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Abstract—Information about peptides and proteins in urine can be used to search for biomarkers of early stages of various
diseases. The main technology currently used for identification of peptides and proteins is tandem mass spectrometry, in
which peptides are identified by mass spectra of their fragmentation products. However, the presence of the fragmentation
stage decreases sensitivity of analysis and increases its duration. We have developed a method for identification of human
urinary proteins and peptides. This method based on the accurate mass and time tag (AMT) method does not use tandem
mass spectrometry. The database of AMT tags containing more than 1381 AMT tags of peptides has been constructed. The
software for database filling with AMT tags, normalizing the chromatograms, database application for identification of pro-
teins and peptides, and their quantitative estimation has been developed. The new procedures for peptide identification by
tandem mass spectra and the AMT tag database are proposed. The paper also lists novel proteins that have been identified

in human urine for the first time.
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Such abundant proteins as albumin in human urine
are determined by standard biochemical methods that are
reliable for diagnostics of various diseases [1]. Achieve-
ments in isolation of a urinary protein fraction, its purifi-
cation, and separation as well as application of highly sen-
sitive analytical methods (including mass spectrometry)
has allowed reproducible urine proteomic profiling, which
can give valuable information about various discases.

The main mass spectrometry based approaches for
identification of proteins and peptides include so-called
bottom-up and top-down procedures.

The bottom-up procedure is the approach from pep-
tides to proteins: initially, proteins are hydrolyzed to pep-
tides, and proteins are identified after determination of
peptide composition [2].

Protein hydrolysis using a site-specific enzyme fol-
lowed by subsequent detection of peptide masses is one of
the simplest procedures for identification of individual

* To whom correspondence should be addressed.

proteins. This method simultaneously (and independent-
ly) proposed by several research groups [3] is now known
as the Peptide Mass Fingerprint. Peptide mass spectra are
used for subsequent search, which involves comparison of
experimentally obtained mass ions with peptide masses
obtained during theoretical hydrolytic cleavage of all
database proteins. Such identification yields a list of pro-
teins and peptides of different scores (reliability degree).
The use of information from mass spectra of parent
peptide ions subjected for further fragmentation is an
improved Peptide Mass Fingerprint procedure [4]. This
procedure is known as the MS/MS Ions Search. The
advantage of the botfom-up approach with MS/MS-based
search consists of high reliability and possibility of protein
and peptide identification in complex mixtures. However,
it also has some disadvantages: there are a limited number
of MS/MS analyses for an individual peak; there is
dependence between reliability of peptide identification
and quality of fragmentation spectra; measurement of
fragmentation spectra requires additional time.
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Another method (the top-down approach) was pro-
posed by Mang et al. [5]. This approach does not require
enzymatic hydrolysis: a protein undergoes fragmentation
in a mass spectrometer, and it is identified after mass
determination and standard treatment of mass spectra [6]
by means of genome or proteome database search. Since
protein separation represents a more complicated task
than separation of individual peptides in a mixture, we
have not used the top-down approach in this study.

Smith and his colleagues proposed a principally new
approach [7] to protein and peptide identification. This
method called as accurate mass and time tag (AMT) is
based on peptide identification by accurate measurement
of a peptide mass and its retention time in a chromato-
graphic column. The advantage of this method is lack of
requirement for MS/MS analysis, which would take addi-
tional time and a large quantity of the analyzed sample.

Standard bottom-up or top-down approaches employ
genome or proteome databases containing protein
sequences for protein identification. In the case of the
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accurate mass and time tags (Fig. 1) only an accurate
mass of a peptide product of hydrolysis and its retention
time on a chromatographic column are taken into con-
sideration. It is subsequently identified using a prelimi-
narily constructed AMT tag database.

The method includes two stages (Fig. 1). The first
stage is filling of a database on the proteome of a particu-
lar biological material: peptide tags (with masses meas-
ured using ion cyclotron resonance mass spectrometer
and their identification by subsequent MS/MS analysis)
and their normalized retention times. The second stage is
the search for coincidence between mass and time data
with corresponding parameters of the AMT tag database
constructed in the first stage.

AMT tag database filling comprises two stages. Since
modern high precision mass spectrometers of the new gen-
eration (e.g. LTQ-FT or LTQ-Orbitrap) are hybrid instru-
ments and it is possible to measure an accurate mass of the
parent ion and masses of fragmentation products in an ion
trap, these stages can be combined into a single step.
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Fig. 1. Scheme of procedures for preparation and filling of AMT tag database and proteome screening by means of this database.
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In this study we have constructed the AMT tag data-
base of human urine. The study was performed using a
Fourier transform ion cyclotron resonance mass spec-
trometer and an original modification of the algorithm for
filling of this database. Urine is the most available biolog-
ical fluid, and it is used for search and screening of vari-
ous biomarkers. The results and a freely available data-
base can be widely used in proteomic studies of urine
including the field of molecular medicine.

MATERIALS AND METHODS

Urine sample preparation. Urine samples of 18 male
subjects (aged from 18 to 35 years) were used in the study.
The volunteers did not have urogenital pathology, kidney
pathology, arterial hypertension, or diabetes mellitus;
they did not use diuretics or have excessive liquid con-
sumption. After urine collection into sterile polypropy-
lene containers, each sample was inventoried.

Collected urine samples were primarily treated with-
in 30 min after collection. Urine was centrifuged at 2000g
for 10 min at 4°C, and the supernatant was subdivided
into three or more portions (15 ml each). Samples were
frozen at —80°C.

The samples were then transported in a Dewar flask
with liquid nitrogen; all documentation including an
inventory number of the sample, time and date of urine
collection, age, unhealthy habits, results of test strips,
clinical parameters of the volunteer, and information
about possible pathology was kept in Excel format.

Sample preparation for chromatography—mass spec-
trometry. Samples were concentrated as follows: the urine
sample (15 ml) was placed into an Amicon Ultra
Ultracel-15 5 k tube (Millipore, USA) and centrifuged at
1000g for 1 h at 4°C. The resultant concentrate of 500 pl
was then evaporated to dryness in a centrifuge evaporator.

All materials and reagents were from Sigma (USA)
unless otherwise specified.

The final residue was dissolved up to protein concen-
tration of 10 g/liter (taking into consideration that pro-
tein concentration in urine is about 0.1 g/liter) using a
buffer for reduction containing 0.2 M Tris-HCI, pH 8.5,
2.5 mM EDTA, 8 M urea (final concentration corrected
for 0.3 M urea in urine).

Cysteine residues in proteins were reduced as fol-
lows. The solution of urinary proteins was mixed with
0.1 M dithiothreitol (final concentration), purged with
nitrogen for 25-30 sec, and incubated at 37°C.

For alkylation of reduced SH groups, the reaction
mixture was kept on ice and then supplemented with
small amount of concentrated aqueous solution of
iodoacetamide up to its final concentration of 0.05 M.
The mixture was gently mixed and then purged with
nitrogen for 25-30 sec. After incubation of the reaction
mixture at room temperature for 15 min in darkness, the
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reaction was stopped by adding molar excess of 2-mer-
captoethanol (about 10 pl per mg of added dithiothreitol).

Proteins were then re-sedimented for subsequent
purification. The reaction mixture was treated with 10
volumes of acetone containing 0.1% (v/v) trifluoroacetic
acid. The mixture was kept overnight at —20°C and then
centrifuged at 12,000g for 10 min at 4°C. The sediment
was resuspended in 96% ethanol (v/v), centrifuged again
at 12,000 rpm for 10 min at 4°C, and dried in the cen-
trifuge evaporator for 1 h at 45°C.

Trypsinolysis of the urinary protein fraction was per-
formed as follows. The dry protein residue was resus-
pended in 200 mM NH,HCO; up to final concentration
of about 1 g/liter. A stock solution of modified porcine
trypsin (Promega, USA) was added at the ratio to protein
of 1: 100 (w/w). The mixture was incubated at 37°C for
2.5 h and the stock solution of trypsin was added again at
the ratio to protein of 1 : 200 (w/w). The reaction mixture
was incubated at 37°C for 6 h.

Protein hydrolysis was stopped by adding formic acid
to the final concentration of 3.5% (v/v). The solution was
centrifuged at 12,000g for 10 min at 4°C, and the super-
natant was used for chromatography—mass spectrometry.

Chromatography—mass spectrometry and analysis of
mass spectra. For filling of the database, each hydrolysate
obtained from the 18 urine samples was subjected to five
independent rounds of chromatography—mass spectro-
metry procedures (five column loadings). Ninety samples
were applied to the column to obtain the required number
of mass spectra.

An Agilent 1100 chromatograph equipped with a
column (inner diameter of 75 pm) with reverse phase
Reprosil-Pur C18 3 um and pores of 100 A was used for
liquid chromatography. Water and acetonitrile (for
HPLC; Thermo Fisher, USA) with a linear gradient from
10 to 90% acetonitrile were used as solvents. Mass spectra
were measured using a cyclotron resonance mass spec-
trometer coupled to the linear ion trap Thermo LTQ-FT.

Measurements were performed in the range of masses
300-2000 Da, and both parts of the combined mass spec-
trometer were used: masses of parent ions and their charge
states were measured by ion cyclotron resonance. For ions
with detected charge state, the collision-induced dissocia-
tion (CID) spectra were measured in the linear ion trap.

Peptide identification by their MS/MS spectra was
performed by the Mascot search engine with the MS/MS
search procedure [4] and accuracy parameters for the
parent ion of 10 ppm and accuracy of mass fragment of
0.3 Da against Homo sapiens taxonomy using the Swiss
Prot database.

In chromatography—mass spectrometry experiments
without MS/MS fragmentation, a hydrolysate of protein
fraction obtained from one urine sample (treated as
above) was used for verification of the AMT tag database
search. Mass spectrometry analysis was performed exact-
ly as in the case of database filling but without ion frag-
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mentation. After treatment of spectra, retention times
were normalized using our original procedure described
in “Results and Discussion”. Masses and retention time
values were compared against the AMT tag database for
detection of coinciding peptides with mass accuracy
parameters (10 ppm) and retention time values (1% of
chromatogram duration). Identification required coinci-
dence of both retention time and mass.

RESULTS AND DISCUSSION

Using chromatography mass spectrometry of
hydrolysates of urine sample (the botfom-up approach) we
have obtained mass spectra of protein hydrolysis products
containing more than 1381 peptide tags (see Table 1 in
the supplement to the article on the journal site
http://protein.bio.msu.ru/biokhimiya); for each peptide
the following parameters have been included into the
database: accurate mass value, retention time, and amino
acid sequence.

Structure of the AMT-tag database and protocol of
its filling. The relational database management system
(RDBMS) MySQL (release 5.0.45) with open code and
freely distributed with the GNU General Public License
was used as the basis.

The database structure (Fig. 2) can simultaneously
maintain several projects, reveal similarities and differ-
ences of experiments, and perform search by the AMT
tag. The database contains information on masses and
retention times of peptides, posttranslational modifica-
tions of each peptide, its charge state, and theoretically
calculated mass. The database structure was originally
designed in the third normal form and then denormalized
to increase treatment capacity of queries by key tables [8].

The database contains eight main tables (Fig. 2). The
table “experiments” keeps information on current projects
(their code name and brief description). Each project can
contain several experiments; their descriptions are in the
table “runs”. Two tables “protein_sequences” and “pep-
tide_sequences” contain amino acid sequences and iden-
tifiers of proteins and peptides, respectively. The table
“mods” contains descriptions of all posttranslational
modifications found during data loading into the tables.
These tables serve to decrease database file sizes. The
table “peptides_observed” is a central table linking togeth-
er all components. This table keeps unfiltered all peptides
found by the search engine. The table “mascot result”
contains only filtered, reliably identified peptides. This
table represents the AMT tag database.

Inclusion of a peptide into the database requires two
our criteria. First, reliability of peptide identification
should exceed 99.5% (peptides are scored by the Mascot
engine [4], which determines reliability of identification).
Second, each protein should contain at least two identi-
fied peptides.
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Thus, we have proposed the following stepwise algo-
rithm for selection of peptides and proteins: 1) select pep-
tides with the Mascot score [4] corresponding to reliabil-
ity exceeding 99.5%; 2) based on information provided by
the Mascot software (during treatment of spectra), pre-
pare a table for all proteins sharing these peptide in their
sequences; 3) range proteins of this table by the score
equal to sums of scores of their individual peptides; 4) sort
proteins by their resultant scores; 5) select a protein with
the highest score and include it (and all its peptides) into
the second final score; 6) remove this proteins and all its
peptides from the initial table; 7) repeat this algorithm
starting from step 5 until total removal of all proteins from
the initial table.

Originally identified urine proteins. As mentioned
above, results of mass spectra identification in hydrolysates
of all samples have been used for database filling (Fig. 3). In
the analyzed samples, we have identified several proteins
that have not been identified by proteomic methods before
(compared with the most comprehensive urine proteome
[9]). Taking into consideration proteins with a single reli-
ably identified peptide (proteotypic peptides identified at
Mascot score exceeding 24), we have originally identified 45
gene products, and 23 of them are identified in more than
one repeated experiment (see Table 3 in the supplement to
the article on the journal site http://protein.bio.msu.ru/
biokhimiya). These proteins do not share localization or
biological function. It should be noted that this list con-
tains several secretory plasma proteins, for example re-
tinol binding protein 3 (International Protein Index
1P100022337.1), abundant in plasma apolipoprotein A-I
(IP1I00021841.1), and protease inhibitor alpha-1B-glyco-
protein (IP100022895.7). This list also contains some
transmembrane plasma proteins including such im-
portant and adhesive molecules as cell adhesion molecule
4 (IP100176427.1), cadherin 24 (IP100307446.4),
vasorin (IP100395488.2), hyaluronic acid receptor 1
(IP100290856.4), CD27 (1P100002435.1), and others.

Normalization of peptide retention time in the course
of filling and use of database. Alignment or normalization
of retention time is an important problem for both steps
of AMT tag database use (i.e. database filling and use for
protein identification). However, solution of this problem
in the course of filling and application is different.

In the case of retention time alignment for database
filling, normalization employs identifications found by
the Mascot search system [4] among tandem mass spec-
tra: this requires coincidence of predicted amino acid
sequence rather than retention times or masses. The pres-
ence of more than one identical peptide in all normalized
chromatograms is an ultimate precondition for such pro-
cedure. Initially mean retention time for identification of
peptides found in all MS/MS experiments is determined.
Subsequently, alignment of retention time values for
other AMT tags is performed by means of the least
squares method.
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Fig. 2. Structure of the AMT tag database.
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In the case of retention time normalization in experi-
ments without fragmentation, only accurate mass values are
used. Initially only the mass/time pairs, in which accuracy
of mass coincidence with the peptide mass of the AMT tag
database is rather low (about 100 ppm), are selected from
the chromatogram. The next step uses only such pairs that
exhibit sequentially better correspondence of their reten-
tion times with those for peptides from the AMT tag data-
base. The mass chromatogram is aligned by the least squares
method using the order of such points for normalization.

Model experiment and identification without tandem-
mass spectrometry. For validation of applicability of our

AMT tag database and software for proteome analysis, we
have obtained mass spectra of one hydrolysate of urine
protein fraction. In this experiment masses of fragment
ions of product hydrolysis were not determined. Results
of identification using the AMT tag database are shown in
Table 2 in the supplement to the article on the journal site
http://protein.bio.msu.ru/biokhimiya. Using such
approach (without MS/MS) we identified about 300 pep-
tides.

Thus, based on results of this study we propose a new
method for peptide selection for the AMT tag database,
procedures for peptide identification by chromatograms
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without determination of masses of fragment ions, and
also for normalization of results of MS/MS and MS
experiments.

As the result of 90 experiments performed on 18
urine samples, we have found 437 proteins and 1381 pep-
tides that satisfy the developed procedure for peptide
selection. We have also developed software for qualitative
analysis of urine proteins by means of liquid chromatog-
raphy combined with high-precision mass spectrometry,
which is available on request.
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