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Detection of posttranslational modifications is expected to be
one of the major future experimental challenges for proteomics.
We describe herein a mass spectrometric procedure to screen
for protein modifications by peptide mass fingerprinting that is
based on post-data acquisition improvement of the mass accu-
racy by exporting the peptide mass values into analytical soft-
ware for multipoint recalibration on recognized peaks. Subse-
quently, the calibrated peak mass data set is used in searching
for modified peptides, i.e., peptides possessing specific mass
deviations. In order to identify the location of Lys- and Gln-

residues available for transglutaminase-catalyzed isopeptide
bond formation, mammalian small heat shock proteins (sHsps)
were screened for labeling with the two hexapeptide probes
GQDPVR and GNDPVK in presence of transglutaminase. Pep-
tide modification due to cross-linking of the GQDPVR hexa-
peptide probe was detected for C-terminal Lys residues. Novel
transglutaminase-susceptible Gln sites were identified in two
sHsps (Q31/Q27 in Hsp20 and HspB2, respectively), by cross-
linking of the GNDPVK hexapeptide probe. Deamidation of
specific Gln residues was also detected, as well an isopeptide
derived from intramolecular Gln-Lys isopeptide bond forma-
tion. We conclude that peptide mass fingerprinting can be an
efficient way of screening for various posttranslational modifi-
cations. Basically any instrumentation for MALDI mass spec-
trometry can be used, provided that post-data acquisition recali-
bration is applied. 

KEY WORDS: Chaperone, cross-linking, MALDI-TOF, peptide
mass fingerprinting, posttranslational modification, small heat
shock protein, tissue transglutaminase.

Mass spectrometry is widely used for large-
scale protein identification in proteomics,
based on peptide mass fingerprinting or pep-

tide fragmentation fingerprinting.1 Mass spectrometry
is also extremely useful to investigate posttranslational
modifications (PTMs) in a protein.2-4 These modifica-
tions may control the activity, subcellular localization
and half-life of the proteins, and their interaction with
other macromolecules, such as other proteins or DNA.
Common modifications are phosphorylation, O-linked
glycosylation, methylation, acetylation, farnesylation,
ubiquitinylation, and, as seen below, deamidation and
transpeptidation. Each protein may actually contain
several different PTMs; for example, the transcription
factor CREB is subject to regulation by phosphoryla-
tion, O-GlcNAc-glycosylation, and acetylation.5 Well
over 300 different PTMs are listed and can be searched
across the Internet (see Delta Mass web page;
h t tp : //www.abr f .org/ index.c fm/dm.home) .
Posttranslational modification of proteins occurs fre-
quently, and varies depending on cellular conditions.

JOURNAL OF BIOMOLECULAR TECHNIQUES, VOLUME 16, ISSUE 3, SEPTEMBER 2005 197

Journal of Biomolecular Techniques
16:197–208 © 2005 ABRF

FR
AB

ARTICLES

ADDRESS CORRESPONDENCE AND REPRINT REQUESTS TO: Cecilia Sund-
by Emanuelsson, Department of Biochemistry, Center for
Chemistry and Chemical Engineering, Lund University, PO
Box 124, S-221 00 Lund, Sweden (phone: +46 (0)46-222
4872; fax: +46 (0)46-222 45 34; email: Cecilia.Emanuels-
son@biokem.lu.se).



The picture is even emerging that differences between
any two cellular states, e.g., a tumour tissue and a nor-
mal tissue, can be manifested in changes in the state
of the PTMs rather than changes in expression of pro-
teins.6 Experimental detection of PTMs is expected to
be one of the major experimental challenges for pro-
teomics in this decade.7 Clearly, there is a need for
methods to rapidly screen for PTMs in any sample set,
by any investigator, using any MS instrumentation. 

Peptide mass fingerprinting offers a possibility to
rapidly screen for possible PTMs, but only provided
that the mass accuracy is sufficiently good. We here
describe a rationale for routinely achieving data with
sufficient mass accuracy, from any type of instrumen-
tation for peptide mass fingerprinting, by applying a
procedure with user-designed data analysis following
data acquisition. After recording mass spectra for pep-
tide mass fingerprinting, a subsequent three-step data
analysis is performed. First, observed peak mass val-
ues are used to search for recognized peaks, such as
trypsin or keratin peaks. Such tryptic autodigest prod-
ucts and peptides from contaminating keratin are par-
ticularly prevalent when working with a low amount
of sample. If the identity of the protein is known,
peaks derived from the known protein can also be
recognized. A fairly large mass accuracy window can
be used, since only a small data set is searched, name-
ly the peptide mass values from theoretical digests of
the sequences for trypsin, a limited number of ker-
atins, and the known protein. Secondly, the recog-
nized peaks are used for a multipoint recalibration of
the peak mass values, typically down to approximate-
ly 10 ppm. Thirdly, the recalibrated peak mass values
are used to search for PTMs by means of user-
designed peak mass deviations. 

We describe below how this approach was used
to screen a number of small heat shock proteins
(sHps) for modifications induced by tissue transgluta-
minase (TG).8–10 The TG catalyzes transamidation, i.e.,
the formation of a covalent isopeptide bond, within or
between polypeptide chains, between the ε-amino
group of specific Lys residues, and the γ-carboxyamide
group of specific Gln residues. In a first step, the side
chain of a Gln residue forms a thioester with a cysteine
in the active site of TG, and ammonia is released yield-
ing an activated acyl group. Subsequently, a covalent
isopeptide bond is formed between the activated acyl
group and the amine group of a specific Lys. Alterna-
tively, hydrolysis of the thioester bond leads to deami-
dation, converting the Gln into a glutamic acid residue.
Both processes, transamidation and deamidation, are
involved in celiac disease.11 Transamidation is also
referred to as transpeptidation, or transglutamination.

The sHsps are a family of ATP-independent chap-
erones which protect cellular proteins from irreversible

aggregation by forming large, soluble complexes with
the proteins that tend to unfold under stress condi-
tions.12–14 The sHsps are oligomeric proteins, which
probably become activated by formation of dimers
which expose hydrophobic surfaces for binding to
unfolding proteins.12,15,16 Mammalian sHsps often
found in both extra- and intracellular protein aggre-
gates in neurological disorders such as Alzheimer’s dis-
ease17 or sporadic inclusion body myositis.18

Large amounts of isopeptide cross-links have
been found in such pathological protein deposits.19-21

Recently, cross-linking was demonstrated between
Hsp27 and parkin and α-synuclein in neurofibrillar
tangles.22 To assess the capability for various sHsps to
take part in such cross-linking, different mammalian
sHsps were recently characterized in terms of their
susceptibility to transglutaminase, using hexapeptides
designed as probes for possible amine donor (Lys, K)
and amine acceptor (Gln, Q) sites.23 Here we used the
same hexapeptide probes to screen for the actual
location of the Lys and Gln modifications in these
sHsps by mass spectrometry. Lys modification by
hexapeptide probe cross-linking was detected in the
C-terminal Lys of αB-crystallin K175, Hsp27 K205, and
Hsp20 K162. Gln modifications were detected by
hexapeptide probe cross-linking, deamidation, and
cross-linking by intramolecular Lys-Gln isopeptide
bond formation. 

MATERIALS AND METHODS

Expression of sHsps and 
Catalyzed Labeling of Transglutaminase-sHsps

Several sHsps were recombinantly expressed and
purified and treated by TG and biotinylated hexapep-
tides as described previously.23 Shortly, a Gln amine-
acceptor hexapeptide (GQDPVR) was used for label-
ing of Lys residues, and a Lys amine-donor peptide
(GNDPVK) for labeling of Gln residues. After treat-
ment with TG (guinea pig liver transglutaminase from
Sigma, 2.5 10-4 U/mL, 5 μg to 20 μg sHsp and 1 μg
hexapeptide probe in 50 mM Tris-HCL, pH 7.5), sam-
ples were separated by 1D sodium dodecylsulfate-
polyacrylamide gel electrophoresis, and samples were
subjected to silver staining. 

Mass Spectrometry and 
Acquisition of MALDI-TOF Mass Spectra

Vacuum-dried gel pieces were trypsin digested
according to the protocol described in reference 24,
and mass spectra were recorded by matrix-assisted
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laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF-MS) on a Voyager Elite BioSpec-
trometry Workstation (Perseptive Biosystems, Framing-
ham, Massachusetts), using α-cyano hydroxy cinnamic
acid as matrix after micropurification on R2 columns,
as described in reference 25. 

Data Analysis and 
Multipoint Recalibration on Recognized Peaks

Observed peak mass values were used to search, with
a large mass accuracy window, for recognized peaks,
such as trypsin peaks, keratin peaks, and peaks
derived from the protein investigated. Then the rec-
ognized peaks were used for multipoint recalibration
of the peak mass value data set, typically down to
approximately 10 ppm. Trypsin and keratin peak
mass values were then removed from the recalibrat-
ed peak mass value data set, which was used in
searching for user-designed PTMs. 

The software MoverZ (freeware available from
Genomic Solutions, Ann Arbor, MI, http://65.219.84.5/
moverzDL.html) was used to open mass spectrum files
and export peak mass lists into the software GPMAW
(General Protein Mass Analysis for Windows, available
from Lighthouse data Ltd, Odense, Denmark, http://
welcome.to/gpmaw/, demo-version freely available).
The software includes the stand-alone module Peak-
Erazor for recalibration of mass spectrum files on rec-
ognized peaks and removal of trypsin and keratin
peaks (full version freely available). 

Detection of Modified
Peptides Using the Recalibrated Data Set

Transglutaminase-catalyzed isopeptide bond formation
between a Lys and a Gln takes place under concomi-
tant loss of NH3, or NH4+. Mass deviations following the
isopeptide bond formation between the sHsp and the
hexapeptide probes were calculated using the compo-
sition calculator in the software GPMAW—for both the
probes including biotin (B) and a spacer arm (LC)—by
specifying names, formula, and valid residues. For the
hexapeptide GQDPVR, to label Lys residues, the mass
deviations were calculated for the modification files,
named B-LC-hexQ and B-LC-hexQ+, to 992.475 Da
(C43H68N12O13S1) and 991.467 Da (C43H67N12O13S1) for
loss of NH3 or NH4+, respectively. For the hexapeptide
GNDPVK, to label Gln residues, mass deviations were
calculated for the modification files, named B-LC-hexK
and B-LC-hexK+, to 950.453 Da (C42H66N10O13S1) and
949.445 Da (C42H65N10O13S1), respectively.

RESULTS

We recently proposed that several members of the
human sHsp family contain Lys and/or Gln residues
which are substrates for TG,23 based on biotin blotting
after incubation of sHsps in the presence of biotinylat-
ed hexapeptide probes, containing either a substrate
Gln (hexapeptide GQDPVR) for cross-linking to sHsp
Lys residues, or a substrate Lys (hexapeptide GND-
PVK) for cross-linking to sHsp Gln residues. Here the
sHsps, incubated with TG and hexapeptides, were
analyzed by mass spectrometry to pinpoint the loca-
tion of the TG-susceptible Lys and Gln residues. For
all sHsps, MALDI mass spectra were recorded and ana-
lyzed as outlined in detail below, in order to identify
peaks carrying covalent modifications. Figure 1 shows
the mass spectrum obtained for Hsp27 labeled with
the hexapeptide GQDPVR. Arrows indicate peptides
that carry the probe covalently cross-linked to the C-
terminal Lys (K205). This is in agreement with existing
data (Table 1). Hsp20 is used in the following discus-
sion as an example of the strategy employed for
screening new potential modifications induced by TG.

1. Multipoint Recalibration on Recognized Peaks

Recorded mass spectra were subjected to multipoint
recalibration on recognized peaks using the programs
GPMAW, PeakErazor, and MoverZ as outlined in the
protocol in Scheme 1. A peptide mass value list,
obtained by in silico theoretical cleavage of the known
sHsp sequence in GPMAW, is first pasted into PeakEr-
azor. After data acquisition, the mass spectrum for each
sHsp is opened in software like MoverZ, and peak
labeling is performed to assign peak mass values to the
observed peaks. A peak mass value list is retrieved and
imported into PeakErazor, yielding the situation illus-
trated with the PeakErazor screen-shots in Figure. 2A.
In contrast to a Mascot database search, only a small
data set is being searched here, namely peptide mass
values from the theoretical digests of the known pro-
tein, trypsin, and keratin (trypsin and keratin peak lists
are intrinsic in PeakErazor). Consequently, a large mass
accuracy window (up to 800 ppm) can be used. In the
left-hand peak list window, peptides from the observed
mass spectrum match to six peptides from the in silico
theoretical cleavage mass values (marked as <sHsp20>
in Fig. 2), five keratin peaks, and one trypsin peak at
2211 Da. The matched peptides are automatically
checked in the squares on the left-hand side, and the
ones marked as <sHsp0> are hence recognized as pep-
tides belonging to the sHsp. Although the mass devia-
tions of the checked peptides are as large as 200–300
ppm in this step (Fig. 2A, left), the mass values from
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FIGURE 1

MALDI mass spectrum used to screen for TG-susceptible Lys and Gln residues. Mass spectrum showing a
tryptic digest of human Hsp27 treated by TG in the presence of the hexapeptide probe GQDPVR for Lys label-
ing. After export of peak mass values for spectrum analysis, multipoint recalibration on recognized peaks was
performed using the programs MoverZ, GPMAW, and PeakErazor as outlined in the protocol in Scheme 1
and Figures 2 and 3. After such spectrum analysis, two peaks were identified as peptides containing the C-
terminal Lys, K205, modified by formation of a covalent isopeptide bond with the hexapeptide probe GQD-
PVR (arrows). That the C-terminal Lys is susceptible to TG was previously documented using a similar hexa-
peptide probe in combination with exoprotease treatment, both for αB-crystallin26 and for Hsp27.27

T A B L E  I

Modifications of Lys and Gln Residues Detected in Four sHsps

Contains TG-Modified Residuesa TG-Modified Residues Identified by MS

sHsp Lys Gln Lys Gln

Hsp20 (P97541) YES YES K162, cross-linked Q31, cross-linked 
Q66, deamidated 

Hsp27 (P04792) YES YES K205, cross-linked No cross-linked Q detected 

αB-crystallin (P02511) YES NO K175, cross-linked No cross-linked Q detected

HspB2 (Q16082) NO YES No cross-linked K Q27, cross-linked 
detected Q75, deamidated

Summary of results obtained by mass spectrometry as outlined in Figures 1–5 to screen four sHsps in order to locate and iden-
tify Lys and Gln residues modified due to TG-catalyzed hexapeptide probe cross-linking, intramolecular cross-linking, or Gln
deamidation. Using the same biotinylated hexapeptide probes, sHsps were previously investigated by biotin blotting to eluci-
date differences between mammalian sHsps in terms of their possession of any Lys and Gln residues available for TG-catalyzed
cross-linking between sHsps and amyloid-β (Boros et al. 200423).
aBoros et al 200423.

the six recognized sHsp peaks and the keratin 1 and
trypsin peaks all fall on a straight line, as seen in the
PeakErazor graph (Fig. 2A, right), hence forming a
good basis for calibration. The keratin 8 peak (m/z

value 2296.697) has a mass deviation of –228 and is
clearly not a true contaminant and is removed from the
calibration step. Using PeakErazor’s calibrate button,
multipoint (linear) recalibration is thereafter performed
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S C H E M E  1

How to Make a Multipoint Calibration Against Theoretical Mass Values for Matched Peptide Peaks Using
the Programs GPMAW, PeakErazor, and MoverZ

GPMAW
1. Open relevant sequence.
2. Make digest with scissor symbol, choosing trypsin or other relevant enzyme, with zero or 1 missed cleavages.

Sort after MH+ column and remove low masses.
3. Right-click: Copy special, Copy mass list (singly charged).

PeakErazor
4. Read from clipboard. Now all theoretical peak mass values are pasted into the Peak list window.
5. Right-click: Copy list to <blank>. Now the list with theoretical mass values are pasted into the Erazor list, which

can be checked by looking in the Erazor list window. After the listed mass values for keratins, trypsin and con-
taminants of unknown origin now the theoretical mass values are listed as <blank>. The name can be changed
to a more appropriate name, e.g., <sHsp20>.

MoverZ
6. Copy peak mass values from your spectrum to clipboard.

Peak Erazor
7. Read from clipboard. Now your experimentally determined peak mass values are listed in the Peak list win-

dow.
8. To calibrate, first click the “Show graph” button beside “Calibrate button” to show a window in which your

detected peak mass values are presented graphically to show how much they deviate (experimentally deter-
mined peak mass values from your spectrum that fit with the theoretical peak mass values, keratin peaks,
trypsin peaks, and so called unknown peaks. Colours and names can be defined by the user).

9. Then click on Calibrate button, and to the right of the Peak list window the appearance now changes to allow
calibration. By moving the ruler in the mass accuracy window you can now chose how many dots you want to
use for calibration. You can also remove single dots by Press Ctrl+click.

10. When you have chosen the right conditions, press button Calibrate. Now the experimentally determined mass
value list is calibrated, and you can see that the mass values in the Peak list window are adjusted after calibra-
tion, and that the deviations have become much smaller (now only a few ppm mass deviation from <blank>
values).

11. Copy to clipboard the calibrated list of experimentally determined peak mass values, after removing trypsin
and keratin peaks, but not the sample peaks (“blanks”)!

GPMAW 
12. Finally, you can now paste the calibrated mass values into the Mass search in GPMAW using a very low ppm-

setting (look what the ppm deviations were in the Peak list window after calibration). This will allow you to
identify more peaks from your mass spectrum, such as peptides with missed cleavage sites or modifications. 

on the peptides marked with a tick in the peak list in
Fig. 2A, to yield the situation illustrated in Fig. 2B. Note
how the mass deviations are now improved, as reflect-
ed by the way the peaks mass values are now centered
around the horizontal line (Fig. 2B, right). The mass
deviations are now on the order of 10 ppm for the
<sHsp20> peaks (Fig. 2B, left). The simple linear cali-

bration algorithm in PeakErazor requires that the mass
errors fall on a straight line. However, even if the mass
error distribution curve is nonlinear, the graphic tools
in PeakErazor and GPMAW allow the user to evaluate
whether the mass deviation found on a potential mod-
ified peptide falls on the curve, i.e., has the expected
calibration error. 
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FIGURE 2

Multipoint recalibration on recognized peaks. Screen-shots of the program PeakErazor used for multipoint
recalibration on recognized peaks as outlined in the protocol in Scheme 1. Peak mass value lists of pep-
tides observed are imported from mass spectra into PeakErazor, and matched against peak lists derived
from theoretical digests in silico of the sequence from the analyzed protein, annotated as <sHsp20>, and
an Erazor list, intrinsic to PeakErazor, derived from theoretical digests in silico of the sequences for keratin
and trypsin. Screen-shots illustrate appearance before (A) and after (B) the linear multipoint calibration,
which is based on these matched and recognized peaks. Values presented in this figure are for Hsp20
(P97541 in Swiss-Prot).



The trypsin and keratins peaks that were utilized
in the calibration procedure are now excluded from
the peak mass list, before exporting the recalibrated
peak mass list to GPMAW to search for PTMs by iden-
tifying modified peaks. 

2. Searching for Modified Peaks with 
User-Defined Modifications 

After multipoint calibration as described above, the
recalibrated peak lists were next used with the Mass
Search function in GPMAW, to search for peptides
matching to the theoretical digest of the Hsp20
sequence, now using a mass accuracy of 10 ppm.
Searching for modified peaks is simultaneously per-
formed in the Mass Search function in GPMAW by
loading modification files provided with the program,
or by creating a new modification file and entering
the desired modification. New user-defined modifica-
tions are added by specifying the name, its formula,
and valid residues (i.e., the residue that is able to
incorporate the modification). A composition calcula-
tor provided with the program simplifies the task of
calculations associated with entering the molecular
formula of a new protein modification. Modifications
can be defined globally (such as cysteine alkylation
or methionine oxidation) for all amino acid residues
of its kind, or locally by selecting an individual amino
acid residue. To perform the search for peptides mod-
ified by the hexapeptide probes, masses were calcu-
lated for mass modification files named B-LC-hexQ,
B-LC-hexQ+, B-LC-hexK, and B-LC-hexK+, respective-
ly, as described in Materials and Methods. 

A screen-shot of the output report from GPMAW
for Hsp20 is presented in Figure 3, showing that Q31
in the peptide corresponding to amino acid 28-32,
LFDQR, was labeled with the hexapeptide probe
GNDPVK, as detected by the modification file B-LC-
hexK. Furthermore, Gln deamidation is also detected
in another Gln residue, Q66, in the peptide corre-
sponding to amino acid 57–81 (APSVAL...VLLDVK), as
evident from the modification file searching for a 1 Da
mass increment (Gln 146.07 Da, glutamic acid 147.05
Da). Such Gln deamidation was never seen in any
sample without prior TG treatment. Another sHsp,
HspB2, was also found to display similar hexapeptide
probe cross-linking on one Gln (HspB2 Q27), and
deamidation of another Gln (HspB2 Q75), as summa-
rized in Table 1. 

After identifying the modified peptides using the
Mass Search function in GPMAW, inspection of the
peaks in the corresponding mass spectra showed that
the appearance of a certain modified peak occurred
under concomitant disappearance of the correspon-

ding unmodified peak. The hexapeptide probe label-
ing detected for Gln (Q31) corresponded to the dis-
appearance of the LFDQR peak at 677.35 Da and the
appearance of a peak at 1628.8 Da, i.e., with a 950.45
Da mass increment corresponding to B-LC-hexK (Fig.
4A). The hexapeptide probe labeling detected on the
C-terminal Lys (K162) corresponded to the disappear-
ance of peaks at 3763.7 Da and 4083.2 Da (correspon-
ding to amino acids 123–162 YRLPP. . . PAAK and 125-
162 LPP. . . PAAK) and the appearance of peaks at
4756.5 Da and 5075.7 Da, both with a 992.5 Da mass
increment corresponding to B-LC-hexQ (Fig. 4B).

Since Hsp20 was found to possess both Lys (K162)
and Gln (Q31) residues susceptible to TG, we also
checked if we could detect any signal that could repre-
sent an intramolecular Gln-Lys isopeptide bond forma-
tion. The expected mass of an isopeptide from the pep-
tides containing Q31 and K162 would be LPP. . . PAAK
(3763.0 Da) + LFDQR (677.35 Da), and with the loss of
one NH3 (3763.0 + 677.35 − 17.03) = 4423.32 Da. Such a
peptide is indeed observed (Fig. 5), even in two vari-
ants—one without missed cleavage sites and one with
a missed cleavage site, making the assignment even
more reliable. Detection of TG-modified Lys and Gln
residues in the four sHsps (Hsp20, Hsp27, αB-crystallin,
and HspB2) is summarized in Table I. 

DISCUSSION

Screening sHsps for 
TG-Susceptible Lys and Gln Residues

We have described how a number of sHps could be
screened by peptide mass fingerprinting for modifica-
tions induced by tissue TG. Evidence that such cross-
linking involves Lys and Gln residues in several dif-
ferent mammalian sHsps was previously suggested,
using the same hexapeptides used here as probes to
search for possible amine donor (Lys, K) and amine
acceptor (Gln, Q) sites.23 By our peptide mass finger-
printing, Lys modification was confirmed for the pre-
viously known modification of the C-terminal Lys in
αB-crystallin, K175,26 and Hsp27 K205,27 and was also
detected on the C-terminal Lys in Hsp20, K162. 

Gln residues susceptible to TG-catalyzed modi-
fication were identified for the first time and located
at Hsp20 Q31 (incorporation of hexapeptide probe)
and Hsp20 Q66 (deamidation of). A similar pattern
was observed for another sHsp, HspB2, for which
incorporation of the hexapeptide probe was detect-
ed at a corresponding Gln, HspB2 Q27, and deami-
dation of HspB2 Q75. 

It is likely that the different sHsps in the mam-
malian sHsp family may play distinctly different roles
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in general, and in transglutamination events in partic-
ular. By our peptide mass fingerprinting, Hsp20 was
found to have both a TG-susceptible Lys (K162) and
a TG-susceptible Gln (Q31), whereas αB-crystallin has
only a TG-susceptible Lys (K175) and HspB2 only a
TG-susceptible Gln (Q27). This fits the previous
observations,23 with the exception of Hsp27 for which
we could only detect unmodified Q31 (Table 1). The
different human sHsps have different capacities to
intermix and cross-link with each other and with amy-
loid-β in brain autopsy material, 23 and the exact roles
for the various sHsps remain to be elucidated. Present
data call for further investigation on differences
between sHsps in terms of their behavior with TG
under cellular conditions. 

The Approach to Screen Proteins for Various
Modifications Using Peptide Mass Fingerprinting

and Recalibrated Data Sets

Mass spectrometry has been used previously to suggest
the location of Gln residues susceptible to TG cross-
linking after incubation with 14C-labeled polyamines,
such as Q93 in vitronection28 or the Q83, Q84 and Q86
for plasminogen activator inhibitor type 2.29 We
describe herein a procedure to systematically screen for
protein modifications by peptide mass fingerprinting,
based on post-data acquisition improvement of the
mass accuracy by multipoint recalibration of recog-
nized peaks. This approach offers the possibility to
screen for PTMs in any sample set, by any investigator,

C. S. EMANUELSSON ET AL.

204 JOURNAL OF BIOMOLECULAR TECHNIQUES, VOLUME 16, ISSUE 3, SEPTEMBER 2005

FIGURE 3

Searching for modified peaks using GPMAW with user-defined modifications. Searching for modified peaks
is performed in the program GPMAW using user-defined modifications as outlined in the protocol in Scheme
1. Screen-shot from the program GPMAW showing the report from a mass search in the Hsp20 sequence
(P97541 in Swiss-Prot), with user-defined modifications for Hsp20 incubated with TG and the hexapeptide
probe GNDPVK. Upper part shows a graphic presentation of the sequence coverage (in this case 46%).
Lower part shows the number of matched peptides (in this case 5) with mass deviations, 10 ppm, and the
number of matched peptides with modifications (in this case 2), one peptide (aa 28–32) containing Hsp20
Q31 modified by Gln cross-linking to the hexapeptide probe GNDPVK, and one peptide (aa 57–81) con-
taining Hsp20 Q66 with Gln deamidation to Hsp20 E66. Further below unmatched peptides are reported,
and at the bottom also a list of all the user-defined modifications used in the GPMAW mass search.



using any MS instrumentation. In our case, the Lys and
Gln modifications discovered by this approach had
already been indicated by other independent tech-
niques, such as the streptavidin-biotin blot analyses.23

Otherwise, a sound strategy may be to first screen for
PTMs by peptide mass fingerprinting as done here,
than to verify the most interesting discoveries by pep-
tide fragmentation (MS/MS) and de novo sequencing,
which, however, is more time-consuming. In the case
of cross-linked peptides, MS/MS can also turn out very
complex, since the two peptides will fragment simul-
taneously. To first screen for PTMs by peptide mass fin-
gerprinting as done here is obviously useful in itself. In
addition, it also provides an idea of what to expect

from an MS/MS spectrum of cross-linked peptides,
which otherwise would be very difficult to solve.

Other Types of Software

To use the recalibrated data set in searching for PTMs,
other types of software than GPMAW, which we have
used here, can also be applied. The new search
engine Aldente at ExPASy has, in contrast to Mascot,
ProFound and MS-Fit, a function for editing user-
defined modifications similar to what we describe
here for the software GPMAW. Mascot can do the
same on an “in-house” server.
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FIGURE 4

Hexapeptide probe cross-linking and appearance of modified peaks at the expense of unmodified peaks
in Hsp20. Overview of MALDI mass spectra recorded for Hsp20 incubated with TG in presence of the
hexapeptide probe GQDPVR for labeling of Lys residues (upper), or the hexapeptide probe GNDPVK for
labeling of Gln residues (middle), and control Hsp20 without TG (lower). Mass spectra are magnified to
show different mass ranges, m/z below 1700 Da (A) or m/z above 3800 Da (B). Filled and unfilled arrows
mark the peptides, which increase and decrease in intensity, respectively.



When the identity of the protein (whose PTM sta-
tus is going to be investigated) is known, it is still an
important advantage to restrict the search only to the
amino acid sequence of this protein as can be done
in GPMAW or in FindMod at ExPASy. Another advan-
tage with using the GPMAW program locally on the
user’s own computer is that the user can store and
build small databases of often-used sequences of the
proteins under investigation. Moreover, PeakErazor
offers the opportunity to detect and filter away spe-
cific contaminants, other than keratins and trypsin,
which repeatedly occur in any given sample set.

The world of PTMs is extremely complex—one
protein may have several potential PTMs, yet under
some circumstances some will not appear at all and
others will. Especially in the beginning of the
“PTMomics”/“modificomics” challenge there will be a
need for systematic and comprehensive analyses apply-
ing multiple time-points and experimental conditions.
New functions are continuously added to GPMAW. 

We have detected sHsp Lys and Gln residues
which become modified by TG cross-linking. Several
other Lys and Gln residues were detected as unmod-
ified, and some were not detected at all. We can con-
clude that some specific Lys and Gln residues are
indeed substrates for TG (αB-crystallin K175, Hsp27
K205 and Hsp20 K162, and Hsp20 Q31, HspB2 Q27
(cross-linking), and Hsp20 Q66, HspB2 Q75 (deami-
dation), but not exclude the possibility that certain

other Lys and Gln residues in the sHsps may be sub-
strates also. This is due to sequence coverage aspects
and to quantitative aspects. For the best characterized
PTMs so far, phosphorylation,30–32 it has become clear
that a single modification of a protein can be a very
small fraction of the total amount of protein. The actu-
al amount of modified peptide may vary depending
on the conditions assayed. That PTMs vary with cel-
lular status further emphasizes the need for rapid
screening approaches which can cope with assess-
ment of more than one time-point. 

In order to be really useful, PTM screening should
have 100% sequence coverage not to “miss” the PTM.
There are various ways to improve sequence cover-
age.33 One way is to reduce the suppression effects
by separating the individual peptides before reaching
the mass spectrometer by applying LC-MALDI-MS/MS
to tryptic digests of the individual proteins. Sequence
coverage can also be improved by using other prote-
olytic enzymes besides trypsin; by removing impuri-
ties by microcolumns;25,33 by sample pretreatment to
convert Lys residues to homoarginine by O-
methylisourea to enhance signals from Lys-containing
peptides;35–37 or by using matrix mixtures instead of a
single matrix.38

Peptide mass fingerprinting can be an efficient way
of screening for various PTMs, and basically any instru-
mentation for mass spectrometry can be used provided
that post-data acquisition recalibration is applied.
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FIGURE 5

Cross-linking by intramolecular peptide bond formation in Hsp20. MALDI mass spectra recorded for Hsp20
incubated with TG (A) and control Hsp20 without TG (B). A band, detected below the hexapeptide probe
labeled Hsp20 (see Fig. 1, Hsp20 in Boros et al., reference 23), was investigated for a presumed intramol-
ecular cross-link. A cross-linked peptide representing an intramolecular Q31-K162 isopeptide bond forma-
tion was detected as two peaks (marked by green arrows) appearing at 3763.0 Da (LFDQ31R covalently
cross-linked to LPP. . .PAAK162) and 4423.32 Da (LFDQ31R covalently cross-linked to LPP. . .PAAK162),
respectively. The peaks representing corresponding unmodified peptides decreased correspondingly
(marked by white arrows).
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