
A promising trend in the quantitative analysis and

identification of proteins by chromatography�mass�spec�

trometry (HPLC/MS) is an approach based on the use of

databases of accurate mass and chromatography retention

times of peptide markers (or tag) of proteins. Databases of

such markers have been called Accurate Mass and Time

tag (AMT) [1�4]. Their use makes it possible to signifi�

cantly increase the throughput of protein identification

due to the possibility of carrying out the analysis without

involving methods of tandem mass spectrometry

(MS/MS).

However, a number of fundamental problems inter�

fered with the development and wide application of AMT

tags. Inaccuracies of genomic databases and low efficien�

cy of tandem mass spectrometry used for peptide identifi�

cation are “translated” into errors in generated AMT

databases. Besides, chromatography data depend on spe�

cific experimental conditions of separation and used

instrumental platforms. As a result, AMT databases com�

piled by a certain proteomic center cannot be used by

other researchers having different experimental systems
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Abstract—Generation of a complex proteome database requires use of powerful analytical methods capable of following

rapid changes in the proteome due to changing physiological and pathological states of the organism under study. One of

the promising technologies with this regard is the use of so�called Accurate Mass and Time (AMT) tag peptide databases.

Generation of an AMT database for a complex proteome requires combined efforts by many research groups and laborato�

ries, but the chromatography data resulting from these efforts are tied to the particular experimental conditions and, in gen�

eral, are not transferable from one platform to another. In this work, we consider an approach to solve this problem that is

based on the generation of a universal scale for the chromatography data using a multiple�point normalization method. The

method follows from the concept of linear correlation between chromatography data obtained over a wide range of separa�

tion parameters. The method is further tested for tryptic peptide mixtures with experimental data collected from mutual

studies by different independent research groups using different separation protocols and mass spectrometry data process�

ing tools.
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and protocols. The solution of this problem occurs

through the creation of a single scale of peptide retention

times that are independent of experimental separation

parameters.

There have been numerous attempts to introduce a

unique procedure for normalization of chromatographic

data. Thus, the procedure of experimental time retention

was described [4] that reduced these times to the space

[0.1] using linear transformation in which linear equa�

tion coefficients are determined empirically using a

genetic algorithm based on the iteration optimization

process [1, 2, 4]. Another approach to normalization of

chromatographic retention times is also based on linear

transformation in which coefficients are calculated using

a chosen internal standard [5]. The real sample chro�

matogram is divided into time intervals on the basis of

the standard peptide retention times, and linear equation

coefficients are calculated for each time interval on the

basis of experimental retention times of the internal stan�

dard peptides.

It should be noted that the use of so far proposed

approaches to retention time standardization results in

the situation when the developed chromatographic data�

bases become attached to concrete experimental condi�

tions and used instrumental systems. It is possible to

escape this partially by bringing retention times in line

with the peptide properties caused by their primary struc�

tures. To solve this problem, McIntosh et al. [3] proposed

using as normalized retention times the peptide

hydrophobicity values calculated using the SSRCalc

(Sequence Specific Retention Calculator [6]) prediction

algorithm, thus justifying such approach by existence of

linear correlation between peptide hydrophobicity and

their chromatographic retention times. It should be noted

that the SSRCalc algorithm is based on multiparametric

optimization of free parameters of the peptide separation

model for particular HPLC conditions [7]. An alternative

approach to retention time normalization was proposed

in the work [8], in which HPLC data are “aligned” on the

basis of logarithmic dependence of peptide retention

times on the used organic solvent retention coefficient

(solvent strength). This procedure is based on the Linear

Solvent Strength (LSS) theory proposed by Snyder [9].

In this work the method of multi�point normaliza�

tion (MPN), earlier proposed by the authors [10] and

based on the concept of linearity of chromatographic data

obtained under different separation conditions typical of

proteomic studies, was used for standardization of pep�

tide retention times. The MPN technique was tested on

the example of complex mixtures of proteolytic peptides,

experimental data for which were obtained by three inde�

pendent research groups using different protocols of

HPLC separation and mass�spectrometry data process�

ing. This showed the possibility of generating a universal

database for accurate mass and retention times suitable

for combined use by independent research centers.

MATERIALS AND METHODS

The following commercial standards were used in

this work: tryptic hydrolysates of cytochrome c and of a

mixture of six proteins (bovine serum albumin, β�galac�

tosidase, lysozyme, alcohol dehydrogenase, cytochrome

c, and apo�transferrin) from Dionex/LCPacking (USA).

The concept of chromatographic data linearity was vali�

dated using the cytochrome c protein hydrolysate in the

Laboratory of Proteome Dynamics Investigation of the

Ministry of Atomic Energy (Grenoble, France).

Chromatography columns used in these studies are listed

in Table 1. Experiments on separation and identification

of peptides of six protein hydrolysates were carried out at

the University of Uppsala (Sweden), the Laboratory of

Proteome Dynamics Investigation of the Ministry of

Atomic Energy (Grenoble, France), and the Institute of

Biochemical Physics of the Russian Academy of Sciences

(Moscow, Russia) using different instrumental systems

and HPLC protocols listed in Table 2.

In all three laboratories hybrid ion cyclotron reso�

nance mass spectrometers LTQ�FT (ThermoFisher,

Germany) equipped with nanoelectrospray and gradient

HPLC systems were used to obtain mass�spectrometry

Inner diameter
of column, µm

75

75

75

75

75

100

Column
length, mm

150

250

150

150

150

150

Pore
size, Å

100

100

100

100

300

130

Particle size,
µm

3

3

3

5

5

–

Column

I

II

III

IV

V

VI

Manufacturer

LC Packing

LC Packing

Waters

LC Packing

LC Packing

Merck

Phase

PepMapC18

PepMapC18

AtlantiesC18

PepMapC18

PLRP�S

C18 Monolith

Table 1. Chromatographic columns used in testing the concept of chromatographic data linearity
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data and peptide identifications. Peptide fragmentation

was carried out using collision dissociation (CAD)

(Moscow, Grenoble, Uppsala) and Electron Capture

Dissociation (ECD) (Uppsala). The Mascot search

engine was used for peptide identifications on the basis of

MS/MS data with searching in the Swiss�Prot database.

Only peptides identified in all three laboratories and hav�

ing Mascot identity scores above 30 were chosen from the

search results for testing the proposed procedure for

retention time standardization. Experiments with the six�

protein standard were successively interchanged with

experiments with the cytochrome c peptides that were

used for control of retention time reproducibility and

chromatographic system calibration.

The BioLCCC model based on the concept of

macromolecular chromatography under critical condi�

tions and realized in the Theoretical Chromatograph

software was used for calculation of theoretical peptide

retention times [11�13] (http://theorchromo.ru). The

Theoretical Chromatograph software predicts retention

times of proteins and peptides separated on reverse�phase

C18 under assigned experimental conditions (including

column dimensions, gradient profile, and composition of

solvent components) depending on their amino acid

sequences.

As an alternative method for calculation of theoreti�

cal times of peptide retention, the SSRCalc based on an

additive model of peptide separation and empirically

determined hydrophobicity coefficients was used [6, 7]

(http://hs2.proteome.ca/SSRCalc/SSRCalc32.html).

RESULTS AND DISCUSSION

Concept of linear correlation of chromatographic
retention times. The earlier proposed approach [10] is

based on a supposition concerning linear correlation of

peptide retention times obtained under different separa�

tion conditions most widely used in proteomic studies.

The use of this approach is restricted by conditions typical

of proteomic studies using the HPLC�MS/MS techniques

and suggests the reverse�phase C18 as adsorbent, pore size

in the range from 90 to 300 Å, water and acetonitrile mix�

ture as a binary solvent with pH values in the range 2.0 to

3.0, and linear gradient profiles with slope of 0.2 to

1.7% acetonitrile/min. Acetic or formic acid are usually

used as ion�pair agents in HPLC�MS/MS. The concept of

linear correlation of chromatographic data is not new

when speaking about chromatography of low molecular

weight compounds or short peptides and follows from LSS

Flow
rate,
nl/
min

300

300

200

time,
min

60

120

91

inner
diame�
ter of

column,
µm

75

75

75

parti�
cle

size,
µm

3

3

3

Grenoble

Moscow

Uppsala

Table 2. Conditions of chromatographic separation used in analysis of standard proteolytic peptide mixture of six pro�

teins (Dionex Inc.) in proteomic laboratories in Grenoble, Uppsala, and Moscow

phase B

СH3CN:
H2O:

HCOOH
(80:19.92:

0.08%, 
v/v)

СH3CN:
H2O:

HCOOH
(80:19.9:

0.1%, 
v/v)

СH3CN:
H2O:

CH3COOH
(89.5:10:

0.5%, 
v/v)

Spe�
cimen

amount,
fmol

500

250

500

LC
plat�
form

Ulti�
mate
3000
(Dio�
nex)

Agi�
lent 
1100
(Agi�
lent)

Agi�
lent 
1100
(Agi�
lent)

phase A

СH3CN:
H2O:

HCOOH
(2:97.9:
0.1%, 
v/v)

H2O:
HCOOH

(99.9:0.1%,
v/v)

СH3CN:
H2O:

CH3COOH
(2:97.5:
0.5%, 
v/v)

В, %

4�50

0�35

2�45

column
length,

mm

150

120

150

pore
size,

Å

100

120

120

phase

Pep�
Map�
C18

Rep�
rosil�
Pur�
C18
AQ

Rep�
rosil�
Pur�
C18
AQ

Mobile phaseLC
gradient

LC column
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theory [9]. At the same time, despite experimental evi�

dence of linear correlation between chromatographic

times of short peptide [10, 14], the problem is not so obvi�

ous in the case of long molecules, because in this case

separation follows not only the adsorption mechanism

but the exclusion one as well [12, 13].

To answer the question concerning possible func�

tional dependence of chromatographic data obtained on

different HPLC systems and under different separation

conditions, we performed calculations of theoretical

retention times using the BioLCCC model [11�13]. These

calculations were made for typical separation protocols

used under conditions of gradient HPLC and for peptides

of cytochrome c protein hydrolysate. The choice of these

protein peptides was deliberate: first, it is a sufficiently

simple, well characterized, and commercially available

peptide mixture, and second, by their adsorption proper�

ty on reverse phase, peptides of this mixture envelop a

practically complete range of physicochemical properties

characteristic of tryptic peptides. Figure 1 shows results of

calculation of retention times and their mutual correla�

tions for arbitrarily chosen separation protocols. As a

whole, the performed calculating experiment has shown

the existence of linear correlation between chromato�

graphic data.

It should be noted that results of calculation using

the BioLCCC model show the dependence of separation

selectivity on such conditions as column pore size and

gradient slope, which in turn can be the reason for

decrease in linear correlation from R2 = 1.00 to 0.93.

Nevertheless, the calculations predict the existence of a

rather broad range of experimental conditions for peptide

separation in gradient HPLC on the reverse phase for

which linear correlation of chromatographic data is

observed.

Tarasova et al. [10] carried out a number of experi�

ments on determination of effects of gradient slope, rate

of solvent flow, and column characteristics on chromato�

graphic retention on the example of cytochrome c pep�

tides. It was shown that for different types of reverse phas�

es C18 (silica gel, monolith, and polymer) a high level of

chromatographic data linear correlation is observed (on

average, R2 = 0.985�0.995). Table 3 in addition shows

results of experiments in which the following separation

conditions were changed: (i) gradient profile (at fixed col�

umn I and flow rate of 300 nl/min); (ii) flow rate (at fixed

column I and gradient slope of 0.8% B/min); as well as

(iii) column parameters upon separation in two different

gradients, 1.7 and 0.3% B/min, and fixed flow of 300 nl/

min. In this series of experiments the lowest correlation

coefficient of R2 = 0.97 was obtained for polymer phase

RepMap PLRP�S (column V, Table 1).

Note that during experiments with cytochrome c

peptides a pair of peptides was found which changed the

order of their elution from the column upon transition

from the sharp gradient (1.3% B/min) to the slowly slop�

ing one (0.3% B/min). Of course, such peptides present a

certain difficulty: linear transformation of retention times

does not allow one to consider the inversion of the pep�

tide elution order upon change in the separation protocol.

However, such inversion in narrow range of retention

times did not change the value of linear correlation coef�

ficient R2. This phenomenon is not affecting the accuracy

of the chromatographic data calibration with the use of a

linear equation.

BioLCCC model as basis for universal scale of reten�
tion times. To solve the problem of normalization of

experimental data independently obtained by different

research groups, we used in creation of the AMT databas�

es the earlier developed method of multipoint normaliza�

tion (MPN) [10]. Using predicted retention times for the

chosen peptide standard and the parameter of chromato�

graphic data linear correlation, it is possible to introduce

a new scale of time in which experimental values of the

R 2
2

0.998

0.998

0.997

Column

I

II

III

IV

V

VI

0.3% B/min

0.988

0.992

0.966

0.990

0.967

0.988

1.7% B/min

0.994

0.994

0.978

0.992

0.974

0.990

Gradient, % B/min

1.7

1.4

1.2

0.8

0.4

0.3

R 1
2

0.992

0.998

0.998

0.997

0.995

0.988

Solvent flow rate, 
nl/min

200

300

400

Table 3. Linear correlation coefficients for experimental retention times of cytochrome c peptides for different sepa�

ration conditions, columns, and protocols. Coefficients R2 indicate correlation of retention times under tested condi�

tions with “standard” data obtained several months earlier on column I (Table 1) at 0�50% B gradient for 60 min

R 3
2
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studied peptide retention times will have the same (for

identical peptides) normalized times. The step�by�step

description of the time standardization procedure used in

this work is shown on Scheme.

The scale of normalized times was plotted as follows.

The cytochrome c peptides were chosen as standard for

which theoretical values of retention time under condi�

tions of predetermined basic separation protocol were

calculated. The choice of basic protocol is random. The

protocol that is standard in microcolumn peptide chro�

matography was used as basic in this work (Scheme).

Then theoretical retention times for standard pep�

tides were normalized in the [0.1] range by fixing the nor�

malized time scale to the GITWGEETLMEYLENPK

peptide having the longest retention time. In principle,

the time scale reduction to the [0.1] fragment is not oblig�

atory, but it seems more convenient with respect to the

scale universality. Calibration coefficients a and b were

determined by substitution into the linear equation of

experimental and normalized theoretical values of stan�

dard peptide retention times (Scheme). With the use of

these calibration coefficients all experimental times RTi
exp

for the studied peptides were converted into the new scale

of normalized times using linear equation (Scheme).

In principle, the proposed procedure is analogous to

a calibration procedure in mass spectrometry in which

measured physical values bind via a corresponding cali�

bration equation with masses expressed in atomic units

and attached to the universal mass scale based on carbon
12C.

Experimental validation of results of retention time
normalization by the MPN method. The proposed nor�

malization procedure was tested experimentally for tryp�

tic peptide mixture of six proteins. Note that the mixture

also includes cytochrome c peptides that were used for

retention time normalization of all peptides of the mix�

ture (“internal calibration”). Data obtained in different

laboratories were combined in three groups: (i) peptides

identified in Moscow and Grenoble (174 peptides); (ii)

peptides identified in Moscow and Uppsala (103 pep�

tides); and (iii) identifications common for all three lab�

oratories (69 peptides). Figure 2 shows standard devia�

Schematic representation of standardization of peptide retention times by MPN using the BioLCCC model for calculation of theoretical

retention times

Retention time “standard”:

Theoretical chromatograph: BioLCCC–MS/MS

Standard protocol:

0�50% B/60 min; 300 nl/min;

time delay is 15 min;

75 µm × 150 mm, C18; 100 Å;

A) CH3CN : H2O : HCOOH

(2 : 97.9 : 0.1% v/v);

B) CH3CN : H2O : HCOOH

(80 : 19.92 : 0.08% v/v)

Determination

of calibration coefficients

Standardization of analyzed

peptide retention times

Calibration mixture:

eight cytochrome c peptides (Dionex Inc., USA)

Sequence
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tions from mean value of retention times normalized

using as “internal calibrant” cytochrome c peptides for

data (i), (ii), and (iii), respectively. In this case standard

deviations for obtained normalized chromatographic

times of identified peptides were, respectively, 1.4, 1.6,

and 1.5%. Thus, the use of the MPN method to reduce to

a universal scale of retention times the chromatographic

data obtained on different instrumental platforms and

different parameters of proteolytic mixture separation

has shown the agreement between normalized retention

times for identical peptides with the accuracy of about

1.5%.

It should be noted that in proteomic studies there is

no problem of choosing an internal calibrant: a natural

choice can be peptide admixtures such as those from ker�

atin, a satellite of practically any biological specimen, or

peptides with the same sequence but present in different

proteins. However, the use of “internal calibration” for

retention time reduction to a universal scale is not always

possible, which can be first of all due to difficulties of the

identification of the same peptide within a complex mix�

ture in different research centers using different equip�

ment and HPLC protocols. An alternative is the retention

time normalization using “external calibration” of the

chromatographic system by peptides of a standard ana�

lyzed separately from the main specimen. In this work,

retention times of peptides identified in Uppsala were nor�

malized by external standard using cytochrome c peptides.

Table 4 shows standard deviations of normalized retention

times for different sets of data obtained with internal and

external calibration using the MPN method and two dif�

ferent algorithms of retention time prediction –

BioLCCC and SSRCalc.

As is seen in these data, the use of alternative models

for retention time prediction makes it possible to obtain

comparable data by the accuracy of normalized retention

times. Thus, the accuracy of “internal calibration” using

different models of retention calculation varied within the

range of 0.9�1.5%. It should be noted that the SSRCalc

algorithm is considered as the most precise algorithm for

calculation of tryptic peptide retention times and is wide�

ly used in proteomics. However, the SSRCalc algorithm

has been developed for a limited number of experimental

Fig. 2. Graph of experimental retention times of the six�protein

standard peptides identified in laboratories of Grenoble, Uppsala,

and Moscow and normalized by the MPN method using the

cytochrome c internal standard. Mean values for measured and

calibrated retention times were plotted on the Y axis of this graph

RTnorm
average = (1/3) Σ (RT norm

Grenoble + RT norm
Uppsala + RT norm

Moscow). The point size

on the Y axis corresponds to standard deviation from the mean

and on average it does not exceed 1.5%.

1.2

0.8

0.4

0.0
0.4 0.8 1.2

RTnorm

R
T

n
o

rm
av

e
ra

g
e

SSRCalc

1.1

2.1

1.1

0.9

1.2

1.1

BioLCCC

1.2

2.7

1.5

0.9

1.4

1.3

SSRCalc

0.9

2.4

1.5

1.1

1.0

1.0

BioLCCC*

1.7

2.4

2.7

2.1

1.8

1.9

BioLCCC

1.7

0.9

1.2

1.1

0.5

0.5

BioLCCC

BioLCCC*

SSRCalc

BioLCCC

SSRCalc

BioLCCC

SSRCalc

Uppsala

Moscow

Grenoble

SSRCalc

0.5

1.9

1.0

1.3

1.1

0.1

Table 4. Standard deviations (%) between different sets of data after retention time standardization by MPN using

internal and external (BioLCCC*) calibrations on the basis of cytochrome c peptides as well as using alternative reten�

tion time calculators

BioLCCC

0.5

1.8

1.0

1.4

1.2

0.1

GrenobleMoscowUppsala

Note: The retention time calculation using the SSRCalc calculator was performed for pore size 100 Å; coefficient taking into account dead volumes

of the system A = 7; and coefficient associated with the gradient slope B = 0.95 (coefficients A and B were incorporated into the SSRCalc model

by its developer, http://hs2.proteome.ca/SSRCalc/SSRCalc32.html). Coefficient A was optimized using experimental data from Grenoble and

optimization was stopped when the standard deviation of retention times, normalized using BioLCCC and SSRCalc, reached 0.1%.
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separation conditions and the change, for example, of

pore size or gradient profile requires its readjustment [9].

The BioLCCC model is free of the above�mentioned

shortcomings and allows retention time calculations for

any HPLC conditions on reverse�phase C18 for arbitrar�

ily preset gradient profiles and column parameters. In this

case, due to a low number of phenomenological parame�

ters of the model (20 amino acid surface�interaction

energies), the BioLCCC model can be easily adapted for

work with different phases.

The proposed procedure for normalization of peptide

retention times enables standardization of experimental

data obtained on reverse phase C18 under different gradi�

ent conditions, column, and mobile phase parameters. It

was shown on the example of separation of tryptic peptide

complex mixtures and using different experimental sepa�

ration protocols and instrumental systems that in the case

of internal calibration normalized retention times corre�

late for the same amino acid sequences with accuracy of

the order of 1�1.6%. If external calibration standards are

used, the precision of normalized retention times is 1.7�

2.7%. The proposed approach to normalization of peptide

retention times and their conversion to a universal time

scale can be used for protein identification in shotgun pro�

teomics and generation of AMT databases.
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