein
sequencing methods and mass spectrometry are often plagued with the same problems
in that samples are frequently contaminated with other materials. Many buffer compo-
nents, salts, and solubilizing detergents can interfere or prevent the successful application
of both methodologies. Membranes, made of materials such as polyvinyldifluoride
(PVDF), have been invaluable in this regard for protein sequencing. These membranes
have allowed for direct analysis of proteins from complex mixtures by allowing for
separation by gel electrophoresis and subsequent electroblotting that immobilizes the
protein and removes potentially interfering small molecules (Matsudaira, 1987). PVDF
membranes are also stable to most organic solvents. Mass spectrometry is a sensitive
bioanalytical method (McCloskey, 1990), but it is often difficult for the method to
selectively discriminate against most species found in a sample, in search of the few
components the scientist is truly interested. MS analysis of a sample containing a small
amount of peptide in a great molar excess of buffer salts typically results in a mass
spectrum mostly composed of buffer ions. Common desalting or chromatographic methods
are often necessary prior to analysis by mass spectrometry, but this adds an additional
step of complexity and increases the total analysis time.

To increase the throughput of our bioanalytical laboratory, we have been investigating
simple, rapid methods of sample preparation for sequence analysis and mass determination.
This report presents some of the observations we have made towards this goal and their
applications. Electrospray ionization (ESI) (Fenn, Mann et al., 1989; Smith, Loo et al., 1990)
and matrix-assisted laser desorption/ionization (MALDI) (Karas, Bahr et al., 1989; Hil-
lenkamp, Karas et al., 1991) have advanced the applicability of mass spectrometry to large
biomolecule analyses. We present results demonstrating the unique characteristics of an array
detector for ESI detection. Its ability to discriminate against ions based on charge allows for
direct detection of proteins to the low attomole level (Loo and Pesch, 1994). Detection of
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higher-charged protein molecules in the presence of higher concentration, lower molecular
weight contaminants will be demonstrated.

To monitor the degree of truncation by carboxypeptidase for C-terminal sequence
determination of a small protein, the molecular weights from the mixture of digest products
were determined without additional sample preparation (i.e., without removal of extraneous
buffer materials) by ESI-MS and MALDI-MS. The number of disulfide bonds present in
small tightly-bridged peptides can be determined by measuring the difference in mass of the
oxidized material and the peptide reduced by tris-(2-carboxyethyl)phosphine without addi-
tional derivatization of the resulting free cysteines. We have also been able to determine the
protein molecular weights from spots from two-dimensional gels that had been blotted onto
PVDF membranes, stained with Coomassie blue, and extracted with hexafluoroisopropanol,
and also determined the sequence of peptides via chemical digestion of the material not used
for mass determination.

EXPERIMENTAL

Mass Spectrometry

ESI-MS analyses were performed with a Finnigan MAT 900Q forward geometry
hybrid mass spectrometer (Bremen, Germany) equipped with a 20 kV conversion
dynode/electron multiplier point detector and a focal plane array detector (position-and-time
resolved ion counting, or PATRIC) (Loo, Ogorzalek Loo et al., 1993; Loo and Pesch, 1994).
For operation with the microchannel plate array detector, an 8% m/z range of the m/z centered
on the detector was used. The voltage across the front and back of the microchannel plates
is designated as Vyycp. An electrospray ionization interface based on a heated glass capillary
inlet was used (Fenn, Mann et al., 1989). Sample solutions for ESI-MS analysis were infused
into the ESI source at a flow rate of 0.5-1.5 pl/min. The typical solution composition was
1:1 MeOH/H,0 with 1-2.5% acetic acid (v/v).

MALDI mass spectra were acquired with a PerSeptive Biosystems-Vestec (Houston,
TX) LaserTec Research time-of-flight mass spectrometer operating in the linear mode.
Samples were prepared by placing 1 pl of a 1-10 pmol ul! solution (0.1% trifluoroacetic
acid in H,0) of the peptide on the sample target and adding 1 pl of a solution of a-cyano-
4-hydroxycinnamic acid (4-HCCA, 5 pg ul'! in 1:2 acetonitrile/0.1% trifluoroacetic acid

(ag.)).
Extraction from Blots

Spots from two blots of two dimensional gels were cut into about 1 mm x 1 mm
pieces, placed in a microcentrifuge tube and 200 pl of hexafluoroisopropanol (HFIP) was
added. This mixture was incubated in an Eppendorf Thermomixer with shaking at 25°C for
30 minutes. The solution was removed and an additional 200 ul of HFIP was added and the
extraction was repeated. The second extract was pooled with the first and lyophylized. The
dried sample was dissolved in 50 ul of 5% acetic acid.

Materials

Melittin, substance P, gramicidin S, ACTH, ATX II toxin, and carbonic anhydrase
were purchased from Sigma Chemical Co. (St. Louis, MO). Bovine pancreatic trypsin
inhibitor (BPTI or aprotinin) was obtained from BiosPacific (Emeryville, CA). Tris-(2-car-
boxyethyl)phosphine (TCEP) was purchased from Molecular Probes (Eugene, OR).
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RESULTS AND DISCUSSION

ESI-MS of Salt-Containing Samples

The ability to directly mass analyze protein materials without additional sample
cleanup results from the discriminating nature of the focal-plane array detector (Loo and
Pesch, 1994). The use of a focal plane detector on a magnetic sector mass spectrometer with
ESI has allowed low-to-sub femtomole detection limits for large proteins (Cody, Tamura et
al., 1994; Loo and Pesch, 1994). Full scan spectra (m/z 500-3000) can be collected from less
than 5 femtomoles consumed of bovine albumin (66 kDa), and less than 500 attomoles from
a 2 fmol/uL solution of porcine pepsin (34 kDa) (Loo and Pesch, 1994). The array detector
can be “tuned” for higher charged, low level species in a complex mixture and/or in the
presence of low molecular weight material.

The presence of salts and buffers can often be disabling for ESI-MS experiments.
However, the advantages of low molecular weight (low charge) discrimination can be
realized for high levels of interfering buffers and other additives used in protein chemistry.
Compared to singly charged ions, highly charged ions generate many more secondary
clectrons upon hitting the microchannel plate of the array detector due to the very high kinetic
energy of these ions. The nature of the PATRIC array detection electronics allows only signal
levels between the minimum and maximum thresholds to be counted. The array detector can
discriminate against highly charged ions by changing the voltage applied to the channelplates
(Vmce)- In order to selectively detect only highly charged ions, Vycp is reduced to decrease
the number of secondary electrons and place the signal within the “acceptable” window.

Triton X-100, a nonionic polyoxyethylene detergent, is often used to solubilize
proteins. ESI mass spectra for a 3.4 pmol pL-! solution of bovine carbonic anhydrase (29
kDa) in the presence of 0.02% (w/v) Triton X-100 are shown in Figure 1. As expected, the
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mass spectrum with Vyep at +750 V shows only singly-charged ions for the Triton X-100
oligomers, whereas reducing Vycp to +635 V allows detection of the carbonic anhydrase
multiply charged molecules. Similarly, a spectrum of carbonic anhydrase in the presence of
50 mM TRIS can be obtained at the lower Vycp voltages (Figure 2).

C-Terminal Sequence Analysis with MS Detection

Determination of protein sequence from the C-terminus can be directly obtained by
combining traditional proteolytic chemistry and mass spectrometry. The products from
enzyme reactions can be monitored at various stages of the reaction by MS. For example, a
sample of Aga IVA, a highly bridged (by disulfide bonds) toxin from spider venom, was
dissolved in 50 mM sodium citrate pH 4.0 with carboxypeptidase Y and allowed to incubated
for 24 hours at 28°C. The sample was then submitted for mass determination by ESI-MS. A
portion of the original solution was diluted by a factor of 5 with a solution of H,O/methanol
containing 2.5% acetic acid and directly infused into the ESI source. The results are shown
in Figure 3. The mass of the observed peptide corresponds to the first 39 residues of the
original polypeptide (i.e., 9 residues from the C-terminus were liberated from the peptide by
carboxypeptidase Y). The voltage on the microchannel plates of the array detector was
reduced to “selectively” detect the multiply charged peptide ions and discriminate against
the much more abundant ions from the buffer components.

Similarly, carboxypeptidase Y was used to cleave C-terminal residues from epidermal
growth factor (EGF 1-48). The sample, in 50 mM sodium citrate at pH 4.0, was analyzed by
MALDI-MS at various time points of the reaction. The mass spectra acquired after 1 minute
and 1 hour are shown in Figure 4. Interference from citrate buffer salts was reduced by
diluting the sample by a factor of 10 prior to MS analysis. Protein products with masses
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5445, 5317, and 5204 Da can be easily measured from the MALDI-MS data, representing
the intact protein and the loss of Lys and Leu, respectively, from the C-terminus.

ESI-MS of Proteins Isolated from Two-Dimensional Gels

Samples thought to be Histones H2a and H2b were submitted as streaks on blots from
two dimensional gels. The H2b sample yielded the expected sequence, but the H2a sample
was N-terminally blocked. To further characterize these proteins, the blots were extracted
with hexafluoroisopropanol and analyzed by electrospray ionization mass spectrometry. ESI
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Figure 4. MALDI mass spectra of carboxypeptidase Y-digested EGF 1-48 after (a) 1 min. and (b) 60 min.
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mass spectra were acquired by using the PATRIC array detector at low microchannel plate
voltages to discriminate against low molecular weight background ions from the excess
Coomassie blue stain. Measured molecular weights corresponded to the expected 14 kDa
proteins with multiple acetylation and multiple amino acid substitutions. (Figure 5) The
material not consumed in the ESI-MS experiment was digested by the addition of cyanogen
bromide and two sequences obtained corresponded to the sequence of the amino terminus
of H2a and the sequence after Met51 in the sequence.

ESI-MS of Disulfide-Containing Proteins

The number of disulfide bonds in a protein can be rapidly determined by ESI mass
spectrometry. As has been shown by a number of groups (Feng, Bell et al., 1990; Loo,
Edmonds et al., 1990), the measured mass difference between the oxidized form and the
disulfide-reduced form allows one to determine the number of disulfides. For example, a
measured mass difference of 8 daltons corresponds to 4 disulfide bonds (2 daltons for each
disulfide bond). The use of cysteine blocking agents (e.g., iodoacetamide or 4 vinylpyridine)
would certainly lessen the mass accuracy requirements of the experiment. However, we
wished to test the accuracy of the method with as few complications as possible.

Table 1 lists the ESI-MS results for a number of disulfide-containing peptides before
and after reduction. These samples were dissolved in 70% acetonitrile, 0.1% trifluoroacetic
acid and the oxidized form of the peptide was analyzed without further workup. To reduce
the peptide, tris-(2-carboxyethyl)phosphine (TCEP) was added to a concentration of 20 mM
and heated to 60°C for 2 to 4 minutes. The sample was analyzed without further work up.
ESI-MS mass measurements were obtained at a resolving power of greater than 5000.
Peptides, such as melittin (2845 Da), substance P (1347 Da), or gramicidin S (1141 Da) were
added to the solution to provide reference peaks (internal standards) for more accurate mass
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Table 1. Application of high resolution ESI-MS for disulfide determination

MW MW AMW MW AMW
Peptide (Sequence) (Measured) (meas.-seq.) (S-S red) (red. - ox.)
Conotoxin 2800.10 2800.09 -5.4 ppm 2806.16 6.07
Aprl5C ? 3674.56 — 3680.62 6.07
Apri5A ? 4389.27 — 4395.35 6.08
ATX II 4945.26 4945.25 -2.2 ppm 4951.31 6.06
BPTI 6507.04 6507.03 -2.1 ppm 6513.06 6.03

Note: Molecular weight values are monoisotopic mass. The theoretical MW difference
of the disulfide reduced form versus the oxidized species containing 3 disulfides is
6.05 Da.

determination. Data was acquired by scanning the accelerating voltage at a constant magnetic
field strength in the mass-to-charge region around the multiply-charged ion (and reference
peak) of interest (Cody, Tamura et al., 1992).

Figure 6 shows the ESI mass spectrum of anemonia sulcata toxin II, Ile-isotoxin (ATX
1), a 47 residue polypeptide. Melittin and ACTH (18-39, 2466 Da) were added to the ATX
[I-containing solution as internal calibrants for more accurate mass determination. A portion
of the high resolution mass spectrum is shown in Figure 7. In general, mass accuracy by this
high resolution method is around 5-10 parts-per-million (ppm). This accuracy is certainly
sufficient to determine a mass difference of 2 daltons (1 disulfide bond). The high resolution
capabilities of a magnetic sector mass spectrometer is useful for detecting the small amount
of unreduced protein observed in the spectrum in Figure 8.

CONCLUSION

Protein analytical chemistry has progressed rapidly in the last several years. The
development of electrospray ionization and matrix-assisted laser desorption/ionization has
opened numerous research opportunities in biochemistry. Measuring the molecular weight
of a 50 kDa protein to an accuracy of better than 0.05% and detecting the presence of the
protein at the sub-picomole level by mass spectrometry was unimaginable 10 years ago. It
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Figure 7. Portion of the high resolution (resolving power > 5000) mass spectrum of the ATX Il/melittin

mixture.

is becoming more frequent for a protein chemist to isolate picomole amounts of a protein
and either directly obtain a mass spectrum or walk down the hallway and hand the sample
off to the “mass spectrometrist” for mass analysis. With the development of improved
instrumentation and methodologies based on ESI and MALDI in the near future, this
interaction between the biochemist and the analytical chemist will be a common practice.
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INTRODUCTION

" Formore than 25 years protein identification has largely depended on automated Edman
chemistry (Hewick et al., 1981) or western blotting with an appropriate monoclonal antibody.
Several limitations, however, have never been overcome. The Edman procedure is inherently
slow (generally one or two peptide or protein samples per day) and does not allow direct
identification of many post-translational modifications. In addition, current detection limits are
in the low-picomole to upper-femtomole range (Totty et al., 1992). Protein identification by
western blotting can be extremely rapid, but requires the ready availability of an extensive
library of suitable antibody probes. Large-format 2D-electrophoresis systems now make it
possible to resolve several thousand cellular proteins from whole-cell lysates in the low- to
upper-femtomole concentration range (Patton et al., 1990), presenting significant analytical
challenges. The recent introduction of matrix-assisted laser-desorption (MALD) time-of-flight
mass spectrometers (Karas and Hillenkamp, 1988) has led to the rapid analysis (at high
sensitivity) of peptide mixtures. New strategies have been developed using a combination of
protease digestion, MALD mass spectrometry and searching of peptide-mass databases that
promise rapid acceleration in the identification of proteins (Henzel et al., 1993; Pappin et al.,
1993; Mann et al., 1993; James et al., 1993; Yates et al., 1993).

Microsequence analysis of proteins electroblotted onto PVDF membranes following
purification by SDS PAGE has become an essential tool for the protein chemist, and several
procedures have been described for enzymatic cleavage of proteins bound to nitrocellulose
or PVDF transfer membranes (Aebersold et al., 1987; Bauw et al., 1989; Fernandez et al.,
1992). All these procedures require pre-treatment of membranes with polymers such as
PVP-40 to prevent adsorption and denaturation of the proteolytic enzyme. This approach
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considerably increases both the level of background contamination during subsequent
reverse-phase purification of peptides and the time required per sample for extensive
washing and extraction of residual polymer. A significant improvement was made in the later
work of Fernandez et al. (1994) where the use of hydrogenated Triton X-100 made blocking
with PVP-40 redundant. One drawback to the use of heteropolymeric detergents, such as
Triton, is that residual detergent interferes significantly when analysing peptides by MALD
mass spectrometry. We report here on the development of simplified digestion methods using
octyl glucoside that atlow for the rapid, single step digestion of electroblotted proteins in a
form suitable for both analysis by MALD mass spectroscopy or conventional Edman
microsequencing. We also report here on the application of the procedure to the analysis of
proteins resolved by large-format 2D electrophoresis of cellular proteins.

MATERIALS AND METHODS

2D SDS Polyacrylamide Gel Electrophoresis (PAGE)

Human Myocardial Proteins. Samples of human ventricular myocardium were
taken from explanted hearts at the time of cardiac transplantation and frozen in liquid
nitrogen. Frozen tissue specimens were then crushed between two cooled metal blocks. The
resulting powder was homogenised in 1% w/v SDS, spun at 10,000 g for 5 min, rehomo-
genised and recentrifuged before harvesting the supernatant. Protein concentration was
determined by the Bradford dye-binding assay and the samples stored frozen at -80°C.

Preparative 2D PAGE was performed using the Millipore Investigator system essen-
tially as