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bstract

In this paper, we show that ion trap mass spectrometers can differentiate acetylation and carbamylation modifications based on database search
esults for a lens protein sample. These types of modifications are difficult to distinguish on ion trap instruments because of their lower resolution
nd mass accuracy. The results were corroborated by using accurate mass information derived from MALDI TOF MS analysis of eluted peptides
rom a duplicate capillary RPLC separation. Tandem mass spectra of lysine carbamylated peptides were further verified by manual assignments of
ragment ions and by the presence of characteristic fragment ions of carbamylated peptides. It was also observed that carbamylated peptides show
strong neutral loss of the carbamyl group in collision induced dissociation (CID), a feature that can be prognostic for carbamylation. In a lens
issue sample of a 67-year-old patient, 12 in vivo carbamylation sites were detected on 7 different lens proteins and 4 lysine acetylation sites were
etected on 3 different lens proteins. Among the 12 in vivo carbamylation sites, 9 are novel in vivo carbamylation modification sites. Notably, in
ivo carbamylation of �S crystallin, �A4 crystallin, �B1 crystallin, and �B2 crystallin observed in this study have never been reported before.

2006 Elsevier B.V. All rights reserved.

ics; SE

m
A
i
p

s
r
a
m
m

eywords: In vivo carbamylation; Acetylation; LC–MS/MS; Shotgun proteom

. Introduction

A goal of proteomics has been the identification and relative
uantification of expressed proteins. Mass spectrometric
rotein identification techniques utilizing accurate masses
MS) or fragmentation patterns (MS/MS) of peptides were
eveloped and combined with protein/peptide separation
echniques to identify individual components of complicated
rotein mixture samples [1–9]. In vitro and in vivo amino
cid labeling techniques using stable isotopes were also

eveloped and combined with mass spectrometric techniques
o facilitate relative quantification of expressed proteins under
ifferent conditions [10–16]. By using these proteomics tools,
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any important biological systems are being investigated.
challenge for proteomics is to characterize biologically

mportant post-translational modifications occurring on cellular
roteins.

Post-translational modifications are known to affect the
tructure and function of proteins and many functions are tightly
egulated by post-translational modifications [17,18]. There
re obstacles to overcome in the study of post-translational
odifications. Information regarding co- and post-translational
odifications cannot be easily inferred from genome sequences

nd more than 200 different post-translational modifications
ave been reported. Only a handful of them can be easily
haracterized including phosphorylation, acetylation, ubiquiti-

ation, and sumoylation. Several mass spectrometric methods
ave been developed for large-scale identification of post-
ranslational modifications in complicated protein mixtures
19–24]. These methods have mainly focused on one or two
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ypes of post-translational modifications and typically involve
ulti-step sample preparations that may include chemical

erivatization or peptide enrichment processes. Identification
f post-translational modifications remains a significant
hallenge to better understand the regulation of biological
rocesses.

Shotgun proteomics when combined with multi-dimensional
apillary liquid chromatography and tandem mass spectrom-
try has been used to identify different types and sites of
ost-translational modifications [17,25,26]. A popular mass
pectrometer for shotgun proteomics experiments is the ion trap
ecause the robust performance and fast scan speed are well
uited for liquid chromatography. A drawback to these low res-
lution and mass accuracy instruments is the ambiguity that can
esult in the identification of modifications with closely related
olecular weights. Modifications with very small molecular
eight differences, such as phosphorylation and sulfation

equire very high resolution instruments to differentiate. There
re several post-translational modifications with only 1 Da mass
ifference, such as acetylation and carbamylation, deamidation
f Asn and Gln, and trimethylation and acetylation. An inability
o differentiate these modifications with high confidence leads to
mbiguities in the identification of large-scale post-translational
odifications. MacCoss et al. analyzed human lens tissue from a

-year-old congenital cataract patient using shotgun proteomics
nd 13 sites of lysine acetylation or carbamylation were reported
ince the possibility of carbamylation could not be ruled out
17].

The presence of carbamylation was thought to be a result
f urea decomposition, but Smith and co-workers recently
dentified three sites of in vivo carbamylation in � crystallin
nd suggested that in vivo carbamylation is not a minor
ost-translational modification in lens tissue proteins and it
ight be related to the aging process of lens [27]. In the
mith et al. studies, the modified proteins were first separated
rom unmodified proteins by various LC techniques prior to
nzymatic digestion. A high resolution scan on an ion trap mass
pectrometer using the zoom scan function was performed after
regular capillary RPLC–MS/MS analysis [28]. This type of

pproach is time-consuming and does not lend itself to large-
cale studies of post-translational modifications in complex
rotein samples. Thus, we investigated if lysine acetylation
nd carbamylation can be unambiguously differentiated using
andem mass spectrometry data obtained from ion trap mass
pectrometer and a database search.

Here, we show that the cross-correlation scores from
ifferential modification searches can be used to distinguish
cetylation from carbamylation on lysine residues in a con-
entional ion trap mass spectrometer data without additional
igh mass accuracy analysis of peptides. In this study, lens
issue sample from a 67-year-old patient was analyzed to
dentify sites of acetylation and carbamylation using a new
pproach that would confirm the observations of the Smith and

o-workers’ study [27,28]. Both water soluble and insoluble
ens proteins were prepared by using high concentrations of
uanidine hydrochloride to avoid artifactual carbamylation
29,30].

u
w
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. Materials and methods

.1. Preparation of protein extracts from human lens

A lens sample was obtained from a 67-year-old patient.
he nucleus and cortex of the lens were not separated and the
hole lens was homogenized with microtube pestle in 0.2 ml of
0 mM phosphate buffer (1 mM EGTA, pH 7.0) at 4 ◦C. Solu-
le and insoluble portions were separated by centrifugation at
0,000 × g for 30 min at 4 ◦C. In order to avoid chemical mod-
fication by urea, guanidine hydrochloride (GuHCl) was used
s a denaturant throughout the experiment. The soluble portion
as diluted with Tris–HCl buffer (pH 8.5) containing GuHCl to a
nal concentration of 6 M GuHCl, 100 mM Tris–HCl. The insol-
ble fraction was resuspended in 6 M GuHCl, 100 mM Tris–HCl
pH 8.5) buffer. Both fractions were reduced with 5 mM tris[2-
arboxyethyl] phosphine (TCEP) for 30 min and alkylated with
5 mM iodoacetamide for 30 min.

.2. Enzymatic digestion protocol

Reduced and alkylated protein samples were digested with
ndoproteinase Lys-C (Roche Diagnostics) at a ratio of 100:1

substrate:enzyme) at 37 ◦C for 12 h. The Lys-C digested sample
as diluted four-fold with 100 mM Tris–HCl buffer, pH 8.5.
equencing grade modified trypsin (Promega) was added at an
nzyme-to-substrate ratio of 1:50 (w/w) and incubated for 12 h
t 37 ◦C. After incubation, trypsin digestion was quenched with
0% formic acid to a final concentration of 4% and stored at
80 ◦C.

.3. MicroLC–MS/MS analysis

A single phase microcapillary column was constructed with
00 �m i.d. fused silica capillary tubing pulled to a 5 �m i.d. tip
y using a CO2 laser puller (Sutter Instruments, P-2000). The
apillary column was packed with 15 cm, 5 �m particle size.
olaris C18-A (Metachem) using a home-made high pressure
olumn loader. Approximately, 1–5 �g of digested lens protein
as directly loaded onto the capillary column. The buffer solu-

ions used to separate the lens protein digests were 5% acetoni-
rile/0.1% formic acid (buffer A), 80% acetonitrile/0.1% formic
cid (buffer B). A 100 min gradient was used (0–5 min, 100%
uffer A; 5–75 min, 0% buffer B to 55% buffer B; 75–100 min,
5–100% buffer B). Peptides eluted from the capillary column
ere electrosprayed into a LCQ Deca XP Plus ion trap mass

pectrometer (ThermoFinnigan) with the application of a dis-
al 2.4 kV spray voltage. A cycle of one full scan (400–1400
/z) followed by three data-dependent MS/MS scans at a 35%
ormalized collision energy was repeated throughout the LC
eparation.

.4. Analysis of MS/MS spectra
Tandem mass spectra were extracted from Xcalibur raw files
sing the program “ExtractMS”. A filtering program, “2 to3”,
as then used to determine the charge states of multiply charged
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ig. 1. MS/MS spectra of tryptic digest peptides with in vivo carbamylation mo
arbamyl group appeared in all four spectra. Asterisk (*) denotes modification

recursor peptides and to remove poor quality spectra [31]. The
nal data file was searched against a protein database by a clus-

er version of “Pep Probe” which provides a cross-correlation
core of SEQUEST and a hypergeometric distribution based
robability score for each peptide match [32]. Mass options
sed in the search were average mass for precursor ions and
onoisotopic mass for fragment ions. The resulting output files
ere filtered using the program “DTASelect” [33]. A subset
atabase was constructed using only the proteins identified
nd this subset database was mainly used to expedite differ-
ntial modification searches. Modifications of carbamylation
+43) and acetylation (+42) were considered first and differ-

ntial modifications of other mass shifts (+40, +41, +44, and
45) on lysine were also considered to assess XCorr score and
robability score changes as a function of modification mass
ffset.

w
T
S
A

tion site and manual assignments of fragment ions. Strong neutral loss ions of

.5. Capillary RPLC-off line-MALDI TOF MS analysis

To obtain accurate mass information on enzymatically
igested peptides, a MALDI TOF mass spectrometer was used.
he microLC separation used in the MS/MS analysis was dupli-
ated using the same column under the same sample loading
onditions. Instead of electrospraying into ion trap mass spec-
rometer, digested peptides eluted in the microLC separation
ere collected and directly spotted on the MALDI plate every
min so that the retention time of particular MS/MS spectra
f microLC–MS/MS analysis could be linked to the particular
pot on the MALDI sample plate. The MALDI sample plate

as pre-coated with �-cyano-4-hydroxycinnamic acid. MALDI
OF mass analysis was performed by using a Micromass Tof-
pec 2E equipped with a pulsed nitrogen laser (337 nm) source.
ll mass spectra were taken in the reflected mode using delayed
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xtraction technology. Ion acceleration voltage was 20 kV and
n extraction voltage was 16 kV. The delay time between laser
ulse and pulsing in the extraction plate was 200 ns. Signals from
t least 100 laser shots were averaged to increase signal to noise
atio. All mass spectra were externally calibrated using a matrix
imer signal (m/z = 379.0930) and bradykinin [M + H]+ ion
ignal (m/z = 1060.5692). Average mass accuracy of less than
00 ppm was obtained in the mass range from 500 to 3000 Da.

. Results

The digested lens sample was analyzed by LC/MS/MS and
andem mass spectra were collected. Despite the simplicity of

he peptide separation technique, fairly good sequence coverage
as obtained for the major proteins of the lens. We identified a

otal of 98 proteins from the two LC–MS/MS analyses. Nearly,
ll lens crystallins previously reported were detected and their

r
c
h
l

ig. 2. MS/MS spectra of tryptic digest peptides with acetylation modification site a
issing in all four spectra. Asterisk (*) denotes modification sites.
ass Spectrometry 259 (2007) 161–173

equence coverage was more than 55% except two minor lens
roteins; �A and �B crystallins. Based on these identifications, a
ubset database consisting of these proteins was used to identify
odified peptides with particular emphasis on acetylation and

arbamylation.
A differential modification search using SEQUEST was eval-

ated to see if it is capable of identifying a lysine carbamylation
odification in tandem mass spectral data generated from a

onventional ion trap mass spectrometer. A differential modifi-
ation search of carbamylation on lysine residues (K, +43) was
erformed and compared with the results obtained in a differ-
ntial modification search of acetylated lysine (K, +42). Several
andem mass spectra were identified as carbamylated on lysine

esidues only in the differential modification search for lysine
arbamylation. These tandem mass spectra yielded significantly
igher XCorr values in the differential modification search of
ysine carbamylation than of those in the lysine acetylation

nd manual assignments of fragment ions. Neutral loss ions of acetyl group are
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Table 1
List of in vivo carbamylation and acetylation modification sites observed in water-soluble and insoluble lens proteins of 67-year- old patient lens tissue sample

Scan numbera Locationb Peptide sequencec Neutral loss
iond

XCorrmax at
K+43/K+42

Theoretial mass Observed masse

2130.2 �S K14 ITFYEDK*NFQGR Yes K+43 1560.7 (+43) 1560.6 (−0.1)
2638.2 �S K95 AVHLPSGGQYK*IQIFEK Yes K+43 1958.0 (+43) 1958.0 (0.0)
2526.2 �S K159 K*PIDWGAASPAVQSFR Yes K+43 1772.9 (+43) 1771.8 (−1.1)
1734.2 �C G1 G*KITFYEDR Yes G+43 1171.6 (+43) 1171.7 (+0.1)
1716.2 �D G1 G*KITLYEDR Yes G+43 1137.6 (+43) 1137.5 (−0.1)
1007.2 �B K175 EEKPAVTAAPKK* Yes K+43 1311.7 (+43) 1311.6 (−0.1)
3239.3 �A4 K48 SLK*VLSGAWVGFEHAGFQ GQQYILER Yes K+43 2963.5 (+43) 2963.9 (+0.4)
1472.2 �B1 K50 K*AAELPPGNYR Yes K+43 1258.7 (+43) 1258.6 (−0.1)
3580.3 �B1 K160 ISLFEGANFK*GNTIEIQGDDAPSLWVYGFSDR Yes K+43 3589.7 (+43) N/A
2624.2 �B1 K186 VGS VK*VSSGTWVGYQYPGYR Yes K+43 2233.1 (+43) 2233.3 (+0.2)
2838.3 �B1 K234 LRDK*QWHLEGSFPVLATE PPK Yes K+43 2491.3 (+43) 2491.7 (+0.4)
1832.2 �B2K101 RTDSLSSLRPIK*VDSQEHK Yes K+43 2239.2 (+43) 2239.0 (−0.2)
2984.2 �A K1 SDRDK*FVIFLDVK No K+42 1623.9 (+42) 1623.9 (0.0)
1002.2 �B2 K10 ASDHQTQAGK*PQSLNPK No K+42 1848.9 (+42) 1849.0 (+0.1)
1840.2 �S K3 SK*TGTKITFYEDKNFQGR No K+42 2162.1 (+42) 2162.5 (+0.4)
1839.3 �S K3 SK*TGTKITFYEDKNFQGR No K+42 2162.1 (+42) 2162.5 (+0.4)
2563.2 �S K159 K*PIDWGAASPAVQSFR No K+42 1771.9 (+42) 1771.8 (−0.1)
2383.3 �S K159 K*PIDWGAASPAVQSFRR No K+42 1928.0 (+42) 1927.9 (−0.1)

a Scan number means scan number of MS/MS spectrum.
b Underline ( ) in the second column indicates previously reported modification sites.
c Bold letter (K*) in the third column denotes lysine in vivo carbamylation sites detected.

etyl g
MS an

s
l
s
t
i
p
t
i
p
t
t
t
s
(
g
n
f
t

t
a
s
w
a
o
t
s
p
b
c
l

a
i
T
i

t
o
±
1

c
f
r
I
g
F
c
i
r
a
i

c
t
F
a
m
l

d Neutral loss ion means the presence of carbamyl group neural loss ion or ac
e Observed mass indicates monoisotopic mass observed in the MALDI TOF

earch. Hence, the criteria of yielding higher a XCorr value for
ysine carbamylation versus lysine acetylation was used first to
elect peptide candidates for lysine carbamylation. Fig. 1 shows
andem mass spectra of four carbamylated peptides identified
n the differential modification search. Interestingly, the base
eak in both tandem mass spectra correspond to a neutral loss of
he carbamyl group ([M + H+ − CONH]+2) from the precursor
ons. This is consistent with the characteristic MS/MS pattern
reviously reported for carbamylated peptides [27,28,34]. Other
andem mass spectra with higher XCorr values in the carbamyla-
ion search also showed a neutral loss of a carbamyl group even
hough they were not the base peak. In contrast, the tandem mass
pectra which showed higher XCorr values for lysine acetylation
K, +42) did not show any evidence of a neutral loss of an acetyl
roup from the precursor ion (see, Fig. 2). Since there was no
eutral loss ion present in their tandem mass spectra, intensities
or b and y series ions were relatively higher than observed for
he lysine carbamylated peptides.

In order to verify each modification of lysine modified pep-
ides, capillary RPLC separation was repeated and accurate mass
nalysis of peptides was performed using a MALDI TOF mass
pectrometer. Eluted peptides from capillary RPLC separation
ere spotted on a MALDI sample plate at 2 min intervals. Since
fairly reproducible peptide separation can be achieved with

ur capillary RPLC separation system (retention time devia-
ion less than ±1.0 min), retention time information of MS/MS
pectra was used to link which sample spot on a MALDI sample

late contained peptides of interest. All tandem mass spectra
ut the one shown in Fig. 1 corresponded to the exact mass of a
arbamylated peptide. This example will be discussed in detail
ater in this section. Accurate mass analysis by MALDI TOF MS

n
o
a
m

roup neutral loss ion.
alysis.

lso confirmed all acetylation modifications of peptides shown
n Fig. 2. The results from the off-line capillary RPLC MALDI
OF MS analysis are summarized in Table 1 and confirmed the

nitial database searching results.
Manual assignment of fragment ions in the tandem mass spec-

ra clearly show why one modification scores higher than the
ther in the differential modification search (see Fig. 3). At the
1.0 m/z fragment ion mass accuracy used by SEQUEST, the

4Lys residue of gamma S crystallin can only be assigned as a
arbamylated lysine (see Fig. 3 A and B). Several unassigned
ragment ions in Fig. 3B were exactly 1 m/z higher than the theo-
etical fragment ions of the acetylated lysine containing peptide.
f the fragment ion mass accuracy used in XCorr calculation was
reater than ±1.0 m/z, then those unassigned fragment ions in
ig. 3 B would match the fragment ions of the acetylated lysine
ontaining peptide and XCorr scores for the two different mod-
fication searches would be identical. Acetylation on the 70Lys
esidue of alpha A crystallin was also manually assigned (Fig. 3C
nd D). A higher XCorr value was observed and more fragment
ons were manually assigned for the acetylated lysine.

On the 159Lys residue of �S crystallin, two different modifi-
ations were observed. Two tandem mass spectra were matched
o the same peptide with different modifications (see Fig. 4).
ig. 4A shows a tandem mass spectrum that was assigned
s a carbamylated lysine containing peptide and the tandem
ass spectrum shown in Fig. 4B was identified with acetylated

ysine. Mass spectra on the right focus on the region where the

eutral loss of the carbamyl group should appear. A neutral loss
f the carbamyl group is clearly missing in the MS/MS of the
cetylated lysine containing peptide. Also it was noted that far
ore b and y ions were identified in the MS/MS of acetylated
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Fig. 3. Manual assignments of lysine modified tryptic digest peptides, ITFYEDK*NFQGR and SDRDK*FVIFLDVK with two different modification possibilities:
( *NF
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A) in vivo carbamylation of ITFYEDK*NFQGR, (B) acetylation of ITFYEDK
f SDRDK*FVIFLDVK. XCorr of corresponding differential modification sear
1 m/z. Symbol ( ) denotes fragment ions of missing assignments in a false m

ysine containing peptide. The MALDI TOF MS analysis of the
ample spot which covers the retention time region of the above
wo tandem mass spectra is shown in Fig. 5. The monoisotopic

ass in Fig. 5A matched exactly with the monoisotopic mass
f the acetylated lysine containing peptide; however, the actual
sotope distribution pattern is quite different from the expected
heoretical isotope distribution pattern of the acetylated peptide
hown in Fig. 5B. The theoretical composite isotope distribution
or a 1:1 mixture of the acetylated and carbamylated peptide is
hown in Fig. 5C. The similarity between the composite theo-
etical isotope pattern and the observed isotope pattern strongly
uggests co-existence of the carbamylated and acetylated pep-

ides in one MALDI sample spot. Selected ion chromatograms
or these two differently modified peptides revealed that a
lightly higher level of carbamylation was present on this lysine
esidue (see Fig. 6). As it was observed in previous studies, a

l
a
t
s

QGR, (C) acetylation of SDRDK*FVIFLDVK, and (D) in vivo carbamylation
ere also shown in each MS/MS spectrum. Allowed mass error was better than

cation possibility.

arbamylated peptide elutes earlier than the acetylated version
f the same peptide in a reversed phase LC separation [28].

To observe how XCorr changes as a function of the differ-
ntial modification offset mass, a search for lysine modification
as performed with the offset mass varied from 40 to 45. The

esulting XCorr values were plotted to see if the XCorr value
aximizes at the true offset mass. We also analyzed the hyper-

eometric scores (Pep Probe) to see if the results were consistent
ith XCorr values. Both XCorr and the hypergeometric scores

or tandem mass spectra shown in Fig. 1 are plotted in Fig. 7 and
hose for the tandem mass spectra shown in Fig. 2 are plotted
n Fig. 8. Fig. 7 shows the search results for the carbamylated

ysine containing peptides and the maximum XCorr values were
lways observed in the differential modification search of +43 on
he lysine residue. Hypergeometric scores also followed a very
imilar trend to the XCorr values. The acetylated lysine contain-
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ig. 4. MS/MS spectra of a tryptic digest peptide, KPIDWGAASPAVQSFR w
arbamylation and (B) KPIDWGAASPAVQSFR with lysine acetylation. The in
eutral loss ion.

ng peptides are shown in Fig. 8 and all four peptides have their
aximum XCorr values in a differential modification search
ith a +42 modification to lysine. Although the XCorr values
f the tandem mass spectra of the peptide SDRDK*FVIFLDVK
how only a small difference between the two different searches,

ALDI TOF analysis of the fraction containing this peptide
onfirmed the acetylation modification (see Table 1).

In addition to lysine in vivo carbamylation sites, N-terminal
lycine carbamylations were identified in this study. Two
arbamylation sites of �C and D crystallin identified in the
ysine differential modification search were later corrected as
-terminal glycine carbamylation in the manual assignments.
ince both lysine residues are located next to N-terminal

lycine, tandem mass spectra from the ion trap mass spectrome-
er did not show a sufficient number of fragment ions for a clear
istinction. Thus, XCorr values for the two differential mod-
fication searches (N-terminal and lysine carbamylation) were

4

o

wo different modifications: (A) KPIDWGAASPAVQSFR with lysine in vivo
n the right of each spectrum show the presence and absence of carbamyl group

ot significantly different. Manual assignments of fragment
ons for two different modification sites are shown in Fig. 9 and
-terminal glycine carbamylation and lysine carbamylation
ere differentiated by only two fragment ions;[y8-H2O]+2

nd y8
+2. These two N-terminal carbamylation sites were

reviously reported as in vivo carbamylation sites [27].
Lastly, the ion chromatograms for the modified and unmod-

fied peptides were compared to estimate levels of in vivo
arbamylation for the different � crystallins (see Fig. 10). �S
rystallin appeared to have far lower in vivo carbamylation mod-
fication than other � crystallins. In vivo carbamylation levels of
C and �D were comparable to those of unmodified ones.
. Discussion

In vivo carbamylation and acetylation have a mass difference
f only 1 Da. The unambiguous assignment of these modifica-



168 Z.-Y. Park et al. / International Journal of Mass Spectrometry 259 (2007) 161–173

Fig. 5. Enlarged actual MALDI TOF mass spectrum of a fraction containing modifi
spectra of acetylated KPIDWGAASPAVQSFR (B) and of acetylated and carbamylate

Fig. 6. Modification level comparison of in vivo carbamylation and acetylation.
Selected ion chromatograms of in vivo carbamylated KPIDWGAASPAVQSFR
and acetylated KPIDWGAASPAVQSFR are compared. Black colored region
indicates ion current for 887.6 ± 0.2 and gray colored region indicates ion current
for 886.86 ± 0.2. RT stands for retention time and AA stands for integrated area.
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ed tryptic digest peptide, KPIDWGAASPAVQSFR (A) and theoretical mass
d KPIDWGAASPAVQSFR 1:1 mixture (C).

ions because of their close molecular weights is difficult using
n ion trap mass spectrometer. Here, we have demonstrated that
simple XCorr value comparison in a differential modification

earch of SEQUEST can distinguish carbamylation from acety-
ation. In order to understand how XCorr values can distinguish
wo very similar post-translational modifications in mass, we
eed to look into the corresponding spectral modeling that is
one for calculation of XCorr’s. SEQUEST searches a protein
atabase for candidate peptide sequences which fall within ±3
/z of the molecular weight calculated from the precursor ion
ass. Although this mass window of candidate peptide selec-

ion can be adjusted, it is typically set at 6 m/z for ion trap mass
pectrometry data. Peptide candidates within the mass tolerance
hen undergo preliminary scoring to narrow the list of peptides
o the 500 best candidates. Fragment ion masses from theoreti-
al tandem mass spectra of the peptide candidates and the actual
andem mass spectrum are compared with a mass tolerance of 2
/z (±1 m/z) in the preliminary scoring routine. Integer masses

re used to speed up the process when fragment ions are com-
ared. Since integer mass and 2 m/z mass windows are used in

he preliminary scoring process, the resulting preliminary scores
Sp score) for two peptides with very similar modifications in
ass, i.e., 1 Da difference, tend to be the same. Cross-correlation

cores for these two modifications can be different; however,
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Fig. 10. Comparison of abundances of modified and unmodified peptides. Selected ion chromatograms were constructed and compared for in vivo carbamylated
lysine containing tryptic digest peptide and unmodified lysine containing tryptic digest peptide of �S crystallin (A), for in vivo cabamylated N-terminal glycine
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le analysis. Using this approach, MacCoss et al. identified 73
odification sites of 4 different post-translational modifications

ccurring in cataract lens samples from a single MuDPIT anal-
sis [17]. The quantitative analysis information, i.e., the ratio
etween modified proteins and non-modified proteins cannot be
irectly obtained in the shotgun proteomics; however, modifi-
ation levels of specific amino acid residues can be estimated
y comparing ion current signals of modified and unmodified
eptides. Recent studies demonstrated that quantitative analy-
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ng in vivo carbamylation and acetylation sites using current
atabase searching algorithms. As it was noted in the results sec-
ion, the search score itself seldom fails to determine the exact
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uch as a modified N-terminal amino acid or a deamidation site
re located nearby, insufficient fragment ions can make a clear
istinction difficult. In such cases, manual assignments of tan-
em mass spectra are helpful in providing correct modification
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. Conclusion

The MS/MS fragmentation information was shown to be a
easonable method to distinguish between two modifications
hat are otherwise difficult to unambiguously differentiate by

ass alone in ion trap mass spectrometers. Carbamylated pep-
ides identified in this study all showed a significant neutral loss
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