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A combination of chemical derivatisation and
improved bioinformatic tools optimises protein
identification for proteomics

The identification of individual protein species within an organism's proteome has been
optimised by increasing the information produced from mass spectral analysis through
the chemical derivatisation of tryptic peptides and the development of new software
tools. Peptide fragments are subjected to two forms of derivatisation. First, lysine resi-
dues are converted to homoarginine moieties by guanidination. This procedure has
two advantages, first, it usually identifies the C-terminal amino acid of the tryptic pep-
tide and also greatly increases the total information content of the mass spectrum by
improving the signal response of C-terminal lysine fragments. Second, an Edman-type
phenylthiocarbamoyl (PTC) modification is carried out on the N-terminal amino acid.
The renders the first peptide bond highly susceptible to cleavage during mass spec-
trometry (MS) analysis and consequently allows the ready identification of the N-termi-
nal residue. The utility of the procedure has been demonstrated by developing novel
bioinformatic tools to exploit the additional mass spectral data in the identification of
proteome proteins from the yeast Saccharomyces cerevisiae. With this combination of
novel chemistry and bioinformatics, it should be possible to identify unambiguously any
yeast protein spot or band from either two-dimensional or one-dimensional electro-
pheretograms.

Keywords: Proteomics / Derivatisation / Bioinformatics / Matrix-assisted laser desorption/

ionisation

1 Introduction

Functional genomics [1] aims at a comprehensive analy-
sis of gene action and interaction in species with com-
pletely sequenced genomes. Four levels of analysis are
commonly exploited: genome, transcriptome, proteome,
and metabolome [2,3]. The genome can be taken as a
constant during the time-frame of most experiments.
However, for certain species (e.g., the bacterium Bacillus
subtilis or the unicellular eukaryote, Saccharomyces cere-
visiae), the experimenter has the ability to exquisitely
manipulate the genome in order to facilitate the system-
atic analysis of gene function [4]. The last three levels of
functional analysis are distinguished from that of the
genome because they are context-dependent. The entire
complement of MRNA molecules, proteins, or metabolites
in a tissue, organ, or organism varies with its physiologi-
cal, pathological, or develomental condition.
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Of the four levels of analysis, it is the proteome that
should be of greatest utility in making functional assign-
ments. There are three main reasons for this. The first is
the context-dependency of the proteome. The second is
that proteins (like the low-molecular-weight intermediates
of the metabolome, but unlike the mRNAs of the tran-
scriptome) are functional entities within the cell. The last
is that (like mRNAs, but unlike metabolites) there is a
direct relationship between proteins and genes. The rela-
tionship is not of the one-to-one kind, however. A single
gene may have multiple protein products due to the differ-
ential splicing of its primary transcript, proteolytic cle-
avages, or the covalent modification of the mature protein
product. Thus, in the most recent survey of the yeast pro-
teome [5], a total of 400 spots were identified on the two-
dimensional electropherogram (2-D gel). These corre-
sponded to just 279 genes within the nuclear genome of
the organism. If this is a representative proportion, then it
implies that the total repertoire of proteins that yeast can
call upon under any given set of physiological or develop-
mental conditions comprises some 8800 protein species.
The disparity between the number of genes and the num-
ber and diversity of their protein products is likely to be
even greater for more complex eukaryotes.

Any technique that makes the process of identification of

the protein contained within the spots of 2-D gels easier
and quicker would have a major impact on progress in
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proteomics. Previous work indicates that the unambigu-
ous identification of a yeast protein requires 5—7 peptides
and often needs further tandem mass spectrometric anal-
yses [6], depending on the mass spectrometric parame-
ters applied. Moreover, increasing attention is being paid
to the proteomic analysis of multisubunit complexes in
order to uncover function via “guilt-by-association” [3].
This requires mass spectral analysis to identify all the
members of a protein mixture. Two main approaches
have been taken to protein mixture analysis. One is to
exploit standard peptide mass fingerprinting and an inte-
grative database-searching regime [6]. This has the twin
disadvantages that a relatively high number of peptide
fragments is required to identify each individual protein
and that, if trypsin is used to generate the fragments, then
a number of peaks are usually missing from the mass
spectrum due to the poor signal response of peptides with
a C-terminal lysine [7]. The second approach, taken by
Yates and his colleagues [8], uses multidimensional liquid
chromatography and tandem MS to separate and frag-
ment peptides. This is a time-consuming procedure re-
quiring the use of instruments that are not routinely availa-
ble to genome scientists.

Previous work [9-11] has demonstrated that limited
sequence information is of great value in making protein
assignments and this is particularly true if a complete
genome sequence is available for the database search. In
this paper, we report a new approach to the identification
of proteome proteins that involves chemical derivatisation
of peptides using well-established techniques. First, the
C-terminal lysine peptides within the tryptic digest mix-
tures are converted by O-methylisourea into homoargi-
nine terminal peptides. Modification of the e-amino group
enhances detection of lysine residues, increasing the
absolute number of fragments displayed in the MALDI
spectrum, and allowing C-terminal lysine and arginine
peptides to be distinguished from one other. Second, con-
ventional Edman chemistry allows reaction of the amino
group of the peptides with phenylisothiocyanate to form
the phenylthiocarbamoyl (PTC) derivative. In the pres-
ence of a strong anhydrous acid, the N-terminal residue is
cleaved to produce a truncated peptide. The close anal-
ogy to Edman degradation chemistry in the gas phase
has recently been established [12]. The tryptic peptides,
as PTC derivatives, are subjected to tandem MS analysis
yielding b4 ions that allow the unambiguous identification
of the N-terminal residue, with the exception of leucine
and isoleucine. The derivatised peptides are analysed
using standard matrix assisted laser desorption/ionisa-
tion-mass spectrometry (MALDI-MS) coupled with post-
source decay analysis (PSD). The protein assignments
are then made using a suite of new software tools, Pep-
MAPPER, that are freely available via the World Wide
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Web (http://wolf.bi.umist.ac.uk/mapper). This utility of this
approach is demonstrated by experiments with Saccharo-
myces cerevisiae, a eukaryotic organism for which the
complete genome sequence is available [13].

2 Materials and methods
2.1 Preparation of yeast protein extracts

2.1.1 Chromatography procedures

Yeast strain S288C was grown in minimal glucose
medium (1 L) and harvested in the exponential phase.
Cells were lysed in 0.5 mL of extraction buffer (0.1 m
HEPES, pH 7.5, containing Complete™ Mini EDTA-free
protease inhibitor cocktail; Boehringer, Mannheim, Ger-
many), and then vortexed with an equal volume of acid-
washed glass beads (Sigma, St. Louis, MO, USA).
Released protein was solubilised in 5 mL of extraction
buffer, and left on ice for 2 h. RNase A and DNase | (50
and 500 U, respectively) were added, and the solution left
on ice for 30 min. The supernatant was clarified by centri-
fugation and an aliquot (2 mL) was filtered through a
0.22 um PVDF syringe filter prior to fractionation using
two orthogonal separation steps, size-exclusion (SEC)
and ion-exchange (IEC) chromatography. Chromatogra-
phy was performed using a fast protein liquid chromatog-
raphy (FPLC) system. SEC was carried out on a Super-
dex™ 200 prep grade 16/60 size-exclusion column
(Amersham-Pharmacia, Uppsala, Sweden), pre-equili-
brated with two column volumes of 0.1 m HEPES, pH 7.5
(flow rate, 1 mL/min). The applied protein was eluted
using the same buffer and fractions collected at 2 mL
intervals. Further simplification of the protein mixture was
achieved using IEC. The FPLC system was fitted with a
Mono-Q™ column (Vi=1 mL) pre-equilibrated with 10 mL
of 50 mm HEPES (pH 7.5) pumped through at a flow rate
of 1 mL/min. Aliquots (1 mL) from four consecutive SEC
fractions were pooled. The pool (4 mL) was then mixed
with an equal volume of Milli-Q water and the sample
applied to the Mono-Q™ column. Bound protein was
washed using five column volumes of the same buffer
(50 mm HEPES, pH 7.5) before eluting with a linear salt
gradient of 0—1 m NaCl in 40 mL, using 50 mm HEPES,
1 m NaCl (pH 7.5) Selected fractions from IEC were pre-
cipitated using TCA and analysed by SDS-PAGE.

2.1.2 In-gel digestion

In-gel digestions were performed using a modification of
the procedure of Shevchenko et al. [14]. Excised gel
pieces were placed in microtitre plate wells (Costar) and
washed for 1 h with 100 uL of water, followed by a similar
wash step in 100 pL of 20 mm Tris-HCI, pH 8. The super-
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natant was discarded and replaced by 100 uL of 50% v/v
Tris-HCI (pH 8) and 50% v/v acetonitrile (sequencing
grade; Perkin-Elmer, Norwalk, CT, USA). Gel pieces were
left in this solution for 30 min before replacing it with
50 uL of acetonitrile and the gel pieces were left for a fur-
ther 10 min incubation. After discarding this supernatant,
the gel pieces were thoroughly dried in a vacuum dryer
(Savant, Holbrook, NY, USA) for 15 min. A trypsin stock
solution (1 uL of 0.01% v/v TFA) was then diluted 80-fold
in 20 mm Tris-HCI, pH 8, to give a final enzyme concentra-
tion of 1.25 ng/uL. The enzyme was added in 10 pL ali-
quots to each of the dry gel pieces. The microtitre plate
was sealed and incubated overnight at 37°C. Peptides
were extracted by adding 25 pL of 0.1% v/v TFA, 60% v/v
acetonitrile to each well and shaking the plate for 30 min.
The supernatants were removed to a fresh 96-well plate
and the extraction procedure repeated. The combined
extracts were then reduced to approximately 15 uL by
vacuum concentration.

2.2 Guanidination of lysine residues

The reaction was carried out as described in [15] with
some modifications. O-methylisourea was obtained from
Lancaster (Morecombe, UK). An aqueous solution of the
tryptic fragments was mixed with an equal volume of
0.5 m O-methylisourea, adjusted to pH 10.5 with NaOH.
The reaction was allowed to proceed overnight at room
temperature and was stopped by an equal volume of 1%
v/v aqueous TFA.

2.3 Edman derivatisation

Following digestion with trypsin, the mixture was dried
under vacuum centrifugation and then converted into the
PTC derivative by dissolving in a mixture of ethanol:wa-
ter:triethylamine:phenyl isothiocyanate (77/11/11/1 by vol-
ume). The reaction was allowed to proceed for 10 min at
50°C followed by vacuum centrifugation. The dried, deri-
vatised product was first dissolved in heptane:ethyl ace-
tate (10:1 v/v; 50-200 uL) and then an equal volume of
water was added. This mixture was shaken vigorously
and then centrifuged to break the dispersion. The organic
(top) layer was discarded and extraction of the aqueous
layer was repeated twice before performing the MALDI
analysis.

2.4 Mass spectrometry

Experiments were conducted in a Voyager DE-Elite
reflector MALDI-time of flight-mass spectrometer (PE Bio-
systems, Framingham, MA, USA). All spectra were col-
lected in reflector mode with each mass determination
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being an average of 256 spectra, using four peptides of
known mass as external calibration standards. The matrix
was a-cyano-4-hydroxycinnamic acid (CHCA) which was
prepared as a saturated solution, at room temperature, in
acetonitrile:water (1:1 v/v) containing 0.1% v/v TFA acid.
The peptide samples were mixed with 50 uL of the matrix
solution and then deposited directly onto the target and
allowed to dry. PSD spectra were acquired with accelerat-
ing voltages of 20 000 V whose grid voltage (defining the
two-stage ion acceleration) was held at 73.5% with decre-
ment ratio of 0.75 (1.000, 0.75, 0.5625, 0.4219, 0.3164,
0.2373, 0.1780 , 0.1335, 0.1001, 0.0751) using, as pre-
cursor ions, the two PTC-derivatives at 930 and at
1887 Da.

3 Results

3.1 Search efficiencies

In order to explore the value of limited sequence informa-
tion in making protein assignments from peptide mass fin-
gerprints of the yeast proteome, we have exploited two
derivatisation procedures. PTC derivatisation provides
information about the identity of the N-terminal amino acid
of a peptide [9], while guanidination [15] converts all the
lysine residues in a peptide into homoarginines. Guanidi-
nation will, in most instances, permit the discrimination
between C-terminal arginine and C-terminal lysine pep-
tides following trypsin digestion. This is because there is
a mass increase of 42.02 Da for every lysine residue in a
peptide that is converted to homoarginine as a result of
the derivatisation. Furthermore, the information content of
the mass spectrum of a tryptic digest is significantly in-
creased by improving the MALDI response of C-terminal
lysine-containing fragments.

In order to assess the increase in database search effi-
ciency using these derivatisation techniques, a series of
bioinformatic simulations were conducted with typical
search parameters using our in-house tools (PepMAP-
PER) on the yeast proteome. The search “gain” was
assessed in two ways. When searching a given peptide
mass against a database of all potential tryptic peptide
masses generated from the yeast proteome, we calculate
the number of peptides in the database which match,
given a defined mass accuracy. This is repeated using
the additional criteria that the sequence of the matching
peptide is consistent with the extra sequence information
about the search peptide that can be identified from deri-
vatisation. In other words, for the guanidination experi-
ment, the number of lysine residues in the search and
database peptides must also match; for PTC derivatisa-
tion the N-terminal amino acids must be the same.
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Figure 1. Derivatisation effects on database searching of the yeast proteome. (A) The average gain
in database searching efficiency was calculated for 500 Da steps across the mass range for the entire
yeast proteome, assuming a measured mass accuracy of 500 ppm, a fixed charge state of +1 and up
to 1 missed tryptic cleavage. The gain was assessed as the ratio of the number of valid peptide
matches in the database at a certain mass to the reduced number of matches obtained when using
the additional search information implied from the respective hypothetical derivatisation experiment.
In the case guanidination, the number of lysines in the peptide was assumed to be known, whilst the
identity of the N-terminal amino acid was known for PTC derivatisation (excepting lle/Leu, which are
indistinguishable). The effect of using both types of extra information was assessed as a combined
approach. (B) Each simulation was carried out over 500 000 steps, picking a fixed number of ran-
domly selected peptides from a randomly selected protein at each step. Using these peptides as
search criteria, the number of matching yeast proteins was calculated, with or without the derivatisa-
tion-derived extra information. The searches assumed a measured mass accuracy of 500 ppm, and
singly charged monoisotopic species, with up to 1 missed cleavage. For each of the 24 simulations,
the number of times that only one protein was consistent with the search data (an unambiguous iden-
tification) was calculated and is expressed as a percentage of the number of simulation trials. All

experiments used a 6462 yeast protein database derived from the PIR databank.

The database search “gain” is the ratio of these two num-
bers of matching database peptides, using the reduced
number of matches found with the extra sequence infor-
mation as the denominator to give values greater or equal
to 1 (see Fig. 1 A). The fewer the number of matches to
the database, the greater the certainty of identification of
a protein. The second approach used computer simula-
tions to determine the number of search peptides required
for the unambiguous identification of any protein. Figure
1 B shows the percentage of all yeast proteins that can
be unambiguously identified by searching the database
with a given number of peptides, both with and without
derivatisation data. These simulations underestimate the
impact of guanidination since they take no account of the
increased number of peptide fragments that can be
detected in the mass spectrometer as a result of the con-
version of C-terminal lysines to homoarginines. Note that
the upper limit on unambiguous identification is ca. 95%
of all yeast proteins due to the redundancy in the genome

[16]. We will go on to demonstrate that the potential gains
in the efficiency of protein identification that these derivati-
sation procedures offer can be realised in the laboratory.

3.2 The impact of guanidination

The derivatisation involves treatment of tryptic digest of a
protein fraction overnight with O-methylisourea (see Sec-
tion 2.2 for a full description of the technique), following
which the material can be loaded straight onto the MALDI
target. Standard proteins were digested from the gel and
subsequently derivatised with O-methylisourea in order to
test the sensitivity in MALDI-MS for the analysis of guani-
dinated peptides. Typically this sensitivity reached the
femtomole level (200 fmol for a tryptic digest, 50 fmol for
a solution of a single peptide). Figure 2 B provides an
example of the efficacy of guanidination in protein deriva-
tisation. A yeast total protein extract was subjected to
SEC and IEC and one fraction from the second column
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Figure 2. SDS-PAGE and comparative mass spectrometric analysis of tryptic digests of yeast pro-
teome proteins. (A) SDS-PAGE analysis of native yeast proteins. A mixture of yeast proteins obtained
following native state 2-D chromatography (Ferro et al., in preparation) was precipitated using TCA
and visualised on a Coomassie-stained polyacrylamide gel. The indicated band was in situ digested,
using trypsin (Butt et al., in preparation), and the extracted peptides derivatised. (B) The upper MALDI
spectrum was obtained from the tryptic digestion of the protein. The lower spectrum displays the
same mixture after derivatisation with O-methylisourea. The arrows between the upper and lower
peaks indicate the tryptic digest fragments present in both spectra, whilst the stars show the new sig-
nal corresponding to lysine-containing peptides converted into homoarginine derivatives.

was resolved by one-dimensional PAGE. A band (indi-
cated in Fig. 2 A) was cut from the gel and subjected to
in-gel digestion with trypsin. The tryptic digest was
extracted and divided into two aliquots, one of which was
subjected to O-methylisourea treatment. The MALDI-MS
spectra for the derivatised and underivatised proteins are
shown in Fig. 2.

Before derivatisation, 7 peaks of sufficient intensity for
use in database searching are present in the spectrum,
whereas 12 peaks are available for the search after gua-
nidination. The seven-peak search of the yeast database
gave YDR457w (a hypothetical protein) as the most likely
hit (based on the number of matched peptides). YGR192¢
and YJRO09c (two paralogues of glyceraldehyde-3-phos-
phate dehydrogenase) were, respectively, one of two
equal second-choice and one of nine equal third-choice
identifications (see Fig. 3). Searching with the 12 masses
provided by the spectrum of the derivatised protein identi-
fied YGR192c as the unique top match, and YJR009c as
the unique second-choice identification. If all masses from

the two experiments are combined, the same two top
choices are obtained. However, what distinguishes these
two proteins from all the other database matches is that
they share a large proportion of corresponding peptides
between the two spectra (five peptides for YGR192¢ and
four for YJR009c; see Fig. 3). This ability to distinguish
the top choices from all other database hits is highlighted
in Fig. 3 when just these corresponding peptides are used
in the PepMAPPER search. A final decision between
these two options can be made by considering the fact
that only YGR192c possesses a lysine-containing peptide
with an (underivatised) mass of 3570.36 Da. This unam-
biguuos identification of the correct paralogues provides a
good illustration of the utility of our approach since these
two enzymes share 96% amino acid sequence identity
and also have the same SDS-PAGE mobility and elution
position.

These data demonstrate the two key gains for database
searching from this derivatisation approach. First, an in-
creased total number of peptides is available for search-
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(18 proteins match at least 1 peptide in all 3 experiments)

1 (The 811.32 Da peptide is the methione-oxidised peptide at 795.32 Da).

ing. Second, a comparison of the spectra before and after
guanidination provides extra information as to the lysine
content of the different peptide fragments. The informa-
tion on lysine content in yeast tryptic peptide fragments
provides an almost threefold reduction in the number of
matching database proteins (Fig. 1 A). In our example,
only four peptides were required to make the identification
(a fifth peptide, used in the search, is an in vitro oxidation
product — an artefact that PepMAPPER has been
designed to handle).

all methionine residues was
also considerd.

3.3 The impact of combining guanidination and
Edman derivatisation

The use of successive PTC derivatisation in sequencing
proteins or peptides has been familiar to protein chemists
since Edman first introduced this procedure in 1967 [17].
The technique is exploited today in identifying protein
spots from 2-D gels, either directly [10], or with tandem
MS being used as the analytical procedure [20]. The key
to its use in the present context, as with much of func-
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Figure 4. Mass spectra of PTC-derivatised yeast protein tryptic peptide fragments. (A) MALDI spec-
trum obtained from the derivatisation of the tryptic digest (Fig. 2B, upper spectrum) with phenyl thio-
cyanate. Three peaks are present in the spectrum due to conversion of the signals at 795.32, 811.32
(methionine oxidation of 795.32), 1752.62. (B) PSD-MALDI spectrum using the derivatised peptide at
930.40, as precursor ion; the b4 ion appears at 249.7 corresponding to the leucine/isoleucine N-termi-

nal fragment.

tional genomics, is to ask: what difference does it make to
have a complete genome sequence? The answer is that
much less information on protein sequence is required to
make an unambiguous identification, and that using PTC
derivatisation to identify only the N-terminal amino acid
[9] is sufficient, especially when it is combined with the
guanidination approach.

Figure 1 A shows that PTC derivatisation should provide
a nearly 20-fold reduction in the number of database
matches in the yeast proteome when searching with a
given peptide fragment mass. Furthermore, the number
of peptide masses required for a protein identification at
the 90% confidence limit is reduced to just two (assuming
an undemanding m/z accuracy of = 500 ppm; Fig. 1B). If
the information from guanidination is combined with that
obtained from PTC derivatisation, then the reduction in
available matches is almost 35-fold (see Fig. 1 A) and two
peptides yield unambiguous assignment approaching the
95% confidence limit (Fig. 1B). Both these points are illus-
trated by the data provided in Fig. 4, which shows the
MALDI mass spectrum of the tryptic digest of the same
protein band as that analysed in Fig. 2, but this time sub-
jected to PTC derivatisation. If the three peaks from this
spectrum are used to search the yeast database, Pep-
MAPPER identifies only two proteins containing all three
peptide fragments. These are the two glyceraldehyde-3-
phosphate dehydrogenases, YGR192c and YJRO09c.

If the data from the two derivatisation regimes are
combined, then there is a significant increase in search
efficiency. In the search using the three peptides from the
PTC-derived spectrum (Fig. 4), 204 yeast proteins were
found to contain at least one match to this set of three
tryptic peptides. When the information about lysine con-
tent and the identify of the C-terminal residue, which was
provided by the guanidination data, is included, then 186
of these 204 proteins may be excluded from the search,
an order-of-magnitude gain in search efficiency.

4 Discussion

As an increased number of complete genome sequences
becomes available, it should be possible to applly this
combination of bioinformatic and chemical derivatisation
procedures to analyse the proteomes of many organisms.
In the example that we have provided for yeast, the com-
bination of chemical derivatisation techniques progres-
sively limited the search space for the identification of the
correct protein by PepMAPPER. Searching with the
masses, identified from the underivatised protein band
from the 1-D gel, identified 1656 yeast proteins that
matched at least one tryptic peptide. Moreover, the cor-
rect protein was not ranked first in this list. When tryptic
peptides that occurred in both the underivatised and gua-
nidinated protein spectra were used in the search, then
289 proteins match at least one fragment. Finally, when
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data from all three experiments (underivatised, guanidina-
tion, and PTC derivatisation) were combined, then the
search space was limited to just 18 proteins. Only two of
these (YGR192c and YJR009c) matched 3/3 peptides at
this stage of the analysis, and the persistent presence of
the 3570.36 (underivatised) and 3612.77 (guanidinated)
peaks at all earlier stages in the analysis permitted the
identification of the correct paralogue. We would point out
that, in terms of the yield of information from the PTC deri-
vatisation, the example that we have given, represents
the worst case. This is because the N-terminal amino acid
for both paralogues is leucine (which cannot be destin-
guished from its isomer, isoleucine, by MS). These two
isomers are the most abundant N-terminal amino acids in
yeast tryptic peptides, yielding a search gain of around
five (compared to gains of 35 + for rare amino acids such
as Cys, Trp and His).

The approach that we have presented does not require
sophisticated and expensive mass spectrometers, such
as electrospray ionisation (ESI) with tandem MS devices,
nor the postprocessing of the tryptic digest by LC. The
PepMAPPER bioinformatics tools are freely available and
these searches could be easily implemented with other
similar, commonly used search tools [18—-20]. Thus, the
technique is accessible to most protein chemistry labora-
tories and should improve the speed and efficiency of pro-
tein assignment in proteomic studies. Moreover, the sim-
ple aqueous reaction involved in guanidination, and the
prospect of carrying out the PTC derivatisation in the gas-
phase [12], means that our procedure is amenable to
automation, with further improvements in throughput
available by carrying out the Edman reaction directly on
the guanidinated products. We are currently using this
combined approach to extend and improve the use of
PTC derivatisation in the identification of components of
protein mixtures [9].
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