
A
l
h

H
a

b

c

a

A
R
R
A
A

K
L
P
P

1

s
p
a
p
i
i
f

p
1
s

i
T

0
d

Journal of Chromatography A, 1217 (2010) 489–497

Contents lists available at ScienceDirect

Journal of Chromatography A

journa l homepage: www.e lsev ier .com/ locate /chroma

model for predicting slopes S in the basic equation for the
inear-solvent-strength theory of peptide separation by reversed-phase
igh-performance liquid chromatography

oangkim Vua, Vic Spicera, Alexander Gotfrida, Oleg V. Krokhinb,c,∗

Department of Physics and Astronomy, University of Manitoba, Winnipeg, R3T 2N2, Canada
Manitoba Centre for Proteomics and Systems Biology, University of Manitoba, 799 JBRC, 715 McDermot Avenue, Winnipeg, R3E 3P4, Canada
Department of Internal Medicine, University of Manitoba, 799 JBRC, 715 McDermot Avenue, Winnipeg, R3E 3P4, Canada

r t i c l e i n f o

rticle history:
eceived 25 August 2009
eceived in revised form 21 October 2009
ccepted 23 November 2009
vailable online 27 November 2009

eywords:
inear-solvent-strength theory
eptide reversed-phase HPLC
eptide retention prediction

a b s t r a c t

A model for predicting the slope (S) in the fundamental equation of linear-solvent-strength theory for pep-
tidic compounds was developed. Our approach is based on the novel assumption that three well-defined
molecular descriptors: peptide length (N), charge (Z) and hydrophobicity index (HI) are the major con-
tributors to the value of S. Following the definition of the model’s variables, the retention of a number of
Arg-terminated synthetic peptides was investigated under isocratic elution conditions (100 Å pore size
C18 phase, 0.1% trifluoroacetic acid as ion-pairing modifier). The peptide sequences were systematically
designed to span the properties of the typical tryptic peptides that are analyzed in proteomic experi-
ments. Experimental data show that slopes S increase with the independent increase in both peptide
charge and peptide length when the two other parameters are held constant. The influence of peptide

hydrophobicity is more complex: depending on peptide length and charge, stronger RP-HPLC retention
can either decrease or increase the values of S. We postulate a general function to explain this behav-
ior: S = C1 × ZC2 + C3 × NC4 + C5 × HIC6 + C7/Z + C8/N + C9/HI + C10 × ZN + C11 × ZHI + C12 × NHI + B. A simple
optimization using a “random walk” through parameter-space was used to determine the optimal coeffi-
cients compared to the measured S-values of 37 peptides. The model gives a ∼0.97 R2 correlation between
the measured and predicted S-values: it was verified against previously published data on a human

trypt
growth hormone protein

. Introduction

It is hard to overestimate the role of reversed-phase (RP) HPLC in
tudying biologically active compounds, particularly proteins and
eptides. It provides insight into structure and function, as well as
iding the development of methods for purification and large-scale
roduction of biologically active compounds. This role has further

ncreased with the accelerated development of proteomic studies
n recent years. Thousands of research laboratories and industrial
acilities use the peptide/protein RP-HPLC technique on daily basis.
Fundamental understanding of the separation mechanism of
eptidic molecules on alkyl-bonded silicas was developed in the
980–1990s [1–3], following the extension of the linear-solvent-
trength (LSS) theory of RP-HPLC for the separation of peptides
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ic digest and some synthetic analogues from that mixture.
© 2009 Elsevier B.V. All rights reserved.

and proteins [4]. Typically peptide separation is achieved via
water:organic solvent gradients, while mobile phases are supple-
mented with ionogenic (ion-pairing) modifiers, which improve
peak shape and maintain the desired pH of the eluent solution.
In general, retention of peptides and proteins under RP condi-
tions is described by the relationship: log k = log kw − S�; where
k is the retention factor at an organic solvent volume fraction �
(� = ACN%/100) and kw is the retention factor at � = 0 [4], similar to
RP-HPLC of low molecular weight compounds.

One of the distinct features of the LSS theory of peptide RP-HPLC
is the extremely high S-value for peptidic molecules [5], which
tends to increase with molecular weight. In other words, peptidic
compounds elute from alkyl-bonded media in a very narrow range
of acetonitrile concentrations. This makes the use of gradient elu-
tion mandatory when separating complex peptide mixtures. Either

knowing, or being able to predict S-values for peptides is impor-
tant from the point of view of optimizing the separation selectivity
in RP-HPLC, in order to provide complete resolution of chromato-
graphic bands under gradient or isocratic conditions. It has been
shown on multiple occasions that altering column size and gra-

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:krokhino@cc.umanitoba.ca
dx.doi.org/10.1016/j.chroma.2009.11.065


4 togr. A

d
s
p
m
o
s
p
t
s
c
e
R
i
o
i

d
w
s
F
t
s
[
s
p
r
c
s
A
d
b
n
i
h
h
r
h
p
c
f
A
(
h
S

c
t
p
H
p
i
n
d
m
t
a
c
s
t
i
l
t

d
(
t

90 H. Vu et al. / J. Chroma

ient/elution parameters could result in a significant change in
eparation selectivity [5,6]. For proteomic applications, the com-
lete separation of the components is not as critical, since modern
ass spectrometric detectors can handle detection (identification)

f co-eluting compounds. However, the influence of slope S on
eparation selectivity becomes important when peptide retention
rediction algorithms are used to strengthen peptide identifica-
ion, or when LC–MS data sets obtained using different column
izes, flow rates, or gradient slopes are compared for systematic
ollection [7]. Thus, the use of identical column sizes and gradi-
nt conditions is preferable for comparison of the selectivity of
P-HPLC columns for peptide separation. Otherwise, a variation

n selectivity might be observed simply as a consequence of vari-
us S-slopes, rather than from a difference in separation selectivity
tself.

It was initially suggested that the magnitude of S-values is linked
irectly to the molecular weight of the analytes. Snyder and co-
orkers [4] described this dependence as S = 0.44(MW)0.21 for a

et of polypeptides ranging 600–14,000 Da in molecular weight.
ollowing this pioneering work, it was assumed that a similar rela-
ionship should be observed for other sets of peptides. However,
ubsequent measurements performed by Hearn and co-workers
8–11] on smaller analytes with a narrower coverage of MW range
howed that this formula was incorrect; they concluded that the
arameters of S = a(MW)b should be varied to obtain a better cor-
elation for each particular set of peptides and chromatographic
onditions. They also found that the slope S does not follow a
imple dependency on the hydrophobicity of these peptides [8].
ltogether, these studies led to the conclusion that the slope S is
etermined not by molecular weight alone, but rather by a com-
ination of the “magnitude of hydrophobic contact area and the
umber of interaction sites” [9,10]. It is conceivable that an increase

n molecular weight of a peptide could itself lead to an increase in
ydrophobicity and the number of contact sites. However, there
ave also been multiple observations where, on the one hand, well-
etained peptide solutes exhibit low S-values, and on the other, very
ydrophilic small peptides exhibit high S-values. In addition, some
eptides, upon interaction with hydrophobic alkyl-silica surfaces,
an adopt a preferred folding conformation; this could be a reason
or such deviations making the overall picture even more complex.
ltogether, complexity and mixed character retention mechanisms

hydrophobic, ion-pairing, interactions with free silanol groups)
ave precluded development of a quantitative model for predicting
-values for peptidic compounds.

To our knowledge, the charge of a peptide/protein was never
onsidered as a parameter that might impact S-values. Never-
heless, increasing the molecular weight of naturally occurring
eptides typically leads to a larger number of basic residues (R, K,
). These residues carry positive charge at the pHs of the mobile
hases typically used for peptide RP-HPLC, and are involved in

on-pairing interactions. In light of the previous discussion on the
umber of interacting sites, it seems reasonable that this would
irectly influence the slopes S. Recently we showed that ion-pairing
ust be taken into account for accurate peptide retention predic-

ion [12]. Further, the hydrophobicity of N-terminal amino acids
nd the residues adjacent to positively charged ones are signifi-
antly affected by the formation of ion pairs [13]. This also causes
electivity variations upon switching between various additives to
he mobile phase (for example trifluoroacetic vs. formic acid). Given
ts significant impact on peptide interactions in RP-HPLC, it seems
ogical to consider peptide charge as one of the parameters affecting

he slopes S.

The first goal of this study was to define a set of molecular
escriptors of peptide molecules, which can be easily calculated
or estimated) and used to derive S-values in the basic LSS equa-
ion. While the general definition of both hydrophobic contact
1217 (2010) 489–497

area and the number of interaction sites leaves some ambiguity
in the numerical expression of these parameters, peptide length,
charge and hydrophobicity can be calculated or measured with suf-
ficient accuracy. Following the definition of the parameters and the
space for variation of these variables (typical for tryptic peptides in
proteomic studies) we have attempted to develop a model for pre-
dicting the slopes S based on the experimental measurements for
a set of model peptides.

2. Materials and methods

2.1. Materials

Deionized (18 M�) water and HPLC-grade acetonitrile were
used for the preparation of eluents. All chemicals were sourced
from Sigma–Aldrich (St. Louis, MO). The 37 model peptides and
5 peptides corresponding to the human growth hormone sequence
were custom synthesized by BioSynthesis Inc. (Lewisville, TX) and
the peptide ALILTLVS was purchased from Bachem Americas (Tor-
rance, CA). Table 1 shows the list of peptides, together with their
core properties: molecular weight, charge, length, and hydropho-
bicity.

2.2. Instrumentation

A micro-Agilent 1100 Series system (Agilent Technologies,
Wilmington, DE), was used with a manual injector (loop size 10 �l)
and a UV detector operated at 214 nm. All chromatographic exper-
iments were conducted at a controlled temperature of 25 ◦C.

Peptide identity was confirmed by high-accuracy (10 ppm) mass
measurements (both MS and MS/MS) using the Manitoba/Sciex
prototype MALDI quadrupole/TOF (time-of-flight, QqTOF) mass
spectrometer [14]. Peptide samples were mixed 1:1 with 2,5-
dihydroxybenzoic acid MALDI matrix solution (150 mg/ml in 1:1
water:acetonitrile), deposited on a stainless steel target, and air
dried prior to MALDI acquisition.

2.3. Chromatographic conditions

Both gradient and isocratic experiments were performed
using a Luna C18(2) 100 Å, 5 �m (Phenomenex, Torrance, CA),
100 mm × 1 mm column, at 150 �l/min flow rate and binary solvent
setting with both eluent A (water) and B (acetonitrile) containing
0.1% trifluoroacetic acid (TFA). Gradient conditions of 1% acetoni-
trile per minute starting from 0% were applied to determine the
hydrophobicity of the synthetic peptides in hydrophobicity index
(HI) units [15].

Isocratic measurements were performed using programmable
mixing of solvents A and B. The accuracy of these measurements
depends strongly on the proportioning accuracy of pumps A and B
in a binary eluent system. We verified the accuracy by preparing an
exact v/v water/acetonitrile mixture (with 0.1% TFA) in one eluent
bottle, and using it as an 100% eluent in isocratic mode. Three differ-
ent eluent compositions were tested in this mode (10, 20 and 30%
acetonitrile for P2, P4 and P6, respectively). All of them showed vir-
tually identical retention values to those obtained when isocratic
conditions were created using programmable proportional mixing.
Obtaining identical retention for these three concentrations sup-
ported the assumption that proportioning works correctly for the
whole range of acetonitrile content studied.
2.4. Sample preparation

Stock solutions of peptides (∼1 mg/ml) were prepared by dis-
solving each peptide in 1 ml of 0.1% TFA in water or a 20%
acetonitrile solution. Ten microliters of sample was injected in
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Table 1
Synthetic peptides used for the model development.

Peptide series Charge, Z Length, N Internal
index
number

Sequence Molecular
weight (Da)

Calculated
hydrophobicity
index, HIa

Retention time
at 1% ACN/min
(min)

Measured
hydrophobicity
index, HIb

Slope

Standard peptides +2 11 P1 LGGGGGGDGSRc 888.41 5.05 11.99 4.01 23.6
10 P2 LGGGGGGDFR 891.42 13.47 18.67 10.76 18.8

9 P3 LLGGGGDFR 890.46 15.70 23.30 15.44 18.1
8 P4 LLLGGDFR 889.50 20.49 28.45 20.70 16.8
7 P5 LLLLDFR 888.54 26.30 33.81 26.11 14.7
8 P6 LLLLLDFR 1001.63 28.09 37.29 29.59 14.6

+1 8 ALILTLVS 828.53 27.14 33.02 25.00 13.5
#1 +2 8 1-1 LASAADFR 849.42 13.13 21.19 13.34 17.5

8 1-2 LLSAADFR 891.47 16.48 26.17 18.34 17.4
8 1-3 LLSLADFR 933.52 22.24 31.41 23.61 15.3
8 1-4 LLSLLDFR 975.57 26.21 34.57 26.78 14.9

#2 +3 8 2-1 LASAAHFR 871.47 12.24 19.72 11.81 20.0
8 2-2 LLSAAHFR 913.52 15.48 23.73 15.89 19.9
8 2-3 LLSLAHFR 955.56 20.47 26.45 18.66 18.3
8 2-4 LLSLLHFR 997.61 24.14 32.11 24.44 16.8

#3 +4 8 3-1 LAHAAHFR 921.56 11.15 19.04 11.11 21.1
8 3-2 LLHAAHFR 963.54 14.38 22.42 14.56 21.2
8 3-3 LLHLAHFR 1005.58 18.76 27.00 19.23 20.1
8 3-4 LLHLLHFR 1047.62 22.14 30.45 22.74 19.8

#4 +1 8 4-1 LASAADFG 750.36 14.06 21.63 13.75 14.8
8 4-2 LLSAADFG 792.40 17.78 27.38 19.61 14.7
8 4-3 LLSLADFG 834.45 24.86 32.87 25.21 13.8
8 4-4 LLSLLDFG 876.49 32.23 36.68 29.10 12.2

#5 8 5-1 LAVAAHFR 883.50 14.57 23.00 15.15 19.6
+3 8 5-2 LLVAAHFR 925.53 17.98 25.53 17.73 18.5

8 5-3 LLVLAHFR 967.59 22.02 29.53 21.80 17.5
8 5-4 LLVLLHFR 1009.64 25.30 32.88 25.22 16.5

#6 +2 11 6-1 LAGSASADAFR 1064.52 14.35 20.69 13.27 19.5
11 6-2 LLGSLSLDAFR 1190.66 24.88 32.48 24.55 17.4

#7 +2 14 7-1 LAGGSASSADAAFR 1279.62 15.69 20.90 13.47 21.2
14 7-2 LLGGSLSSLDAAFR 1405.74 25.18 32.76 24.82 19.4

#8 +2 17 8-1 LAGGGSASSSADAAAFR 1494.71 14.22 19.41 12.04 22.4
17 8-2 LLGGGSLSSSLDAAAFR 1620.84 23.34 30.20 22.37 20.9

#9 +3 11 9-1 LAGSASAHAFR 1086.56 13.11 19.41 12.04 21.3
11 9-2 LLGSLSLHAFR 1212.68 23.30 30.27 22.44 20.9

#10 +3 14 10-1 LAGGSASSAHAAFR 1301.64 13.64 19.61 12.23 22.2
14 10-2 LLGGSLSSLHAAFR 1427.77 22.25 30.18 22.36 23.3

#11 +3 17 11-1 LAGGGSASSSAHAAAFR 1516.74 12.68 19.84 12.46 23.5
17 11-2 LLGGGSLSSSLHAAAFR 1642.87 21.70 30.63 22.78 25.2
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a HI = H × 0.5835 + 3.1551, where H is the peptide hydrophobicity calculated usin
b HI values for P1–P6 peptides were measured under isocratic conditions as show
inute gradient separations.
c P1 peptide was not considered for the model development because of low HI va

oth isocratic and gradient elution modes. Individual peptides were
iluted to provide ∼0.5–1 �g injection of each component.

.5. Measurements, calculations and model development

The dead volume of the column and connecting tubings was
easured using the injection of a non-retained compound (water)

nd measuring the elution time of the negative peak. Retention
actors for isocratic elution were calculated using the formula:
= (tR − t0)/t0c; where tR is the retention time, t0 is the system

column and tubings) dead time, and t0c is the column dead time.
S-Values for both the model and test peptides were determined

s the average of three slopes measured from log k vs. � plots in
hree independent measurements. Each experimental slope was
enerated using 4–6 data points (� values). Retention time mea-
urements for each data point were also done in triplicate; overall,
2000 isocratic chromatographic separations were carried out in

he course of this data collection.
A predictive model was developed using a simple “random
alk” through parameter-space to find a suitable (but not neces-
arily the only, or even the best) fit against the “training” dataset
f 37 custom synthesized peptides. The code was written in less
han 300 lines of Perl on a Mac Pro computer running the OS-X
ariant of UNIX. We suggest a very general function of the form:
-TFA version of SSRCalc (http://hs2.proteome.ca/SSRCalc/SSRCalc33B.html).
ig. 1a and for the rest of peptides using retention time measurements with 1% per

S = C1 × ZC2 + C3 × NC4 + C5 × HIC6 + C7/Z + C8/N + C9/HI + C10 × ZN +
C11 × ZHI + C12 × NHI + B; where for each peptide the values of HI
(measured hydrophobicity index), Z (peptide charge), N (peptide
length) and an observed S (slope) were known.

3. Results and discussion

3.1. The choice of the parameters of the model and its variation
range

As was shown in the introduction, determining the proper-
ties of peptides responsible for variation the slopes in the basic
LSS equation is a daunting task. In our own research we arrived
at basically the same conclusion. Recently we studied the set
of structurally related peptides of virtually identical 888–891 Da
molecular weights, which cover wide range of hydrophobicities
[15]. The goal of that study was to develop a calibrating mixture
of peptides that can be used in different RP-HPLC modes to plot

retention time vs. hydrophobicity dependencies for more accurate
retention prediction and data alignment. In these measurements,
the molecular weight was kept almost constant by substitut-
ing -Gly-Gly- into -Leu-, or -Gly-Ser- into -Phe-, resulting in an
increase in hydrophobicity accompanied by a decrease in peptide

http://hs2.proteome.ca/SSRCalc/SSRCalc33B.html
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ig. 1. Determination of S-slope and hydrophobicity index values for the set of tes
rocedure for assigning HI for P2 and P4 are shown. (b) S vs. HI plots for these speci

ength (LGGGGGGDGSR, LGGGGGGDFR, LLGGGGDFR, LLLGGDFR,
LLLDFR). A systematic decrease in S values was observed for these
eptides (peptides P1–P5 in Table 1, Fig. 1). This finding contradicts
he original assumption that the increase in S is related to MW. It
lso does not agree with the conclusion of Hearn and Aguilar [10],
ho suggested that a larger hydrophobic contact area and a num-

er of contact sites would leads to an increase in S. Instead, the
igher S-values for hydrophilic peptides could be explained by an

ncrease in the number of residues. These observations led us to use
he number of amino acids as a parameter for the model, instead of
sing the molecular weight. Nevertheless, there is a strong corre-

ation between the number of amino acids in a peptide chain and
he molecular weight. Looked at from this perspective, a correla-
ion between the MW and S for a random set of peptides should be
bserved, supporting the findings of Snyder and co-workers [4]. We
ote that alternative approaches to link S and MW have been pro-
osed by Sakamoto et al. [16], and more recently by Gilar and Neue
17]: S = a × ln(MW) − B and log(S) = a × log(MW) + B, respectively.

A similar measurement was performed on the peptide ALILTLVS
N = 8); this made the overall picture even more complicated
Fig. 1). It has almost identical affinity to the C18 phase as does
LLLDFR (N = 7), which has a larger number of the residues but lower
olecular weight (by ∼60 Da). The measured slope of 13.47 is lower

han the value of 14.69 for the P5-peptide. This decrease could be
xplained as: (i) lower MW – this agrees with the finding of Snyder
nd co-workers, but contradicts our measurements on the P1–P5
eptides; (ii) increasing N, which is opposite to the behavior of the
1–P5 peptides. The only evident molecular descriptor that could
ccount for this discrepancy is the charge of the peptide. This led
s to include charge as a model variable in addition to the number
f amino acids and peptide hydrophobicity.

Due to the extreme diversity of peptidic compounds in terms of
heir physical properties, it is hard to approach the development of
comprehensive predictive model. The studies performed earlier

8–11] concentrated on sets of related peptides, often represent-
ng the sequence of some biologically active compounds. This, is
ur opinion, prevented the development of a more accurate under-
tanding of variations in S-values. Thus, our study was designed to
over a typical group of analytes for a tryptic digestion – the most
opular enzymatic protocol in proteomics. Consequently we have
argeted particular ranges of parameter variations in designing the
equences of test peptides, rather than targeting particular sets of
elated peptides. To further illustrate this, we have used the data
et that we collected for the optimization of our Sequence Spe-
ific Retention Calculator (SSRCalc) peptide retention prediction
odel, as a typical example of the sequences identified in pro-
eomic analyses [13]. Fig. 2 shows the frequency distribution within
his set of ∼5000 peptides depending on peptide charge, length and
ydrophobicity. Based on Fig. 2a, one can conclude that the majority
f tryptic peptides in this set are carrying a +2 charge at the acidic
luent conditions used (0.1% TFA). The two charged groups include
6 peptides. (a) log k vs. � plots for ALILTLVS and P1–P6 peptides. Slope values and
ptide sequences and characteristics are given in Table 1.

the N-terminal amino group and the side chains of the C-terminal
Lys or Agr residues. Triply and quadruply charged peptides–the sec-
ond and third most prevalent case–feature one and two internal
basic amino acid (His, Lys, Arg), respectively.

A single positive charge is characteristic of peptides represent-
ing the C-terminal sequence of proteins with no internal basic
residues. Therefore, the test set of peptides was designed to cover
the +1 to +4 charge range, with an emphasis on doubly and triply
charged species.

The distribution of peptide length strongly depends on the
type of mass spectrometer and the identification procedures used.
Automated MS/MS analyses rarely produce confident identification
for peptides shorter than 7–8 residues. Very short peptides (2–5
residues long) are rarely observed also, due to the higher level of
background noise for both ESI and MALDI techniques. As peptide
length increases, the probability of occurrence goes down, as shown
in Fig. 2b. We selected N = 8 as the shortest peptide included in the
study, as it corresponds to the maximum in the distribution. This
group was the most abundant, giving 20 species plus peptides with
3-mer increment increase: 11, 14 and 17 residues (4 of each, as
shown in Table 1). The five peptides of various sizes from P1–P6 set
were also added to the training set, giving a total of 37 sequences
investigated.

Fig. 2c shows the distribution of calculated peptide hydropho-
bicities for our 5000 peptide optimization set; we used our own
SSRCalc algorithm to perform these calculations. SSRCalc is one of
the most accurate models developed to date and typically provides
∼0.98 R2-value correlation for retention time vs. hydrophobicity
plots for the tryptic peptides [13]. Recently we proposed to use
a peptide hydrophobicity index (HI) in an acetonitrile percent-
age scale to express calculated hydrophobicity [15]. As in early
work by Valko and Slegel [18] we define the HI value as the ace-
tonitrile percentage at which a particular peptide has a retention
factor equal 10 when eluted under isocratic conditions. These val-
ues were carefully measured for P1–P6 peptides, as depicted in
Fig. 1a, and mapped onto our 5000 peptide optimization data
set. The measurements expressed in HI provide a very straight-
forward representation of the gradient RP-HPLC process; Fig. 2c
shows that all peptides in our data set are eluting from a C18
100 Å column between 0 and 35 acetonitrile percentage, when TFA
conditions are used. In this distribution the maximum at 15–17
SSRCalc HI units is due to the lower abundance of very small
(hydropholic) and very big (hydrophobic) peptides in the peptide
data set. We chose to work with an HI range of ∼10–25% acetoni-
trile, corresponding to a hydrophobicity of P2–P5 in our original
6-peptide set: it covers ∼75% of tryptic peptides typically observed

in RP-HPLC/MS experiments. Hydrophilic analytes (HI < 10) were
excluded, as anomalously high S-values are often observed under
these conditions [19]. We also found the same significant deviation
for the peptide P1 (Fig. 1). Table 1 shows both SSRCalc predicted
and gradient condition measured HI values for the 37 test pep-
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ig. 2. Frequency distribution of basic peptides properties for a typical set of tryp
ydrophobicity index.

ides; the experimentally measured HI values were used for model
evelopment. However, the calculated values could have been suc-
essfully utilized as well: they show a ∼0.973 R2-correlation against
he measured values.

.2. Designing peptide sequences in the test set and measurement
f S-values

Synthetic peptides from the sets 1–5 (Table 1) were designed
o have the same length, different charge states +1 to +4, and
ydrophobicities following those of P2–P5: ∼10, ∼15, ∼20, ∼25%
cetonitrile. This was achieved through Ala-Leu substitutions,
hich resulted in consecutive 42 Da mass increases. Peptides in set

-11 were designed to probe the influence of peptide length for the
pecies having +2 and +3 charges and border hydrophobicity values
f ∼10 and ∼25HI. Constructing the set of test peptides in this way
llowed us to study the effect of any descriptor under investiga-
ion while holding the two other variables constant. For example,
he influence of peptide charge can be followed for the 8-mer most
ydrophilic members of the sets (HI ∼ 10) when the slopes for 1-
, 2-1, 3-1, 4-1, 5-1 are compared. Similarly, the effect of peptide

ength can be examined for the doubly charged most hydrophobic
nalytes (HI ∼ 25) by comparing the log k vs. � dependencies of 1-
, 6-2, 7-2 and 8-2. This approach allows us to assess the influence
f one particular physical property of the peptide on the slope S,
nd to compare these findings against prior literature, as well as to
elate it to the modeling of the peptide RP-HPLC mechanism.

The slopes S in the basic LSS equation can be measured in both
radient and isocratic elution modes. The calculations allowing us
o convert gradient retention data obtained using different gradi-
nt slopes/flow rates into isocratic log k vs. � dependencies have
een described elsewhere [4,8], and have been successfully used

n previous studies. The reported R2-value correlations for these
inear dependencies were found to be typically in the range of
.95–0.98 [8]; in our opinion, such variations leave some uncer-
ainty in assigning S-values. Our isocratic measurements typically
esulted in correlations of 0.996 and higher. Despite being more
abor-intensive compared to gradient measurements, we opted to
se isocratic measurements. However, the choice of isocratic mea-
urements instead of gradient ones precluded any testing of the
odel using real tryptic digests, as the presence of multiple com-

onents in the mixture requires gradient separation. Therefore, to
est the model we used data in the literature on the chromato-
raphic behavior of tryptic peptides from human growth hormone
see Section 3.5), and some synthetic species from that mixture.

.3. The influence of peptide hydrophobicity, charge and length
Preliminary results for ALILTLVS and the six standard peptides
1–P6 described above suggested that S-values depend on pep-
ide length and charge. To look at the influence of peptide length
n greater detail, plots of S vs. N were constructed for the most
ydrophilic and hydrophobic members of the relevant peptide sets,
ptides obtained in proteomic experiments [13]: (a) peptide charge, (b) length, (c)

as shown in Fig. 3a and b. For example, to monitor the influence
of length, we use the first members of the doubly charged sets of
peptides in Fig. 3a: analytes 1-1, 6-1, 7-1 and 8-1 (Table 1) were con-
sidered. Similarly for triply charged we use 2-1, 9-1, 10-1, 11-1, etc.
Generally, linear dependencies with R2-value correlations ∼0.99
were observed, while S-values grow faster for more hydrophobic
species in Fig. 3b. Peptide elongation was achieved by uniform
insertion of the residues that typically do not contribute signifi-
cantly to peptide RP retention – Gly, Ser and Ala. Their role in the
variation of S was to provide spacing between the hydrophobic
residues Leu or Phe, resulting in a larger hydrophobic contact area.
This influence becomes more prominent when peptide hydropho-
bicity increases. Overall, the rate of increase in S with peptide
elongation partially depends on the hydrophobicity of the peptide
as well as its charge.

An increase in peptide charge leads invariably to higher S-values
for peptides of the same length and hydrophobicity. Fig. 3c and d
shows this effect for the most hydrophilic and hydrophobic mem-
bers of the sets. The sets of 8-mer peptides were designed to carry
from 1 to 4 charges (Table 1), while the longer peptides have only
charges +2 and +3. The respective dependences for the first mem-
bers of 8-mer sets include peptides 4-1, 1-1, 2-1, 5-1 (both +3) and
3-1, while 11-, 14- and 17-mers all have only two data points: 6-1,
9-1 (11-mer); 7-1, 10-1 (14-mer); 8-1, 11-1 (17-mer). Linear cor-
relations with R2-value of 0.99 and better were observed for all
four subsets of 8-mer species: addition of each charge increases
S approximately by 2 (similar dependencies for the peptides of
intermediate HI and N = 8 are not shown). This demonstrates the
importance of the contribution of charged residues to peptide
retention in RP-HPLC. Despite being hydrophilic in nature, they
provide an additional means of peptide–sorbent interaction, and
increase the number of contact sites. This effect is more pronounced
when it occurs in long hydrophobic peptides. Thus, the highest S-
value of all 37 species was observed for the triply charged 17-mer
peptide 11-2 with HI = 21.6 (Fig. 3b and d).

It has been suggested that peptide hydrophobicity is one of the
major parameters determining S-slopes. However, no simple cor-
relation has been found [8–10]. Analyzing the measurements for
equally sized/equally charged subsets of the model peptides in this
study helped us to draw more detailed conclusions. We have con-
firmed the absence of a direct connection between S and HI: slopes
can decrease and increase with hydrophobicity depending on pep-
tide charge and size. Fig. 4a shows a decrease in S values for a
number of 8-mer species of different charges when the hydropho-
bicity increases in the ∼10 to ∼25HI range studied. All four peptides
from each subset in Table 1 were used to generate these plots. Thus,
the S-values for peptides 4-1, 4-2, 4-3 and 4-4 were utilized to build
the 8-mer singly charged species graph. While all S vs. HI depen-

dencies plateau at 10–15HI, the slopes decrease faster at higher
peptide hydrophobicity. The same trend was observed when dou-
bly charged peptides of different sizes were considered (Fig. 3b).
The sets of longer peptides (11, 14 and 17 residues) contained
only two species, however it is possible to find a trend showing
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decrease in S similar to the 8-residue ones in Fig. 4a. The picture
hanges significantly for triply charged peptides of different length:
grows for 14- and 17-mer species and remains almost constant for
1-mer ones when hydrophobicity increases. Although this conclu-
ion was drawn using only two data points, we believe it reflects the
eneral trend of having the largest S-values for long, highly charged
nalytes.

.4. Modeling behavior of S-values in 3-parameter-space

Understanding the rules of variation of S-values and developing
n approach for its quantitative estimation is extremely impor-
ant for applied RP-HPLC of peptides. They will help to estimate
xpected selectivity variations when chromatographic conditions

re optimized for better resolution of components of the mixture,
r retention prediction models developed for one gradient condi-
ions (or column size) applied to another one. There are at least
wo distinct ways to achieve this once molecular descriptors for
he model have been determined. The first approach assumes the

Fig. 4. Effect of peptide’s hydrophobicity on its S-value. (a) 8-mer peptides of var
mbers of respective sets, most hydrophilic and hydrophobic, respectively. Peptides
, most hydrophilic and hydrophobic, respectively. Peptides are grouped based on

synthesis and measurement of S-values for an extended set of syn-
thetic peptides that cover a wide range of molecular descriptor
variation. Following such measurements, lookup tables can be con-
structed and used when the S-value for a particular sequence needs
to be estimated. While peptide charge and length have a finite set
of integral values, peptide hydrophobicity changes continuously.
Depending on the chosen frequency of the data points covering the
hydrophobicity scale (4 or 2 points in our case) it may require the
synthesis and experimental measurements for a set of hundreds of
peptides. A second approach assumes the measurement for a num-
ber of selected peptide species and creates a model to describe the
experimental data. We chose the latter scenario due to the extreme
time and resources that would be consumed by the first approach.

We assume a general equation with twelve coefficients

to describe the variation of S: S = C1 × ZC2 + C3 × NC4 + C5 ×
HIC6 + C7/Z + C8/N + C9/HI + C10 × ZN + C11 × ZHI + C12 × NHI + B.

Our optimization program executes a simple “random walk” of
all coefficient values through a parameter-space, with the volume
of this space decreasing from 10 to 0.0125 units through successive

ious charges; (b) 11-, 14- and 17-mer doubly- and triply charged peptides.
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ycles in several “batch runs” of 50,000–200,000 cycles each, in
hich the previous batch’s best values are used as a starting
oint for the current batch. The measurement of goodness-of-fit

s a simple R2 linear regression between the equation and the
bserved data; this step also yields the intercept constant B. The
rst batch run holds parameters C7–C12 to zero and typically
ives an R2 value of ∼0.92 after 50,000 cycles, indicating the major
ndependent influence of each variable. The second batch permutes
hrough all 12 parameters and converges to R2 ∼ 0.95. The program
ltimately permutes through ∼800,000 cycles in the course of
onverging to a final solution, with a correlation of R2-value
0.97 for experimental vs. calculated S-values: S = 1.6824Z0.7482

2.4747N0.0707 − 0.0481HI1.5505 − 0.7352/Z − 0.2636/N − 0.2975/HI
0.0887Z × N + 0.0022Z × HI + 0.0215N × HI + 011.2904 (Fig. 5a).

Since dependence of S from peptide hydrophobicity is very com-
lex it was of interest to model the behavior of the slopes depending
n two parameters only: charge and peptide length. A similar model
ptimization procedure resulted in only 0.89 R2-value correlation:
= 163.0468Z−1.1195 + 73.2917N0.0748 − 188.0112/Z − 21.1523/N +
.0016ZN − 51.7578. This shows that all three parameters should
e taken into account when building an accurate model for
redicting slopes in the basic LSS equation for peptides.

.5. Testing the model using literature data for tryptic digest of
uman growth hormone

We have chosen to test the model using literature data for a tryp-
ic digest of human growth hormone. Grego et al. [20] described
he peptide identification for this mixture and tested various pep-
ide retention prediction models developed using these data. Later
hloupek et al. [21] and Hancock et al. [19] applied computer simu-

ation to achieve the complete resolution of peptides in this mixture
nd reported S-values measured for the components. Table 2 shows
he peptide sequence, calculated HI, measured retention times and
lopes, as well as the S-values calculated according to our proposed
odel. Correctness of the peak assignment in Table 2 can be con-

rmed by plotting retention times [21] vs. SSRCalc hydrophobicity
f non-modified tryptic peptides. This gave a correlation R2-value
f ∼0.97 (not shown here). In total there are 11 non-modified tryp-
ic peptides with HI > 10 which we used for the model testing. These
pecies range from 6 to 21 residues in length, +2 to +4 in charge and
12 to 36 units on the HI scale; they represent a typical set of tryptic
eptides. Simple visual analysis of Fig. 5b and the S-values in Table 2

ndicates significant deviations from the predicted S-values for five
pecies out of 11 (labeled as triangles). The literature data [19] was

btained using gradient elution conditions at a column tempera-
ure of 20 ◦C, while our results were obtained at 25 ◦C. Since this
ifference could be responsible for some deviation in determining
he slopes [22], we decided to examine synthetic analogs of the
ve peptides in question: TGQIFK, SNLQLLR, KDMDKVETFLR, FPTI-
es from human growth hormone molecule: (� and ©) measured values from [19]

PLSR, DLEEGIQTLMGR. Table 2 and Fig. 5b (labeled as solid circles)
show that the measured values for these species vary significantly
from the literature data, but agree well with our predictive model.
It is difficult to explain such significant differences by temperature
variation or some inconsistency when S-values are measured under
gradient conditions. However, the case of SNLQLLR–KDMDKVETFLR
is more obvious. The reported S-value of 22.3 for T8 SNLQLLR is
very close to the one we predicted (22.9) and measured (22.2) for
T17-18-19 KDMDKVETFLR. The reverse also applies: the reported
value of 16.8 for T17-18-19 KDMDKVETFLR corresponds to our pre-
dicted (16.7) and measured (17.6) slopes for T8-SNLQLLR. This pair
of peptides has very close elution times, and change retention order
when 30 or 120 min gradients were applied [21]. It seems very likely
that the peptide identity was assigned incorrectly when the table
representing measured S-values was composed.

Overall, our developed model provides very accurate predic-
tion of S-values for the random set of tryptic peptides tested in
this study. It was of interest, however, to monitor species with
molecular descriptors outside of our initial parameter-space: those
very hydrophobic, or very long. Thus, the ISLLLIQSWLEPVQFLR pep-
tide with an HI value of ∼36 showed the largest deviation: 18.5
in literature data vs. 20.6 predicted. The two longest peptides
SVFANSLVYGASDSNVYDLLK (N = 21) and LHQLAFDTYQEFEEAYIPK
(N = 19) exhibit very accurate prediction: 24.9 and 27.6 compared
to predicted values of 24.9 and 27.0, respectively. Hydrophilic pep-
tides (HI < 10) were not included in the test set of 37 model species
and in Fig. 5b due to the expected anomalously high S-values.
Indeed, calculated values for doubly charged hydrophilic species
QTYSK and LEDGSPR are much lower compared to the literature
data (Table 2). Another interesting example is provided by the
disulfide linked peptides T20-21 (N = 13, Z = 3, HI ∼ 13) and T6-16
(N = 32, Z = 4, HI ∼ 28). While for the first one the predicted value
of 22.4 is close to the literature value of 22.8, the second shows a
significant deviation of 41.4 vs. 30.7 in [19]. Most likely this is the
result of the T6-16 peptide length being significantly outside the
parameter-space used for our model development.

3.6. Overall summary and future development

Experimental data obtained in this study allowed us to crit-
ically estimate the correctness of the general conclusions made
in the prior literature about the factors affecting the S-values for
peptides. We have suggested using peptide charge as one of the
numerical parameters that should be taken into account when con-
sidering the variation of S. Indeed for all analytes studied, slopes S

in the basic LSS equation increase with charge when the peptide
length and hydrophobicity remain constant. The involvement of
charged functional groups in ion-pairing interactions is consistent
with the general statement: the ion-pairing interaction is as impor-
tant in establishing contacts with the stationary phase as are the
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Table 2
Human growth hormone tryptic peptides used for the model verification.

Charge, Z Length, N Index number [18] Sequence Calculated
hydrophobicity
index. HIa

Retention time for
120 min gradient
[21] (min)

Measured
slopes [19]

Calculated
slopes

Measured slopes using
synthetic peptides

+2 5 T14 QTYSKb 3.53 12.8 24.3 21.5
+2 7 T12 LEDGSPRb 5.47 18.7 23.7 20.0
+2 6 T13 TGQIFK 12.40 31.6 14.2 17.0 15.6
+3 13 T15 FDTNSHNDDALLK 13.75 38.2 21.3 22.4
+2 7 T8 SNLQLLR 16.77 44.6 22.3 16.7 17.3
+4 11 T17-18-19 KDMDKVETFLR 17.67 43.4 16.8 22.9 22.2
+2 8 T2 LFDNAMLR 20.25 47.3 17.4 16.5
+3 10 T17-18 DMDKVETFLR 18.83 47.8 21.7 20.0 17.6
+2 8 T1 FPTIPLSR 18.92 50.1 19.8 16.7 18.8
+2 12 T11 DLEEGIQTLMGR 19.41 58.1 22.7 18.4
+3 19 T4 LHQLAFDTYQEFEEAYIPK 27.56 61.9 27.6 27.0
+2 21 T10 SVFANSLVYGASDSNVYDLLK 27.17 65.1 24.9 24.9
+2 17 T9 ISLLLIQSWLEPVQFLR 36.02 86.9 18.5 20.6
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a Same as in Table 1.
b These peptides were not considered for the model testing because of low HI val

ydrophobic contact sites. This finding is consistent with a recent
eport by Wang and Carr [23], showing the significant influence of
on-pairing on slopes S for basic drugs and peptides.

Increasing the peptide length also led invariably to an increase in
. We achieved this length variation through the uniform insertion
f “hydrophobically neutral” residues into the peptide sequence.
e supposed that this increases the hydrophobic contact area
hile keeping the number of hydrophobic contact sites constant,

iving an increase in S. Simultaneously we found that peptide
ength (rather than molecular weight) is the parameter that should
e taken into account when building a predictive model for S-
alues. There is always a close-to-linear dependence between S
nd the number of amino acids for peptides of same charge and
ydrophobicity; it is conceivable that N and MW have a very strong
orrelation. However, in some cases, the use of molecular weight
ight lead to discrepancies in assigning S-values for peptides, as
as pointed out in the prior literature [8–10]. A specific feature

f tryptic species is the presence of positively charged groups on
oth termini; increasing the peptide length leads to a further phys-

cal separation of the charged groups. Since a strong influence of
eptide charge on S-values was found, it will be interesting to
nderstand the behavior of the slopes when adjacent residues are
arrying positive charge.

Finally, peptide hydrophobicity impacts differently on S, con-
rming the previous finding of the absence of a direct link between
he sum of hydrophobic coefficients of the constituent amino acids
nd the slope in the basic LSS equation [8]. Increased hydrophobic-
ty led to lower S for short peptides, and higher S values for long
ighly charged (+3) species. It is unclear how a larger number of
ery hydrophobic residues can result in a decrease in the hydropho-
ic contact area. Most likely there are significant changes in the
eparation mechanism that occur when a number of hydrophobic
esidues located close to each other form a “hydrophobic cluster”.
verall, the effect observed for short peptides can be described from

he point of view of the co-existence of two separation mecha-
isms: hydrophobic and ion-pairing interactions. The dominance
f the former leads to lower S (similar to low molecular weight
rganic compounds in RP-HPLC); the latter leads to higher S. But
his approach does not hold up when dealing with larger species:
ncreased hydrophobicity for long peptides leads to higher slopes.

It is interesting to note that an increase in all three molecu-

ar descriptors: charge, length and hydrophobicity (for long, highly
harged peptides) will cause a rise of S-values. Meanwhile, all three
arameters generally do increase with molecular weight. When
nyder and co-workers [4] studied a set of peptide sequences
ithin the 600–14,000 Da mass range, some correlation between S
and MW was found. When a narrower range of molecular weights
(typical for tryptic digests) was considered this correlation was
not always supported by experimental data. Narrowing the MW
range results in small changes in peptide structure resulting in
non-concurrent effects of molecular descriptors on S. Even within a
group of typical tryptic species there are specific subgroups, which
do not follow general rules. Thus, as we pointed out, there is a
“grey” area of hydrophilic species that exhibit extremely high S-
values. This group of analytes deserves a directed study in the
future. Another intriguing subset of peptides for further studies are
the ones carrying sequences prone to stabilization of amphiphatic
helical structures upon the interaction with C18 surface. This is
expected to change dramatically the hydrophobic contact area and
the respective S-values.

4. Conclusions

A continuing study of peptide separation selectivity aimed
at the development of peptide retention prediction models in
RP-HPLC has demonstrated the particular importance of the
charge of the separated compounds. Similar logic has suggested
the importance of this parameter in determining the slopes (S)
in the fundamental equation of linear-solvent-strength theory
for peptidic compounds. Our original assumption was that three
well-defined molecular descriptors: peptide length, charge and
hydrophobicity index are the major contributors to the value of S.
It was supported through the measurements of the slopes for a set
of synthetic peptides designed specifically to study these effects.
The optimized model gives a ∼0.97 R2 correlation between mea-
sured and predicted S-values using the formula: S = 1.6824Z0.7482

+ 2.4747N0.0707 − 0.0481HI1.5505 − 0.7352/Z − 0.2636/N − 0.2975/HI
+ 0.0887ZN + 0.0022ZHI + 0.0215NHI + 011.2904. The accuracy of
the model was also tested using previously published data on a
human growth hormone protein tryptic digest and some synthetic
analogues from that mixture. To our knowledge this is the only
numerical model that predicts S-slopes for typical tryptic peptides
monitored in proteomics experiments, i.e. species falling into
particular range of molecular weight, charge and hydrophobicity.
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