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a  b  s  t  r  a  c  t

N-terminal  loss of  ammonia  is  a typical  peptide  modification  chemical  artifact  observed  in  bottom-up
proteomics  experiments.  It occurs  both  in  vivo  for N-terminal  glutamine  and  in  vitro  following  enzy-
matic  cleavage  for  both  N-terminal  glutamine  and  cysteine  alkylated  with  iodoacetamide.  In addition  to
a  mass  change  of −17.03 Da,  modified  peptides  exhibit  increased  chromatographic  retention  in reversed-
phase  (RP)  HPLC  systems.  The  magnitude  of this  increase  varies  significantly  depending  on  the peptide
sequence  and  the  chromatographic  condition  used.  We  have  monitored  these  changes  for  extensive  sets
(more  than  200  each)  of  tryptic  Gln and  Cys  N-terminated  species.  Peptides  were  separated  on  100 Å pore
size C18  phases  using  identical  acetonitrile  gradient  slopes  with  3 different  eluent  compositions:  0.1%
trifluoroacetic  acid;  0.1%  formic  acid  and  20  mM  ammonium  formate  at pH  10  as  ion-pairing  modifiers.
The  observed  effect  of this  modification  on RP retention  is the  product  of  increased  intrinsic  hydropho-

bicity  of  the  modified  N-terminal  residue,  lowering  or removing  the  effect  of  ion-pairing  formation  on  the
hydrophobicity  of adjacent  residues  at acidic  pHs;  and  possibly  the  increased  formation  of  amphipathic
helical  structures  when  the positive  charge  is removed.  Larger  retention  shifts  were  observed  for Cys
terminated  peptides  compared  to  Gln,  and  for  smaller  peptides.  Also  the  size  of  the  retention  increase
depends  on  the eluent  conditions:  pH  10 � trifluoroacetic  acid < formic  acid.  Different  approaches  for
incorporation  these  findings  in  the peptide  retention  prediction  models  are  discussed.
. Introduction

Reversed-phase HPLC is a leading tool for peptide separation,
nd used globally every day in thousands of research and indus-
rial laboratories. The study of peptide RP-LC separation selectivity
as a subject of intense research and discussions for more than 30

ears [1,2]. Peptides are organo-polymeric compounds consisting
f amino acid residues linked via peptide bonds. There are count-
ess possible combinations of 20 naturally occurring amino acids,
epending on the number of residues in the peptide chain. The

otion that not only peptide composition, but also the sequence

n which these residues are linked impacts peptide retention [3]
akes the study and prediction of separation selectivity a very
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complicated and exciting problem. While hydrophobic interactions
are believed to be a major contributing factor, the ionogenic nature
of analytes and the fact that separation is typically performed in the
presence of ion-pairing modifiers makes the separation mechanism
more complex [4,5]. Possible formation of secondary structures
upon interaction with the stationary phase is another unique fea-
ture of RP-LC of peptidic compounds [6].

So far, the vast majority of studies regarding peptide reten-
tion prediction were performed on peptides consisting of naturally
occurring residues. There are, however, a number of unusual
amino acids, and countless post-translational/chemical modifica-
tions. The latter became the subject of intensive studies with
accelerated development of mass-spectrometry proteomic tech-
niques starting in 1990s. Since then, a vast volume of information
has been acquired showing the complexity of the proteome and

importance of these modifications for protein function. So far,
the study of these modifications was mostly mass-spectrometry
driven; chemical modifications result in peptide molecular weight
changes, and can be distinguished by MS  or tandem MS/MS

dx.doi.org/10.1016/j.chroma.2011.05.079
http://www.sciencedirect.com/science/journal/00219673
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easurements. However, these chemical modifications will cause
odification of both the mass and the chromatographic proper-

ies of the molecules. There is a general understanding among
hromatographers how common modifications will affect peptide
ydrophobicity or retention in RP systems: methionine oxida-
ion decreases peptide hydrophobicity [7],  removal of N-terminal
mino group via acetylation or N-terminal cyclization produces
he opposite effect [8,9], and deamidated peptides can exhibit
oth lower and higher retention in RP systems [10]. However, sys-
ematic studies of chromatographic behavior of modified peptides
nd attempts at developing predictive approaches are still very
are. The first attempts to develop retention prediction models
or modified peptides were driven by their biological importance.
ecently, retention of phosphorylated peptides was a subject of
hromatographic studies. It was shown that phosphorylation can
oth increase and decrease retention of modified peptides [11]. Kim
t al. studied chromatographic retention of 33 phosphorylated pep-
ides together with their non-modified counterparts in attempt to
evelop a retention prediction model [12]. The sequence-specific
haracter of peptide retention suggests that the retention of modi-
ed peptides will be dependent not only on composition (presence)
f the modified residues but also on its position within a molecule.
herefore, chromatographic properties of these species should be
tudied using extensive data sets to provide as many combina-
ions of adjacent residues and positions within a peptide chain as
ossible.

Another application of altered chromatographic behavior for
he development of proteomic procedures is COFRADIC (combined
ractional diagonal chromatography). It applies the methodology
f orthogonal chromatography to the analysis of complex peptide
ixtures when chemical modifications were imposed following the

rst RP-LC separation to provide variations in the species’ chro-
atographic behavior and their respective shift in non-populated

reas of chromatographic space. COFRADIC was  introduced by
evaert et al. [13], and applied to the isolation of methionyl [7],
ysteinyl [14], and amino terminal peptides [15]. It was shown
hat methionine oxidation reduces RP-LC retention of peptides by
–7 min  for TFA-based eluent at a 0.7% per minute linear ace-
onitrile gradient [7].  Such variation is further evidence of the
equence-specific character of peptide retention in RP-LC systems.

Peptide species detected in proteomic LC–MS experiments can
e divided in two groups: non-modified (including those car-
ying applied or constant chemical modifications like protective
lkylation of cysteines) and modified. In this paper we  refer to
ll species carrying free N-terminal amino-, C-terminal carboxy-
roup, cysteines alkylated with iodoacetamide (IAM-Cys) and 19
emaining unaltered residues as non-modified. The modified pep-
ides under investigation include those with N-terminally cyclized
ln and IAM-Cys (pyro-Glu and pyro-cmC shown in Fig. 1). Over-
ll modified peptides include some with in vivo post-translational
odifications (PTMs) and chemical in vitro modifications. While

oth modifications complicate proteomic analyses by splitting
eptide signals in both the MS  and the LC spaces, in vivo PTMs
arry important information related to protein structure and func-
ion. Chemical in vitro modifications are unwanted artifacts of
ample preparation procedures. Examples of in vivo modifica-
ions include phosphorylation, acetylation, glycosylation, etc. Some

odifications occur both in vivo and in vitro: methionine oxida-
ion, deamidation of asparagine, and N-terminal loss of ammonia
or glutamine due to cyclization (Fig. 1). Some modifications occur
n vitro only as a consequence of chemical treatment during sample
reparation. A typical case of such an artifact chemical modification
s the N-terminal loss of ammonia from Cys alkylated with iodoac-
tamide (Fig. 1). Both examples of N-terminal cyclization feature
imilar chemistry and consequences: a 17.03 Da loss in mass and
n increase in chromatographic retention. These modifications are
Fig. 1. Formation of pyroglutamic (a) and 5-oxo-thiomorpholine-3-carboxylic acids
(pyro-cmC, b) from N-terminal Gln and IAM-Cys, respectively.

very abundant in enzymatic digestion protocols applied in bottom-
up proteomics [9,16].  Thus, typical overnight digestion at 37 ◦C
results in ∼40% and 60% conversion into the products for Gln and
Cys, respectively [9]. Khandke et al. [17] studied the influence of
digestion conditions on the rate of pyro-Glu formation in attempt
to minimize the degree of conversion. In our opinion, such an
abundant modification should be studied carefully from both mass-
spectrometry and chromatographic point of views. This will allow
their inclusion in the list of “potential” chemical modifications to
increase confidence in protein identification and characterization
protocols.

While collecting peptide retention data sets for the development
the Sequence Specific Retention Calculator (SSRCalc) retention
prediction model [18], we have always observed these two  mod-
ifications. SSRCalc exists as a family of models optimized for the
most popular RP-HPLC conditions in proteomic applications: 100 Å
pore size C 18 columns with trifluoroacetic (TFA) and formic acids
(FA) as ion-pairing modifiers, and separation at pH 10 (ammo-
nium formate). Subsequently, we obtained three different sets of
data showing retention of both non-modified and −17 Da  modified
counterpart peptides. This paper presents a systematic overview
of RP retention behavior, and an attempt to propose a sequence
dependent approach for predicting RP-LC retention of peptides
featuring N-terminal pyroglutamic and 5-oxo-thiomorpholine-3-
carboxylic acids (pyro-cmC, Fig. 1).

2. Materials and methods

2.1. Materials

Deionized (18 M�)  water and HPLC-grade acetonitrile were
used for the eluents preparation. All chemicals were sourced from
Sigma Aldrich (St.-Louis, MO), unless otherwise noted. Sequencing
grade modified trypsin (Promega, Madison, WI)  was used for diges-
tion. A number of commercially available proteins as well as a few
in-house purified (list provided in Appendix A) were used to gen-
erate mixtures of peptides for subsequent off-line LC–MALDI-MS
or LC–ESI-MS/MS analysis and collection of peptide retention data
sets.

2.2. Sample preparation
Stock solutions of proteins (1 mg/ml) were prepared in 100 mM
NH4HCO3 buffer and digested with trypsin. Steps included reduc-
tion (10 mM dithiothreitol, 30 min, 57 ◦C), alkylation (50 mM
iodoacetamide for 30 min  in the dark, at room temperature),
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ialysis (100 mM NH4HCO3, 6 h using a 7 kDa molecular weight
ut-off filter; Pierce, Rockford, IL), and finally trypsin digestion
1:50 enzyme/substrate weight ratio for 12 h at 37 ◦C) [18]. Digests
ere combined to provide peptide mixtures of moderate com-
lexity (100–200 species); ∼1 to 2 pmole and ∼100 to 200 fmole
f each component per injection for LC–MALDI-MS and LC–ESI-
S/MS  experiments, respectively. Each sample was spiked with

he digest of a standard protein (horse myoglobin) or a mixture of
tandard peptides [19] for the retention time alignment purposes.
etween 20 and 30 off-line LC–MALDI-MS runs were used to build
ach retention data set for three different chromatographic con-
itions. Two tryptic digests of bovine/human albumin, transferrin,
brinogen, and lactotransferrin mixtures were used for the nano
C–ESI-MS/MS experiments: 250–300 peptides in total were con-
dently identified in these two runs as described elsewhere [20]. A
etailed sample preparation protocol is provided in Appendix A.

.3. HPLC instrumentation

A micro-Agilent 1100 Series system (Agilent Technologies,
ilmington, DE) was used for the off-line LC–MALDI-MS experi-
ents [18] with direct sample injection (loop size 10 �l). Digests
ere fractionated on a 300 �m × 150 mm PepMap100 column

Dionex, Sunnyvale, CA, 0.1% formic acid and 0.1% trifluoroacetic
cids as ion-pairing modifiers), and on a 150 �m × 150 mm XTerra
olumn (Waters, Milford, MA,  20 mM ammonium formate, pH
0) for pH 10 experiments. A linear water–acetonitrile gradient
f 0.75% per minute was used in all three cases, starting from
% of organic solvent. Column effluent (3 �L/min) was mixed
n-line with 2,5-dihydroxybenzoic matrix solution (150 mg/ml  in
ater:acetonitrile 1:1; 0.5 �L/min), deposited on MALDI target at

0 s intervals, air-dried, and subjected to MALDI-MS analysis.
A split-less nano-flow Tempo LC system (Eksigent, Dublin, CA)

ith 20 �L sample injection via a 300 �m × 5 mm PepMap100 pre-
olumn and a 100 �m × 150 mm analytical column packed with

 �m Luna C18(2) (Phenomenex, Torrance, CA) was used for the
C–ESI-MS/MS analyses [20]. Both eluents A (0.5% acetonitrile in
ater) and B (98% acetonitrile) contained 0.1% formic acid as an

on-pairing modifier. Digest were fractionated using linear gradient
.75% acetonitrile per minute starting from 0% B.

.4. Mass spectrometry, peptide identification, retention time
ssignment

MALDI spectra of chromatographic fractions were collected
sing the Manitoba/Sciex prototype MALDI quadrupole/TOF (time-
f-flight, QqTOF) mass spectrometer with 10 ppm mass accuracy
n both MS  and MS/MS  modes [21]. Peptides were first tentatively
ssigned using our home-buildt LC–MALDI-MS search engine,
hich uses MAss and Retention Time (sMART) as identification

onstraints [22]. Peptides’ identity was confirmed by MS/MS  mea-
urements. Fraction number was used as a measure of peptide’s
etention time. If the full intensity of a peak was  contained in

 single fraction, the peak was assigned a retention time equal
o the fraction number. However, if that peak’s signal was dis-
ributed between two (three) consecutive fractions, the retention
ime assigned was the intensity weighted average of the frac-
ion numbers. Retention times in minutes for all three different
hromatographic conditions are shown in Appendix B (both for
on-modified and for −17.03 Da species).

A QStar Elite mass spectrometer (Applied Biosystems, Foster
ity, CA) was used in standard MS/MS  data-dependent acquisition

ode for nano LC–ESI-MS/MS. One second survey MS  spectra were

ollected (m/z 300–1500) followed by three MS/MS  measurements
n the most intense parent ions (80 counts/s threshold, +2 to +4
harge state, m/z 100–1500 mass range for MS/MS). Previously tar-
Fig. 2. The separation of non-modified and modified species in RP-HPLC. (a)
Schematic representation of RP-LC–UV chromatogram; (b) and (c) MALDI-MS spec-
tra  of fractions containing the peptide CPEAECFR and products of its degradation.

geted parent ions were excluded from repetitive MS/MS  acquisition
for 60 s (±50 mDa  mass window). Raw spectra files were treated
using the standard Mascot.dll script (Analyst QS2.0) to generate text
files in Mascot generic file format. Protein identification was per-
formed using the X!Tandem (GPM) search engine. Standard QTOF
settings were used for the search: 100 ppm and 200 ppm mass tol-
erance for parent and fragment ions, respectively. Retention times
of identified peptides were assigned manually.

3. Results and discussion

3.1. The collection of retention data sets for modified peptides

Fractions for peptide identification using off-line MALDI-MS
were collected following peptide separation by micro-RP-LC by
mixing the effluent with MALDI matrix and robotically spotting
onto a stainless steel target at regular intervals. The resulting frac-
tion number was  used as the equivalent of a retention time for
the construction of the peptide retention databases. Fig. 2a shows
schematically the RP-LC–UV chromatogram of a peptide sample
with N-terminal Glu or IAM-Cys, which contains both non-cyclized
and cyclized species. Two  analytes were injected into the RP-
HPLC system, separated due to the difference in hydrophobicity,
and detected in the same run. Representative MS spectra for the
CPEAECFR peptide from Human �5 Integrin found in different frac-
tions of off-line LC–MALDI-MS run are shown in insets b and c.
The distinct −17.03 Da mass shift and ability to confirm a peptide’s
identity by MS/MS  allowed us to unambiguously assign retention
times for over 200 non-cyclized–cyclized peptide pairs for each of
the conditions studied (Appendix B).

3.2. Chromatographic behavior of peptides with N-terminal
cyclization under various RP-HPLC conditions

N-terminal cyclization leads to the loss of the positively charged
hydrophilic amino group, which causes an increase in peptide
hydrophobicity and retention in RP systems. This increase is a
function of the chromatographic conditions used (pH, ion-pairing
modifier) and peptide sequence. Fig. 3 shows the dependence of
retention time shift on peptide molecular weight for all three elu-
ent conditions under investigation. A number of conclusions can be
drawn based on these results:
(i) N-terminal cyclization always increases retention in RP-HPLC;
this increase is larger for N-terminal IAM-Cys compared to Gln.
An average increase of 5.9, 4.2, and 1.8 min  for Cys and 5.5, 3.4,
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ig. 3. Retention time shift (min) observed upon N-terminal cyclization depending
luent conditions: (a) FA; (b) TFA; and (c) pH 10. Note that in panel (b) (TFA) th
pproximately 2300 Da MW but this of no significance, and is an artifact of a low po

and 1 min  for Gln was found for FA, TFA and pH 10 conditions,
respectively.

(ii) The amplitude of the shift decreases with peptide length; alter-
ation of one residue gives a larger effect for small species.

iii) The effect of this modification decreases in the following order
FA > TFA � pH 10. Ion-pairing formation is an important part of
the RP separation process, and therefore, the hydrophobicity of
the ion-pairing modifier plays an important role. Trifluoroac-
etate is a more hydrophobic counter-ion compared to formate,
and its removal due to the loss of N-terminal charge causes a
smaller effect. The magnitude of retention shift is 2.2–10.2 min
for FA and 1.0–8.5 min  for TFA. Since amino groups are not pro-
tonated at pH 10, an alteration in peptides’ retention under
these conditions is minimal; there is no change in peptide
charge due to cyclization.

iv) The effect of N-terminal cyclization is composition and
sequence specific. As shown in Fig. 3, in addition to some
dependence from peptide size (molecular weight), there are
additional factors, which cause a significant spread in observed
retention shifts (discussed in Section 3.3). Therefore, the model
for retention prediction of N-terminally cyclized peptides must
consider sequence specific contributions.

.3. Sequence specific factors affecting retention of modified
eptides

Some of the advanced retention prediction models, including
SRCalc [18,23],  use a different retention coefficient for an amino
cid dependent on its position within the peptide chain. N-terminal
yroglutamic acid and pyro-cmC are unique in this regard since
heir position is fixed. Therefore, these residues will have only one
alue of retention coefficient, and all the sequence specific factors
ill be determined by position and nature of neighboring amino

cids. Table 1 shows typical examples of Gln-terminated pep-
ides (this can be done for Cys-terminated as well) with respective
etention time increases for all three chromatographic conditions.
nalysis of the large number of sequences (Appendix B) allows seg-
egating peptides into different groups and providing a possible
xplanation for such behavior:

Group 1 (small change in retention): these peptides (1–3 in
Table 1) feature hydrophilic residues in positions 2–5.
Group 2 (large change in retention): these peptides (4–6 in
Table 1) feature hydrophobic residues in positions 2, 3 and any

residues in positions 4, 5.
Group 3 (intermediate alteration of retention): these peptides
(7–9 in Table 1) feature moderately hydrophobic residues in posi-
tions 2, 3 and hydrophilic in 4, 5.
lecular weight. � – Gln-terminated peptides; © – IAM-Cys – terminated peptides;
d-curves for Gln terminated peptides and IAM-Cys terminated peptides cross at
ion of sampled peptides at higher mass.

• Group 4 (intermediate alteration of retention): similar to the first
group, these peptides (10–12) have hydrophilic residues in posi-
tions 2 and 3 and hydrophobic ones in positions 4 and 5.

Behavior of the first three groups of peptides can be explained
from the point of view of ion-pairing formation, which involves
N-terminal residues at acidic pH. During development of the first
SSRCalc model [4],  we  showed that the intrinsic hydrophobicity
of N-terminal residues is affected by the ion-pairing formation at
the terminal amino group. This effect is very profound for the most
hydrophobic residues. This prompted us to employ separate sets
of retention coefficients for amino acids in positions 1, 2, and 3
compared to internal positions. Removal of the positively charged
N-terminal group due to cyclization leads to elimination of the ion-
pairing “shield,” and makes hydrophobic residues in positions 2 and
3 more accessible to interact with the C18 phase. The smallest effect
was observed for peptides with a hydrophilic N-terminus (pep-
tides 1–3), and an intermediate effect for the cases of intermediate
hydrophobicity in Group 3.

Group 4 of peptides in Table 1 represent the special case in which
positions (i + 3) and (i + 4) from the N-terminal amino acid are occu-
pied by hydrophobic residues. We  propose a possible mechanism
of this effect based on the long-range influence of ion-pairing for-
mation on the stabilization of amphipathic helical structures [6]
upon the interaction with C18 phase. The helical-wheel projec-
tions of these species, both for non-cyclized and for cyclized forms,
are shown in Fig. 1S Appendix C. The influence of an ion-pairing
agent could decrease the intrinsic hydrophobicities for Leu (5) and
Phe (4) for QSGFLSQMWIGDK (positions (i + 3) and (i + 4) from the
N-terminal amino acid), and Val (5) and Leu (4) for QTALVELVK
(Fig. 1S). This in-turn will affect the ability of these residues to par-
ticipate in hydrophobic interactions with the C18 phase using the
hydrophobic face of the amphipathic helix, as shown in Fig. 1S.  This
is just one of the possible explanations of observed effects. Fur-
ther proof of it could be obtained using a study of chromatographic
behavior for custom designed peptide sequences.

3.4. Incorporation of retention features of modified species into
retention prediction models

Fig. 4a–c shows the retention time prediction using corre-
sponding versions of SSRCalc for all three retention data sets – all
containing respective pairs of original and modified peptides. Since
the retention prediction was  not adjusted to take into account the

influence of N-terminal cyclization, tR vs.  HI plots for modified pep-
tides are shifted up indicating increased retention times, where
HI – predicted peptide hydrophobicity expressed in hydropho-
bicity index (or acetonitrile %) units [19]. As noticed in Section



J. Reimer et al. / J. Chromatogr. A 1218 (2011) 5101– 5107 5105

Table 1
Retention time increase (min) for modified N-terminal Gln peptides under various eluent conditions and 0.75% acetonitrile per minute gradient.

Group Peptide sequence Retention time increase (min)

0.1% TFA 0.1% FA pH 10

1 QEPERNECFLQHK (albumin, human) 1.6 3.55 0.35
QNCDQFEK (albumin, bovine) 1.7 4.55 1.05
QDGSVDFGR (fibrinogen beta chain, human) 2.1 4.7 0.9

2 QFVSSSTTVNR (fibrinogen alpha chain, bovine) 4.65 5.95 1.25
QLLTPLR (beta-galactosidase, E. coli) 5.5 7.85 1.6
QVLLHQQAK (lactotransferrin, human) 5 6.35 1.7

3  QAYPNLCQLCK (lactotransferrin, bovine) 2.1 4.45 0.75
QGFGNIATNAEGK (fibrinogen beta chain, bovine) 2.5 5 0.9
QEINEENVIVK (provicilin B, garden pea) 2.6 5.16 0.9

3
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e
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i
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s
v
t

F
a

4 QSGLYFIKPLK (fibrinogen gamma chain, human)
QTALVELVK (albumin, human)
QSGFLSQMWIGDK (beta-galactosidase, E. coli) 

.2,  the amplitude of the shift decreases in the following order:
A > TFA � pH 10. Decrease in R2-value correlations for modified
eptides also indicates the sequence specific character of this
ffect. If modification would cause an identical retention increase
ndependent from the peptide sequence, corresponding tR vs.  HI
lots should shift up with no change in prediction accuracy. Con-
rary to this, R2-values decreased 0.966–0.925, 0.981–0.956 and
.979–0.973 for FA, TFA and pH 10 models, respectively. As we
oted before, N-terminal cyclization at pH 10 conditions does not
esult in alteration of peptide charge state, therefore sequence-
pecific effects are not significant.

Developing a retention prediction model for modified species
s functionally equivalent to adjusting it so that the resulting tR vs.
I plots will have the same slope, intercept, and ideally the same

2-value correlations compared to non-modified species. Fig. 4a–c
hows that in all three cases the slopes of the dependencies are
ery close for modified and non-modified peptides. Therefore, as
he first approximation, the models can be adjusted by adding a
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fixed hydrophobicity value to all calculated HI of modified peptides.
These values were found to correspond to 4.4, 3.2, and 1.4 HI units
(or % acetonitrile) for Cys-IAM, and 4.1, 2.6, and 0.75 HI units for Gln
under FA, TFA and pH 10 conditions, respectively. This, however,
will not take into account sequence specificity and decrease in the
resulting R2-value correlation for the combined data sets.

Operational adjustments of retention prediction models for
modified species can be done in two different ways:

(i) Through adjusting hydrophobicity values calculated for parent
species. This suggests creating a sequence specific model for
predicting retention time shifts (as in Fig. 3). When a peptide
sequence with a specified modification is submitted for calcu-

lation, the predictor will calculate the hydrophobicity for the
non-modified one and adjust it using the predicted shift.

(ii) Through “de novo” calculation of hydrophobicity values for
modified peptides. This suggests creating a prediction model,
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Table 2
Optimized retention coefficients for 100 Å-TFA SSRCalc model modified to accom-
modate N-terminal cyclization.

Residue Modified SSRCalc Original SSRCalc

Rc1 Rc2 Rc3 Rc1 Rc2 Rc3 Rc

W – 15.51 14.59 11.38 12.61 14.36 13.12
F – 12.31  12.02 7.70 9.24 11.42 11.34
L  – 10.12 9.86 5.87 7.50 9.25 9.44
I –  8.72 8.19 5.06 6.70 7.68 7.86
M  – 7.16 6.46 4.51 5.40 5.76 6.57
V  – 4.89 5.06 2.45 3.37 4.74 4.86
Y  – 6.34 5.72 4.92 5.13 5.44 5.40
C C*  6.38 0.14 0.52 1.14 0.18 0.85 0.04
P – 2.33  2.28 1.28 2.20 2.59 1.62
A  – 0.68 1.17 0.10 0.12 1.10 1.11
E  – 0.64 0.80 1.02 0.07 0.51 1.08
T  – 0.57 0.78 1.26 0.47 0.95 0.48
D  – 0.26 0.26 1.61 0.57 0.61 −0.22
Q  Q* 3.65 −0.39 −0.17 0.33 −0.16 0.12 −0.53
S  – −0.24 −0.04 1.10 −0.09 0.19 −0.33
G  – 0.02 0.27 0.77 0.32 0.66 −0.35
R  – −1.92 −3.13 −0.96 −0.77 −3.28 −2.58
N – −0.94 −1.10 0.87 −0.24 −0.72 −1.44
H  – −2.43 −2.97 −1.61 −1.16 −2.63 −3.04

Q

T
f
a
s

(

(

s
t
s
I
i
a
o
f
s
m

K –  −1.29 −3.16 −0.2 −2.48 −2.57 −3.53

*, C* – retention coefficients for N-terminal pyroglutamic acid and pyro-cmC.

which takes into account the new residues – N-terminal pyrog-
lutamic and pyro-cmC acids in our case.

We  used the second scenario to modify our SSRCalc models.
he SSRCalc algorithm is driven by a number of conditionally per-
ormed strings and numeric operations. When modified peptides
re submitted for calculations, the program performs the following
teps:

1) It uses a separate retention coefficient value, Rc1, for the modi-
fied residue (denoted as Q* and C* in Table 2). These values are
assigned only for position 1 as the location of these residues
is pre-determined. The values of individual Rc1 coefficients for
Q* and C* are higher compared to Rc1 of Gln and IAM-Cys in
the original SSRCalc-TFA model reflecting an overall increase in
retention.

2) SSRCalc uses separate sets of retention coefficients for all
residues in positions 2 and 3: Rc2 and Rc3 in Table 2. Since the
N-terminal ion-pairing effect is removed for modified species,
the retention coefficients of hydrophobic residues in positions
2 and 3 are increased compared to non-modified peptides. The
observed effect for hydrophilic residues or amino acids of inter-
mediate hydrophobicity is not that profound (Table 2). It is
interesting to note that optimized values of Rc2 and Rc3 are
higher than Rc – retention coefficients for internal positions.
This highlights once again the uniqueness of terminal positions
within the peptide; they are readily exposed to interact with
the C18 phase compared to the internal hydrophobic residues.

Fig. 4d–f shows retention time prediction using a corrected ver-
ion of SSRCalc models for all three retention data sets. To highlight
he impact of the correction introduced, the correlation data are
till provided separately for non-modified and modified peptides.
mprovements in R2-value correlation for modified species clearly
ndicate the applicability of our approach and ability to take into
ccount sequence specific features of peptide retention. The effect

f sequence specific corrections at pH 10 retention conditions was
ound to be less profound. The influence of this modification on the
tabilization of amphipathic helical structures has yet to be imple-
ented in the model, and likely will provide further improvements.
 1218 (2011) 5101– 5107

3.5. N-terminal cyclization of Glu

Similar to the loss of ammonia in the reaction shown in Fig. 1a,
N-terminal Glu can lose water yielding pyroglutamic acid. It is
conceivable that the retention time prediction for modified pep-
tides will be identical, independent of the original residue: Gln
or Glu. It was shown that cyclization of N-terminal Glu is a much
slower reaction [24]. One should not expect to observe this modi-
fication in freshly prepared digests, unless this was  a N-terminal
residue in an intact protein sequence. It was  of interest to ver-
ify this using our LC–ESI-MS data. Forty Glu-terminated peptides
were identified in those two mixtures, and none of them exhibited
significant amounts of −18.01 Da products with higher retention.
Contrary to that, the modified peptides were often observed co-
eluting with the parent ion, and identified using standard MS/MS
search engines like X!Tandem [25] or Protein Pilot [26]. These are
correct identifications showing N-terminal loss of water. The par-
ent −18.01 Da ion, however, is formed during the ESI ionization
process rather than before separation due to chemical reaction in
solution. To confirm this further we performed LC–ESI-MS analysis
on a GluFib (EGVNDNEEGFFSAR) peptide solution after 1 week stor-
age at room temperature. Two doubly charged ions with m/z  776.83
are observed in addition to the original one at 785.84 (results not
shown). One of them corresponds to the “in-source” loss of water
and “co-elutes” with non-modified GluFib, while another 776.83
ion is “in-solution” formed peptide terminated by pyroglutamic
acid with higher RP-HPLC retention. Overall, N-terminal cyclization
on Glu residues will not be an issue for LC–MS analysis of freshly
prepared digests.

4. Conclusions

We  studied in detail RP chromatographic behavior of large
sets of tryptic peptides carrying N-terminal pyroglutamic acid and
pyro-cmC. Analysis of retention shifts between modified and non-
modified species have allowed us to establish the sequence specific
features responsible for the shift variations, and develop a peptide
retention prediction model to accommodate these changes. It is
interesting to note that the detailed study of the same modifica-
tion has illuminated a variety of sequence specific factors, which
effect peptide retention in reversed-phase systems. Development
of accurate peptide retention prediction models that can accommo-
date massive proteomics-derived data became possible following
discovery of these effects. Knowing the chromatographic prop-
erties of post-translationally/chemically modified peptides will
facilitate the majority of applied proteomic workflows. The abil-
ity to predict not only mass alteration, but the retention shift for a
particular modification will be extremely beneficial for detailed fin-
gerprinting of protein sequences and directed “hypothesis-driven”
proteomic studies. Additional studies encompassing further abun-
dant protein/peptide modifications are in progress.
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