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Abstract

The value of reversed-phase high-performance liquid chromatography (RP-HPLC) and the field of
proteomics would be greatly enhanced by accurate prediction of retention times of peptides of known
composition. The present study investigates the hydrophilicity/hydrophobicity of amino acid side-
chains at the N- and C-termini of peptides while varying the functional end-groups at the termini.
We substituted all 20 naturally occurring amino acids at the N- and C-termini of a model peptide
sequence, where the functional end-groups were N%-acetyl-X- and N*-amino-X- at the N-terminus
and —X-C%-carboxyl and -X-C%-amide at the C-terminus. Amino acid coefficients were subsequently
derived from the RP-HPLC retention behaviour of these peptides and compared to each other as well
as to coefficients determined in the centre of the peptide chain (internal coefficients). Coefficients
generated from residues substituted at the C-terminus differed most (> 2.5 min between the —X-C%-
carboxyl and -X-C%*-amide peptide series) for hydrophobic side-chains. A similar result was seen for
the N%-acetyl-X- and N*-amino-X- peptide series, where the largest differences in coefficient values
(> 2 min) were observed for hydrophobic peptides. Coefficients derived from substitutions at the C-
terminus for hydrophobic amino acids were dramatically different compared to internal coefficients
for hydrophobic side-chains, ranging from 17.1 min for Trp to 4.8 min for Cys. In contrast,
coefficients derived from substitutions at the N-terminus showed relatively small differences from
the internal coefficients. Subsequent prediction of peptide retention time, within an error of just 0.4
min, was achieved by a predictive algorithm using a combination of internal coefficients and a
weighted coefficient for the C-terminal residue.

1. Introduction

The ability to predict the retention times of peptides of known composition would greatly
enhance the value of reversed-phase high-performance liquid chromatography (RP-HPLC),
particularly in the field of proteomics. As noted by Petritis et al [1], an aspect of proteomic
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analysis that has not been hitherto well exploited involves use of the information available
from peptide retention times during liquid chromatography, specifically RP-HPLC. The
authors noted that if there was a way to predict the retention time for a given peptide, this
information could then be used in conjunction with MS/MS data to improve the confidence of
peptide identifications. At present, however, prediction of peptide retention behaviour during
RP-HPLC is not accurate enough to be used reliably for such a purpose.

Accurate prediction of peptide retention behaviour during RP-HPLC represents a considerable
challenge since peptides derived from various sources differ widely in size, amino acid
composition and relative hydrophilicity/hydrophobicity. Factors which clearly affect the
retention behaviour of peptides in RP-HPLC include (i) amino acid composition, (ii) peptide
chain length and (iii) sequence-dependent effects.

(i) Amino acid composition

It has been recognized for more than 20 years that, unless a peptide is subject to conformational
restraints, its chromatographic behaviour in RP-HPLC can be correlated with its amino acid
composition. RP-HPLC has frequently been employed to generate amino acid side-chain
hydrophilicity/hydrophobicity scales (or “coefficients”) from peptides [2]. Initially, this
approach involved assignment of hydrophilicity/hydrophobicity values of amino acid side-
chains through regression analysis of the RP-HPLC retention times of a random collection of
peptides of varied composition and length [3-12]. More recent work has included a quantitative
structure-retention relationship (QSRR) approach, taking into account additional factors
(peptide Van der Waals volume, theoretical n-octanol/water partition coefficient) to that of
overall peptide hydrophobicity (as expressed by RP-HPLC retention time), albeit this
predictive model still relies on multiple regression analysis of random peptides [13,14].
Another interesting recent approach to prediction of peptide retention behaviour during RP-
HPLC is based on artificial neural networks (ANN) [1], such a model also being based on the
premise that peptide elution times should substantially depend on amino acid composition.
This model was also developed (or “trained”) from a data set of random peptides, albeit a very
large number (~7,000 peptides) obtained from enzymatic digestion of proteome-wide proteins.

In 1986, we used a more precise method for determining the contribution of individual amino
acid residues to RP-HPLC retention behaviour by measuring the effect of all 20 amino acids
found in proteins by their substitution into a model synthetic peptide: Ac-Gly-X-X-(Leu)s-
(Lys)o-amide [15]. We believed that such an approach eliminates concerns such as the relative
frequency with which a particular amino acid appears compared to others in a random collection
of peptides. In addition, empirical approaches are always dependent on the sample, whereas a
synthetic peptide approach can unravel the parameters and their magnitude. Amino acid
coefficients generated from observed RP-HPLC retention times of these peptides were
subsequently shown to have good correlation of predicted versus observed retention times
(correlation coefficient of 0.98) for a wide range of peptides of varying size (2-16 residues)
and composition. Interestingly, the hydrophilicity/hydrophobicity coefficients generated from
the aforementioned ANN approach [1] showed good agreement in terms of a similar ordering
of coefficients (most hydrophobic to most hydrophilic) to that of our synthetic model peptide
approach, albeit relative values between different amino acids frequently varied significantly.

(if) Polypeptide chain length

A number of researchers have reported that peptides larger than 15-20 residues were eluted
more rapidly than predicted from a simple summation of side-chain hydrophilicity/
hydrophobicity coefficients [6,8,16-19]. Such non-ideal behaviour was generally assumed to
be due to stabilized higher orders of polypeptide structure (secondary, tertiary) which may
remove certain amino acid residues from contact with the hydrophobic stationary phase.
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However, Mant et al [20] demonstrated that there was a polypeptide chain length effect on
retention behaviour of peptides independent of any conformational considerations. This chain
length effect was subsequently successfully factored into prediction of peptide retention times
based on the Guo et al [15] coefficients. In addition, these same coefficients were used to
demonstrate that it was possible to predict relative elution order of proteins during RP-HPLC,
once polypeptide chain length was taken into consideration [21]. These authors clearly
demonstrated the important point that for prediction of relative elution order of proteins, the
proteins must possess no tertiary or quaternary structure (i.e., denatured/unfolded). Such
disruption of protein structure is generally assured by conditions characteristic of RP-HPLC,
i.e., very hydrophobic stationary phase (containing n-alkyl ligands such as Cg or C1g; high
ligand density), the organic solvent acetonitrile in the mobile phase and, frequently, a low
mobile phase pH (pH 2) [21-23].

(iii) Sequence dependent effects

In an earlier paper [24], we suggested that sequence-dependent effects can be divided into two
categories: conformational effects and nearest-neighbour effects. Our definition of the former
was that an apparent reduction or enhancement of the apparent hydrophobicity of a peptide (as
expressed by its RP-HPLC retention time) as a result of the peptide adopting a unique
conformation on interacting with the hydrophobic stationary phase, compared to its apparent
hydrophobicity if it existed as a random coil, i.e., lacking an unique conformation.

Concerning conformational effects, specifically secondary structure effects, it is well known
that the hydrophobic environment of RP-HPLC, although it disrupts tertiary and quaternary
structure, will induce and stabilize any potential a-helical structure of a polypeptide chain
[24-27]. Thus, if a molecule becomes helical on binding and contains a preferred binding
domain (i.e., the non-polar face of an amphipathic a-helix), the binding of this domain to the
hydrophobic stationary phase will be greater than if it were binding as a random coil or as a
non-amphipathic a-helix [24,28], showing significant deviation from expected retention
behaviour based on amino acid composition alone. Significant differences in retention time
between a-helical peptides of the same composition but different sequence (SCDS) were also
demonstrated by Houghten’s group [29,30]. Such induction of a-helix structure during RP-
HPLC may be significant when one considers that ~50% of all a-helices in proteins are
amphipathic [31]. Fortunately, from the perspective of prediction in proteomics, proteolytic
(e.g., tryptic) digests of protein mixtures generally produce a vast majority of only small
peptides, where induction of any secondary structure is unlikely and, indeed, where peptide
chain length is also not a factor. In fact, a theoretical digest by our laboratory of the Escherichia
coli proteome showed that for peptide fragments in the workable range for accurate mass
spectrometry (MS) measurement (5-40 residues), 83% are 20 or fewer residues in length. Thus,
the likelihood of tryptic cleavage not occurring within a-helical segments found in proteins is
small, fortifying the expectation that the vast majority of peptides will not have any defined
structure during RP-HPLC.

Concerning nearest-neighbour effects, it has been suggested that the cumulative effects of
many local side-chain backbone interactions between each amino acid and its immediate
neighbours may severely restrict the conformations accessible to a polypeptide chain [32,33].
Thus, nearest-neighbour effects during RP-HPLC imply sequence-dependent variability of
peptide retention behaviour but independent of a defined secondary structure (B-turn, p-sheet
or a-helical). Attempts to quantify such nearest-neighbour effects have been rare, although our
laboratory has made a recent initial quantification of such effects by observation of the
differences in observed retention times of L- and D-peptide diastereomers, where the model
peptides varied only in the L- or D- amino acid substituted adjacent to a bulky leucine residue
[34]. In addition, we have also developed a set of intrinsic hydrophilicity/hydrophobicity
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coefficients based on our model peptide approach where amino acid substitutions were made
at the N-terminal end of the model peptide adjacent to a glycine residue, ensuring the complete
absence of any conformational restraints on the substituted amino acid [35]. However,
sequence-dependent effects, especially nearest-neighbour interactions, clearly have to be taken
into account if we wish ultimately to predict peptide retention times accurately. Most recently,
Krokhin et al [36,37] developed a predictive algorithm from the coefficients of Guo et al
[15] and observed deviations from this model when predicting the retention times of 346 tryptic
peptides in the 560 to 4,000-Da mass range from a mixture of 17 protein digests. These authors
noted that their predictions could be improved if adjustments were made to the coefficients of
the N-terminal residues (containing a free N-terminal amino group), together with weighted
coefficients reflecting the influence of distance from the N-terminus. The conclusion of these
authors was that the coefficients of amino acids at the N-terminus of a peptide may be
significantly different from those located in the interior of the peptide sequence. Hence, they
suggested that a set of terminal end group coefficients (C-terminal as well as N-terminal) would
be required for improvement of prediction of peptide retention times during RP-HPLC.

In the present study, we therefore decided to investigate the hydrophilicity/hydrophobicity of
side-chains at the N- and C-termini of peptides while varying the functional end-groups at the
termini. That is, we would substitute all 20 naturally occurring amino acids at the termini where
the functional end-groups were N%-acetyl-X- and N*-amino-X- at the N-terminus and —X-C%-
carboxyl and —X-C%-amide at the C-terminus. In this way we would be able to determine the
amino acid coefficients at these positions and compare them to each other and to side-chain
coefficients determined in the centre of the peptide chain (internal coefficients) with the
objective that the use of N-terminal, C-terminal and internal coefficients would improve
peptide retention time predictions.

2. Materials and Methods
2.1. Materials

Trifluoroacetic acid (TFA) was obtained from Hydrocarbon Products (River Edge, NJ, USA);
HPLC-grade acetonitrile was obtained from Fisher Scientific (Pittsburgh, PA, USA);
fluoroenyloxymethylcarbonyl (Fmoc) amino acids, Wang resin (100-200 mesh) and Rink
Amide MBHA (methoxybenzhydrylamine) resin (100-200 mesh) were obtained from
Novabiochem (San Diego, CA, USA). De-ionized water was purified by an E-pure water
filtration device from Barnstead/Thermolyne (Dubuque, 1A, USA).

2.2. Instrumentation

2.3. Column

RP-HPLC runs were carried out on an Agilent 1100 series liquid chromatography system from
Agilent Technologies (Little Falls, DE, USA), containing an autosampler with a loop size of
250 pl.

RP-HPLC runs were carried out on a Kromasil C18 column (150 mm x 2.1 mm internal
diameter, 5 um particle size; 100 A pore size) from Hichrom (Berkshire, UK).

2.4. Peptide synthesis

Peptide synthesis was carried out by solid-phase synthesis methodology using conventional
Fmoc chemistry with diisopropylcarbodiimide (DIC) activation. Elongation of the peptide
chains was carried out in polypropylene reaction vessels. The side-chain protecting groups
used were: Arg (Pbf), Lys (Boc), Trp (Boc), Asn (Trt), Cys (Trt), His (Trt), Asp (OBut), Glu
(OBuUt), Ser (But), Thr (But) and Tyr (But), where Pbf denotes 2,2,4,6,7-
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pentamethyldihydrobenzofuran-5-sulfonyl, Boc denotes tertiary-butyloxycarbonyl, Trt
denotes trityl, OBut denotes butoxy and But denotes butyl. Following addition of the final
amino acid, the peptides were either N-terminally acetylated using acetic anhydride or left with
a free amino terminus. Most peptides were cleaved from the resin using 95% TFA, 2.5% water
and 2.5% triisopropylsilane (TIS) for 120 min at room temperature. Peptides containing Met
were cleaved using 95% TFA, 2.5% TIS and 2.5% methyl sulfide, while peptides containing
Cys were cleaved using 94.5% TFA, 1.5% TIS, 1.5% water and 1.5% ethanedithiol (EDT).
Crude peptides were washed from the resin with neat TFA and precipitated with cold
diethylether. Crude peptides were then dissolved in neat acetic acid or 50% (v/v) agqueous
acetonitrile and lyophilized.

2.5. Purification of crude peptides

Crude peptides were purified by RP-HPLC on a Zorbax 300SB-Cg (250 mm x 4.6 mm 1.D.)
column from Agilent using a linear AB gradient (0.25 — 0.5% B/min) at a flow-rate of 1 ml/
min, where eluent A is 0.2% ag. TFA and eluent B is 0.2% TFA in acetonitrile. The correct
masses of the peptides were confirmed by electrospray mass spectrometry using a Mariner
Biospectrometry Workstation mass spectrometer (PerSeptive Biosystems, Framingham, MA,
USA).

2.6. Analytical RP-HPLC of model peptides

Model peptides were eluted from the Kromasil column using a linear AB gradient (0.25% B/
min) at a flow-rate of 0.3 ml/min and a temperature of 25 °C, where eluent A was 20 mM ag.
TFA containing 2 % (v/v) acetonitrile and eluent B was 20 mM TFA in acetonitrile. Sample
loads were adjusted to produce peak heights of ~ 100 mAU for each peptide at a detection
wavelength of 210 nm.

2.7. Prediction of peptide retention time

The predicted retention time (t) was determined by the sum of the retention coefficients shown
in Table 3 plus the value tg, where tq = tg + to. The time for the gradient to reach the top of the
column from the proportioning valve via the pump, solvent mixer and injection loop is the
gradient delay time (tg). The time for the gradient to reach the detector (ty) is the gradient delay
to the column top plus t,, the time for an unretained peak to be eluted. In this study ty = 4.5
min and t, = 1.2 min for a value of t; = 5.7 min. The value for tq is determined by running a
linear AB gradient at 0.25% acetonitrile/min, where eluent A is 20 mM ag. TFA and eluent B
is 20 mM TFA in acetonitrile, containing 1% acetone. The elution profile is monitored at 270
nm to detect the beginning of the linear increase in acetone absorbance in the absence of the
column. Since only a single column was used in this study with the same solvents for elution
of all peptides, the same instrument and the same conditions for chromatography, no other
correction was used. See Guo et al, (15,38) for prediction of peptide retention time using a
time correction for a peptide standard which allows the researcher to use any HPLC apparatus,
reversed-phase columns of any length or diameter and reversed-phase packings of any n-
alkylchain length and ligand density.

3. Results and discussion

3.1. Design of Model Peptides

In order to determine intrinsic hydrophobicity/hydrophilicity values for amino acid residues at
the N- and C-terminus of peptides with different end-groups, the following considerations were
used in the peptide design: (1) a peptide length of 10 residues was chosen to represent the size
of peptides found in abundance in tryptic digests of proteins; (2) the peptide should be of

sufficient overall hydrophobicity to maintain satisfactory retention behaviour on substituting
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the 20 amino acids at the substitution site X; (3) the peptide sequences should have no tendency
to form any type of secondary structure (a-helix, B-sheet or B-turn) which could restrict the
interaction of the substitution site with the hydrophobic matrix during partitioning of the
peptide between the mobile phase and stationary phase during RP-HPLC; (4) the distribution
of amino acid side-chains should be such that there is no clustering of hydrophobic side-chains
which may minimize the contribution of the substituting amino acid side-chain; (5) the
substitution site should be next to a residue that has a minimal side-chain in terms of size and
hydrophobicity, thus allowing the substituting amino acid to express its true intrinsic
hydrophilicity/hydrophobicity [35].

The sequences chosen to reflect the above criteria in determining the intrinsic hydrophilicity/
hydrophobicity of the 20 naturally occurring amino acids in peptide/proteins at the N-terminus
in the presence of the N%-acetyl and N*-amino group, at the C-terminus in the presence of the
C%-carboxyl and C*-amide group and at an internal position in the polypeptide chain are shown
in Table 1. These sequences contain four or five Gly residues spread periodically throughout
the sequence to ensure that the peptide has no secondary structure tendencies [39,40]. The
substitution site (denoted X) is adjacent to a Gly residue to ensure that there is unrestricted
rotation on either side of the peptide bond between the substitution site and the residue next to
it. In addition, since the guest site is the N-terminal or C-terminal residue, there is no restriction
in its interaction with the reversed-phase matrix. When the substituting residue is at the N-
terminus, the N-terminus is either acetylated or left as an a-amino group to demonstrate the
effect these end groups have on the hydrophilicity/hydrophobicity of the adjacent side-chain.
Similarly, when the substituting residue is at the C-terminus, the C-terminus is amidated or
left as a carboxyl group to demonstrate the effect these end groups have on the hydrophilicity/
hydrophobicity of the adjacent side-chain. When the substituting residue X is in an internal
position, there is a Gly residue on both sides (Peptide 5, Table 1). All peptides have a minimum
of a single positive charge to ensure peptide solubility at pH 2. The four hydrophobes in the
peptide sequences 1, 2, 3and 4 (2 Ala, 1 Val and 1 Leu) and peptide 5 (4 Leu) were distributed
throughout the sequence to ensure no clustering of hydrophobes and subsequent creation of a
preferred hydrophobic binding domain [24,28]. The sequences of Peptide 1 and Peptide 2 are
identical (Table 1), differing only in the end-group (C*-carboxyl or C*-amide group). Similarly,
the sequences of Peptide 3 and Peptide 4 are identical (Table 1), differing only in the end group
(N“-acetyl or N*-amino group). Thus, the effect of these end-groups on the adjacent side-chain
hydrophobicity/hydrophilicity can be determined.

3.2. RP-HPLC retention behaviour of peptides at pH 2

The reversed-phase retention times of the 100 synthetic peptides were determined at pH 2 using
a linear AB gradient (0.25% acetonitrile/min), where eluent A is 20 mM aqueous TFA
containing 2% acetonitrile and eluent B is 20 mM TFA in acetonitrile. Even though the
efficiency of ionization in electrospray LC/MS/MS is less efficient in the presence of TFA
compared to formic acid/acetic acid-based eluents, the TFA system was chosen since it is the
most highly used system in reversed-phase chromatography of peptides due to its superior
separation efficiency compared to other RP-HPLC mobile phases [23]; in addition, TFA is still
compatible with LC/MS/MS in proteomic applications. The shallow gradient of 0.25%
acetonitrile/min was selected to magnify any differences in retention behaviour between
peptides and, thus, in the generated hydrophobicity values of side-chains. In fact, it could be
argued that when separating thousands of peptides for proteomics applications that this shallow
gradient approach maximizes resolution and peak capacity for better separations compared to
more widely employed gradient rates of 0.5%-1%/min The retention time data are shown in
Table 2. These data allow the determination of the hydrophilicity/hydrophobicity of amino
acid side chains as a function of end-groups (Peptides 1, 2, 3 and 4). The peptides in Table 2
with varying end-groups on the N-terminal or C-terminal substitution site are ordered from the
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most retentive peptide to the least retentive peptide based on the results of the N-terminal
substituted N®-acetylated peptides (Peptide 3, Table 2).

3.3. Amino acid hydrophilicity/hydrophobicity coefficients

To determine the hydrophilicity/hydrophobicity of the substituting amino acid side-chain at
position X of the five peptide sequences, the retention time of the Gly-substituted peptide was
used as a reference since Gly has only a hydrogen atom as its side-chain. Thus, the
hydrophilicity/hydrophobicity coefficients of the 19 side-chains (other than Gly) were
generated from RP-HPLC data from the difference in the retention times (Atg) of the X-
substituted peptide and the Gly-substituted peptide, i.e. Atg = tg X-substituted peptide minus
tr Gly-substituted peptide (Table 3). Thus, side-chains that are more hydrophobic than Gly
have positive Atg values and side-chains that are more hydrophilic than Gly have negative
Atg values.

3.3.1. Comparison of C-terminal end-groups on the hydrophilicity/
hydrophobicity of C-terminal side-chains—The effect of the C*-carboxyl group and
the C*-amide group on the hydrophilicity/hydrophobicity of amino acid residues at the C-
terminus of a peptide is shown in Table 3, where the coefficients from Peptide 1 (X - C%-
carboxyl coefficients) and Peptide 2 (X - C*-amide coefficients) are compared. The change in
these C-terminal coefficients varies from 0 to 6.2 min depending on the side-chain (Peptide 1
coefficients minus Peptide 2 coefficients, Table 3). From Fig. 1A, when the X - C%-carboxyl
coefficients (AAtR) for the 20 peptides are plotted against the X - Ca-amide coefficients for
the 20 peptides there is an excellent correlation (R =0.993). This result suggests that the relative
difference in hydrophobicity between side-chains with different end-groups is very similar.
However, the values for many side-chains are quantitatively different as shown in Fig. 1B. The
side-chain coefficients that differ by more than 2.5 min are the hydrophobic amino acid side-
chains, including P, V, M, I, L, Fand W (2.5 min for Y to 6.2 min for Leu) (Table 3). The side-
chain coefficients that show small variations (Fig. 1A and Table 3) are in general the
hydrophilic amino acid side-chains, including the polar side-chains (D, E, N, Q, Sand T) along
with the positively charged side-chains (H, K and R). The small hydrophobes Ala and Cys
show a small change of 2.0 min and 2.2 min, respectively between the two end-groups (C°-
carboxyl vs. C*-amide).

3.3.2. Comparison of N-terminal end-groups on the hydrophilicity/
hydrophobicity of N-terminal side-chains—The effect of the N®-acetyl group and the
N%-amino group on the hydrophilicity/hydrophobicity of amino acid residues at the N-terminus
of a peptide is shown in Table 3, where the coefficients determined from Peptide 3 (N*-acetyl
— X coefficients) and Peptide 4 (N*-amino — X coefficients) are compared. The change in
coefficients vary from 0 to 7.9 min depending on the side-chain (Peptide 3 coefficients minus
Peptide 4 coefficients, Table 3). From Fig. 2A, when the N*-amino — X coefficients for the 20
peptides are plotted against the N®*-acetyl coefficients for the 20 peptides, there is an excellent
correlation (R =0.982). This result again suggests that the relative difference in hydrophobicity
between the side-chains with different end-groups is very similar. However, the values for
many side-chains are quantitatively different as shown in Fig. 2B. The amino acid coefficients
that differ more than 2 min are the hydrophobic amino acid residues including C, P, V, Y, M,
I, L, Fand W (3.8 min for Cys to 7.9 min for Leu). The amino acid coefficients that show small
variations (Fig. 2B and Table 3) are in general the hydrophilic amino acid residues including
the polar side-chains (D, E, N, Q, S and T) along with the positively charged side-chains (H,
K and R). The small hydrophobe Ala shows a change of less than 2 minutes between the two
end-groups. It should be noted that one of the most common post-translational modifications
made in proteins is acetylation of the N-terminal amino acid. Thus, the N®-acetyl coefficients
can be used to predict retention times of such modified N-terminal peptides.
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3.3.3. Comparison of terminal coefficients with the largest differences in side-
chain hydrophilicity/hydrophobicity—The greatest difference in coefficients depending
on location and end-groups is shown in Table 3 where the coefficients determined from Peptide
1 (C-terminal — X-carboxyl coefficients) and Peptide 4 (N-terminal amino — X coefficients)
are compared. The change in coefficients varies from 0 to 16.4 min., depending on the side-
chain (Table 3). From Fig. 3A, when the amino — X-coefficients for the 20 peptides are plotted
against the —X-carboxyl coefficients for 20 peptides there is an excellent correlation (R =
0.967). This result suggests that the relative difference in hydrophobicity between side-chains
is very similar regardless of location and difference in end-groups. However, the values for
many amino acid residues are quantitatively different as shown in Fig. 3B. The amino acid
coefficients that differ by more than 3.0 min are the hydrophobic amino acid residues including
A,C,P,V,Y, M, I, L,Fand W (3.5min for Alato 16.4 min for Leu). The amino acid coefficients
that show small variations are the hydrophilic amino acid side-chains including the polar side-
chains (D, E, N, Q, S and T) along with the positively charged side-chains (H, K and R) (Fig.
3B and Table 3).

3.3.4. Relative hydrophobicity of the N- and C-terminal functional groups—To
determine the relative hydrophobicity of the functional groups in the absence of any effect of
the N- or C-terminal side-chain, we compared the difference in retention times of the peptides
with Gly at position X (Table 2). N*-acetyl Gly — peptide is more hydrophobic than the N%-
amino Gly — peptide by 5.6 min (tg 34.8 min —tg 29.2 min, Table 2). Since the N*-amino group
is fully protonated at pH 2, with a positive charge, it was expected to be more hydrophilic than
the N®-acetyl moeity. The hydrophilicity of the N*-amino group will be dependent on the
concentration of hydrophobic ion-pairing reagent used (TFA) during RP-HPLC, i.e., it will
become less hydrophilic with increasing TFA concentration [41,42]. Thus, the lower the TFA
concentration the greater the difference between the N®-acetyl and N®-amino group.

The peptide-Gly-C®-carboxyl is more hydrophobic than the peptide-Gly- C*-amide by 3.9 min
(tr 36.3 min — tg 32.4 min, Table 2). The carboxyl moeity must be fully protonated at pH 2 to
be more hydrophobic than the amide moeity. Any ionization of the carboxyl group would make
the carboxyl group negatively charged and much more hydrophilic than the amide group. The
hydrophobic environment of the matrix would also be expected to increase the pKa of the
carboxyl moiety, thus keeping the carboxyl in its uncharged form at pH 2 [43].

It should be noted that no single value for the functional end-groups (C*-carboxyl, C*-amide,
N%-amino and N%-acetyl) can be assigned since the values for the end-groups are dependent
on the side-chain on the terminal residue and the hydrophilicity/hydrophobicity values of the
side-chains are dependent on the end-groups. Thus, the coefficients at the N- and C-termini of
the peptide chain are amino acid coefficients.

3.3.5. Comparison of the N-terminal amino-X and C-terminal X-carboxyl
coefficients with the internal coefficients—Comparing the coefficients obtained at the
C-terminal (-X-COOH) with the internal coefficients where the substitution site is in the centre
of the peptide between two Gly residues (Table 1) showed that the internal coefficients are
considerably smaller and the differences in the coefficient values are large (Table 3, Peptide 1
— Peptide 5). From Fig. 4A, when the -X-carboxyl coefficients for the 20 peptides are plotted
against the internal coefficients for the 20 peptides, there is an excellent correlation (R = 0.984).
This result again suggests that the relative difference in hydrophobicity between side-chains
is very similar regardless of location. However, the values for many side-chains are
quantitatively different as shown in Fig. 4B. Thus, the amino acid coefficients at the C-terminus
(C%-carboxyl) were dramatically different from internal coefficients for the hydrophobic side-
chains in the order of Trp>Phe>Leu>lle>Val>Tyr>Met>Pro>Cys (ranging from 17.1 min for
Trp to 4.8 min for Cys) (Fig. 4B, Table 3). The only non-hydrophobic side-chain with a value
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greater than 3.0 min is Arg. Arg is much more hydrophilic in the centre of the peptide
(coefficient of —1.1) compared to the terminal locations where Arg was always hydrophobic
relative to Gly (Table 3). In fact, the other positively charged side-chains (His and Lys) are
also significantly more hydrophilic in the centre of the peptide with coefficient values of —2.4
and —2.3, respectively (Table 3). The amino acid coefficients that show small variations are
the hydrophilic amino acid residues including the polar side-chains (D, E, N, Q, Sand T) along
with the positively charged side-chains (H and R) (Fig. 4B and Table 3).

Differences in the N-terminal coefficients (N®-amino) relative to the internal coefficients are
generally small except for 5 side-chains (Trp, Tyr, Arg, His, Lys) (Table 3). The 3 positively
charged side-chains (Arg, His and Lys) become more hydrophobic at the terminal positions
compared to the internal location (Table 3). Interestingly, the two hydrophobic aromatic amino
acids with hetero-atoms (Trp, Tyr) become more hydrophobic at the N-terminus in the presence
of the N*-amino group relative to the hydrophobic side-chains (Phe, Leu, lle, Met, Val), where
the values are similar between the two locations (Table 3, Peptide 4 vs. Peptide 5).

The amino acid coefficients at the C-terminus in the presence of the C*-carboxyl group showed
the greatest difference from the internal coefficients compared to the other terminal end groups
(C*-amide, N%-acetyl, N*-amino) (Table 3). Indeed, the differences in the amino acid
coefficients in the presence of the N*-amino group when compared to the internal coefficients
were small compared to the differences in the amino acid coefficients determined at the C-
terminus in the presence of the C*-carboxyl group compared to the internal coefficients. In
addition, comparison of the C-terminal coefficients in the presence of the C*-carboxyl group
to the N-terminal coefficients in the presence of the N*-amino group show the greatest
differences for the hydrophobic side-chains (Trp, Phe, Leu, lle, Met, Val, Tyr, Pro,Cys, Ala)
(Fig. 3B, Table 3) compared to polar side-chains. For example, the amino acid coefficient for
Trp when located at the N-terminus (NH»-X-) had a value of 27.9 min relative to Gly at the
same position, whereas the internal side-chain coefficient for Trp was 22.9 min. In contrast,
the coefficient value for Trp when located at the C-terminus (-X-COOH) was 40.0 min. Thus,
the side-chain coefficient effect at the C-terminus for Trp was 3.4-fold greater than at the N-
terminus.

3.4. Prediction of peptide retention time

From the results presented above, it is clear that for accurate prediction of peptide retention
time, the sum of the amino acid coefficients must include the values for the N- and C-terminal
amino acid residues, which also depend on the end group on that residue (C*-amide, C*-
carboxyl, N%-acetyl, N*-amino) plus the internal values for the remaining residues in the
polypeptide chain.

To demonstrate the importance of using terminal coefficients combined with internal
coefficients in the prediction of peptide retention time, we compared predicted and observed
retention times using various coefficient sets by themselves, or weighted coefficients by
themselves or in various combinations (e.g., weighted coefficients to represent internal values
or experimentally derived internal coefficients, both in combination with terminal
coefficients). The terminal coefficients that vary the most from the experimentally derived
internal coefficients are the C-terminal X-carboxyl coefficients (Peptide 1, Table 3) compared
to the internal coefficients (Peptide 5, Table 3). Thus, we chose to predict the retention times
of the 20 peptides of peptide 1 using first the C-terminal X-carboxyl coefficients for all residues
in the peptide sequence. The results are shown in Table 4 (columns 1, 2 and 3). Itisimmediately
obvious that we over-predicted the observed retention times by 31.6 min. This indicates that
the coefficients determined at the C-terminus of the peptide chain do not represent
quantitatively the hydrophilicity/hydrophobicity of side-chains in general, thus the large error
in prediction.
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Since the coefficients when compared to each other show excellent correlations (Figs. 1-4),
any set of hydrophobicity/hydrophilicity coefficients should be able to predict peptide retention
times if weighted correctly to represent internal residues in the polypeptide chain. Thus, using
a weighting factor of 0.5, the weighted C-terminal carboxyl coefficients were used for all
residues in the peptide sequence to predict peptide retention times of the same 20 peptides
(Table 4, columns 4 and 5). Though the prediction was better than using unweighted
coefficients, we under-predicted the observed retention times for the peptides containing
hydrophobic substitutions (Cys, Pro, Val, Tyr, Met, lle, Leu, Phe and Trp) by —4.9 minto —19.5
min. These deviations can be explained by the fact that these 20 peptides in the Peptide 1 group
(Table 1) vary only at the C-terminal residue and we have already shown that the C-terminal
carboxyl coefficients are dramatically different from experimentally derived internal
coefficients (Table 3). Thus, we next used the weighted C-terminal carboxyl coefficients for
all residues in the peptide sequence except the C-terminal residue for which we used the C-
terminal carboxy! coefficients (Peptide 1, Table 4). With this combination of coefficients, the
predicted retention times are shown in Table 4, column 6, and the difference between predicted
and observed retention times in column 7. The results show that we can now accurately predict
the retention time of these peptides within 0.5 min. This result clearly demonstrates the need
for coefficients that represent the internal residues and the terminal residues of the polypeptide
chain for accurate prediction.

We next predicted the peptide retention times of these same 20 peptides using experimentally
derived internal coefficients (Peptide 5, Table 3). Using these values we under-predicted the
retention times mainly for the peptides containing hydrophobic substitutions (Cys, Pro, Val,
Tyr, Met, lle, Leu, Phe and Trp by —4.4 min to —16.7 min) (Table 4, columns 8 and 9). These
results are very similar to the results in columns 4 and 5 (Table 4), where we used weighted
C-terminal coefficients to represent coefficients for internal residues. We then predicted the
retention times of these peptides using a combination of internal coefficients and C-terminal
carboxyl coefficients for the C-terminal residues in the 20 peptides. With this combination of
coefficients, the predicted retention times are shown in column 10 and the difference between
predicted and observed retention times in column 11 (Table 4). The results show that we can
now accurately predict the retention time of these peptides within 0.4 min in this case. These
results are quite impressive when one considers that the gradient rate for the separations is
0.25% acetonitrile/min and predictions reported in the literature generally use higher gradient
rates (e.g., 0.6%-1.3% acetonitrile/min) with errors still > 4 min for many peptides. This means
that, at 1% acetonitrile/min, our errors would be equivalent to 0.1 min to 0.2 min, i.e.,
approaching the errors in reproducibility of run to run variation (z 0.1 min to 0.2 min. in peptide
retention time). The results in Table 4 clearly show that accurate prediction requires retention
coefficients for the terminal residues and internal residues and a single set of coefficients cannot
accurately predict peptide retention time.

3.5. Correlation versus accuracy of peptide retention time prediction

For accurate prdiction of peptide retention times, ideally a correlation of 1.0, a slope of 1.0 and
an intercept of 0 is required when plotting predicted versus observed peptide retention time.
Thus, the results in Table 4 are now shown graphically in Figs. 5 and 6. In Fig. 5A, predicted
retention time is plotted versus observed retention time using three different scenarios to predict
the 20 peptides varying at the C-terminal positions (Peptide 1). Fig. 5A, plot A, uses the C-
terminal carboxyl residue coefficients for all residues in the peptide. Even though the error
between predicted vs observed is large 31.6 min, the correlation coefficient between predicted
and observed is 1.0. This means that we have a systematic error for prediction of the core
sequence excluding the C-terminal residue. That is, the sum of the retention coefficients (XRc)
for the sequence, GAG A GV G L G, Table 1, Peptide 1 is too large by 31.6 min (Fig. 5B,
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plot A). This is because the C-terminal carboxyl coefficients, though proportional, are
quantitatively too large and not representative of internal values in the polypeptide chain.

By introducing a weighting factor 0.5 on these coefficients we obtain a dramatic improvement
in prediction. The correlation coefficient remains 1.0 (Fig. 5A, plot B) but the slope deviates
from 1.0 and the intercept deviates from zero. As shown in Fig. 5B, plot B, the error in
prediction increases in a linear fashion as the hydrophobicity of the peptides increases. The
reason for the deviations is that we do not have the correct values for the C-terminal residue
which is the only difference in sequence for the 20 peptides. Thus, when we use the weighted
coefficients for the internal residues and the C-terminal coefficients for the C-terminal residue,
we now predict very accurately peptide retention time and the linear equation has an intercept
near zero, a slope of 1.0 and a correlation coefficient of 1.0 (Fig. 5A, plot C). The error in
prediction approaches zero for all 20 peptides (Fig. 5B, plot C). Similarly, we wanted to
compare our predictions using weighted coefficients for internal residues to using
experimentally derived internal coefficients. In Fig. 6A, we plotted predicted retention time
versus observed retention time using internal coefficients only (Peptide 5, Table 3) for all
residues in the sequence of these 20 peptides varying at the C-terminal position (Peptide 1).
Clearly, the internal coefficients on their own cannot accurately predict the retention times.
Fig. 6A, plot A, shows that the correlation coefficient (R = 0.984) is excellent for predicted vs
observed but the intercept and slope terms deviate from 0 and 1.0, respectively, and the error
in prediction increases in a linear fashion as the hydrophobicity of the peptides increase (Fig.
6B, plot A). However, when we combine coefficients, i.e., use the internal coefficients for all
internal residues and the C-terminal coefficients for the C-terminal residue, the error in
prediction approaches zero for all 20 peptides (Fig. 6B, plot B). As shown in Fig. 6A, plot B,
the correlation coefficient for predicted vs observed retention times is R = 1.0, the slope is 1.0
and the intercept close to zero. In conclusion, the internal coefficients (either derived
experimentally or using weighted C-terminal coefficients) provide excellent values to represent
the side-chain hydrophilicity/hydrophobicity of the internal residues in the polypeptide chain
and when combined with the terminal coefficients (in this case the C-terminal coefficients),
we can accurately predict the retention times of these peptides.

4. Conclusions

Our laboratory has always recognized that empirical approaches are useful to introduce
correction factors to predicted peptide retention times during RP-HPLC. Certainly, one can
improve correlation of predicted versus observed retention times in this manner, albeit without
obtaining a quantitative biophysical understanding of the reasons for deviations between
predicted and observed peptide retention times. Hence, we have always favoured a step-by-
step approach to understanding peptide retention behaviour during RP-HPLC via the synthesis
and application in RP-HPLC of peptides specifically designed to investigate a single aspect of
peptide retention behaviour. Thus, the present study has, through RP-HPLC of model peptides,
clearly shown that terminal amino acid side-chain hydrophilicity/hydrophobicity coefficients
vary dramatically from each other: almost by a factor of 2 when comparing C-terminal carboxyl
coefficients with a-amino coefficients (Table 3). If one is going to predict retention times of
peptides, the N- and C-terminal residues and their corresponding functional groups must be
taken into consideration. The C-terminal carboxyl coefficients are also the most different from
the internal coefficients (Table 3) and for accurate prediction the Rc must include internal
coefficients and terminal coefficients. Though this approach will dramatically improve
prediction based on amino acid composition, it must be recognized that there will always be
an inherent error in prediction due to sequence-dependent affects and the magnitude of this
error is sequence dependent, i.e., the error could range from minor to very significant. The
concern is what percentage of peptides from protein digests fall into the latter category. A
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challenging goal for future studies is to understand sequence-dependent effects and design new
algorithms to improve further accuracy in prediction.
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Figure 1.

Panel A: Correlation plot of the hydrophilicity/hydrophobicity coefficients at the peptide C-
terminus when the end group is C*-amide versus C*-carboxyl. The side-chain coefficients were
determined from reversed-phase retention behaviour of peptides at 25°C (data taken from
Peptide 1 and Peptide 2, Table 3). The peptide sequences are shown in Table 1. The
hydrophobic amino acid substitutions are denoted by the single letter code. Y =0.834 x + 0.522,
correlation coefficient R = 0.993. Panel B: The differences in coefficients between Peptide 1
and Peptide 2 are plotted as a bar graph (data taken from Table 3).
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Figure 2.

Panel A: Correlation plot of the hydrophilicity/hydrophobicity coefficients at the peptide N-
terminus when the end group is N®-amino versus N®-acetyl. The coefficients were determined
from reversed-phase retention behaviour of peptides at 25°C (data taken from Peptide 3 and
Peptide 4, Table 3). The peptide sequences are shown in Table 1. The hydrophobic amino acid
substitutions are denoted by the single letter code. Y = 0.739 x + 0.114, correlation coefficient
R =0.982. Panel B: The difference in coefficients between Peptide 3 and Peptide 4 are plotted
as a bar graph (data taken from Table 3).
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Panel A: Correlation plot of the hydrophilicity/hydrophobicity coefficients at the peptide N-
terminus with a N*-amino group versus coefficients at the C-terminus with a C*-carboxyl group
determined from reversed-phase retention behaviour of peptides at 25°C (data taken from
Peptide 1 and Peptide 4, Table 3). The peptide sequences are shown in Table 1. The
hydrophobic amino acid substitutions are denoted by the single letter code. Y =0.558 x + 0.242,
correlation coefficient R = 0.967. Panel B: The differences in coefficients between Peptide 1
and Peptide 4 are plotted as a bar graph (data taken from Table 3).
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Figure 4.

Panel A: Correlation plot of the hydrophobicity/hydrophilicity coefficients at the C-terminus
with a C®-carboxyl group versus internal side-chain coefficients (data taken from Peptide 1
and Peptide 5, Table 3). The peptide sequences are shown in Table 1. The hydrophobic amino
acid side-chains are denoted by the single letter code. Y = 0.985 x — 0.497, correlation
coefficient R = 0.984. Panel B: The difference in coefficients between Peptide 1 and Peptide
5 are plotted as a bar graph (data taken from Table 3).
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Figure 5.

Panel A: Correlation plots of predicted retention times versus observed retention times of the
data shown in Table 4 for columns 2, 4 and 6. Plot A uses the C-terminal X-carboxyl
coefficients for all residues in the peptide sequence; Plot B uses the weighted C-terminal
carboxyl coefficients for all residues in the peptide sequence; Plot C uses the weighted
coefficients for all residues except the C-terminal residue which uses the C-terminal X-
carboxyl coefficients. Panel B: Correlation plots of the difference between predicted and
observed versus observed retention times. Plots A, B and C use predicted values determined
as described in Panel A.
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Panel A: Correlation plots of predicted retention times versus observed retention times for the
data shown in Table 4 for columns 8 and 10. Plot A uses the experimentally derived internal
coefficients for all residues in the sequence and Plot B uses the internal coefficients for all
residues except the C-terminal residue which uses the C-terminal X-carboxyl coefficients.
Panel B: Correlation plots of the difference between predicted and observed versus observed
retention times. Plots A and B use predicted values determined as described in Panel A.
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Table 1
Peptide sequences used in this study
Peptide Group Number Sequencea
1 NH,- G- A- G- A- G- V- G- L- G- X-OH

NH,- G- A- G- A- G- V- G- L- G- X-amide
Ac- X- G- A- K- G- A- G- V- G- L-amide
NH,- X- G- A- K- G- A- G- V- G- L-amide

NH,- L- G- L- G- X- G- L- G- L- G- K-OH

a A w N

aPosition X (bolded) is substituted by all 20 naturally occurring amino acids in each of the five peptides shown. Ac- denotes N®-acetyl, NH2- denotes

Na amino, -amide denotes C%-amide, -OH denotes C%-carboxyl.
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