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Protein disulfide isomerase (PDI) has been identified in a protein extract from the venom duct of
the marine snail C. amadis. In-gel tryptic digestion of a thick protein band at approximately
55 kDa yields a mixture of peptides. Analysis of tryptic fragments by MALDI-MS/MS and
LC-ESI-MS/MS methods permits sequence assignment. Three tryptic fragments yield two nine
residue sequences (FVQDFLDGK 1 and EPQLGDRVR 2) and an eleven residue sequence
(DQESTGALAFK 3). Database analysis using peptides 1 and 3 were consistent with the sequence
of PDI and peptide 2 appears to be derived from a co-migrating protein. In identifying proteins
based on the characterization of short peptide sequences the question arises about the reliability of
identification using peptide fragments. Here we have also demonstrated the minimum length of
peptide fragment necessary for unambiguous protein identification using fragments obtained
from the experimentally derived sequences. Sequences of length ¢7 residues provide
unambiguous identification in conjunction with protein molecular mass as a filter. The length of
sequence necessary for unambiguous protein identification is also established using randomly
chosen tryptic fragments from a standard dataset of proteins. The results are of significance in the
identification of proteins from organisms with unsequenced genomes.

Introduction
The use of mass spectrometrically derived sequences of peptide
fragments obtained from in-gel digestion of protein bands on
SDS-PAGE gels is rapidly gaining acceptance as the method of
choice for protein identification.1–6 In the case of proteins
from organisms whose genome sequence are not available,
in silico searches for similar/identical sequences in protein
databases7–10 can lead to uncertainties in identification.11 As
part of a project to characterize the enzymes involved in
effecting post-translational modifications of peptides from
marine cone snails, we have attempted to identify protein
disulfide isomerase (PDI) from C. amadis. Conus venom
contains a complex mixture of peptides with the conotoxins
being the major components.12–14 Conotoxins are short
peptides ranging in length from 8–50 residues, containing
multiple disulfide bonds and are heavily post-translationaly
modified.15–17 The formation of multiple disulfide bonds
within short peptide sequences requires the participation of
disulfide isomerases, which facilitate formation of the native
state cross-links.18–24 Bulaj et al have established that the PDIs
are the major soluble protein in venom duct by determining an
N-terminal sequence of a 55 kDa band by Edman micro
sequencing. Further, these authors have cloned PDI cDNA
a
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from C. textile and derived full length protein sequences. PDI
expression in other conus species has also been demonstrated
by RT-PCR methods.20 In this report we examine the
application of de novo mass spectral sequencing to the
identification of PDI from the molluscivorous snail C. amadis,
isolated off the south eastern coast of India. Identification of
proteins on the basis of tryptic peptide sequences is often beset
with many practical difficulties.25–27 Firstly, peptide production by proteolysis may yield poor fragmentation patterns in
MALDI-MS/MS spectra, since the predominantly singly
charged species has the proton located on the side chain of a
C-terminus lysine or arginine residue, necessitating application
of LC-ESI-MS/MS methods, which permit fragmentation of
multiply charged ions28(MS/MS also depends on the peptide
composition). Secondly, a continuous sequence of b and
y-ions{ may not always be obtained because of preferential
fragmentation at specific peptide bonds,29 for example those
preceding prolyl residues (or) succeeding aspartyl residues.30
Thirdly, the presence of overlapping bands in both 1D and 2D
gel electrophoresis can result in peptide fragments arising from
multiple proteins. In the absence of a complete genome
sequence the derived tryptic peptide fragments may not be
completely identical to those of homologous sequences.31 The
results of the present study demonstrate the identification of
cone snail PDI from the sequences of two tryptic fragments.
We also examine the reliability of protein identification based
{ b and y-ions are the nomenclatures given to the product ions
obtained during the mass spectrometric fragmentation, due to the
cleavage of peptides at the amide bond. The retention of charge
towards the amino terminus of the peptide in the product ion results in
b-ions and retention towards the carboxyl terminus of the peptide in
the product ion results in y-ions.
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Fig. 1 1-D SDS-PAGE of proteins isolated from the venom gland of
Conus amadis. The intense band at y55 kDa was subjected for in-gel
digestion and the resulting peptides were subjected for de novo mass
spectral sequencing. The sequences of three peptides with assignments
of b and y-ions are shown.

on the length of the experimentally determined sequences.
In silico experiments using randomly chosen tryptic fragments
from a standard dataset of proteins were also carried out to
establish the length of sequence necessary for unambiguous
protein identification. The results suggest that database
matching procedures permit high reliability identification only
when the length of the determined sequence is at least seven to
eight residues.

Results and discussion
In-gel digestion and ‘de novo’ mass spectral sequencing
Fig. 1 shows the SDS-PAGE profile of a mixture of proteins
isolated from the venom gland of C. amadis. The intense band

corresponding to a mass of approximately 55 kDa was chosen
for in-gel digestion. Protein disulfide isomerase (PDI) has been
characterized from diverse organisms including C. textile20
and has been shown to have a length of approximately 500
residues.23 Fig. 2 shows a MALDI-TOF-MS spectrum of
the tryptic peptide mixture eluted after in-gel digestion.
Comparison with the control spectrum obtained from trypsin
incubated with a blank gel established that all the intense
peaks in the m/z range from 1000–2800, are indeed derived
from conus proteins. Attempts were made to directly sequence
peptide ions selected from the mixture using MALDI-MS/MS
(the best achieved MALDI-MS/MS spectra are provided in
Supplementary Figures S1–S6{). Fig. 3a shows a MALDI-MS/
MS spectrum obtained from a tryptic fragment of m/z 1068.6.
Inspection of the spectrum reveals a sufficiently large number
of fragments, permitting determination of a partial sequence.
Preliminary attempts at assigning fragments suggested the
presence of ions arising from a second species. Fig. 4 shows a
mass detected LC profile of the tryptic peptide mixture, which
clearly establishes the presence of two distinct peptides,
characterized by different retention times which yield almost
identical masses of 1068 Da. We therefore turned to an LCMS/MS procedure using an ion-trap. Fig. 3b shows the ESIMS/MS spectrum obtained by fragmenting the doubly charged
ion m/z 534.8, for the component with retention time of
43.4 min. Fig. 5b shows the ESI-MS/MS spectrum of the
second component, which coincidentally has the same m/z
1069.7. Manual peptide sequencing was undertaken using the
information available from both MALDI-MS/MS and ESIMS/MS spectra. Fig. 3 shows the observed fragment ions
along with assignments of the b and y-ion series for the
component eluting at the retention time 43.4 min having m/z
1068.6. The presence of a b2 ion at 247 Da permitted sequential

Fig. 2 MALDI-TOF mass spectrum of tryptic peptides obtained by the in-gel digestion of the intense band marked in Fig. 1. All the peptides with
marked m/z values were subjected for fragmentation.
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Fig. 3 (a) MALDI-MS/MS spectra of a tryptic peptide with m/z 1068.6 and (b) ESI-MS/MS spectra obtained by CID of a doubly charge ion (m/z
534.8). The sequence derived by MS/MS is shown.

tracing of a six residue segment -Q/KDFL/IDG-. The
immonium ions at 86, 101, and 120 suggested the presence of
the residues Leu/Ile, Gln/Lys and Phe, respectively. The b2-ion
at 247 Da could correspond to the dipeptide -FV-, -VF-, -MD-,
(or) -DM- at the amino terminus. The observation of a peak
with m/z 921 supports the assignment of the sequence -FV- at
the N-terminus. The presence of a fragment ion at m/z 147
clearly establishes a lysine residue at the C-terminus (y1). The
y-ion series is extended towards lower m/z using the residual
mass of amino acids, permitting the sequential tracing of the
residues -Q/KDFL/IDG-. The deduced sequence is FVQ/
KDFL/IDGK (peptide 1). Fig. 5 shows the observed fragment
ions along with assignment of the b and y-ion series for the
component eluting at the retention time 44.7 min having m/z
1069.7. Inspection of the low mass region permits the
identification of a b2-ion at 227 Da, easily recognized by the
characteristic separation of 28 Da of an a2/b2 pair. The b2-ion
at 227 Da may correspond to the dipeptides –EP-, -PE- (or)
-L/IL/I- at the amino terminus. The observation of a peak at
with m/z 923 (ammonia loss) supports the assignment of the
sequence –EP- at the amino terminus. The presence of a
fragment ion at m/z 175 Da clearly establishes an arginine
residue at the C-terminus (y1). The y-ion series is extended
towards lower m/z using the residual mass of the amino acids,
permitting sequential tracing of the four residues -Q/KL/IGD-.
An intense peak at 413 Da (ammonia loss) could be ascribed
due to the preferential cleavage at the C-terminus of the
556 | Mol. BioSyst., 2007, 3, 554–566

aspartic acid residue.29 The remaining residual mass 255 Da
corresponds to the dipeptide -RV- or -VR-. The database
analysis establishes the sequence as EPQLGDRVR (peptide 2).
It is evident for peptide 1 that the MALDI-MS/MS spectrum
does provide enough ions to determine much of the sequence.
However in the case of peptide 2 far fewer fragment ions’ mass
with low intensities are observed in MALDI-MS/MS. This is
undoubted the consequence of the presence of two arginine
residues in the sequence, which limit proton migration
along the backbone. Interestingly, none of the other tryptic
fragments observed in the Fig. 2 yield sufficiently rich
MALDI-MS/MS spectra to permit de novo sequencing. Fig. 6
shows the ESI-MS/MS spectrum obtained by fragmenting the
doubly charged ion m/z 584.1 derived from the peak with
retention time 40.1 min and the manual interpretation of the
observed fragmentation pattern yield the sequence as DQ/
KESTGAL/IAFK. The ambiguity in assigning the dipeptide
as -GA- was assisted by the homology of the predicted
sequence with known PDIs. The mass spectrometrically
derived sequences were subjected to database analysis for the
protein identification.
Matching experimental sequences with database searches
In the present study the distinct tryptic peptides have yielded
sufficient mass spectral data to permit assignment of 9–11
residue sequences. However, ambiguities remain in the assignment of Leu/Ile and Gln/Lys residues in all the cases. In
This journal is ß The Royal Society of Chemistry 2007

Fig. 4 Total ion chromatogram (LC-ESI-MS) of a tryptic digest of the 55 kDa band. Insets show the electrospray mass spectrum of tryptic
peptides eluting at different retention times. The doubly charged ions are also marked.

addition in the case of the nine residue sequence with mass
1069.7 Da there is a further ambiguity at the C-terminus end
with the experimental data being insufficient to distinguish
between the dipeptide sequence RV and VR. Consequently, all
the sixteen possible sequences derived from the three separate
peptides were used for database search and the results are
summarized in Table 1, with the best hits being listed. It is
clear that the sequence FVQDFLDGK (1068.6 Da) is indeed
derived from disulfide isomerase as is the 11 residue
DQESTGALAFK (1166.6 Da). The peptide with m/z 1069.7,
corresponding to the sequence EPQLGDRVR, may arise
from a second protein component. At present the NCBI
database contains a single entry for the PDI derived from
analysis of cDNA from C. marmoreus (Wang, Z.Q., Han,Y.H.
and Chi,C.W. unpublished data). In addition, the sequences of
two isoforms of PDI from the venom ducts of C. textile have
also been reported based on an analysis of corresponding
cDNA.20 Fig. 7 shows an alignment of the three PDI sequences
along with representative PDIs from other organisms. It is
seen that the sequences of tryptic peptide fragments derived
from C. amadis show an almost exact match with other Conus
PDI whereas there are significance differences with PDI from
other sources. This observation highlights the problem that
This journal is ß The Royal Society of Chemistry 2007

may be encountered in protein identification in the case of
organisms with unsequenced genomes.
Minimum length of peptide fragments necessary for protein
annotation
In identifying proteins based on the characterization of short
peptide sequences the question of reliability of identification
needs to be answered. Often experimental mass spectra may
not readily permit de novo sequencing of peptide stretches
greater than a few residues (6 to 8) in length. We have
therefore examined the identification of PDI by choosing
shorter peptide stretches from the experimentally derived
sequence FVQDFLDGK. We have also used protein
molecular mass of 45 to 65 kDa as a filter in identifying
probable hits. The results summarized in Fig. 8 clearly indicate
that at the level of hexapeptide there may be considerable
uncertainty in identification, when the strict criterion of an
exact match is applied. In addition, the reliability of
identification will necessarily depend upon the nature of the
sequence; a feature evident in the results obtained for four
distinct hexapeptides. The application of protein molecular
mass as a filter in conjunction with hepta or octapeptide
Mol. BioSyst., 2007, 3, 554–566 | 557

Fig. 5 (a) MALDI-MS/MS spectra of a tryptic peptide with m/z 1068.6 and (b) ESI-MS/MS spectra obtained by CID of doubly charge ion (m/z
535.3). The sequence derived by MS/MS is shown.

sequences successfully results in the unambiguous identification of PDI.
In an attempt to evaluate the reliability of identification in
the absence of a protein molecular mass as a filter we carried
out an in silico experiment schematically summarized in Fig. 9.
A diverse set of protein sequences has been subjected to trypsin
digestion the resulting peptides have been classified on the
basis of length and used to query the protein sequence
database for exact fragment matches. A simple scoring
procedure is adopted in which identification of the same
protein family in more than 60% of the hits was marked
positive. A score of less than 60% hits is taken as negative.
Fifty diverse sequences at the hepta and nonapeptide levels
were examined and results are summarized in Table 2 and
Table 3. Similar results are obtained using only twenty diverse
peptide sequences, suggesting that the statistical treatment is
reliable. The results obtained for other peptide sequences are
provided as Supplementary Material (Tables S1–S7).{ The
confidence parameter (P) has been defined as the fraction of
positive identifications over the datasets of the tryptic peptides.
A P value of 1 corresponds to an unambiguous identification.
Fig. 10 shows a plot of P vs. peptide length used for identification. It is evident that in the absence of a protein molecular
558 | Mol. BioSyst., 2007, 3, 554–566

mass as a filter an unambiguous identification requires a
continuous sequence of at least nine residues.

Conclusions
In this study we have demonstrated the successful identification of PDI from the venom duct of Conus amadis using a
proteomic procedure, involving de novo sequencing of tryptic
peptide fragments obtained by in-gel digestion of a protein
band. Of the several tryptic peptides that were observed in
MALDI mass spectra, only three fragments yielded continuous sequence information over a length of 9–11 residues.
Coincidentally two fragments had almost identical masses
requiring the use of LC-ESI-MS/MS procedures for sequencing. Interestingly one of these peptides appears to correspond
to a protein which migrates identically with PDI in 1D-SDSPAGE. Two distinct peptide sequences determined experimentally permit identification of the 55 kDa band as PDI. An
attempt to evaluate the reliability of protein identification
based on short peptide sequences suggests that if a protein
molecular mass is used as a filter, a sequence length of seven
residues is necessary for clear cut identification. Further
analysis using theoretically derived tryptic fragments from a
This journal is ß The Royal Society of Chemistry 2007

Fig. 6

ESI-MS/MS spectra obtained by CID of a doubly charge ion (m/z 584.1). The sequence derived by MS/MS is shown.

standard set of proteins establishes that in the absence of
protein molecular mass as a filter a sequence length of at least
nine residues is necessary for a reliable identification. For
organisms with unsequenced genome several uncertainties
persist. If the tryptic fragment is derived from a highly
conserved stretch of sequence identification may result
relatively easily. On the other hand, if the fragment is derived
from highly variable stretches of sequences, for example those
that correspond to exposed surface loops, than an identification may prove different. A limiting factor in the proteomic
approach is the quality of mass spectral information that is
derived. Fragmentation is highly sequence dependent and in
many cases successive b/y-ions may not be readily observed.
Many tryptic peptides also fragment poorly under MALDIMS/MS conditions because of the localization of positive
charge on the basic side chains of arginine/lysine residues. This
problem may be partially overcome by chemical derivatization
which eliminates the side chain basic sites.39 ESI-MS/MS
also provides an alternative since it allows fragmentation of
multiple charged species facilitating backbone cleavages.

Experimental procedures
Chemicals and reagents
Dithiothreitol (DTT), iodoacetamide, trifluroacetic acid
(TFA) and dihydroxy-benzoic acid (DHB) were purchased
from Sigma Chemicals Co. Acetonitrile (ACN) and ammonium bicarbonate were from Ranbaxy (Gurgaon, India) and
Nice (Kochi, India) chemicals, respectively. Water was of
This journal is ß The Royal Society of Chemistry 2007

MilliQ grade. Sequencing grade trypsin was obtained from
Promega. Peptide calibration standards were from Bruker
(Germany).
Protein isolation
Conus amadis is a molluscivorous cone snails found off the
coast of Tamil Nadu, India. Snails were transported live in sea
water to the laboratory; venom ducts were dissected out and
homogenized, in extraction buffer (10 mM Tris?HCl of pH 8.0,
5 mM EDTA and 0.1% TritonX-100).32 The resulting mixture
was centrifuged (10 000 rpm) and the clear supernatant,
lyophilized and stored at 220 uC.
SDS-PAGE and in-gel digestion
Regular 1-D 12% SDS-PAGE electrophoresis was used for the
initial fractionation of the crude extract. In brief, 0.3 mg
lyophilized powder was dissolved in SDS-PAGE loading
buffer, boiled for 3 min, and loaded on a 1-mm-thick 12%
SDS-PAGE gel(18*16 cm). After separation, the gel was
stained with colloidal coomasie brilliant blue (CBB) R-250
(Sigma-Aldrich). The highly abundant deep blue-stained band
between 45–65 kDa was minced into about 50 small pieces.
The pieces were transferred to a clean, autoclaved microcentrifuge tube. The gel pieces were washed thrice in 200 ml
50% methanol for 15 min. After the washing step, 200 mL 50%
ACN containing 10 mM NH4HCO3 was added and vortexed
until the CBB was completely removed. To reduce the cysteine
residues, the gel pieces were covered with 10 mM dithiothreitol
Mol. BioSyst., 2007, 3, 554–566 | 559

Table 1

The results of database searches carried out using amino acid sequences deduced by de novo mass spectral sequencing

Query sequence
FVQDFLDGK

Measured
(Calculated)
molecular mass BLAST derived sequence
alignments
[M + H]+ Da
1068.6
(1068.5)

Accession
number
(E-value)

Protein (Molecular mass
in Da)

Query 1

FVQDFLDGK 9
ABF48564
Protein Disulfide
FVQDFLDGK
(2.3)
Isomerase (56753.9)
Sbjct 340 FVQDFLDGK 348
FVQDFIDGK
1068.6
Query 1 FVQDFIDGK 9
EAT83174
Hypothetical protein
(1068.5)
FVQDFIDGK
(1.5)
SNOG_08982 (54897.9)
Sbjct 328 FVQDFIDGK 336
FVKDFLDGK
1068.6
Query 1 FVKDFLDGK 9
ABF48564
Protein Disulfide
(1068.5)
FV+DFLDGK
(65)
Isomerase (56753.9)
Sbjct 340 FVQDFLDGK 348
FVKDFIDGK
1068.6
Query 1 FVKDFIDGK 9
ABC88670
(2)-menthone:
(+)-neomenthol
(1068.5)
F+KDFIDGK
(36)
reductase (35140.7)
Sbjct 223 FLKDFIDGK 231
DQESTGALAFK 1166.6
Query 1 DQESTGALAFK 11 ABF48564
Protein Disulfide
(1166.5)
DQESTGALAFK
(0.18)
Isomerase (56753.9)
Sbjct 163 DQESTGALAFK 173
DQESTGAIAFK 1166.6
Query 1 DQESTGAIAFK 11
ABF48564
Protein Disulfide
(1166.5)
DQESTGA+AFK
(1.9)
Isomerase (56753.9)
Sbjct 163 DQESTGALAFK 173
DKESTGALAFK 1166.6
Query 1 DKESTGALAFK 11 ABF48564
Protein Disulfide
(1166.5)
D+ESTGALAFK
(5.1)
Isomerase (56753.9)
Sbjct 163 DQESTGALAFK 173
DKESTGAIAFK 1166.6
Query 1 DKESTGAIAFK 11
ABF48564
Protein Disulfide
(1166.5)
D+ESTGA+AFK
(54)
Isomerase (56753.9)
Sbjct 163 DQESTGALAFK 173
EPQLGDRVR
1069.7
Query 1 EPQLGDRVR 9
CAH60158
Putative sugar alcohol
(1069.5)
EPQLG+RVR
(18)
dehydrogenase
Sbjct 375 EPQLGNRVR 383
(54902.0)
EPQLGDVRR
1069.7
Query 1 EPQLGDVRR 9
BAC17741
Hypothetical protein
(1069.5)
E QLGDVRR
(58)
(90289.5)
Sbjct 544 ESQLGDVRR 552
EPQIGDVRR
1069.7
Query 2 PQIGDVRR 9
AAU39430
4-aminobutyrate
(1069.5)
PQIG+VRR
(140)
aminotransferase
Sbjct 356 PQIGEVRR 363
(47958.0)
EPQIGDRVR
1069.7
Query 2 PQIGDRVR 9
EAV45027
putative amino acid
(1069.5)
PQIG+RVR
(140)
processing protein
Sbjct 290 PQIGERVR 297
(35886.9)
EPKLGDRVR
1069.7
Query 1 EPKLGDRV 8
ZP_00514496 hypothetical protein
(1069.5)
+PKLGDRV
(379)
CwatDRAFT_5421
Sbjct 260 QPKLGDRV 267
(32174.8)
EPKLGDVRR
1069.7
Query 1 EPKLGDVRR 9
AAF43143
mRNA capping
(1069.5)
EPKLG+V+R
(508)
enzyme (68822.2)
Sbjct 248 EPKLGEVQR 256
EPKIGDVRR
1069.7
Query 1 EPKIGDVRR 9
EAW02202
Phosphoenolpyruvate
carboxykinase
(1069.5)
E KIGDVRR
(117)
(GTP) (65717.2)
Sbjct 452 ETKIGDVRR 460
EPKIGDRVR
1069.7
Query 2 PKIGDRVR 9
ZP_01006064 Mismatch repair
(1069.5)
PKIGDRVR
(36)
ATPase (89005.9)
Sbjct 655 PKIGDRVR 662
a
The hypothetical protein SNOG_08982 has been assigned to the PDI-family (Annotation of the Phaeosphaeria
Birren, B. et al unpublished data). b The reported E-values are based on the database on 22nd December 2006.

(DTT) prepared in 100 mM NH4HCO3 for 60 min at 37 uC.
The DTT solution was removed, and the gel slices incubated
for 45 min with 200 mL 100 mM iodoacetamide prepared in
100 mM NH4HCO3 in the dark. The iodoacetamide solution
was then removed, and the slices washed with 500 mL distilled
water for 5 min. This washing step was repeated twice,
followed by the addition of 100 mL ACN. The gel slices were
then vacuum-dried for 20 min and rehydrated with 20 mg mL21
trypsin in 50 mM NH4HCO3 buffer. Digestion was performed
by incubation at 37 uC overnight. Following digestion, tryptic
peptides were extracted with 100 mL 50% ACN/5% TFA
solution at 25 uC for 40 min. The supernatants were collected
560 | Mol. BioSyst., 2007, 3, 554–566

Species
Conus marmoreus
Phaeosphaeri nodorum
Conus marmoreus
Mentha x piperita
Conus marmoreus
Conus marmoreus
Conus marmoreus
Conus marmoreus
Streptomyces
tenjimariensis
Corynebacterium
efficiens YS-314
Bacillus licheniformis
ATCC
Stappia aggregata IAM
Crocosphaera watsonii
Xenopus laevis
Sphingomonas
wittichii RW1
Prochlorococcus marinus
str. MIT 9211
nodorum SN15 genome.

and dried by vacuum centrifugation. Trypsin derived peptides
were subjected to MS analysis.
Mass spectrometry
MALDI spectra were collected using a Bruker Daltonics,
Ultraflex TOF/TOF system, in reflectron positive ion mode,
equipped with a nitrogen laser (l = 337 nm). Mass spectra were
acquired by averaging 10–250 unselected laser shots using a
standard peptide mixture (consists of five components over the
range of 1–3.1 kDa) for external calibration. Mass errors do
not exceed 1 Da. The matrix used for positive ion mode
This journal is ß The Royal Society of Chemistry 2007

Fig. 7 Sequence alignment of Protein disulfide isomerase from different organisms. The query peptide sequences and their position in the protein
are marked with a black box. C.textile_1 and C.textile_2 are the two isoforms of PDI.20

detection was dihydroxybenzoic acid (DHB) in 50% acetonitrile containing 0.1% TFA. Sample preparation was performed on a stainless steel target plate using the dried droplet
technique.33 For this an aliquot of the sample solution (1 ml)
and an equal aliquot of the matrix solution were mixed on the
target and dried at room temperature in a gentle stream of air.
In certain cases (if the droplet is not dried properly) the quality
of the droplet was improved by carrying out an additional
washing step using 0.1%TFA in water. Delayed extraction
parameter was set to focus a range of m/z values (0.5–5.0 kDa),
This journal is ß The Royal Society of Chemistry 2007

and the mass detector was used to reject ion signals below m/z
500. MALDI-MS/MS data were obtained using the LIFT
option of Bruker Daltonics and fragmentation was induced by
selecting a precursor ion of a particular m/z value (¡5 Da).
ESI MS/MS data were obtained on an Esquire 3000 plus
LC ion trap mass spectrometer (Bruker Daltonics, Germany).
20 ml of concentrated tryptic peptide fraction obtained from
three independent experiments was subjected to RP-HPLC for
purification. The tryptic peptides were separated on a Zorbax
C18 column at a flow rate of 0.300 ml/min using an Agilent
Mol. BioSyst., 2007, 3, 554–566 | 561

Fig. 8 The reliability of protein identification based on the length of the fragment used. Six, seven and eight residues sequences derived from the
peptide FVQDFLDGK were used. The number within parentheses indicates the total number of hits having an identical match.

1100 Series LC unit. A binary solvent gradient (Solvent A:
H2O, 0.1% formic acid; Solvent B: ACN, 0.1% formic acid)
was employed to elute peptides using a linear gradient of B
(10–95% in 90 min). The RP-HPLC was interfaced to a mass
spectrometer equipped with an electrospray source. The analysis
was done in a data independent acquisition mode; during the
run the six most intense ions at each run time were
automatically selected for the MS/MS analysis if their threshold
was above an intensity of 103. The MS/MS acquisition time was
limited to 400 ms and scanning time was 300 ms. The spectra
were recorded over a mass range of 50–2800 m/z for both MS
mode as well as MS/MS mode. The nitrogen gas pressure
and flow rate to the nebulizer were 10 bar and 8 L min21,
respectively, with a drying gas temperature of 350 uC. Helium
was used as the collision gas for CID experiments. The data were
analyzed using the Esquire data analysis software, version 3.1.
‘De novo’ peptide sequencing and database analysis
De novo sequencing by mass spectrometry was achieved
using the methodology developed by K. Biemann et al.34,35
562 | Mol. BioSyst., 2007, 3, 554–566

The sequences were derived using complementary information
obtained by MALDI-MS/MS and ESI-MS/MS. The molecular
mass (Monoisotopic) of the predicted peptides were compared
with the observed molecular mass and further validated by
the inspection of immonium ions for amino acid composition.
The following sequences were derived and they are FVQ/
KDFL/IDGK ([M + H]+. = 1068.5 (calc.), 1068.6 (obs.)), DQ/
KESTGAL/IAFK ([M + H]+. = 1166.5 (calc.), 1166.6 (obs.))
and EPQ/KL/IGDRVR ([M + H]+. = 1069.5 (calc.), 1069.7
(obs.)). The sequences were used for querying using the search
tool,36 under the option ‘‘search for short nearly exact match’’.
BLAST was performed against the NCBI non- redundant
database at http://www.ncbi.nlm.nih.gov/BLAST/ under the
following settings: Compositional adjustment: No; Expectation value: 20000; Word size: 2; Matrix: PAM30. Since L and
I cannot be distinguished without high energy CID 37and
distinction between Q and K requires high resolution MS,
sequences containing putative Leu/Ile and Gln/Lys residues
were subjected to database analysis in independent rounds.
For example, FVQ/KDFL/IDGK is subjected for analysis
This journal is ß The Royal Society of Chemistry 2007

Fig. 9 Schematic representation of methodology involved in the identification of minimum peptide length required for identification of proteins.
Peptides were derived from a diverse protein set selected randomly from the database for the analysis. All the peptides contain either lysine (or)
arginine at C-terminus.

All hits with P values ,0.05 were manually verified and only
those proteins detected by at least two different peptides were
considered as positively identified. ClustalX 1.83 38 was used
for multiple sequence alignments (MSA) of PDI with a gap
penalty of 10, a gap extension penalty of 0.05 and the protein
weight matrix was of the BLOSUM series.
Evaluation of reliability of protein identification using peptide
fragments

Fig. 10 Dependence of the confidence parameter (P) on the peptide
sequence length used for query the database.

under four independent query sequences as FVQDFLDGK,
FVQDFIDGK, FVKDFLDGK and FVKDFIDGK. In the
case of EPQ/KI/LGD (RV) R there is an ambiguity in the
assignment of the dipeptide (RV), which results in eight
independent query sequences for the analysis. BLAST hits
having a high degree of similarity (in some cases identity) with
the low E-values are reported. The sequences were also
analyzed using MASCOT (Matrix Science London, UK)
against the NCBI non-redundant database. Enzyme specificity
was set to trypsin with one missed cleavage. The tolerance of
the precursor ion was set to 1 mass unit for parent ion match.
This journal is ß The Royal Society of Chemistry 2007

In silico trypsin digestion. Diverse proteins were selected
randomly from the database (http://www.ncbi.nlm.nih.gov) for
in silico trypsin digestion. Proteins were subjected to theoretical trypsin cleavage using PAWS software and the resulting
fragments were manually inspected. The resulting tryptic
fragments were broadly classified into eight classes based on
the peptide length. Each class contains fifty different and
diverse peptides. The characteristic feature of these peptides
is the presence of either lysine (or) arginine residue at the
C-terminus.
Database analysis. Theoretical tryptic peptides were
subjected for query using BLAST under the option
‘‘search for short and nearly exact matches’’. BLAST was
performed against the non-redundant database at http://
www.ncbi.nlm.nih.gov/BLAST/ with the following parameters: Compositional adjustment: No; Expectation value:
20000–200000; Word size: 2; Matrix: PAM30. A query result
(or) BLAST output contains pair wise alignment of the high
scoring pairs (HSPs) for a defined number of hits (100), with
the query sequence. For each aligned HSP, the beginning and
Mol. BioSyst., 2007, 3, 554–566 | 563

Table 2

Diverse heptapeptides derived from different proteins and the resulting BLAST analysis over a non-redundant databasea

SR
No. Heptapeptide

Protein

Accession
number

BLAST SR
E-value hit
No Heptapeptide Protein

Accession
number

BLAST
E-value hit

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Ribonuclease
‘‘
Cytochrome C
Hemoglobin
Myoglobin
TIM
‘‘
Cancannavalin
PDI
‘‘
‘‘
‘‘
‘‘
‘‘
Chymotrypsin
‘‘
‘‘
Trypsin
Hydroxylase
DNA polymerase
DNA gyrase
‘‘
Shibire
‘‘
‘‘

NP_774106
‘‘
NP_061820
AAA29796
NP_976312
P47721
‘‘
CVJB
AAA85099
’’
’’
’’
’’
’’
CAA740
31
’’
AAA29340
AAO43431
P00581
CAA91553
’’
NP996468
’’
’’

68
28
68
123
68
38
536
16
536
51
222
399
536
536
68
222
4.9
222
222
222
330
443
330
183
183

P21521
‘‘
NP001743
‘‘
‘‘
CAA45563
‘‘
AAR17695
‘‘
BAC06512
‘‘
CAD36507
‘‘
AAK97782
‘‘
AAA93528
‘‘
P50506
MCCKA
‘‘
NP631919
NP002102
‘‘
AAC43637
BAC16799

137
330
137
183
137
443
443
330
246
594
246
797
102
57
183
76
183
57
137
594
794
137
183
443
102

a

SYFETIR
ACEEMDR
MIFVGIK
DAFFVNK
DMASNYK
IIIGNWK
ILNASLK
WNMQDGK
LVADALR
SWVQVER
ESSEFEK
EDLAALR
TLEGLTK
FLESGGK
WNALLLR
NDIALIK
IDWWGFR
FPGVNAR
VQLVTDR
LIHSNLK
QGLEQTK
LQEALAR
DTLPGLR
EISFAIR
AGVYPEK

+
—
+
+
+
+
—
+
—
+
+
—
—
—
+
—
+
+
+
+
+
+
+
+
+

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

VYLLPDK
YVPTAGK
NPQTHLK
GIPDGHR
YNAEKPK
LLNEAAR
LVSIAQR
APGFGDR
ALEEPLR
VQVVGLK
DSFIGEK
LATVAQK
SSCQHIR
SWDSFVR
VNKPQEK
NEHQVFK
ENQLIVK
FVEEEFR
ELGTVMR
ISAAELR
ASVGCAK
LQLELYK
ATHANYK
TGIPTLK
MPEAAPR

Synaptotagmine
‘‘
Catalase
‘‘
‘‘
RAD51
‘‘
GroEL
‘‘
Kinesin
‘‘
Protease
‘‘
Gamma-glutamyl
Carboxylase
Beta-lactamase
‘‘
Hexokinase
Calmodulin
‘‘
Lysozyme
Huntingtin
‘‘
MutS
P53

—
+
+
+
+
—
—
+
+
—
—
—
+
+
+
+
+
—
+
+
+
+
+
+
+

The reported E-values are based on the database on 22nd December 2006. The derived confidence parameter (P) is 36/50 = 0.72

(a) The query results of the BLAST search having an
identical match with query sequence (ungapped pairwise
alignment) were only considered for further analysis.
(b) If the query sequence picked up only the members of the
same protein family, from which the query itself is derived, the
result is considered significant and the sequence assigned a
positive sign.

end location within the sequence are marked, and identities
between them are indicated by the corresponding amino acid
symbol. The information continues with the highest score of
the set of matching segment pairs for the given sequence,
with the first hit always having the lower expectation value
(E-value). The following points related to the evaluation of
protein identification merit as mention:
Table 3

Diverse nonapeptides derived from different proteins and the resulting BLAST analysis over a non-redundant databasea

SR
No. Nonapeptide

Protein

Accession
number

BLAST SR
E-value hit
No Nonapeptide

Protein

Accession
number

BLAST
E-value hit

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Ribonuclease
Cytochrome C
Hemoglobin
TIM
PDI
‘‘
‘‘
Hydroxylase
Dynamin
BSA
‘‘
‘‘
Epsin
Enolase
‘‘
‘‘
Eps15
‘‘
‘‘
DNA gyrase
‘‘
Shibire
Synaptotagmin
‘‘
‘‘

NP_774106
NP_061820
AAA29796
P47721
AAA85099
‘‘
’’
AAO43431
CAA42068
CAA76847
‘‘
‘‘
AAW34263
CAJ03181
‘‘
‘‘
AAA02912
‘‘
‘‘
CAA91553
‘‘
NP996468
P21521
‘‘
‘‘

0.59
0.80
1.4
1.9
3.5
3.5
2.6
1.1
0.80
0.80
1.1
8.4
4.7
0.33
0.33
8.4
8.4
8.4
1.9
6.9
1.6
1.6
6.9
2.1
6.9

Amidating enzyme
Catalase
‘‘
RAD51
GroEL
‘‘
Barstar
Catalase
Glutaminyl cyclase
‘‘
Peptide isomerase
Carboxylase
Subtilisin
‘‘
Beta-lactamase
‘‘
Alpha-synuclin
‘‘
‘‘
Hexokinase
Tubulin
GFP
Calmodulin
MutS
‘‘

AAF67216
NP_001743
‘‘
CAA45563
AAR17695
‘‘
P11540
NP_001743
AAA30549
‘‘
AAB34914
AAK97782
AAC63365
‘‘
AAA93528
‘‘
NP_000336
‘‘
‘‘
P50506
BAA36504
AAA69675
MCCKA
AAC43637
‘‘

2.9
9.3
0.88
1.6
5.2
12
3.8
2.2
1.6
3.8
2.9
0.66
12
2.1
5.2
2.9
22
30
9.3
9.3
5.2
2.9
6.9
9.3
0.39

a

DQVTMPPIR
CSQCHTVEK
LFAEYLNEK
YVIVGHSER
TMLSADDVK
SHNLLFISK
DHDTILIAK
LIIHLAQMK
FFLSHPSYR
CCTKPESER
CCTESLVNR
QTALVELLK
NGGPYGGPR
MMCELDGTK
YIASLAGTK
SACNSLLLK
QVEAGNTGR
VKPVLLNSK
TWVVSPAEK
GLQISITDK
EFQAILPIR
FMLPLDGLK
IAQVESTTR
LGDICFSLR
IGTSEPIGR

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

NAPPTELPR
NLSVEDAAR
LFAYPDTHR
AYNADHQLR
GIFACVAVK
IEDALAATK
AVINGEQIR
DYPLIPVGK
GAVDWTQEK
LEAIEHGLR
DPDDIALIK
LDQYMEVLK
SSLENTTTK
LGDAFYYGK
SCATNDLAR
EYLPASTFK
EGVVAAAEK
QGVAEAAGK
EGVLYVGSK
LILLDLTSK
AVLLDLEPR
FEGDTLVNR
HLLTSIGEK
GALLAYAQR
FYDPGAFMR

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

The reported E-values are based on the database on 22nd December 2006. The derived confidence parameter (P) is 50/50 = 1
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(c) If the query sequence has multiple hits in the BLAST
search with more than 60% results belong to the protein family
from which the query itself is derived, this is also considered
significant and carries a positive sign.
(d) Beyond a peptide length of seven residues the significance of a match is easily recognized with most hits arising
from same protein family. Indeed the probability of false
matches decreases rapidly and a sequence of nine residues
provides unambiguous identification.
A confidence parameter P may be defined as P = m/n where
m is the number of positive hits and n is the total number of
query sequences used in the analysis.
P has been calculated using fifty randomly derived diverse
peptides from 45 different proteins. Each positive value
assigned is given a weight of 0.02. The P value for a given
length of sequence is obtained as a fraction of the number of
hits (for example in Table 2 36 of 50 entries score positive,
resulting in a P value of 0.72). P values are obtained as a
function of peptide length permitting an evaluation of the
confidence limits that may be anticipated, with P lying between
0 and 1.

Abbreviations
PDI

Protein disulfide isomerase
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