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SERIAL DERIVATIZATION OF PEPTIDES FOR DE
NOVO SEQUENCING USING TANDEM MASS
SPECTROMETRY

BACKGROUND

[0001] Proteins are the fundamental biological units of cell
structure and are formed from linear sequences of amino
acids linked together by peptide bonds. This primary amino
acid sequence determines the three dimensional character-
istics and the function of the protein. There are twenty
common amino acids, each with an amino group, a carbon
atom with a unique side chain, and a carboxyl group. During
mRNA translation on ribosomes, the peptide bond backbone
of a protein is sequentially formed by bonds linking the
terminal carboxyl group of one amino acid to the N-terminal
amino group of the subsequent amino acid. The resulting
linear chain of various amino acids has a first amino acid, the
N-terminal amino acid with an amino group, and a final
amino acid, the C-terminal amino acid, with a carboxyl
group. Although proteins vary in length from a few peptides
for peptide hormones to over 1500 amino acids, most
proteins are generally about 100 to 300 amino acids long.

[0002] Because the structure of proteins is directly related
to ultimate physiological function, determining the amino
acid sequence of proteins has long been a basic endeavor in
biomedical research and medicine. Traditionally, amino acid
analysis involved determining a relative percentage of each
amino acid present in a digestion of a purified protein and
determining of the identity of individual peptide residues
using laboratory chemistry. Protein sequencing was a labo-
rious effort involving enzymatic digestions of a large
amount of a purified protein into peptide fragments, fol-
lowed by Edman degradations and alignment of overlapping
sequences. Currently, reflecting the growing need for more
accurate methods of protein sequencing, tremendous
advances have been made in protein sequencing using mass
spectrometry (MS). DNA genome sequencing, computer
informatics, and sensitive protein analysis methodologies
using MS are interfacing with classical protein chemistry to
greatly advance the emerging field of scientific research
known as proteomics.

[0003] Proteomics is the field of protein research that
studies the large scale or global analysis of the protein
complement of an organism (Aebersold and Mann, 2003,
Nature 422:198). Proteomics is uniquely important in
research, diagnostic, and clinical applications because it
relates information from various technical disciplines,
including chemistry, genetics, cell imaging, and chip- or
microarray-based protein or DNA analyses, to cell function
and physiology. In practice, proteomics requires detailed
analyses of complex data for a large number of proteins in
a short time period. Parameters of protein analysis include
not only primary amino acid sequence, but also deletions,
splice rearrangements, polymorphisms, mutations, substitu-
tions, and other post-translational modifications (PTMs),
such as phosphorylation, acetylation, nitration, sulfonation,
oxidation, methylation, glycosylation, cross-linking. High
throughput analysis of proteins and their related forms is
critical for research in biology, physiology, and medicine
and can be used in clinical diagnostic applications.

[0004] Mass spectrometry (MS) is a potentially valuable
tool in proteomics because highly sensitive measurements of
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mass can identify some proteins by their amino acid
sequence. (Aebersold and Goodlett, Chem. Rev. 101: 269-
295, 2001; reviewed in Mann, et al, 2001, Ann. Rev.
Biochemistry 70:437; Kinter and Sherman, Protein sequenc-
ing and Identification Using Tandem Mass Spectrometry,
Wiley, NY, 2000). Because each amino acid or chain of
amino acid residues can theoretically be detected by an
accurate measurement of its mass, a sufficiently accurate
measurement of mass allows the identification of the indi-
vidual amino acids. When the sample processing and MS
techniques are highly accurate, the actual sequence of amino
acids that form a polypeptide molecule can be determined.
Further, if a highly accurate and reliable method detects a
deviation from the known mass for an amino acid, this can
indicate that the amino acid has been modified, thus allow-
ing detection of the modifications to protein structure
described above that are often highly important in proteom-
ics research, such as deletions, splice rearrangements, poly-
morphisms, mutations, substitutions, and post-translational
modifications.

[0005] Mass spectrometry (MS) involves the analysis of
ionized analytes in a gas phase using an ion source that
ionizes the analyte, a mass analyzer that measures the
mass-to-charge (M/Z) ratio of the ionized analytes, and a
detector that registers the number of ions at each m/z value.
The MS apparatus may also be coupled to separation tech-
niques to improve the ability to analyze complex mixtures.
Further, MS instrument combinations can be made to
enhance sensitivity and selectivity. A wide range of MS
instruments are available for use in protein sequencing.
Regarding ion source, clectrospray ionization (ESI) and
matrix-assisted laser desorption/ionization (MALDI) are
two commonly used techniques to ionize the proteins or
peptides for analysis. ESI ionizes the analytes from a solu-
tion and MALDI desorbs and ionizes the sample, using a
“matrix” that encourages desorption and ionization when
exposed to light energy. MALDI produces predominantly
singly charged ions from peptides. As described in more
detail below, tandem MS/MS is a technique that uses at least
two MS components and is a commonly used methodology
for MS analysis of polypeptides.

[0006] There are several types of mass analysers, includ-
ing ion trap, time-of-flight (TOF), quadrupole, magnetic
sector, and Fourier transform ion cyclotron (FT-MS) ana-
lyzsers, each varying in analysis characteristics. These
analysers may be run separately or assembled in tandem to
maximize sensitivity and strengths of MS analysis. For
example, a MALDI ion source is usually coupled to a TOF
analyser, but may also be coupled to quadrupole ion-trap and
to combined TOF instruments or FT-MS. For example, in
TOF-TOF, two TOF sections are separated by a collision
cell. In the hybrid quadrupole TOF apparatus, the collision
cell is placed between a quadrupole mass filter and a TOF
analyser. These examples illustrate how “tandem” mass
spectrometry apparatus may be assembled from intact MS
apparatus or selected components of the instruments. The
fundamental characteristic of tandem MS is the structural
information obtained from the fragmentation pattern of the
ion. The design of the tandem MS/MS instrument allows
versatility and increased sensitivity depending on the goal of
the analysis and the chemical composition of the analyte. Of
the MS equipment available, MALDI-MS/MS is a preferred
method for peptide analysis, although others may be used.
Acbersold and Goodlett, 2001; Cramer and Corless, Rapid
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Comm. in Mass Spectrom. 15: 2058-2066, 2001; see Aeber-
sold and Mann, 2003 for other MS instrument combinations.

[0007] Polypeptide analysis by mass spectrometry is
facilitated by the ability to obtain an accurate mass mea-
surement of a group of peptides derived from a protein by
fragmentation that occurs at specific amino acid sequences
after using specific cleavage enzymes for proteolysis. The
principle behind protein identification assumes that proteins
of different amino acid sequence will, after proteolysis with
a defined protease, produce a collection of peptides the
masses of which constitute protein mass fingerprints unique
to a specific protein. If a sequence database containing the
specific protein sequence is searched using selected masses
based on the experimentally and accurately observed peptide
mass fingerprint, combined with the fragmentation rules of
the protease, then the protein is expected to be correctly
identified within the database. As described in more detail
below, there are several circumstances where the experi-
mentally observed mass spectra do not translate into a
correct prediction of the actual protein composition or
sequence.

[0008] Protein identification by this method involves a
few basic steps: (i) Peptides are generated by digestion of the
sample protein using amino acid sequence-specific cleavage
reagents that allow the residues at the carboxyl- or amino-
terminus to be known with a reasonable degree of certainty.
For example, the enzyme trypsin leaves arginine (R) or
lysine (K) at the carboxyl-terminus of digestion fragments.
Accordingly, the N-termini of tryptic peptides (except for
the N-terminal one) may be identified as the amino acid
following a K or R residue in the protein sequence. (ii)
Following digestion, the masses of peptides or polypeptides
are measured as accurately as possible in a mass spectrom-
eter. (iii) The experimental protein fragment mass data are
run through a computer and compared with data in a
computer database and using the rules that apply to the
proteolytic method used in the experiment to generate a list
of theoretical masses that are compared to the set of mea-
sured masses. (iv) An algorithm is used to compare the set
of measured peptide masses against those sets of masses
predicted for each protein in the database and to assign a
score to each match that ranks the quality of the matches.
This approach is frequently called “in silico” digestion and
the correct protein identification by mass analysis depends
on the correlation of the measured masses with correspond-
ing data contained in a database. However, several difficul-
ties exist with this approach. Obviously, for a protein to be
identified its sequence has to exist in the sequence database
being used for comparison. Also, digests of protein mixtures
present a problem for mass analysis because it is not readily
apparent which peptides in the complex peptide mixture
originate from a specific protein. An increase in accuracy of
measurement will decrease the potential error for matching
an experimental mass to a corresponding mass in a sequence
database, and therefore will increase the stringency of the
database search.

[0009] If a pure protein is digested, and the resulting
peptide masses are compared with the list of peptide masses
predicted for that protein, two observations are typically
made. First, not all of the predicted peptides are detected.
Second, some of the measured peptide masses are not
present in the list of masses predicted from the protein. The
first problem, the missing masses, is usually due to a number
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of problems that can occur both before and during mass
spectrometric analysis such as poor solubility, selective
absorption, ion suppression, selective ionization, very short
or very long peptide length, missed or inappropriate pro-
teolytic cleavage or other artifacts that cause sample loss or
make specific peptides poorly detected or undetectable by
MS. This is a critical drawback because missing peptide
masses may contain meaningful biological information.
Unfortunately, it is not possible to distinguish between
trivial and meaningful missing masses without further
experimentation. Therefore, unassigned peptide masses are
a significant problem for protein identification by mass
analysis and probably the single biggest source of misiden-
tifications or missed identifications.

[0010] Fragment ion spectra are generated by a process
called collision-induced dissociation (CID) in which the
amide bonds of a peptide are broken, followed by recording
of the fragment ion spectrum. Cleavage of amide bonds
results in b-ions (containing the N-terminal) and y-ions
(containing the C-terminal). High quality MS/MS spectra of
tryptic peptides typically show prominent b and y-ion series.
If only these two ions were produced for every amide bond
in a 10 residue peptide, the fragment ion spectrum would
contain 18 peaks. Ideally, long stable ion series of predomi-
nately either the b or y-type would be recovered. In reality,
peptide fragmentation is variable and moiety dependent,
which leads to gaps and difficulties in analysis. Determining
the identity and sequence of a peptide from its MS/MS
spectrum is complicated both by the variety and variability
of the fragment ions produced. Factors that complicate
interpretation of MS/MS spectra are missing ion subsets,
internal rearrangements, subsequent fragmentations, and
multiple charge states. Also to be considered are the rela-
tionship of fragment ion peak intensity to ion series origin
and fragment masses, influence of amino acid residues and
their derivatives, on neighboring amide bond cleavages, and
the link between amino acid composition and neutral loss
fragmentation.

[0011] There are currently several approaches to MS pro-
tein de novo sequencing that vary with the size and purity of
the protein to be analyzed. Although some data have been
published, the MS sequencing analysis of partially purified
undigested proteins (termed top-down sequencing), or
expression analysis of proteins from whole cells, is still
technically difficult partly because of the sample complexity
(Zabrouskov et al., Mol. Cell. Proteomics 2:1253, 2003; Sze
et al., PNAS 99: 1774-1779, 2002).

[0012] Tandem MS analysis of peptides followed by com-
puterized database scarching is also common in high-
throughput proteomics research. Recent advancements in
multidimensional separation technologies and automated
data collection and analysis have further increased the
throughput of this method for analyzing polypeptides in
biological samples. However, a major drawback of this
method remains a strict dependence on high quality experi-
mental MS spectra because a theoretical peptide sequence is
determined by matching the experimental spectra with the
theoretical ones generated in silico. Although more and
more genomes of different organisms are being sequenced,
the databases still fall short of the entire collection of model
organisms currently employed in biological research today.
In addition, genome-derived predicted polypeptide sequence
information often fails to reliably predict actual polypeptide
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information due to database errors, imperfect knowledge of
transcript splicing (often employed in eukaryotic cells) as
well as post-transitional modifications of polypeptides. The
number of post-translational chemical and enzymatic modi-
fications known to occur for proteins and peptides continues
to increase. Currently, over 200 post-translational modifica-
tions of proteins are known. As the variety, breadth and
frequency of such modifications are appreciated, the prob-
ability of perfect mass spectral matches to database-gener-
ated MS spectra must decrease. Thus, these biological
processes may greatly hamper database searching and accu-
rate sequence determination of proteins in biological
samples.

[0013] Recent publications show that improved
approaches of MS analysis can identify protein isoforms
originating from alternative mRNA splicing, single-point
mutations, and co- and post-translational modifications
(reviewed by Mann and Jensen, Nat. Biotech. 21: 255-261,
2003) Chemical derivatizations can be combined with affin-
ity chromatography to identify specific amino acid modifi-
cations. Esterification of negatively charged amino acid
residues before immobilized metal affinity column chroma-
tography followed by MS/MS analysis improved identifica-
tion of phosphopeptides (Ficarro, Nat. Biotechnol. 20: 301-
305, 2002). MacCoss used capillary multidimensional liquid
chromatography followed by MS/MS analysis to analyze
proteins digested with three different proteolytic enzymes
and obtained sequence results for overlapping peptides,
which reduced ambiguity in mapping modifications, and
detected phosphorylation sites (MacCoss et al., PNAS 99:
7900-7905, 2002). Claverol et al. used a strategy combining
gel separated proteins and ESI-MS/MS to determine phos-
phorylation and saccharidic motifs of casein (Claverol, et
al., Mol. Cell. Proteomics 2: 483-493, 2003). Chemically
induced protein modifications from toxin exposure were
identified using a combination of MALDI-TOF with tar-
geted LC-MS/MS (Person, et al. Chem. Res. Toxicol 16:
598-608, 2003).

[0014] Cagney noted their experimental results were typi-
cal of peptide MS/MS experiments in that long but incom-
plete y-ion series were observed (Cagney and Emili, 2002).
Most de novo peptide MS/MS spectra are either incomplete,
or too complicated to be accurately interpreted for sequenc-
ing peptides. This is mainly due to difficulties of direction-
ality (distinction of N-terminal ions from C-terminal ions),
low efficiency of fragmentation, internal fragmentation, the
presence of different types of ions generated during frag-
mentation (i.e. types b, y, a, ¢, x and z), the presence of
incomplete set of ions of the b and y series, and their
tendency to lose NH; and H,O groups. These various
fragmentation ions can be generated at greatly varying
amounts, each with a characteristic ability to be detected in
the mass spectrometer. Thus, MS/MS spectra of polypep-
tides can present as a highly complex series of apparent
masses present at greatly varying intensities. Due to the
inherent complexity of MS/MS spectral appearance, de novo
peptide sequencing has not fully been enabled for polypep-
tide sequence determination. The presence of sequence
errors and compounding factors such as polymorphism,
differential splicing, or protein post-translational modifica-
tions generate a need for effective de novo sequencing
strategies (Cagney, 2002). There would be great advantage
to proteomics if the sequence of peptides could be sequen-
tially determined directly by MS/MS spectral analysis.
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[0015] Attempts at de novo sequencing have focused on
addressing the technical difficulties of directionality and
labile peptide bonds to simplify or enhance the spectral
readout while maintaining accuracy of amino acid defini-
tion. Additionally, not all peptides can be resolved due to
inherent chemical structure and varied propensity to frag-
mentation during MS analysis. Several amino acids pose
specific difficulties, e.g., isoleucine and leucine have iden-
tical masses (isomeric); the masses of lysine and glutamine
are similar (isobaric) and difficult to distinguish; the amide
bonds linking acidic amino acids aspartic acid and glutamic
acid to other amino acids are more labile than other amide
bonds, imparting a fragility to the peptide at these sites; the
amino acid located just subsequent to the N-terminal amino
acid tends to be resistant to fragmentation; and histidine and
proline are very difficult to analyze, especially proline
adjacent to aspartic acid. Given these technical difficulties
and the complex data analysis required, it is not unexpected
that faulty or incomplete mass spectral analysis would
introduce errors in protein sequences in de novo protein
sequencing.

[0016] Recently, MS/MS based methods including isoto-
pic labeling and chemical derivatization have improved MS
spectral readout (reviewed in Cagney and Emili, 2002). The
use of *°0/*%0 labeling improves identification of y-ions,
but also reduces the signal intensity (Munchbach et al., Anal.
Chem. 72: 4047-4057, 2000; Uttenweiler-Joseph et al.,
Proteomics 1: 668, 2001). An alternative approach involves
methyl esterification of the carboxyl groups in a peptide
(Hunt, et al., PNAS 83: 6233, 1986; Goodlett, et al., Rapid
Commun. Mass Spectrom. 15: 1214, 2001.) This reaction
increases the mass for aspartic and glutamic acid carboxylic
side chains, and also modifies the C-terminal carboxyl
group. However, for both isotopic labeling and methylation,
the modified spectra must still be compared with the origi-
nal, underivatized peptide spectra. Accordingly, that chemi-
cal labeling of peptides may require additional experimental
and computational steps that may slow down high-through-
put sequencing. Mass spectrometry (MS) involves the analy-
sis of ionized analytes in a gas phase using an ion source that
ionizes the analyte, a mass analyzer that measures the
mass-to-charge (M/Z) ratio of the ionized analytes, and a
detector that registers the number of ions at each m/z value.
The MS apparatus may also be coupled to separation tech-
niques to improve the ability to analyze complex mixtures.
Further, MS instrument combinations can be made to
enhance sensitivity and selectivity. A wide range of MS
instruments are available for use in protein sequencing.
Regarding ion source, electrospray ionization (ESI) and
matrix-assisted laser desorption/ionization (MALDI) are
two commonly used techniques to ionize the proteins or
peptides for analysis. ESI ionizes the analytes from a solu-
tion and MALDI desorbs and ionizes the sample, using a
“matrix” that encourages desorption and ionization when
exposed to light energy. MALDI produces predominantly
singly charged ions from peptides. As described in more
detail below, tandem MS/MS is a technique that uses at least
two MS components and is a commonly used methodology
for MS analysis of polypeptides.

[0017] Mass spectrometry (MS) involves the analysis of
ionized analytes in a gas phase using an ion source that
ionizes the analyte, a mass analyzer that measures the
mass-to-charge (M/Z) ratio of the ionized analytes, and a
detector that registers the number of ions at each m/z value.
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The MS apparatus may also be coupled to, separation
techniques to improve the ability to analvze complex mix-
tures. Further, MS instrument combinations can be made to
enhance sensitivity and selectivity. A wide range of MS
instruments are available for use in protein sequencing.
Regarding ion source, electrospray ionization (ESI) and
matrix-assisted laser desorption/ionization (MALDI) are
two commonly used techniques to ionize the proteins or
peptides for analysis. ESI ionizes the analytes from a solu-
tion and MALDI desorbs and ionizes the sample, using a
“matrix” that encourages desorption and ionization when
exposed to light energy. MALDI produces predominantly
singly charged ions from peptides. As described in more
detail below, tandem MS/MS is a technique that uses at least
two MS components and is a commonly used methodology
for MS analysis of polypeptides.

[0018] Chemical modification of the N-terminus of a
peptide before MS analysis has been found to improve MS
analysis. The incorporation of a quaternary ammonium
group at the N-terminus using the reactive N-hydroxysuc-
cinimidyl ester enhanced sensitivity in MALDIMS (Bartlet-
Jones, et al., Rapid Comm. Mass Spectrom. 8: 737, 1994).
Cardenas, et al reacted peptides with N-succinimidyl-2-(3-
pyridyl)acetate, followed by liquid chromatography separa-
tion and analysis by ESI-MS/MS (Cardenas, et al., Rapid
Comm. Mass Spectrum. 11:1271-1278, 1997). This reaction
modified the N-terminal amino acids and the amino group of
lysine. Keough et al. reported the addition of a sulfonic acid
group to the N terminus of tryptic peptides increases frag-
mentation sensitivity and produces much higher fragment
ion yields than native peptides. (WO 02/08767; 2003/
0032056; WO 02/095419; PNAS 96: 7131-7134, 1999;
Rapid Commun. Mass Spectrom 15: 2227-2239, 2001).
Destabilization of amide bonds by protonation of amide
nitrogen produced extensive fragmentation under MALDI
and ESI ionizing conditions (AP MALDI in combination
with ion trap MS). The MS/MS spectra of sulfonized pep-
tides containing aspartic, glutamic and oxidized methionine
showed more uniform fragmentation along the peptide back-
bone. Additionally, Keogh, et al. observed the preferential
fragmentation on the N-terminal side of proline residues,
enhancing recognition of proline.

[0019] Chemical modification of the C-terminal amino
acid of the peptide before analysis has been found to form
longer, more stable series of y-ions. Several methods of
C-terminal chemical modification have been reported for
lysine. As noted above, trypsin digestion is routinely used in
polypeptide analysis by MS to produce fragmentation
because the resulting fragment will reliably end in arginine
(R) or lysine (K), thus establishing the C-terminal moiety.
Although arginine is known to produce an exceptionally
strong MS signal, lysine can be difficult to detect. However,
lysine can be chemically modified to improve its signal (see
Peters, WO 03/056299). This modification distinguishes the
mass of lysine from that of glutamine. Cagney and Emili
(2002) used a similar approach by differential guanidination
of C-terminal lysines followed by LC-ESI-MS/MS analysis
(Cagney and Emili, Nat. Biotech. 20: 163-170, 2002). Gu et
al (Gu et al, J. Am. Soc. Mass Spectrom. 14: 1-7, 2003)
utilized a method incorporating deuterium-labeled (heavy)
lysine.

[0020] Peters et al. (Peters, et al, WO 03/056299)
described a different chemical derivatization method for
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C-terminal lysine and demonstrated that when the polypep-
tide’s C-terminal lysine was modified by a particular class of
reagents, for example 2-methoxy-4,5-dihydro-1-H-imida-
zole (referred to as “imidazole™), the complexity of the
resulting MS/MS spectra was greatly reduced. Peters et al.
noted that the y-ion series identification was improved
thereby permitting assignment of amino acid sequences
more accurately.

[0021] Simplification of MS/MS spectra by chemical
derivatization of peptides, and the subsequently improved
ability to identify the amino acid sequence data, illustrates
the potential for developing high quality fragmentation
spectra, obtaining long series of complete b, and especially
y-ion series, and offers a practical approach to de novo
sequencing. An improved resolution in de novo mass mea-
surements increases the accuracy of sequence determination,
and decreases reliance on predictive in silico sequence
analysis of proteins. However, while chemical modification
can increase the reliability and utility of MS analysis and
improves the capability for de novo sequencing, several
uniquely problematic technical challenges have not been
solved and numerous biologically important characteristics
of peptides cannot currently be elucidated by existing MS
techniques. Moreover, the reliance on computer databases
for peptide sequences and protein identification always
involves predictions and approximations rather than experi-
mental data, and thereby, increases the possibility for error
that cannot be detected from the data. Therefore, ideally, the
mass analysis of polypeptides would permit an accurate and
reliable polypeptide sequence that would utilize a de novo
identification of each amino acid in the peptide.

[0022] Given the inherent complexity of peptide fragmen-
tation and the difficulties of MS spectral analysis, a combi-
nation of different methods for chemical derivatization of
peptides has not been completely developed. For proteomics
and analysis of complex mixtures of peptides, it is accepted
that only very simple and extremely efficient chemical
derivatization steps are compatible with proteomics. If any
heterogeneity is introduced by the chemical reaction, the
peptide samples become even more complex, thereby com-
plicating the MS analysis and subsequent data processing.
(Mann and Jensen, Nat. Biotech. 21:255-261, 2003). There-
fore, although chemical derivatization is a known procedure
for use in mass spectrometry, the use of multiple discrete
derivatization techniques would be expected to introduce
significant complexity and complication to a peptide mass
analysis and the use of de novo sequencing for a complete
determination of the linear amino acid sequence of a peptide
is still difficult.

SUMMARY OF INVENTION

[0023] The present invention is a novel approach to
chemical derivatization of polypeptides for analysis by mass
spectrometry. The invention includes both methods and
compositions of matter and specifically encompasses chemi-
cal derivatives, the serial use of these in concert with MS
instrumentation, improved data analysis techniques applied
to serially derivatized polypeptide methods for determining
the amino acid sequence of specially modified peptides, and
methods and apparatus for the use of all of the above in mass
analysis. In certain embodiments, the invention also enables
new techniques for MS data analysis using spectral data,
computer databases, and software and algorithms that use
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experimental MS data to identify proteins, identify peptides
or sequences of peptides, and that perform de novo sequenc-
ing of polypeptides.

[0024] The benefits of the invention are derived from an
increase in the quality of peptide sequencing data based on
improvements in the quality of the mass measurements and
the intensity and quality of spectral data that identifies amino
acids by their mass. This data obtained pursuant to the
invention conveys critical information on the mass of pep-
tides and provides both a qualitative and quantitative
improvement in MS spectral information and enables analy-
ses that are qualitatively and quantitatively superior to
existing techniques and enable the de novo sequencing.

[0025] The improvements and advantages of the invention
results from serial derivatization of polypeptides using
chemical functional groups and reaction techniques that are
specially selected and designed to yield improved spectral
data using tandem MS. The serial derivatization advances
the ultimate goal in de novo sequencing by tandem MS of
favoring one type of ion fragment series yielding an approxi-
mately equal probability of each amino acid residue yielding
a measurable ion. This improvement in data quality is
particularly important when performing mass analysis of
polypeptides that are known to be problematic for both mass
measurement and sequencing based on their amino acid
composition, sequence, or post-translational modification.
Uniquely problematic polypeptides frequently feature the
acidic amino acids, aspartic and glutamic acid residues,
because the amide bonds between these residues and their
adjacent residues in a polypeptide are inherently more likely
to fragment. Accordingly, with these and other problematic
sequences, unpredictable fragmentation patterns occur upon
ionization of peptides containing these species. Another
inherent problem is the amino acid proline, because this
residue has a unique conformational structure that fragments
readily, complicating data acquisition for sequences adjacent
to the proline residue.

[0026] These problematic examples cause significant
hurdles in the MS-based sequencing of polypeptides because
each instance of uncertainty in assigning an identity to an
amino acid residue introduces uncertainty into any subse-
quent sample analysis, such as the determination of protein
identity or comparison of experimental data with a pro-
teomic database. For these reasons, the improvements pro-
vided by the invention to the quality of spectral data translate
into tangible and practical improvements in protein research.

[0027] Because the serial derivatization of the invention
provides advantages in the fragmentation properties of seri-
ally derivatized polypeptides, distinct qualitative and quan-
titative improvements in mass spectra are achieved. The
significant improvement in mass spectral features, and spe-
cifically, the simplification of the appearance of the MS/MS
pattern is manifested in several ways. Because of the
increased predictability in the fragmentation of the amide
bond, individual amino acid residues are more readily
detected and the mass values are determined with greater
accuracy and certainty. Also, the ability to detect the mass
values for a greater number of residues increases the overall
quality of the spectra because this improvement yields an
identification of the individual residues in a larger piece of
a polypeptide sequence.

[0028] Another aspect of the improved quality of the MS
spectra is the improved signal to noise ratio: on a quantita-
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tive basis the ratio is increased simply due to the production
of greater signal for individual residues. Qualitatively, the
invention yields more peaks from which mass measurement
data can be read, whereby the absolute quantity of sequenc-
ing ions is increased compared to non-sequencing ions. In
practice, ions which result from side chain fragmentation,
water ions, and other noise signals are reduced. Reduction of
non-sequencing ions provides a significant advantage in
spectral quality because many non-sequencing ions have
similar mass values to legitimate sequencing ions and the
presence of the former introduces uncertainty and potential
error into the polypeptide sequence determination. Taken
together, all of these aspects contribute to reducing gaps that
ordinarily appear in spectral data.

[0029] In terms of the quality of appearance of the spectra,
a larger number of intermediate peaks are observed and a
greater capability is created to identify a sequence of y-ion
peaks identifying particular peptides or discernable combi-
nations of peptides. Another benefit provided by improved
spectra is an ability to perform a mass analysis at reduced
fragmentation energies. Thus, the improved reliability of
fragmentation events, ion detectability, and signal to noise
ratio of the invention can, in turn, favorably alter the
analytical parameters of the instrumentation used in the MS
analysis. The capability to reduce the fragmentation ener-
gies, in and of itself, also improves the spectra by reducing
the non-productive ion fragmentations.

[0030] In preferred embodiments, the invention is com-
prised of at least two chemical reaction steps wherein each
is a derivatization of a unique moeity present in a polypep-
tide. This process is referred to as serial derivatization
because two distinct labeling methods are performed. The
chemical reaction steps performed in the laboratory can be
performed in series or in parallel under the circumstances
where the chemical reactions do not interfere either in
modification of the peptide or in cross-reaction between
reagents, in such a way that compromises the reaction or the
derivatization of the analyte peptide. Serial derivatization is
typically performed on a sample that has been or will be
subjected to digestion to yield polypeptide fragments and
typically has at least two discrete chemical labelling steps:
in a first step, polypeptides are derivatization following a
digestion to establish a reactive terminus and to achieve a
first derivative to assist in identification of individual resi-
dues. An example of a first derivatization step is a lysine
derivatization such as the approach described by Peters, et
al. (WO 03/056299). In a second derivatization, polypep-
tides that have been derivatized by the first derivatization
step, such as those derivatized at the lysines, including
particularly the C-terminal lysines, are subjected to a second
chemical derivatization that uniquely modifies a separate
moeity from the first derivatization. An example of a second
derivatization is the alkylation of carboxyl groups, for
example a methylation of carboxyl groups of aspartic acid
residues. The method of performing two unique derivatiza-
tions of peptide moieties is distinguished from the use of
nuclear isotopes as mass tags or the use of two step chemical
reactions that feature the use of protective groups that shield
specific peptide moieties from a single chemical derivatiza-
tion.

[0031] The description of serial derivatization is described
here as a two step process because the two unique deriva-
tizations are made. The singular derivatization steps
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described herein could be performed in any order or simul-
taneously as noted. Because the derivatization of lysine may
occur following enzymatic digestion or chemical fragmen-
tation of the polypeptide, this derivatization step may advan-
tageously be performed either first or second in order
depending on the analyte or other experimental parameters.

[0032] In a preferred embodiment, tryptic digestion of a
polypeptide or protein sample is followed by a first deriva-
tization that preferably labels a C-terminus residue of the
tryptic fragment, typically the creation of an imidazole
derivative of C-terminal lysines. The first or single deriva-
tized polypeptide is reacted with a second derivatizing agent
to yield an additional derivatization of polypeptide acidic
residue side-chains at carboxyl groups. As noted above, a
preferred embodiment of the invention comprises the com-
bination of a first derivatization technique based on the
technique of Peter, et al. (WO 03/056299) followed by a
second derivatization comprising a methylation of carboxyl
groups on the acidic residues. Because the techniques of
Peters et al. tends to focus the fragmentation of a polypep-
tide analyte around the acidic residues, a second derivati-
zation then helps resolve spectral data for the acidic residues
and has a synergistic effect in improving the overall quality
of the spectra.

[0033] The advantages offered by the present invention
translate into increased utility of MS data when using
hypothetical or actual protein sequences and protein identity
databases. Each additional reliable amino acid residue that
can be identified increases the accuracy of protein sequenc-
ing and protein identification and improves the ability to
compare an experimentally-determined sequence with the
members of a genomic or proteomic database.

[0034] Another application of the improved spectral data
enabled by the present invention is to identify variants or
modifications of a protein or polypeptide analyte present in
a sample. Many important physiological conditions are
caused or accompanied by a modification of a protein or
polypeptide that may be detected in a biological sample such
as blood, urine, saliva, cerebrospinal, fluid, ascites, plasma,
cell or tissue samples or extracts or other substance com-
monly used in analytical methods that contains a polypep-
tide derived from a patient. With these samples, an accurate
experimental measurement of a protein or polypeptide ana-
lyte permits analysis and diagnosis based on a comparison of
a measured mass spectral pattern of a polypeptide with a
hypothetical or standard mass spectral pattern. The standard
spectral pattern may represent either a normal analyte or an
analyte that is known to represent a disease state or a known
physiological condition, or a particular genotype of interest.
In this embodiment, an experimentally derived sequence is
compared to a standard or reference and the difference is
correlated to a specific modification or alteration existing
between the standard or reference and the patient analyte.
The measured differential thereby identifies a mutation,
polymorphism, splice rearrangement, deletion, substitution,
or other post-translational modification such as phosphory-
lation, acetylation, oxidation, methlylation, gelation, glyco-
sylation, etc.

[0035] The invention is suitable for use with many types
of mass analysis apparatus.
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DESCRIPTION OF FIGURES

[0036] FIGS. 1A and 1B are MS/MS spectra (MALDI/
Q-TOF) of imidazole labeled peptide (SEQ ID NO: 1)
GLQYLLEK that has been derivatized at the lysine residue
by the techniques of Peters et al. (WO 03/056299) and with
methylation of carboxylate groups. Peptide (SEQ ID NO: 1)
GLQYLLEK was generated from tryptic digestion of beta
crystallin (bovine eye lens). The y1 ion and its fragments,
ie.215.1,170.1 and 152.1 a.m.u. are dominant in the spectra
and therefore suppressed the other y-ions, especially those at
higher mass. This could result in the missed identification of
amino-terminal residues of the peptide. In FIG. 1B, the
spectra of the serially derivatized peptide has a better y-ion
intensity distribution thereby facilitating the identification of
each amino acid in the sequence.

[0037] FIGS. 2A and 2B are MS/MS spectra (MALDI/
Q-TOF) of imidazole labeled peptide (SEQ ID NO: 2)
CDENILWLDYK generated from tryptic digestion of pyru-
vate kinase (rabbit muscle). An additional problem for the
analysis of polypeptides is the peptide bond carboxy-termi-
nal to acidic residues, i.e. glutamic acid and aspartic acid,
tend to break easily under certain sequence context, resulting
in MS/MS spectra with only a few dominant peaks insuffi-
cient for determining the full length sequence of the peptide.
This case is exemplified by MS/MS spectral data generated
by analysis of peptides like those shown in FIG. 2A. The
improvement in spectral quality with the serially derivatized
peptides (FIG. 2B) is dramatic comparing to the corre-
sponding, non-derivatized peptides and peptide sequences
can be easily determined from this spectrum.

[0038] FIGS. 3A and 3B are MS/MS spectra of imidazole
labeled peptide (SEQ ID NO: 1) GLQYLLEK when both the
carboxy-terminal lysine and the amino-terminal lysine were
derivatized with imidazole as per the technique of Peters et
al. (WO 03/056299) generated from tryptic digestion of
[-crystallin (bovine eye lens). Although the primary amines
at the amino-terminal of a peptide usually do not react with
imidazole reagent, when the amino acid residue at amino-
terminal of a peptide is a glycine, the N-terminus is deriva-
tized at a slower rate. The MS/MS spectra from such
double-labeled peptide are difficult to interpret de novo, due
to incomplete y-ions series as well as the presence of y, a, b
and some ¢ ions. When the same peptide was serially
derivatized, the y-ion series becomes the dominant feature in
the spectrum and de novo interpretation became much easier
and more accurate, as shown in FIG. 3B.

[0039] FIGS. 4A and 4B. Lys-C can be used to digest
proteins to increase carboxy-terminal lysine occurrence,
which could increase protein sequence coverage for identi-
fication. However, the resulting peptides after Lys-C diges-
tion often have internal arginine, which make their MS/MS
spectra difficult to interpret even after imidazole derivatiza-
tion as shown in FIG. 4A. The MS/MS spectrum of serially
derivatized same peptide from cytochrome C (bovine heart)
(SEQ ID No: 3) (FIG. 4B) shows a long dominant y-ion
series up to the internal arginine, permitting a read out of a
long stretch of the peptide sequence.

[0040] FIG. 5 is an embodiment of the method of the
invention includes several optional steps in addition to the
essential serial derivatization. The components of the
method include analysis of the improved mass spectral data
to perform a de novo peptide sequences analysis, to use
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sequence data in subsequent analysis and to perform any of
a number of peptide analysis steps that require accurate
sequence information.

DETAILED DESCRIPTION OF INVENTION

[0041]

[0042] As used herein, the terms “alkylating agent” refer
to a compound capable of reacting with the carboxylate
group of an amino acid to yield an alkyl group derivative as
described herein.

[0043] The terms “mass analysis” refer to a process
wherein the identification of an amino acid residue is
determined by measurement of the mass to charge ratio
(M72).

[0044] Polypeptide refers to a polymer comprised of
amino acid residues, related naturally occurring structural
variants, and synthetic non-naturally occurring analogs
thereof linked via peptide bonds, related naturally occurring
structural variants, and synthetic non-naturally occurring
analogs thereof. The term polypeptide also includes a plu-
rality of amino acids existing as a cleavage, digestion, or
fragmentation product of a larger polypeptide, wherein the
cleavage, digestion, or fragmentation occurred by chemical,
biochemical, ionization, mechanical or other reaction. The
term “protein” typically refers to large polypeptides. The
term “peptide” typically refers to short polypeptides.

[0045] The present invention relates to an approach to
improve the quality of peptide MS/MS spectra, so that
peptide sequence and possibly certain post-translation modi-
fications, can be directly determined without prior knowl-
edge of genomic information. As noted above, mass spec-
trometry methods for protein identification and sequencing
are widely practiced in the field of proteomics. Mass spec-
trometry can define the characteristic of a polypeptide
sequence or to determine differences between two forms of
aprotein or a polypeptide sequence. A comparison of protein
expression from two biological conditions, e.g., from can-
cerous versus normal cells, can lead to the discovery of a
protein or set of proteins that are unique to the cancerous
state. The ability to use mass spectrometry in proteomics to
obtain de novo sequence information requires highly accu-
rate MS techniques, reliable generation of MS/MS spectra,
and the ability to interpret peptide fragmentation to thereby
yield a large number of specific residue identifications
leading to sequence information that is truly reliable. To
achieve this, several known problems in the use of MS data
to determine the sequence of peptides must be overcome.
Pursuant to this invention, polypeptides are serially deriva-
tized to manipulate the fragmentation characteristics such
that y-ions in the resulting MS/MS spectra exhibit more
nearly equal intensities with minimal gaps and non-sequenc-
ing data points.

[0046] An important parameter in de novo sequencing
includes the directionality of fragment ions of polypeptide
fragment lon charge retention on the amino (b-ion) or
carboxyl (y-ion) terminus. Once directionality of fragment
ion orientation is assigned, peptide sequence may then be
derived de novo by determining the mass for a particular
amino acid residue. The de novo sequence information
produces an extended, reliable identification of individual
residues corresponding to a greater part of the entire peptide

Definitions:
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and enhances the analysis capability when de novo data is
used in database searching. The comparison of sequences
derived de novo to those found by database searching, but
can also be used to analyze the difference per se between
experimental and theoretical data. Where the de novo
sequence differs from the sequence derived by database
searching, the difference may be attributable to a biological
phenomenon that may be identified in the sample, i.e., a
biological sample, containing the polypeptide whose
sequence is determined experimentally. The specific pep-
tide-based analyses that may be performed are any of those
known techniques where a particular molecular form can be
determined based on mass. These include phosphorylation,
acetylation, oxidation, nitration, methylation, silation, gly-
cosylation, cross-linking, etc. Although specific examples
are shown for MALDI/Q-TOF analyses, those skilled in the
art can appreciate that this approach is extensible to other
MS interfaces (by way of example, electrospray ionization
MS), additional MS ionization schemes, fragmentation
approaches, and mass spectrometers. For the example chem-
istry shown, methylation results in the transformation of
amino acid side chain carboxyl groups in the C-terminal
lysine imidazole-derivatized peptides. The removal of car-
boxylate group ionic charge could increase the energy
required for breaking the adjacent peptide bonds during
fragmentation, and thereby, produce MS/MS spectra with
improved y-ion intensity distributions. The ability to
manipulate the sample to encourage particular fragmenta-
tion characteristics greatly simplifies the de novo sequence
identification (ie., the “calling” of the linear amino acid
sequence).

[0047] The present invention improves post-sequencing
analyses of peptide data derived from the serially derivatized
polypeptides enabled by the disclosure herein. In some
cases, the present invention improves the quality of post-
sequence data analysis that can be performed. In other cases,
the improvement in spectra data quality enables novel
techniques that are not currently achievable due to the
inherent difficulties in conducting mass analysis of peptide
sequences.

[0048] The current invention may simplify sequence inter-
pretation sufficiently to permit automated analysis, for
example by the development and use of computer algo-
rithms for automated peptide de novo sequence calling, as
well as for post-translational modification identification, and
for the application of these methods for high throughout
proteomics analysis.

[0049] The present invention demonstrates the methyla-
tion of acidic residues, combined with the C-terminus lysine
derivatization, and subsequent mass spectral analysis. Those
skilled in the art can envision additional chemical modifi-
cations, at the acidic residue side chains, or elsewhere in the
polypeptide chain, at various functional groups, in order to
generate improvement in de novo sequence calling accuracy.
Similarly, this invention is not limited to claiming greater
benefits by the use of a particular serial chemical derivati-
zation method, but also includes the potential to design mass
spectral instrumentation to take advantage of this chemical
derivization scheme, for example by optimizing for particu-
lar fragmentation schemes resulting from serial derivatiza-
tion.

[0050] Although the serial derivatization species and tech-
niques are specially designed to facilitate de novo polypep-
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tide sequencing using tandem MS/MS, their application
extends to any mass analysis where information derived
from mass from a polypeptide is improved by serial deriva-
tization as described below. Also, although certain tech-
niques are described as preferred, for example the derivati-
zation of lysine and the alkylation of carboxyl groups in
acidic residues, numerous other derivatizations are contem-
plated. Of course, the designation of a specific derivatization
as either the “first” or “second” in series may be completely
arbitrary, and the term “serial” should not be interpreted to
exclude simultaneous labelling of two discrete chemical
moeities on a polypeptide if reaction conditions permit.

[0051] The use of the an isotope tag to yield an isotopic
analogue of the species is not considered a derivatization
step of the present invention. Serial derivatization also
excludes the use of a single labelling species together with
a protecting group. Under such circumstances, only a single
target moiety on a polypeptide is labelled, but the protecting
groups distinguish certain chemical environments allowing
a differential quantitation based on the presence of a single
label.

[0052] On the contrary, in serial derivatization, two dis-
crete labelling strategies are used to independently deriva-
tize two moeities of the target polynucleotide, preferably at
substantially all of the available sites for two or more labels.
A preferred example of a first derivatization is provided by
Peters et al. PCT/US02/35581, WO 03/056299, which is
specifically incorporated by reference herein in its entirety.
Typically, the sample containing an intact protein, protein or
polypeptide fragment, or other polypeptide analyte is
cleaved by a chemical reaction that breaks the amide bond
of the polypeptides.

[0053] Although the description herein uses a trypsin
digestion for illustrative purposes, other specific digestions
are possible, including but not limited to chymotrypsin,
endoproteases, Arg C or Lys C, chemical fragmentation
methods, such as the cyanogen bromide cleavage, hydroxy-
lamine cleavage, BNPS-Skatole, etc. However, the trypsin
(or endoprotease) cleavages are preferred because the result-
ing polypeptides feature a C-terminal lysine or aginine
residue. U.S. Pat. No. 5,821,063 provides digestion methods
generally for polypeptides. Of course, the derivatization of
lysine residues occurs at both terminal and internal lysines,
although the labeling of terminal lysines is particularly
valuable for sequencing purposes.

[0054] Peters et al. derivatize lysine residues by attaching
an imidazole derivative having any of the following formu-
las:

N

-

N Rim)

wwHN
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where each R is a functional group independently selected
from hydrogen, deuterium, halogen, hydroxyl, cyano,
optionally substituted alkyl, optionally substituted alkylcar-
bamoyl, optionally substituted alkoxy, optionally substituted
alkoxycarbonyl, optionally substituted aryl, optionally sub-
stituted aryloxy, optionally substituted aryloxycarbonyl,
optionally substituted arylcarbamoyl, optionally substituted
siloxanly and an affinity tag.

[0055] The index “m” is an integer from 0-7, wherein the
circle joining the two nitrogens represents an optionally
substituted monocyclic or bicyclic ring system having
between 2 and 12 additional ring atoms, and wherein the
ring atoms are each selected from carbon, oxygen, nitrogen,
sulfur and silicon, wherein the foregoing ring atoms are
optionally substituted.

[0056] In apreferred embodiment of Peters et al., the label
has the formula

WA HN

wherein R', R%, R®> and R* are each functional groups
independently selected from hydrogen, deuterium, halogen,
hydroxyl, cyano, optionally substituted alkyl, optionally
substituted alkylcarbamoyl, optionally substituted alkoxy,
optionally substituted alkoxycarbonyl, optionally substi-
tuted aryl, optionally substituted aryloxy, optionally substi-
tuted aryloxycarbonyl, optionally substituted arylcarbam-
oyl, and an affinity tag; or in an alternative embodiment, R?,
R> and the carbons to which they are attached, join to form
a n-membered carbocyclic, heterocyclic, aryl or heteroaryl
ring, wherein n is an integer from about 4 to about 8.
Preferably, a 5- or 6-membered ring is formed. However, in
certain embodiments, y is 0, and its adjacent carbon atom
together with R* and R? are absent, to form a 4-membered
ring.

[0057] R® is selected from hydrogen, halogen, hydroxyl,
optionally substituted alkyl, optionally substituted alkoxy,
optionally substituted aryl and an affinity tag. In Formula 1.
the index “y” is 0, 1 or 2.
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[0058] In another embodiment, Peters et al. describe a
compound of the formula:

Rim)

wherein each R is independently a member selected from the
group of hydrogen, deuterium, halogen, hydroxyl, cyano,
optionally substituted alkyl, optionally substituted alkylcar-
bamoyl, optionally substituted alkoxy, optionally substituted
alkoxycarbonyl, optionally substituted aryl, optionally sub-
stituted aryloxy, optionally substituted aryloxycarbonyl,
optionally substituted arylcarbamoyl, optionally substituted
siloxanly and an affinity tag.

[0059] The index “m” is an integer from 0-7, wherein the
circle joining the two nitrogens represents an optionally
substituted monocyclic or bicyclic ring system having
between 2 and 12 additional ring atoms, and wherein the
ring atoms are each selected from carbon, oxygen, nitrogen,
sulfur and silicon. In Formula II, LG is a leaving group.

[0060] In a preferred embodiment, the label has the for-
mula:

e

BN )\

N N

R4
)y
R3
R? R!

wherein R, R?, R® and R* are each independently selected
from hydrogen, deuterium, halogen, hydroxyl, cyano,
optionally substituted alkyl, optionally substituted alkylcar-
bamoyl, optionally substituted alkoxy, optionally substituted
alkoxycarbonyl, optionally substituted aryl, optionally sub-
stituted aryloxy, optionally substituted aryloxycarbonyl,
optionally substituted arylcarbamoyl, and an affinity tag; or,
in an alternative embodiment R?, R® and the carbons to
which they are attached, join to form a n-membered car-
bocyclic, heterocyclic, aryl or heteroaryl ring, wherein n is
an integer from about 4 to about 8. Preferably, a 5- or
6-membered ring is formed. However, in certain embodi-
ments, yis 0, and its adjacent carbon atom together with R*
and R? are absent, to form a 4-membered ring.

[0061] R is selected from hydrogen, halogen, hydroxyl,
optionally substituted alkyl, optionally substituted alkoxy,
optionally substituted aryl and an affinity tax. LG is
X—CH,, wherein X is a heteroatom such as O and S. The
index “y” is 0, 1 or 2.

[0062] A particularly preferred embodiment of the above
formulas are 2-methoxy-4.5-dihydro-1H-imidazole and a
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preferred practice of the above derivatization yields an
imidazole derivative at the C-terminal lysine residue of
polypeptide digested by trypsin.

[0063] In addition to the species disclosed by Peters et al.,
many other derivatizations of polypeptides are known that
can be practiced as an element of the present invention.
Many of these techniques are known to have selective
reaction characteristics and to result in characteristic fea-
tures observable in an MS/MS spectra. As noted above, the
unique difficulty in determining peptide sequences for cer-
tain polypeptides arises from the unique chemistry and
specific functional groups existing in these polypeptides.
Several of these single items may be individually addressed
with a variety of single derivatization techniques encom-
passed within the scope of this invention. Another example
is proposed by Caguex et al. using treatment of polypeptide
sequences by O-methylisourea, Nature Biotechnology
20:163-170 (2002). However, the added utility in de novo
sequencing is based on a qualitative or quantitative improve-
ment in spectral quality. This approach shows an example of
a single derivatization of lysine residues as an attempt to
improve fragmentation characteristics and mass data that is
useful in sequencing data quality.

[0064] The first derivatization is not limited to those that
focus on labelling of C-terminal residues to yield improve-
ments in predominantly y-ion spectra. Carderas et al. Rapid
Comm. Mass Spectrum. Vol. I, 1271-1278 (1997) labelled
peptides prior to passage through an LC column and sub-
sequent analyses by ESI MS/MS analysis. The derivatiza-
tion reaction is performed in a conventional LC apparatus
where protein sample was subjected to modified tyrosine
digestion and then derivatized in-line with N-succiusmidyl-
2(3-pyridyl) acetate (SPA). The resulting pyridylacetyl
derivative of N-terminal and lysine side-chain amino groups
co-existed with partial labelling of trypsin-OH groups. This
technique helps distinguish isobaric residues and an alter-
ation of the CID fragmentation pathway in favor of b-ion
formation.

[0065] An additional functional derivatization of the
N-terminal residues of a peptide is described in Bhikhabbai
et al. PCT/US02/16247 wherein an aqueous phase deriva-
tization is achieved with an acidic reagent with a sulfonyl
moiety together with an activated acid moiety. The features
of this reaction are such that it requires a larger sample size
due to its tendency to reduce sensitivity of MS detection. In
considering the selection of a derivatization reaction, the
ability to cause fragmentation reactions from the C-terminal
end of a polypeptide fragment to yield y-ions capable of
identifying residues in a sequencing analysis must be bal-
anced against the tendency for such derivatizations to dra-
matically reduce the sensitivity in the resulting mass spectra.
The derivatization of Bhikhabbai et al. may be achieved in
combination with a step that protects reaction of certain
functional groups that would otherwise be derivatized. The
combination of a sulfonyl moeity together an activated acid
moiety will cause the sulfonation reactions at each lysine
residue. In order to protect lysine residues against this
reaction, a protection procedure using a guanination reaction
is conducted to specifically protect lysine side chains from
reaction in the derivatization step. Such a protecting group
reaction is necessary for this species of derivatization in
particular where a trypsin digest is used, thereby creating
multiple lysine or arginine residues at the C-terminus of the
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peptide fragment. The combined use of a protecting group
and an activated acid moiety together with a sulfonyl moiety
is a single derivatization within the context of a serial
derivatization as described herein.

[0066] An additional single derivatization is described in
Keough et al. (WO 00/43792) wherein a derivatization of the
N-terminus of a polypeptide with one or more acidic moi-
eties with a pKa value less than 2 is achieved with, for
example, a sulfonic or disulfonic derivative. This derivati-
zation attempts to cause selective cleavage of the amide
bonds of the polypeptide in a charge-site specific manner to
enable selective detection of only y-ions in a single series.

[0067] As noted above, the second derivatization step
helps to resolve uniquely problematic mass measurements
and detects problems in singularly derivatized polypeptides.
The example of an alkylation of carboxylate groups in acid
side chains is a preferred example and is consistent with the
principle of the present invention to alter the fragmentation
characteristics of the derivatized peptide to give a predomi-
nantly y-ion series with nearly equivalent intensities.

[0068] Alkylation of carboxyl groups of acidic amino acid
side chains in glutamic and aspartic acid and derivatives and
analogues is achieved as described below in Example 1. The
alkylation of the carboxyl groups in a peptide helps distin-
guish y ions from any other ions present including chemical
noise. In the preferred example of a methylation, the reac-
tion also increases the mass of the polypeptide fragment by
14 mass units for each carboxyl group. Absence of the acidic
side chains of aspartic and glutamic acid, only the C-termi-
nal carboxyl group will be observed to react and exhibit the
14 mass unit shift.

[0069] Generally, the alkylation labels the carboxyl groups
to form an ester with a straight chain, branched, or tertiary
alkyl group of the formula

CH;(—CH,),, when n=0-3 and where

the alkyl species may be a methyl, ethyl, propyl, n-propyl,
isopropyl, butyl, n-butyl, isobutyl, sec-butyl, or t-butyl spe-
cies, and where the methyl species is preferred.

[0070] The alkylation reaction adds an alkyl group, +14
am’s for a methylation, to the carboxyl group of the acidic
side chains of proteins. This reaction occurs particularly
with aspartic acid, glutamic acid, and S-carboxymethylated
cysteine. The reaction causes both mass change correspond-
ing the number of acidic side chains and the species of alkyl
group selected and yields the improvement is MS/MS spec-
tra described herein. A digestion or other fragmentation may
be performed on both derivatized or un-derivatized polypep-
tides to locate the acidic residues. Accordingly, as noted
above, the term “alkylation” or “methylation” typically
refers to forming an alkyl or methyl ester of the carboxyl
group, however the reaction might not always result in an
esterification and the alkylation can also cause alterations in
charge distribution around the carboxyl group that still
provide the benefits of the present invention without being
strictly limited to formation of the alkyl ester.

[0071] As will be appreciated by the foregoing descrip-
tion, the invention also includes methods for: derivatization
of peptides, mass analysis of derivatized peptides, determi-
nation of amino acid sequence of derivatized peptides,
analysis of sequence, and several other specific methods
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based on the use of data obtained from serially derivatized
peptides. An initial step in these methods may include
separating and preparing analyte for mass analysis. Typi-
cally, this step involves obtaining a sample containing a
polypeptide, separating the polypeptide from the sample
(although for some samples this step may be omitted), and
preparing the polypeptide for the derivatization step by
purification, digestion, or otherwise. The analyte is then
subjected to the first and second chemical derivatization as
described above. The steps may be performed simulta-
neously if the reactions do not compete or compromise the
labeling of the peptide or comprise the structure or chemical
composition of the analyte. Once the sample/analyte is
prepared, the mass analysis is performed and a spectrum is
obtained wherein polypeptide fragments are measured by
MS/MS and mass/charge data for the derivatized polypep-
tides is obtained. The mass spectrum is comprised of data
that correlates the mass/charge ratio of peptide fragments to
an amino acid sequence and may be comprised of qualitative
or quantitative data in any form or format that may be used
to assign information about the analyte which includes an
amino acid sequence.

[0072] In additional to literal sequence data, the spectra
may also contain data reflecting non-sequence information
regarding the underlying peptide, including chemical infor-
mation for the peptide, including gylcosylation, hydration,
or other chemical modification. Non-sequence information
for a first analyte can be used to determine information about
the first analyte directly or can be compared with sequence
or non-sequence information from a second analyte or from
the nature of the samples from which a first or second
analyte is obtained. This type of data analysis is particularly
useful when comparing the form of two analyte peptides in
proteomics analyses.

[0073] The specific techniques include measuring the
experimental or actual mass of an analyte, determining the
amino acid sequence of an analyte, measuring a difference
between the experimental or actual mass and a theoretical
value based on the molecular weights of the constituent
atoms and determining the source of the difference between
the experimental values obtain and the theoretical values or
known mass data for any polypeptide species.

[0074] Mass analysis data or spectra may be used with
known sequencing algorithms to yield the amino acid
sequence of the peptide analyte (Taylor and Johnson, Rapid
Communications in Mass Spectrometry, 11, 1067-1075,
1997, Chen, et al., Journal of Computational Biclogy, 8(6),
571-583, 2001; Dancik, et al., Journal of Computational
Biology, 6, 327-342, 1999; Eng, et al., J. Am. Soc. Spec-
trom., 5:976-989, 1994; Mann & Wilm, Anal. Chem.,
66:4390-4399, 1994). These algorithms are well known and
can be used with some degree of utility regardless of the
accuracy or precision of the mass analysis data. The
improvement in data acquisition and mass spectra quality
provided by the present invention increases the utility of
sequencing algorithms and increases the accuracy of the
sequence information and the length of the sequence that can
accurately be determined. The methods of the present inven-
tion include applying available sequencing algorithms to the
sequence information obtained from mass analysis of seri-
ally derivatized polypeptides, and securing sequence infor-
mation for the uniquely derivatized polypeptides or frag-
ments.
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[0075] Using accurate amino acid sequence data deter-
mined using the present invention, the identification of
partial and full length proteins can be made from only an
accurate determination of a partial amino acid sequence and
a search of a protein database. In many proteomics studies
and basic biological assays, the critical determination is an
identification of the identity of an analyte protein, some-
times as present in a biological sample. Typically, these
proteomics databases operate by aligning an experimentally-
determined amino acid sequence against a large number of
reference amino acid sequences in a database of full-length
proteins and identified protein fragments. As is readily
appreciated, an increase in the accuracy of sequence infor-
mation and in the number of sequences identified in a
polypeptide analyte will improve the utility of comparing or
identifying experimentally-determined polypeptide frag-
ments against reference sequencing. Accordingly, one aspect
of the invention is the use of sequence data obtained from
mass analysis of the serially derivatized polypeptides
described herein to identify proteins by submitting the
amino acid sequence, determined from experimental MS
data, to a protein database to identify the analyte and/or to
identify the analyte as a component of a sample.

[0076] It has been shown that five or more amino acid
sequences in series (contiguous sequence with no gaps) can
be used to search databases to identify a protein with high
confidence (Mann & Wilm, Anal. Chem., 66:4390-4399,
1994). These lengths of amino acid sequence have been
referred to as critical length sequence tags. Longer amino
acid sequence tag could dramatically increase identification
accuracy, which is very useful, when many proteins in the
database share certain amounts of evolutionarily conserved
sequences. Longer amino acid sequence tags also increase
the confidence of protein identification for organisms with-
out fully or adequately sequenced genomes. However, when
a gap is found in a sequence tag, (for example, instead of a
five consecutive amino acid tag, there is a three amino acid
tag plus a gap of variable length, followed by a two amino
acid tag), the protein identification becomes very difficult.
More proteins can be matched to the smaller sequence tags,
and because the directionality of the two small tags is also
unknown, the protein identification is very unreliable. Mann
and Wilm have proposed that the minimum sequence tag for
85% confident protein identification should be at least three
to four contiguous residues, but clearly longer sequence tags
are beneficial.

[0077] As noted above, the technique of the present inven-
tion is particularly useful for the MS/MS analysis of post
translational modifications in proteins. These modifications
are broadly defined as any alteration in the sequence or
chemistry of a polypeptide that occurs after the amino acid
sequence has been translated from messenger RNA. Post
translational modifications can be particularly important in
proteomics analyses and the study of proteins in clinical
samples related to disease. Many types of post translational
modifications, such as glycosylation, and the others
described herein, are known to coincide with particular
discase states or may indicate physiological conditions that
are clinically important in diagnosis of a patient. In some
cases, the ability to improve the mass spectra of a polypep-
tide fragment using the serial derivatization methods
described in the present invention also allows the detection
and identification of a specific post translational modifica-
tion by direct measurement of the mass of a polypeptide
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analyte and comparison to a reference value. Under these
circumstances, the mass analysis is experimentally per-
formed to measure the mass of a polypeptide fragment and
that mass is compared with the expected mass of the
polypeptide fragment either with or without a post transla-
tional modification. For example, the addition of a water
molecule as a post translational hydration of a polypeptide
fragment would increase the mass by 18, i.e., the mass of the
added water molecule. When the mass analysis of a polypep-
tide fragment yields a number that is 18 units different than
the native polypeptide, the post translational modification is
identified. A similar analyses can be performed for all types
of post translational modifications where a difference in a
mass measurement from the native polypeptide compared to
the modified polypeptide can be made and where the refer-
ence mass number is known.

[0078] Similarly, there is considerable significance in the
identification of the specific residue within a given peptide
sequence which has undergone a post-translational modifi-
cation. For example, in a peptide which possesses more than
one site of potential modification. An example of this would
be a peptide sequence that has two potential sites of phos-
phorylation. In order to identify the unique site of modifi-
cation, a de novo sequence analysis by MS/MS fragmenta-
tion may distinguish between the two potential sites of
modification, as the MS/MS fragmentation pattern should
exhibit a y-ion shifted by the appropriate mass for the
additional mass of the phosphoryl group (80 amu), added to
which is the mass of the amino acid residue to which the
phosphoryl group is attached. Thus, the MS/MS spectral
information includes the amino acyl mass-depended shift, in
addition to the mass of any attendant modifications. It is
apparent that mass shifts between adjacent y-ions which do
not coincide with known amino acid masses, are diagnostic
of the presence of a modification, including the known or
yet-to-be-known post-translational modification.

[0079] A similar capability exists where any difference in
mass analysis can be attributed to a disease or any physi-
ological condition of clinical interest. For example, where a
protein mutation is known to be responsible for a particular
disease state, and where the mutation is known and results
in a difference in mass from the native polypeptide, or that
polypeptide representing a normal or non-disease state, a
clinical diagnosis may be made from the mass analysis by
comparing the mass of a polypeptide analyte in a patient
sample from the known mass in the native or non-disease
state. For such an application, the methodology of the
present invention need only be modified to include a step
where the polypeptide analyte is separated from a patient
sample prior to the serial derivatization as described above.
Further, data processing of the mass data or spectra includes
the step of determining the mass of at least one polypeptide
fragment comprised of a portion of the patient sample and
comparing that result with the known mass for the non-
disease state. A comparison of the patient and normal
samples indicates whether or not the disease state is present.
Because the serial derivatization of the present invention
enhances the ability of tandem MS/MS to perform de novo
peptide sequencing in a high throughput fashion, the inven-
tion also increases the utility of the MS/MS technique for
clinical diagnosis and large scale screenings for any detec-
tion of polypeptide sequences.
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[0080] As will be apparent to one of ordinary skill in the
art, the increased utility of the present invention in polypep-
tide sequencing also translates into an increased utility in
genomics analyses in the use of polynucleotide databases.
Any time a polypeptide sequence is known, theoretical
polynucleotide sequences can be determined and searches
can be made within known databases for similarity with
known sequences, i.e., by BLAST or other known tech-
niques. Within the context of the methods of the present
invention, the added utility of determining polynucleotide
sequences in performing genomics analyses requires only
proceeding from the mass analysis of the serially derivatized
polypeptide to a determination of the polypeptide sequence,
the determination of theoretical polynucleotide sequences
by known techniques, and the use of existing polynucleotide
databases to correlate the sequence of a polypeptide analyte
to the underlying polynucleotide sequence that codes for
either the polypeptide fragment or a full length polypeptide
containing the fragment.

[0081] As with the examples described above for proteom-
ics research, the ability to detect alterations such as muta-
tions or post translational modifications in a protein sample
can be coupled to the underlying polynucleotide sequences
that code for the protein to perform genomics research based
on the sequence of the serially derivatized polypeptide. As
in the proteomics application, data from an experimentally
obtained polynucleotide sequence can be analyzed for dif-
ferences between the experimentally-determined polynucle-
otide sequence and a reference sequence can be identified
and correlated to a disease or other physiological condition.
In each such application, the fundamental advantage pro-
vided by the invention is the comparison of the spectra or
mass data generated by mass analysis of the serially deriva-
tized polypeptide with a reference value, either a reference
value for the mass of a known polypeptide, or a reference
value for the sequence of a known polypeptide. Accordingly,
a comparison of the data generated by the present invention
may comprise a comparison of experimentally obtained
mass data with a database containing reference mass data, or
a comparison of experimentally obtained sequence data with
a database containing reference sequence data, or a combi-
nation of the two.

EXAMPLE 1

Derivatization and Imidazole Peptide and
Methylation of Carboxyl Groups

[0082] Eight proteins, f-casein (bovine milk), myoglobin
(horse heart), cytochrome c (bovine heart), p-crystallin
(bovine eye lens), calmodulin (bovine brain), human serum
albumin, pyruvate kinase (rabbit muscle) and human trans-
ferrin dissolved individually in a buffer contains 8M urea,
100 mM NH,HCO,, pH 8.5 with final concentration about
2 mg/ml. About 200 ug of each protein were first reduced
with tris(2-carboxyethyl)-phosphine hydrochloride at 37° C.
for 30 minutes and reacted with iodoacetamide at room
temperature for 30 minutes. The resulting protein solutions
were then diluted four times with final urea concentration
was 2 M, and trypsin was added at 40:1 and incubated at 37°
C. overnight. Digestion reaction was quenched by added
small amount acetic acid. Cytochrome c and transferrin were
reduced and alkylated as described above. Without dilution,
Lys-C was added to the protein solution at 100:1 and
incubated at 37° C. overnight and quenched with acetic acid.
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[0083] To modify the carboxy-terminal lysine of peptides
with imidazole, tryptic digest of a protein 30 ul (=10 ug) was
mixed with 20 pl of 1 M imidazole stock (e.g., 2-methoxy-
4,5-dihydro-1H-imidazole at a final concentration of 400
mM). The reaction mixture was incubated at 60° C. for 3
hours and stopped with 5 ul of glacial acetic acid. The
peptides were then purified over a C18 spin column (Pierce),
divided into two halves and lyophilized. One half was
dissolved in 50:50 v/v methanol:water, and analyzed by
MALDI-MS/MS. To derivatize carboxylate groups, the
other half was dissolved in 100 ul of 2M methanolic HC], as
an alkylating agent, and incubated at room temperature for
2 hours (Ficarro et al., Nature Biotechnology, 2002, 20:301-
305). The reaction was stopped by lyophilization. The
lyophilized peptide mixture was redissolved in 50:50 v/v
methanol:water, and analyzed by MALDI-MS/MS. Eight
different proteins were tested individually using this method.
As will be appreciated by those skilled in the art, to increase
protein sequence coverage of individual proteins or to
analyze more complex protein mixtures, such as protein
complexes, or even total cell lysates, the derivatized pep-
tides could also be separated by single or multidimensional
separation techniques, for example liquid chromatography,
then analyzed by a suitable mass spectral method, for
example by MALDI-MS/MS, or on-line electropray ioniza-
tion MS/MS. Representative MS/MS spectra from cyto-
chrome, pyruvate kinase, and p-crystallin are shown.

[0084] The improvement in spectral quality with the seri-
ally derivatized peptides (the B panels of FIGS. 1, 2, 3, and
4) is dramatic comparing to the corresponding, non-deriva-
tized peptides (the A panels of FIGS. 1, 2, 3, and 4), and
peptide sequences can be easily determined from these
spectra. In all cases, higher collision energies were required
for peptide fragmentation in carboxylate-derivatized pep-
tides than in non-derivatized peptides, an indication of
stabilized peptide bonds. The y ions generated by the
breakage of carboxylate side chains of acidic residues no
longer dominated, such as the y2 ions in panel A of FIG. 2.
And, in general, the y1 ion and its fragments are no longer
the dominant features in MS/MS spectra. Both improve-
ments allow more high mass y ions to be detected. Overall,
the carboxylate derivatized peptides produced fragments on
MS/MS spectra with a more complete y-ion series and
evenly distributed peak intensity, a desired feature for de
novo sequencing.

[0085] Referring to FIGS. 1A and 1B, FIG. 1A is the
MS/MS data resulting from a MALDI/Q-TOF MS analysis
of a peptide (SEQ ID No: 1) that has been derivatized at the
lysine residue using the approach described by Peters, et al
(WO 03/056299). As shown in FIG. 1A, certain features
might present problems for directly deciphering amino acid
sequenced. The y ion and its fragments, i.e. 215.1, 170.1 and
152.1 am.u., are dominant in the spectra and have sup-
pressed other y ions, especially those with higher mass. The
suppression of other y ions in the series increases the
possibility that amino terminal residues in the peptide will
be misidentified. In comparison, FIG. 1B shows a substan-
tially improved y-ion intensity distribution and an improved
ability to identify the constituent sequences.

[0086] An additional problem can result from analysis of
polypeptides in which the peptide bond carboxy-terminal to
acidic residues, i.e. glutamic acid and aspartic acid, tend to
break easily under certain sequence context, resulting in
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MS/MS spectra with only a few dominant peaks, insufficient
for determining the full length sequence of the peptide. This
could result in the missed identification of residues of the
peptide. This case is exemplified by MS/MS spectral data
generated by analysis of a peptide (SEQ ID No: 2) as shown
in FIG. 2A. FIG. 2B shows the improvement in spectrum
quality following a methylation at the polypeptide fragment.

[0087] Referring to FIG. 3A the MS/MS spectrum result-
ing from a peptide (SEQ ID No: 1) where both the carboxy-
terminal lysine and the amino-terminal glycine were deriva-
tized with imidazole shows that although the primary amines
at the amino-terminal of a peptide usually do not react with
imidazole reagent, when the amino acid residue at amino-
terminal of a peptide is a glycine, the N-terminus is deriva-
tized at a slower rate. The MS/MS spectra from such
double-labeled peptide are difficult to interpret de novo due
to the incomplete y-ions series as well as the presence of y,
a, b and some c¢ ions. When the same peptide was serially
derivatized pursuant to this intention, the y ion series
becomes the dominant feature in the spectrum and de novo
interpretation became much easier and more accurate, as
shown in FIG. 3B.

[0088] Referring to FIG. 4 the MS/MS spectra resulting
from a peptide (SEQ ID No: 3) having an internal arginine.
Lys C is often used to digest polypeptides to increase the
occurrence of C-terminal lysine residues, which increases
the ability to use the experimentally-determined sequence
for protein identification. However, the internal arginine
residue makes the spectrum difficult to interpret, even after
imidazole derivatization as shown in FIG. 4A. FIG. 4B
shows the improved MS/MS spectrum from an alkylation at
the carboxy groups of the acidic residues of the same
peptide, showing the series of amino acid residues leading
up to the internal arginine, thereby permitting the determi-
nation of a long sequence tag call.

[0089] The present invention includes kits containing
reagents and instructions for performing the serial derivati-
zations described above. The reagents include, but are not
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limited to, alkylating agents, specifically methylating agents
such as methanolic hydrogen chloride, activated imidazole
compounds such as 2-methoxy-4,5 dihydro 1H-imidazole,
buffers, solvents, and containers for each. The kits may also
include reaction vessels, mixing vessels, and indicators to
reveal the extent of completion of a chemical reaction. The
kits include written instructions to perform the serial deriva-
tizations described above, and may include instructions for
analyzing mass data or mass spectra obtained practicing the
present invention. The kits also include solid phase devices
for the chromatographic clean-up of reaction products prior
to mass spectral analysis.

[0090] In practice, the polypeptide analytes are analyzed
using standard MS/MS equipment and systems which typi-
cally include an ionization chamber, an interface to a mass
detector, a mass detector, and a data analysis system. The
data analysis systems include a computer or data processor
for analyzing and reporting the mass analysis data, a display
unit such as a video monitor and/or a printer to display mass
spectra. For sequence analysis, the computer/data processor
includes software for performing sequence computations
and displaying or printing amino acid sequences. The same
or a separate computer/data processor may be used to submit
sequence data for database analysis, protein identification, or
the proteomic or genomic analyses described above.

[0091] All publication and patent application cited in this
specification are herein incorporated by reference to the
extent not inconsistent with the present disclosure as if each
individual publication or patent application were specifically
and individually indicated to be incorporated by reference.

[0092] Although the foregoing invention has been
described in some detail by way of illustration and example
for purposes of clarity of understanding, it will be readily
apparent to those of ordinary skill in the art in light of the
teachings of this invention that certain changes and modi-
fications may be made thereto without departing from the
spirit or scope of the appended claims.

[0093] The invention having been thus described,

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 3

<210> SEQ ID NO 1

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: bovine

<220> FEATURE:

<221> NAME/KEY: MISC_FEATURE

<223> OTHER INFORMATION: peptide from beta crystallin (bovine eye lens)

<400> SEQUENCE: 1

Gly Leu Gln Tyr Leu Leu Glu Lys
1 5

<210> SEQ ID NO 2

<211> LENGTH: 11

<212> TYPE: PRT

<213> ORGANISM: rabbit

<220> FEATURE:

<221> NAME/KEY: MISC_FEATURE

<223> OTHER INFORMATION: peptide from pyruvate kinase (rabbit muscle)
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-continued

<400> SEQUENCE: 2

Cys Asp Glu Asn Ile Leu Trp Leu Asp Tyr Lys
1 5 10

<210> SEQ ID NO 3

<211> LENGTH: 11

<212> TYPE: PRT

<213> ORGANISM: bovine

<220> FEATURE:

<221> NAME/KEY: MISC FEATURE

<223> OTHER INFORMATICN: peptide from cytochrome C (bovine heart)

<400> SEQUENCE: 3

Gly Glu Arg Glu Asp Leu Ile Ala Tyr Leu Lys
1 5 10

What is claimed as new and desired to secure as Letters
Patent is:
1. A polypeptide having a sequence of amino acids
comprising a lysine and glutamic or aspartic acid and having
at least two chemical derivatizations comprising:

an imidazole derivative of the lysine; and

an alkyl derivative of carboxyl groups of the glutamic

acid or aspartic acid.

2. The polypeptide of claim 1 wherein the imidazole is
2-methoxy-4,5-dihydro-1H-imidazole.

3. The polypeptide of claim 1 wherein the alkyl derivative
is a methyl group.

4. The polypeptide of claim 1 wherein the alkyl derivative
is selected from the group consisting of ethyl, propyl,
n-propyl, isopropyl, butyl, n-butyl, isobutyl, sec-butyl, or
t-butyl or combinations thereof.

5. The polypeptide of claim 1 wherein the lysine is a
C-terminal lysine.

6. The polypeptide of claim 1 wherein the lysine is an
internal lysine.

7. A method to perform a mass analysis of a polypeptide
comprising:

derivatizing the polypeptide by reacting the polypeptide
with an imidazole to yield a derivatized polypeptide
having an imidazole derivative of lysine;

derivatizing the polypeptide by reacting the polypeptide
with an alkylating agent to yield a derivatized polypep-
tide fragment having an alkyl derivative of the carboxyl
group of an acidic side chain of glutamic acid or
aspartic acid, wherein the above derivatizing steps
yield a serially derivatized polypeptide having both an
imidazole derivative of the lysine and the alkylated
carboxyl group; and

obtaining a mass analysis of the serially derivatized

polypeptide.

8. The method of claim 7 further comprising the step of
digesting the polypeptide prior to reacting the polypeptide
with the imidazole.

9. The method of claim 7 further comprising determining
an amino acid sequence of the serially derivatized polypep-
tide from the mass analysis.

10. The method of claim 7 wherein the step of reacting the
polypeptide with the imidazole is performed with 2-meth-
oxy-4,5 dihydro 1H-imidazole.

11. The method of claim 7 wherein the step of reacting the
polypeptide with the alkylating agent is comprised of methy-
lating the carboxyl group.

12. The method of claim 7 wherein the step of reacting the
polypeptide with an alkylating agent yields an alkyl deriva-
tive of the carboxyl group selected from the group consisting
of ethyl, propyl, n-propyl, isopropyl, butyl, n-butyl, isobutyl,
sec-butyl, and t-butyl and combinations thereof.

13. A method to determine a sequence of a polypeptide
analyte comprising:

reacting the polypeptide analyte with an imidazole to
yield a derivatized polypeptide analyte having an imi-
dazole-derivatized lysine;

reacting the polypeptide analyte with an alkylating agent
to yield a derivatized polypeptide analyte having an
alkylated carboxyl group at an acidic side chain of
glutamic acid or aspartic acid, wherein the reacting
steps yield a serially derivatized polypeptide;

performing a mass analysis of the serially derivatized
polypeptide analyte; and

determining an amino acid sequence of the serially

derivatized polypeptide analyte from the mass analysis.

14. The method of claim 13 further comprising comparing
the amino acid sequence with a reference sequence.

15. The method of claim 14 further comprising determin-
ing the difference in a mass of the amino acid sequence and
a mass of the reference sequence.

16. The method of claim 14 further comprising correlating
the comparison to a post translational modification of the
amino acid sequence.

17. The method of claim 13 further comprising the step of
separating the polypeptide analyte from a patient sample and
wherein the polypeptide analyte is a protein indicating a
presence or absence of disease.

18. The method of claim 14 further comprising digesting
the polypeptide analyte prior to reacting the polypeptide
analyte with the imidazole.
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