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Abstract

Liquid chromatography has been coupled with mass spectrometry to improve the dynamic range and to reduce the complexity of sample
introduced to the mass spectrometer at any given time. The chromatographic separation also provides information on the analytes, such as
peptides in enzymatic digests of proteins; information that can be used when identifying the proteins by peptide mass fingerprinting. This
paper discusses a recently introduced method based on retention time prediction to extract information from chromatographic separations and
the applications of this method to protein identification in organisms with small and large genomes.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Mass spectrometry (MS) is one of the most important
and versatile tools in proteomics. Proteins separated by elec-
trophoresis or chromatography in one or more dimensions
are commonly digested off-line by a proteolytic enzyme such
as trypsin and the fragment peptides analyzed by matrix as-
sisted laser desorption/ionization (MALDI) or electrospray
ionization (ESI) time-of-flight (TOF) or ion trap (IT) mass
spectrometry[1,2]. Capillary electrophoresis (CE) MS[3,4]
or liquid chromatography (LC) MS[5–7] coupled to mass
spectrometry through ESI have been used to identify proteins
in complex biological samples such as whole cell lysates
[4,8–11]and human body fluids[12–14]. The main purpose
of combining a liquid separation method with an electro-
spray mass spectrometer is to reduce the complexity of sam-
ple introduced to the mass spectrometer at any given time,
resulting in an enhanced dynamic (concentration) range.

When infusing a sample containing multiple components
directly into the mass spectrometer, the dynamic range of
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the measurement is limited by ion suppression in the elec-
trospray ionization process and in detection. Ion trap and
Fourier transform ion cyclotron resonance (FTICR) mass
spectrometers have limited ion storage capacities and hence
limited dynamic range. The latter can be partially overcome
by selectively loading the FTICR cell using a mass selec-
tive quadrupole[15], although such instruments have only
recently become commercially available. In addition to an
improved dynamic range, the separation itself provides infor-
mation on the analytes. In reversed phase chromatography,
the information describes the hydrophobicity of the peptides
[16,17].

For a given measured tryptic peptide mass and measure-
ment accuracy, there are a finite number of theoretical tryptic
peptides from proteins in a sequence database that are within
the mass measurement error of the measured mass[18,19].
If the mass accuracy is very high, i.e. errors below 1 ppm,
very nearly that which can be achieved in high-field FTICR
mass spectrometry under ideal conditions[20], there may
exist a tryptic peptide of each protein for which there is only
one candidate peptide within the mass measurement error,
even if the candidates are calculated from all proteins in the
organism[11,19]. These peptides can then be used as ‘ac-
curate mass tags’ for protein identification[19]. In general,
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however, mass accuracy is insufficient to identify proteins
based on a single tryptic peptide mass, requiring either sev-
eral peptides or additional information on the peptides for
unambiguous protein identification.

We have previously shown[21] how to combine infor-
mation from chromatographic retention time and accurate
mass measurement to improve protein identification by pep-
tide mass fingerprinting and LC/FTICR. This was demon-
strated on the human cerebrospinal fluid (CSF) proteome.
Actual retention times are compared with those predicted
for peptides generated from a sequence database. This ap-
proach has also been successfully applied to a large number
of LC/FTICR datasets from microbial proteomes by Petritis
et al.[22] who used normalized retention times and an arti-
ficial neural network (ANN) with the sigmoidal transfer and
output functions. The improvement from adding non-linear
nodes in a hidden layer was found to be small. In fact, the
linear model in Palmblad et al.[21] and the ANN in Petritis
et al.[22] were almost equivalent, since Petritis et al. mapped
retention times to the (nearly) linear part of the sigmoid out-
put function when training the network. Optimizing the part
of the output function to which measured data is mapped, as
well as using a larger number of input neurons, taking the
amino acid sequence into account, should improve the ac-
curacy of the predictor. The information from a liquid sep-
aration is complementary to that from mass spectrometry,
as long as peptides are not separated by molecular weight,
such as in size-exclusion chromatography or denaturing gel
electrophoresis.

2. Experimental

To assess the performance of the peptide retention time
predictor for protein identification, proteins extracted from
human cerebrospinal fluid obtained from healthy donors
were digested with trypsin (Roche Diagnostics GmbH
(Mannheim, Germany), sequencing grade) as described by
Bergquist et al.[12]. Yersinia pestis membrane and cytosol
protein fractions were obtained and similarly digested. The
predictor for the column and gradient used to analyze the
samples of interest was calibrated using standards consist-
ing of bovine serum albumin (BSA) (Sigma, St. Louis, MO,
USA) digested in-house, and BSA and 11 other large pro-
teins obtained as tryptic digests (Michrom BioResources,
Auburn, CA, Part No. 910/00012/35).

Reversed-phase chromatography was performed as de-
scribed previously[21] (BSA and CSF tryptic digests) or
with a direct pumping Eksigent Technologies (Livermore,
CA) gradient NanoFlow LC system using 10 cm long,
75�m i.d., 365�m o.d., 5�m BioBasic® C18 packing col-
umn pulled to a 15�m tip (New Objective Inc., Woburn,
MA). The dual pumps delivered stable flows at 300 nl/min
in 90 min linear gradients from 5 to 60% organic solvent
(90% ACN, 0.1% HAc) versus 0.1% HAc in H2O. Sample
volumes of 1–5�l, containing approximately 20–50 ng of

protein digest, were injected using a 10�l sample loop. For
the analysis of BSA and CSF digests, the LC system was
connected to a Bruker Daltonics APEX II 9.4 T FTICR
mass spectrometer (Bruker Daltonics, Billerica, MA, USA)
through the modified nanospray interface[14] on an An-
alytica ESI source (Analytica, Branford, CT, USA)[23].
For the large protein digest mixture and theY. pestis mem-
brane proteins, the Eksigent LC system was connected to
a different Bruker APEX II 9.4 T FTICR mass spectrome-
ter through a homebuilt nanospray interface on an Apollo
(Bruker Daltonics, Billerica, MA, USA) ESI source. For
the purpose of retention time prediction and protein identi-
fication, these experimental configurations are very similar.

Predicted retention times of peptides based on amino
acid composition were compared with the measured values
from the chromatographic separations[24–29]. Typically,
the experimentally measured masses of the peptides were
within 5–7 ppm of those predicted from the protein database
(Homo sapiens, Y. pestis, standard proteins)[23]. The like-
lihoods of all matching peptide masses and retentions were
summed to a total likelihood score, which was used to dis-
criminate between true and random protein matches. The
non-randomness of enzymatic digestion of proteins was also
factored in, as described previously[12].

We used a simple linear model of peptide behavior in re-
versed phase, similar to that used by Hodges and co-workers
[26–28]. Tryptic peptides from standard proteins as well
as abundant, previously identified proteins in human cere-
brospinal fluid andY. pestis samples were used to calculate
a retention coefficient for each amino acid according to

tcalc =
20∑

i=1

nici + t0 (1)

whereci are the retention coefficients for the 20 amino acids,
ni the number of each amino acid andt0 compensates for
void volumes and a delay between sample injection and ac-
quisition of mass spectra.Eq. (1)compensates for variability
in void volume and time offsets int0 and implicitly for gra-
dient slopes as a common factor in allci. Alternatively, all
datasets can first be normalized with respect to each other
[22]. The coefficientsci correspond to the weights in the
20-0-1 neural network tested by Petritis et al.[22].

Theci andt0 were optimized by least-squares fittingtcalc
to measured retention times of 100–200 standard protein
peptides or peptides from abundant proteins in CSF andY.
pestis fractions, putatively identified by accurate mass mea-
surement and high relative intensities in the mass spectra.
All software was written in C, and run on standard single-
processor personal computers under the Cygwin API[30].

3. Results and discussion

Fig. 1 shows an LC/FTICR mass chromatogram of
a Y. pestis membrane fraction tryptic digest. Typically,
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Fig. 1. A mass chromatogram of aYersinia pestis membrane fraction tryptic digest showing 9285 peaks from 1828 individual peptides. The inset shows
the regionm/z 760–770 with many overlapping isotopic clusters and several near-isobars.

10,000–100,000 individual peaks were reduced to 1000–
10,000 unique peptide masses. The redundancy was caused
by sampling the same peptide in several mass spectra, in
multiple charge states and in multiple isotopic peaks. Tryp-
tic peptides closer than 0.005 inm/z can be resolved in
these instruments[31], but use of a chromatographic sep-
aration enhances the practical dynamic range for peptides
close inm/z. The inset shows how several near-isobars can
be separated and detected. The retention time predictor then
assists in putatively identifying these peptides.

A training set containing a large number of peptides is
required forci and t0 to converge. Theci values correlated

Fig. 2. Retention coefficients for the 20 amino acids, normalized to the sum of the absolute values of all retention coefficients, for five CSF samples
with 77–142 peptides (µ = 103). The cysteines (C) had been carbamidomethylated in all peptides used to train the predictor.

with hydrophobicity as expected from literature, i.e. the
more hydrophobic, the higher the retention coefficientci.
The distributions of normalized retention coefficients de-
rived from five different CSF runs are shown inFig. 2. The
t0 values were usually near the observed void time. The
overall positiveci implies a size dependency of the retention
of tryptic peptides, i.e. the longer the peptide, the longer
the retention time on the column. This is also consistent
with results shown inFig. 1. Small and internal tryptic pep-
tides are relatively hydrophilic as they all have a basic C-
terminal residue (arginine or lysine). Any linear dependence
on peptide length is implicitly encoded by the retention
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Fig. 3. Predicted vs. measured normalized elution time (NET)[22] of
peptides from the 12-protein digest mixture. The predictor was trained
on one dataset and evaluated on another, using masses present in both
datasets. A significant fraction of the mass based peptide assignments are
either erroneous or the elution times poorly predicted.

coefficients in this model as a constant term added to
eachci.

The inaccuracy of the predictor was found to be around
10% for internally calibrated datasets. This may be limited
by the presence of false peptides in the training set, as also
suggested by Petritis et al.[22]. The retention times for the
same peptides in the same sample ran multiple times were
within 2–3%.Fig. 3 shows the predicted versus measured
normalized elution times (NETs)[22] for peptides from the
12-protein digest. The predictor was trained on one dataset
and evaluated on another. The two datasets were acquired
under identical conditions.

The predictor increased the number of proteins identified
at any given level of confidence. In both CSF andY. pestis
samples, the set of tentatively identified proteins at a given
probability of having one or more false positive(s) in the
set approximately doubled when using the predictor. These
probabilities were estimated by comparing the likelihood
scores with the distribution of scores of a reference database.
This reference database consisted of around 40,000 protein
sequences obtained from all publicly available and fully se-
quenced archaea, which are evolutionarily distant from both
Y. pestis andH. sapiens. The differences in protein size dis-
tributions between domains and organisms could be taken
into account by randomly filtering out sequences with a
size dependent frequency. This should provide a conserva-
tive estimate on the statistical significance, as there are some
highly conserved proteins with a significant sequence ho-
mology between the protein in the reference database and
the organism of interest. This is different from the accurate
mass tag approach[19], which requires extensive validation

Table 1
Set of 12 proteins (Swiss-Prot TrEMBL accession number and description)
identified in aY. pestis membrane protein extracts using LC-FTICR

SPTr AC Description

Q8ZAR6 Isocitrate lyase
Q8D014 Hypothetical protein
Q8D056 Outer membrane porin A
Q8D1D4 Integral membrane peptidase
Q8ZFI8 ProbableN-acetylmuramoyl-l-alanine amidase
Q8D0Z7 Outer membrane protein X
Q8D0Y2 Lipoprotein-34
Q8ZC69 Peptidyl-prolylcis–trans isomerased
Q8CKQ7 Hypothetical protein
Q8ZF72 Putative cystine-binding periplasmic protein
Q8ZI46 Topoisomerase IV subunit B
Q8ZB96 Putative exported protein

using MS/MS and precise knowledge of many experimental
parameters, such as the frequency of non-tryptic peptides,
modified peptides, peptides from other organisms (i.e. con-
taminating peptides), database sequence errors, mass mea-
surement accuracy as a function of mass orm/z, etc. Given
sufficient information on these, the accurate mass (and time)
tag approach is superior, but without such information, the
confidence in a given set of protein identifications is hard to
estimate.

Typically, 10–30 proteins could be identified with a small
number of expected false positives in human cerebrospinal
fluid and in theY. pestis samples.Table 1shows 12 proteins
repeatedly identified inY. pestis membrane fractions using
this method.

Endogenously high abundant proteins, such as human
serum albumin (HSA) and transferrin in CSF and abundant
proteins in theY. pestis membrane fractions, were used to
calibrate the predictor to each dataset. If only a few pep-
tides in the sample were known, these peptides could be
mapped onto the same peptides in the dataset used to train
the predictor and the retention coefficients scaled accord-
ingly. Alternatively, the retention times themselves can be
normalized to each other using a few peptides present in
all datasets[22]. The retention coefficients are likely to
be dependent on chromatographic conditions such as mo-
bile phase composition and pH. The pH directly influences
the charge of peptide side chain groups and termini and
hence the hydrophobicity (charged residues are more hy-
drophilic) and retention coefficients in reversed-phase
chromatography[24,29].

In addition to a large number of peptides in the training
set, each amino acid must be present in several peptides in
this set. The models used so far are not the only conceiv-
able models for predicting reversed-phase chromatographic
retention of peptides. More sophisticated approaches would
account for the actual sequence or even the predicted sec-
ondary structure[32]. For instance, residues predicted to in-
teract with the surroundings would be given higher weights
in Eq. (1).
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4. Conclusions

Information on physicochemical properties of peptides,
such as hydrophobicity, that can be predicted from the pep-
tide sequence assists protein identification by peptide mass
fingerprinting. The information used is already available
in all LC/MS experiments, whether on-line via electro-
spray ionization, or in LC-MALDI off-line. The approach
may be equally applicable to other types of separations,
although prediction of electrophoretic migration is not as
straightforward as reversed-phase chromatographic reten-
tion [29,33–35]. The predictor described here has been
successfully incorporated in analysis software and used
for screening clinically sampled cerebrospinal fluid as well
as membrane protein fractions from bacteria grown under
various conditions.
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