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The present manuscript extends our de novo peptide design approach to the synthesis and evaluation of
a new generation of reversed-phase HPLC peptide standards with the same composition and minimal
sequence variation (SCMSV). Thus, we have designed and synthesized four series of peptide standards
with the sequences Gly-X-Leu-Gly-Leu-Ala-Leu-Gly-Gly-Leu-Lys-Lys-amide, where the N-terminal is
either N*-acetylated (Series 1) or contains a free a.-amino group (Series 3); and Gly-Gly-Leu-Gly-Gly-
Ala-Leu-Gly-X-Leu-Lys-Lys-amide, where the N-terminal is either N*-acetylated (Series 2) or contains

IIEE{IVHVI?{?: a free a-amino group (Series 4). In this initial study, the single substitution position, X, was substituted
Peptides with alkyl side-chains (Ala < Val <Ile, in order of increasing hydrophobicity) or aromatic side-chains (Phe,
Standards Tyr). Peptide series pairs 1/2 and 3/4 thus represent SCMSV peptides, with the substitution site, X, being

towards the N- or C-terminal, albeit with identical adjacent residues (Gly-X-Leu) to maintain the same
environment around position X. In addition, peptide series pairs 1/3 and 2/4 enable an examination of the
effect of a free, positively charged a-amino group on peptide retention behaviour relative to a blocked
N-terminus. Peptide mixtures were run at pH 2 on columns with a variety of stationary phase selectivity
(Cg, C18, polar endcapped, polar embedded, ether-linked phenyl and Phenyl-Hexyl) under linear gradient
conditions with acetonitrile or methanol as organic modifier. It was interesting to note that the addition
of the hydroxyl group to the aromatic ring in a 12-residue Tyr SCMSV peptide pair had a dramatic effect
on resolution compared to the Phe peptide pair. In addition, SCMSV peptide pairs with the B-branched
Val and lle side-chains at position X were the most difficult to separate compared to SCMSV peptides
containing the aromatic side-chains Tyr and Phe. In this initial study, SCMSV peptide pairs proved to
be a potent test of the selectivity of reversed-phase packing materials. In addition, mixtures of SCMSV
peptide standards to assess overall capabilities of stationary phases to resolve complex peptide mixtures
underlined the useful complementarity of combinations of different columns and elution conditions to
maximize flexibility in peptide applications. Finally, our controlled, de novo designed peptide approach
should spur the development of more quantitative selectivity parameters for peptide separations, such
as those already available for small molecules, enhancing further the universal value of utilizing peptide
standards to compare column performances in the separation of peptide mixtures.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Our laboratory has been active for over 25 years in the
de novo design and synthesis of peptide standards for moni-
toring high-performance liquid chromatography (HPLC) column
performance in several modes of HPLC: size-exclusion chro-
matography (SEC) [1-5]; cation-exchange chromatography (CEX)
[2,3,5,6]; hydrophilic interaction/cation-exchange chromatog-
raphy (HILIC/CEX) [7]; and reversed-phase HPLC (RP-HPLC)
[2,3,5,8-15]. Our extensive work in this area is a result of our
premise that peptide solutes are best suited for monitoring peptide
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behaviour during HPLC, since it is preferable to use standards that
are structurally similar to the sample of interest. This is particularly
pertinent to RP-HPLC when one considers the significant partition-
ing of small molecules between the mobile phase and stationary
phase, with concomitant employment of isocratic elution for effec-
tive separation of such small solutes [16]. In contrast, peptides and
proteins exhibit relatively limited partitioning between the mobile
phase and stationary phases [16,17], requiring gradients of organic
modifier for their elution and separation.

As we noted in a previous paper [15], compared to a wealth
of information published over the past three decades on the
assessment of RP-HPLC stationary phases for small molecule
separations (Refs. [18-22] and references therein represent excel-
lent reviews), the lack of data derived from RP-HPLC retention
behaviour of peptides or proteins, as opposed to the mixtures
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of small molecules almost invariably employed, is striking. Indeed,
the requirement of peptide standards for assessing column
selectivity for peptidic solutes, as opposed to small molecule sep-
arations, was clearly demonstrated by our previous study [15],
where the retention behaviour of mixtures of peptide standards
on different RP-HPLC stationary phases was compared to the
PQRI database of several hundred different stationary phases
[www.usp.org/USPNF/columns.html]. Briefly, thousands of small
molecule separations on many silica-based columns generated a
column selectivity factor (denoted as F) arising from five column
properties: hydrophobicity, steric interaction, H-bond acidity, H-
bond basicity and ion-exchange capacity, with Ref. [19] a useful
review. Columns with F values differing by <3 are generally viewed
as being essentially equivalent. To summarize, there was no cor-
relation whatsoever between the results we observed utilizing
peptide standards and the relative equivalency of the same columns
generated by the PQRI calculator. Thus, our continuing efforts to
make up for this deficiency in assessing the suitability of different
phases for peptide separations involve utilizing peptide standards,
specifically de novo designed and synthesized peptide standards.
Such designed standards avoid the disadvantages of the use of ran-
dom mixtures of native peptides which s generally not informative,
since if an improvement in selectivity is observed, the reason may
be unclear due to this random nature where size, amino acid com-
position and sequence of the peptides in the mixture may vary
considerably. Hence, our preferred approach has always been the
design and synthesis of peptide standards with minimal sequence
variation to probe column selectivity for the separation of peptide
mixtures.

Our previous approach to de novo design of RP-HPLC pep-
tide standards has been to ensure only subtle changes in overall
hydrophilicity/hydrophobicity between peptides in a peptide mix-
ture (i.e., single substitution of an amino acid residue from one
peptide to the next), in order to test RP-HPLC column selectivity.
We now wished to design a new generation of peptide stan-
dards for an even more rigorous assessment of RP-HPLC stationary
phase selectivity for peptide separations: peptide standards with
same amino acid composition and minimal sequence variation
(SCMSV) (Table 1). That is, in the absence of any variation in side-
chain nearest-neighbour and/or peptide conformation effects, can a
reversed-phase packing separate peptide pairs where the only dif-
ference between the two peptides is the location of a single amino
acid? In addition, does the nature of the substituted amino acid
(e.g., alkyl, aromatic) affect the degree of resolution of the peptide
pairs?

Clearly, concomitant with the design of new and novel
peptide standards is evidence of their value for assessment
of the effectiveness of RP-HPLC packings with defined and
varying selectivities. Developments in surface modification of
silica-based packings over the past 25 years have included polar-
embedded phases [15,18,19,23-55], polar-endcapped phases
[15,19,35,40,42,45,47,50-52] and phases containing phenyl groups
[15,19,45,56-65], all with the purpose of providing alternative
selectivity compared to traditional alkyl (generally Cg, C;g groups
[3,5]) functional groups. Thus, the present paper extends our
peptide design approach to SCMSV peptide standards and their
effectiveness in monitoring the resolving capabilities of station-
ary phases of widely differing properties in the presence of
acetonitrile or methanol as organic modifier. Two approaches
are being used to evaluate the potential of the SCMSV pep-
tide standards: (i) application of specific SCMSV peptide pairs
(e.g., alkyl or aromatic) to RP-HPLC on stationary phases of
varying selectivity; (ii) application of mixtures of SCMSV pep-
tide standards to assess overall ability of stationary phases of
varying selectivity to resolve more complex SCMSV peptide
mixtures.

2. Experimental
2.1. Materials

HPLC-grade water was prepared by an E-pure water purification
system from Barnstead International (Dubuque, IA, USA). Trifluo-
roacetic acid (TFA) was obtained from Pierce (Rockford, IL, USA).
HPLC-grade acetonitrile and methanol were obtained from Fisher
Scientific (Fairlawn, NJ, USA).

2.2. Instrumentation

All analytical runs were carried out on an Agilent 1100 Series
liquid chromatograph (Agilent Technologies, Foster City, CA, USA).

2.3. RP-HPLC columns

(i) Luna Cg (5 pm particle size, 100 A pore size); (ii) Luna Cqg
(5wm, 100A); (iii) Synergi Hydro-RP (4 wm, 80A); (iv) Synergi
Fusion-RP (4 wm, 80A); (v) Synergi Polar-RP (4 um, 80A); (vi)
Luna Phenyl-Hexyl (5 um, 100 A). All columns are silica-based with
dimensions of 250 mm x 3 mm LD. The columns were donated by
Phenomenex (Torrance, CA, USA).

2.4. RP-HPLC run conditions

Runs were carried out using linear AB gradient elution (0.25%
acetonitrile/min or 0.5% methanol/min) at a flow-rate of 0.5 ml/min
at 25°C, where eluent A is 0.2% aq. TFA and eluent B is 0.18% TFA in
acetonitrile or methanol. The shallow gradient rates were designed
to help maximize observed differences in peptide separations on
different columns.

2.5. Model synthetic SCMSV peptides

The peptide standards were synthesized by solid-phase syn-
thesis methodology using conventional Boc- and Fmoc-chemistry,
as described previously [66,67] and purified and characterized as
described previously [68].

3. Results
3.1. Design of peptide standards

The sequences of the four series of 12-residue peptide standards
are shown in Table 1, where the N-terminal is either N*-acetylated
(Series 1 and 2) or contains a free a-amino group (Series 3 and 4).
The single substitution site, X, is either towards the N-terminus
(Series 1 and 3) or towards the C-terminus (Series 2 and 4). Thus,
peptide series pairs 1/2 and 3/4 represent peptides with the same
composition but different sequences. The length of the peptides
was designed to approximate the average size of cleavage frag-
ments from proteolytic digests of proteins. The presence of only
basic amino acid residues (lysine), i.e., no acidic, potentially neg-
atively charged residues, the blocked C-terminus for all peptides,
and the use of mobile phases at pH values (~pH 2) far below the
pK; values of the N-terminal amino group and the lysine side-chain
amino group, ensures a constant net positive charge on the peptides
of either +2 (Series 1 and 2) or +3 (Series 3 and 4). The presence of
the lysine residues also ensures good peptide solubility. In addition,
peptide series pairs 1/3 and 2/4 enable an examination of the effect
of a free, positively charged a-amino group relative to a blocked
N-terminus on peptides of identical sequence.

In a previous paper [69], we categorized two types of sequence-
dependent effects that may affect peptide retention behaviour:
(1) conformational effects resulting in an apparent reduction or
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Table 1
Sequences of synthetic model peptides used in this study.
Peptide Sequence Name
Series 1: Ac- G X LGLALG G LKK -amide AcN-X
Series 2: Ac- G G LGLALG X LKK -amide AcC-X
Series 3: *NH; - G X LGLALG G LKK -amide AmN-X
Series 4: “NH; - G G LGLALG X LKK -amide AmC-X

Residues/residue sequences identical in all for peptide series are boxed. The substitution site, X, was substituted with Ala (A),
Val (V), Ile (I), Tyr (Y) or Phe (F). Ac denotes N®-acetyl and -amide denotes C*-amide. Series 1 and 2 and Series 3 and 4 are SCMSV
peptides. The substitution site, X, has identical adjacent residues (G-X-L) in all peptides.

enhancement of the overall hydrophobicity of a peptide as a result
of its adopting an unique conformation on interacting with the
hydrophobic stationary phase, compared to the hydrophobicity of
the peptide if it existed as a random coil; (2) nearest-neighbour
effects resulting in sequence-dependent variability of peptide
retention behaviour but independent of a defined secondary struc-
ture. Houghten and DeGraw [70] demonstrated how peptides with
the same amino acid composition but different sequences (SCDS)
can have very different RP-HPLC retention times. However, these
peptides were glycine insertion analogues, in which one glycine
was inserted into the original 13-residue sequence between each
position, i.e., the environment around the substitution site varied,
often considerably, from analogue to analogue. Thus, the positional
effect, if any, on peptide retention behaviour could not be delin-
eated from potential nearest-neighbour and/or conformational
effects. Induction of secondary, specifically a-helical, structure by
the hydrophobic environment of RP-HPLC [69,71-73] may also
produce significant differences in retention behaviour of SCDS pep-
tides [69,74], Thus, a key design parameter of our new standards
was to eliminate any nearest-neighbour and/or conformational
differences between pairs of peptides identical except for the sub-
stitution position of a particular amino acid residue. To this end, a
random coil nature of the peptides is ensured by the inclusion of
four helix-disrupting glycine residues [75,76] throughout the pep-
tide sequences (Table 1). In addition, whether substitution position
X is towards the N-terminus (Series 1 and 3) or towards the C-
terminus (Series 2 and 4), the adjacent residues are identical (i.e.,
G-X-L) (Table 1), ensuring the same nearest-neighbour environ-
ment surrounding the substitution site in all four peptide series.
It should also be noted that a considerable majority (10 out of 12
residues) of the amino acid sequence of all four peptide series, as
denoted by boxed residues in Table 1, is identical. Thus, the sin-
gle substitution site in the sequences, coupled with this minimal
sequence variation, prompted the term “same composition and
minimal sequence variation” (SCMSV) to describe these peptide
standards.

For this initial study, position X of the peptide sequence is sub-
stituted by Ala, Val, Ile, Phe or Tyr. Thus, these peptides represent
series of peptides with single substitutions of alkyl side-chains
(Ala<Val<Ile) in order of increasing hydrophobicity [77,78] alkyl
versus aromatic side-chains (Phe, Tyr) and a side-chain also with
polar character (hydroxyl group of Tyr). Finally, the presence of an
N-terminal positive charge on peptide series 3 and 4 increases their
overall polarity compared with their N®-acetyl counterparts, Series
1 and 2, respectively. The denotions of the peptides identify the rel-
ative substitution position within the sequence, as well as whether
the peptide has a free or blocked N-terminus. For example, AcC-I
denotes the peptide analogue with Ile substituted towards the C-
terminus and a blocked (N*-acetyl) N-terminus; AmN-A denotes
the peptide analogue with Ala substituted towards the N-terminus
and a free a-amino group at the N-terminal.

It is important to note that the Series 2 and 4 peptides were
previously reported by us to be useful in assessing column and sol-
vent selectivity on standard, polar-embedded and polar endcapped
columns [15]. However, it should be stressed that this earlier work
examined selectivity differences in resolving mixtures of peptides
of varying hydrophobicity. The present study, in contrast, presents
a more potent challenge of resolving peptide pairs varying in only
positional differences of identical amino acids, i.e., “Same Compo-
sition Minimal Sequence Variation” (SCMSV) peptides.

Series 1/2 and Series 3/4 peptide pairs were examined by circu-
lar dichroism (CD) spectroscopy in the presence of 0.2% aq. TFA, 0.2%
aq.TFA containing 50% (v/v) acetonitrile and 0.2% aq. TFA containing
50% (v/v) trifluoroethanol (TFE). As expected, all peptides exhibited
negligible, random coil structure (i.e., no higher orders of structure
such as secondary a-helix or 3-sheet) in 0.2% aq. TFA in the pres-
ence or absence of acetonitrile, as well as identical spectral profiles
in the presence of the helix-inducing solvent TFE. The significance of
these observations is that no structure would be induced on binding
to the reversed-phase columns that would account for resolution
of SCMSV peptide pairs.

3.2. Stationary phases

In order to test the general utility of the peptide standards, a
range of packing materials with different selectivities was selected.
Concomitantly, of course, this approach serves to examine the abil-
ity of stationary phases with purposely designed selectivities to
effect difficult peptide separations. Employing multiple stationary
phases from the same manufacturer had the advantage of ruling out
silica source as a variable when assessing the influence of different
stationary phases on peptide resolution.

The Luna Cg and Cyg columns represent traditionally employed
stationary phases containing alkyl functional groups [3,5]. It should
be noted that the following two phases (polar endcapped and polar
embedded) are modified C;g phases.

Polar-endcapped phases are designed to enable the retention
of polar analytes on phases containing long alkyl chains, e.g., Cyg,
under highly aqueous conditions [15,39,40,42], hence the term
“Aqua” phase [45] and the polar endcapping group of the Synergi
Hydro-RP phase being denoted as “Aq” for “aqueous”. The value
of these groups (the nature of which is proprietary for the Synergi
Hydro-RP phase) lies in easy wetting of the silica surface and, thus,
allowing full interaction of solutes with the long Cyg alkyl chains.

Polar-embedded phases are produced by insertion of a polar
functional group (e.g., urea, carbamate, amide, ether) within the
alkyl chain. The Synergi Fusion-RP is actually a mixed phase, con-
taining ODS chains and shorter polar-embedded chains. However,
for ease of comparison, it is referred to simply as a polar-embedded
phase in the present study. Such polar embedded phases are
reported to reduce retention of polar and basic small molecule
solutes, with non-polar analytes less affected. On the other hand,
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Fig. 1. Effect of stationary phase or organic modifier on resolution of SCMSV pep-
tide pairs substituted with aromatic tyrosine (Tyr, Y) and phenylalanine (Phe, F)
amino acids at position X (Table 1). Column denotions: Cg, cross-hatched; Cys, white;
Hydro, upward slanted line; Fusion, black; Polar, grey; Phenyl-Hexyl, downward
slanted line. Sequences of AmN, AcN, AmC and AcC peptides shown in Table 1. HPLC
conditions shown in Section 2.3. Data shown in Table 3.

enhanced retention can occur via hydrogen bonding to the polar-
embedded groups relative to non-polar-embedded phases.

For small molecules, polar-endcapped stationary phases have
generally shown less change in RP-HPLC selectivity than polar-
embedded phases compared with corresponding alkyl-silica
columns, possibly due to a lesser accessibility of endcapping
groups compared to embedded groups [19]. In addition, the over-
all hydrophobicity of polar-embedded phases is generally less than
corresponding alkyl-silica phases with ligands of identical chain
length [15].

The Synergi Polar-RP phase contains an ether-linked group with
polar endcapping. In a similar manner to the polar-endcapped col-
umn, the “Aq” denotions on the Polar-RP phase refers to “aqueous”.
Such a phase, in a similar manner to polar-embedded phases, is
designed for enhanced polar selectivity relative to non-modified
alkyl phases. In addition, the presence of phenyl groups may be
expected to enhance aromatic solute selection (see Phenyl-Hexyl
phase below), with either groups having been used effectively as
polar-enhancing agents [40].

The Luna Phenyl-Hexyl phase employs a hexyl alkyl linker to
the silica support as opposed to the traditional propyl chain in
other phenyl phases. Phenyl groups have frequently been shown
to exhibit preferential retention of aromatic solutes compared to
alkyl phases [15,56-64], this preferred retention generally being
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Fig. 2. Effect of stationary phase or organic modifier on resolution of SCMSV peptide
pairs substituted with alanine (Ala, A), valine (Val, V) or isoleucine (Ile, I) at position X
(Table 1). Column denotions: Cs, cross-hatched; Cyg, white; Hydro, upward slanted
line; Fusion, black; Polar, grey; Phenyl-Hexyl, downward slanted line. Sequences
of AmN, AcN, AmC and AcC peptides shown in Table 1. HPLC conditions shown in
Section 2.3. Data shown in Table 3.

attributed to m-m interactions between such solutes and the phenyl
groups of the stationary phase [19,63,64].

3.3. RP-HPLC of SCMSV peptide pairs on stationary phases of
varying selectivity

Mixtures of sets of SCMSV peptide pairs were applied to the
six columns under gradient elution conditions of 0.25% acetoni-
trile/min or 0.5% methanol/min, such shallow gradient conditions
being employed to maximize selectivity differences. Acetonitrile
is, of course, the most widely used organic modifier for peptide
separations [3,5]. The more polar methanol has been used as an
alternate organic modifier, often for more hydrophilic peptide
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Fig. 3. Effect of stationary phase (C;g, Hydro, Fusion) or organic modifier on resolution of SCMSV peptides substituted with isoleucine (Ilel) at position X (Table 1). HPLC

conditions shown in Section 2.3.

solutes [3,5,15] or for areas where methanol is more preferable to
acetonitrile, e.g., peptide drug purification. Doubling the gradient
rate when using methanol (0.5%/min compared with 0.25% acetoni-
trile/min) was required for elution of peptides within a reasonable
time, methanol being a weaker eluting solvent than acetonitrile.
In addition, doubling of the gradient rate of methanol relative to
acetonitrile resulted in similar peptide elution times in both sol-
vents, allowing a valid comparison of the relative selectivity of

peptide separations between the two mobile phases on the range
of stationary phases.

For comparison purposes, the six columns were arranged in
tables and figures to reflect a progression of phase type: the Cg
was followed by the longer alkyl chain C;g, these more tradition-
ally employed phases being followed by two columns which are
essentially modified C;g phases, either polar endcapped (Hydro)
or polar embedded (Fusion); the final two columns both contain
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Fig. 4. Effect of stationary phase (Hydro, Fusion) on SCMSV peptide elution profiles
with acetonitrile as organic modifier. Peptide sequences shown in Table 1. HPLC
conditions shown in Section 2.3.

phenyl-modified supports, one with an ether linkage between the
aromatic ring and the alkyl chain (Polar) and the other being the
Phenyl-Hexyl phase.

Table 2 reports retention time differences between SCMSV pep-
tide pairs, with calculated resolution of peptide pairs shown in
Table 3.

From Table 2, the great majority of elution orders of the SCMSV
peptide pairs showed analogues with the substitution towards the
N-terminus being eluted prior to those substituted towards the C-
terminus. Exceptions were mainly seen with the acetylated Val-
and Ile-substituted analogues in the presence of acetonitrile on five
of the six columns, together with the acetylated Phe-substituted
analogues on the Polar and Phenyl-Hexyl columns. Note that, due
to the extra positive charge on the non-acetylated peptides, they
were eluted prior to their acetylated counterparts due to their sub-
sequent lesser hydrophobicity.

From Tables 2 and 3, it is interesting to note that, of the alkyl
side-chains, the Ala-substituted analogues showed significantly
more separation than analogues substituted with the bulkier Val
and Ile side-chains. In fact, the Ala-substituted analogues were
resolved to a similar magnitude to the aromatic amino acid-
substituted peptides. It can also be seen that the Tyr-substituted
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Fig. 5. Effect of stationary phase (Fusion, Phenyl-Hexyl) on SCMSV peptide elution
profile with acetonitrile as organic modifier. Peptide sequences shown in Table 1.
HPLC conditions shown in Section 2.3.

peptide pairs were consistently resolved better than the Phe-
substituted pairs.

Finally, with a few exceptions involving mainly Val- and Ile-
substituted analogues, the presence or absence of an N-terminal
a-amino group or the use of acetonitrile versus methanol gener-
ally had little effect on the resolution of a SCMSV peptide pair. Such
exceptions, together with column specific-effects, are discussed
below.

3.3.1. Resolution of SCMSV peptides with aromatic side-chain
substitutions: Phe (F), Tyr (Y)

Resolution results of SCMSV peptide pairs substituted with Tyr
(top) or Phe (bottom) are shown in Fig. 1. The Tyr analogues were
always eluted prior to corresponding Phe analogues, due to the
greater hydrophobicity of Phe compared to Tyr [77]. From Fig. 1,
the superior resolution of all Tyr-substituted SCMSV peptide pairs
compared to the Phe-substituted peptides is apparent. The stand-
out observation here is the superior resolution of both the Phe-
and Tyr-substituted peptide pairs by the Fusion (polar embedded)
column compared to all other phases, this superiority being partic-
ularly clear for the Phe-substituted pairs. The overall similarity in
resolution when comparing the non-acetylated analogues to those
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Table 2

RP-HPLC retention time differences (Atg) between peptide pairs of the same composition and minimal sequence variation.
Peptide pairs? Cghb Cis Hydro Fusion Polar PH

CH3CN¢ MeOH CH3CN MeOH CH3CN MeOH CH3CN MeOH CH3CN MeOH CH3CN MeOH

AmN-Y/AmC-Y 4.3d 3.1 3.9 29 4.2 3.5 6.1" 5.1f 3.1 4.0 2.8 3.1
AmN-F/AmC-F 2.6 1.0 2.4 1.8 2.8 25 5.4f 4.4 2.1 2.0 1.5 13
AcN-Y/AcC-Y 4.6 4.0 3.7 3.7 4.0 4.7 6.8f 6.3f 22 4.5 2.1 3.6
AcN-F/AcC-F 1.9 2.1 1.5 24 1.9 3.1 5.2f 5.0 04 2.1 0.3 1.7
AmN-A/AmC-A 34 24 32 23 3.5 2.7 4.9 4.3f 3.5 3.5 3.0 2.6
AmN-V/AmC-V 0.5 0 0 0 0 0 1.8f 1.5 1.0 1.5 0.5 0.8
AcN-A/AcC-A 2.7 2.8 2.6 2.8 2.8 29 4.1f 4.0 1.7 2.7 1.6 2.2
AcN-V/AcC-V 0.6 0 1.4 0 1.2 0 1.7f 2.3f 0.8 1.8 1.3 0.9
AmN-I/AmC-I 0.7 03 0 0.7 0 0 2.7f 2.0 13 1.9 0.6 1.0
AcN-I/AcC-1 04 0 1.6 0 14 0 1.8f 2.4f 0.9 1.8 1.6 0.9

2 Sequences and denotions of peptides are shown in Table 1.
b Descriptions of columns shown in Section 3.2.

¢ RP-HPLC conditions for both CH3CN and MeOH mobile phases are shown in Section 2.3.

d Retention time differences in min.

¢ For the majority of peptide pairs, analogues with the amino acid substitution towards the N-terminal were eluted prior to those substituted towards the C-terminal

(Table 1): the bold, italicized values represent values where this situation was reversed.

f Best Aty values on the six columns tested.

containing a free N-terminal a-amino group, in the presence of
acetonitrile or methanol, is also apparent.

Concomitant with the ability of a particular column/organic
modifier combination to resolve SCMSV peptide pairs, interesting
selectivity differences between the columns were apparent. Thus,
the Fusion column was able to resolve to baseline all eight pep-
tides in an eight-peptide mixture (AmN-Y/AmC-Y, AmN-F/AmC-F,
AcN-Y/AcC-Y, AcN-F/AcC-F), an achievement not observed with the
other columns. Also, only one example of co-elution of a peptide
pair was apparent, that of AcN-F/AcC-F on the Polar and Phenyl-
Hexyl columns column in the presence of acetonitrile; however, the
peptide pair was resolved on the Polar and Phenyl-Hexyl columns
in the presence of methanol. Clearly, serendipity was involved in
that no SCMSV peptides resolved on the Fusion column were co-
eluted with peptides from other pairs, unlike the other columns
where, even if resolution of all SCMSV peptide pairs was achieved,
such co-elution with other SCMSV peptides occurred. However, it
was interesting to note that, as has been observed in a previous
paper from this laboratory [15], the polar-embedded Fusion phase
achieved the best separation of a peptide mixture over a shorter
run time compared to other phases. Such useful selectivity differ-
ences between columns are illustrated later in this paper. Finally,
it should be stressed that these peptide pairs containing Tyr or
Phe substitutions are the most significant standards for evaluating

packing materials for researchers utilizing peptides varying in aro-
maticity/types of aromatic residue substitutions.

3.3.2. Resolution of SCMSV peptides with alkyl side-chain
substitutions: Ala (A), Val (V), Ile(I)

Resolution results of SCMSV peptide pairs substituted with Ala
(top), Val (middle) or Ile (bottom) are shown in Fig. 2. Note that
the Val-substituted analogues were always eluted later than their
less hydrophobic [77] Ala-substituted counterparts. From Fig. 2, the
superior resolution of the Ala-substituted SCMSV pairs compared
to the more bulky (3-branched Val- and Ile-substituted analogues
is clear. Indeed, the Val- and Ile-substituted SCMSV pairs proved to
be the most difficult of all analogues tested to be resolved under all
column/mobile phase combinations. Overall, there was no particu-
lar standout column for these alkyl-substituted SCMSV separations,
although the Fusion column was generally at least as good, usually
superior, to the other phases for all peptide pairs and run conditions
over ashorter run time. However, interesting selectivity differences
between the columns for peptide mixtures containing Ala- and Val-
substituted or Ile-substituted SCMSV peptide analogues were still
observed. Thus, concerning the Ala- and Val-substituted analogues,
the Fusion column was again able to resolve all peptides in a peptide
mixture, this time a six-peptide mixture (AmN-V/AmC-V, AcN-
A/AcC-A, AcN-V/AcC-V),in the presence of acetonitrile or methanol,

Table 3

RP-HPLC resolution? of peptide pairs of the same composition and minimal sequence variation.
Peptide pairs® Cg© Cig Hydro Fusion Polar PH

CH3CNd MeOH CH3CN MeOH CH3CN MeOH CH3CN MeOH CH3CN MeOH CH3CN MeOH

AmN-Y/AmC-Y 5.8 43 4.7 3.6 5.0 3.6 5.9 4.6° 3.1 34 33 35
AmN-F/AmC-F 2.8 1.2 24 1.8 2.7 1.8 4.5f 3.6 1.9 1.5 1.8 1.7
AcN-Y/AcC-Y 52 43 3.7 3.9 4.3 4.7 6.1" 5.2f 23 34 2.0 3.7
AcN-F/AcC-F 2.2 24 1.6 2.7 1.8 2.7 4.2f 4.0f n/c 1.7 n/c 1.8
AmN-A/AmC-A 4.2 24 4.3 2.7 3.6 3.9f 4.6f 33 3.6 3.1 34 2.7
AmN-V/AmC-V n/ce 0 0 0 0 0 1.3f 1.0 0.8 1.1f n/c 0.7
AcN-A/AcC-A 2.8 2.7 2.7 2.5 2.7 2.1 3.3f 2.8f 1.5 2.0 1.5 2.1
AcN-V/AcC-V n/c 0 1.4f 0 1.1 0 1.3 1.7 0.7 1.3 1.2 0.9
AmN-I/AmC-I 1.0 n/c 0 0.9 0 0 2.5f 1.8 1.5 1.9 0.8 1.2
AcN-I/AcC-1 n/c 0 2.0f 0 13 0 1.6 2.0 0.9 1.8 1.7 1.0

2 Resolution (Rs) values were calculated according to the relationship Rs =1.176 At/w; +w,, where At is the difference in RP-HPLC retention times between peptide pairs
and w; and w; are the peak width, at half height of the peptides (<1% variation from multiple runs of all peptide pairs).

b Sequences and denotions of peptides are shown in Table 1.
¢ Descriptions of columns shown in Section 3.2.

d RP-HPLC conditions for both CH3CN and MeOH mobile phases are shown in Section 2.3.

¢ n/c denotes non-calculable.
f Best resolution on the six columns tested.
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Fig. 6. Effect of stationary phase (Cs, Polar) on SCMSV peptide elution profiles with
methanol as organic modifier. Peptide sequences shown in Table 1. HPLC conditions
shown in Section 2.3.

as was the Polar column in the presence of methanol. Unlike the
separations of the Tyr- and Phe-substituted peptide pairs where,
with one exception, peptide co-elution was not due to inability
to resolve SCMSV peptide pairs, the Val-substituted SCMSV ana-
logues often proved difficult to resolve. Thus, the AmN-V/AmC-V
pair was co-eluted on the C;g column in the presence of acetoni-
trile and methanol; in addition, the AcN-V/AcC-V pair was co-eluted
on the C;g column in the presence of methanol but resolved in
the presence of acetonitrile (Table 3). On the Polar column, the
AmN-V/AmC-V and AcN-V/AcC-V peptide pairs were both resolved
on the Polar column in the presence of methanol but both pairs
showed doublets in the presence of acetonitrile.

Fig. 3 clearly shows the variation in stationary phase ability to
separate the difficult Ile-substituted SCMSV pairs, in addition to
some interesting selectivity differences between the two organic
modifiers. Thus, on the C;g column, the AmN-I/AmC-I pair formed
a doublet in the presence of methanol, with the AcN-I/AcC-I pair
being completely co-eluted; in contrast, the AmN-I/AmC-I pair was
co-eluted in the presence of acetonitrile, with the acetylated pair
being resolved to baseline. Both peptide pairs were co-eluted on the
Hydro column in the presence of methanol, whilst the AcN-I/AcC-I
pair was resolved to baseline in the presence of acetonitrile. Finally,
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Fig. 7. Effect of organic modifier on SCMSV peptide elution profiles on the Cs col-
umn. Peptide sequences shown in Table 1. HPLC conditions shown in Section 2.3.

the Fusion column was able to resolve both SCMSV peptide pairs
to baseline in the presence of either organic modifier, again within
a shorter separation time than all other columns.

Finally, it is clear that the Ile- and Val-substituted peptide pairs
have potentially excellent value in assessing which RP-HPLC pack-
ings are most suitable to solve very difficult separation problems.

3.4. RP-HPLC of mixtures of SCMSV peptide standards

The peptide standards described in the present study serve
a dual role of not only assessing the ability of reversed-phase
stationary phases of varying properties in the presence of ace-
tonitrile or methanol to resolve specific SCMSV peptide pairs, as
described above, but also to monitor the effectiveness generally
of such columns to resolve more complex peptide mixtures. Thus,
the advantages of selectivity differences between columns were
now examined further with various mixtures of peptide standards,
with representative peptide elution profiles highlighting the value
of column and/or mobile phase variation. In order to underline this
role of monitoring column selectivity, additional SCMSV peptides
substituted with glycine (Gly, G), aspartic acid (D) or glutamic acid
(Glu,E)were included in peptide mixtures: AmN-G, AcN-G, AmN-D,
AcN-D, AmN-E and AcN-E.
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Fig. 8. Effect of organic modifier on SCMSV peptide elution profiles on the Cg col-
umn. Peptide sequences shown in Table 1. HPLC conditions shown in Section 2.3.

3.4.1. Effect of varying stationary phase on separation of peptide
standards

Fig. 4 compares elution profiles of a 16-peptide mixture of
SCMSV peptide standards on the Hydro (top) and Fusion (bottom)
columns with acetonitrile as organic modifier. This is an excellent
example of column complementarity being able to separate all pep-
tides in a peptide mixture, when the individual columns are unable
to achieve resolution of all peptides. Thus, peptides co-eluted on
the polar-endcapped Hydro column (AmC-Y/AmC-V/AmN-V and
AcN-Y/AmN) were resolved on the polar-embedded Fusion column
(follow arrows in Fig. 4); in contrast, peptides AcC-Y/AcC-V/AcN-
V which were co-eluted on the Fusion column were completely
resolved on the Hydro column (follow arrows in Fig. 4).

Fig. 5 compares elution profiles of a 14-peptide mixture of
SCMSV peptides on the Fusion (top), and Phenyl-Hexyl (bottom)
columns with acetonitrile as organic modifier. Again, individual
columns were not able to resolve completely all peptides in the pep-
tide mixture but, when employed independently, the two columns
would enable the identification/separation of all peptides due
to selectivity differences for closely eluted peptides. Thus, pep-
tides AmMN-V/AcN-E, co-eluted on the Phenyl-Hexyl column, are
resolved to baseline on the Fusion column; conversely, peptides
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Fig. 9. Effect of organic modifier on SCMSV peptide elution profiles on the Polar
column. Peptide sequences shown in Table 1. HPLC conditions shown in Section 2.3.

AcN-F/AcN-I, co-eluted on the Fusion column, are resolved on the
Phenyl-Hexyl column. Note also the reversal in elution order of
AcN-F and AcC-F between the two columns. The greater retention of
the aromatic residue-substituted peptides (Phe, Tyr) compared to
the alkyl-substituted peptides on the Phenyl-Hexyl column relative
to the Fusion column is likely due to w1 interactions of the aro-
matic side-chains with the phenyl groups on the stationary phase,
as has been observed previously [15]. This would lead to the sepa-
ration of AcC-F from AcN-I on the Phenyl-Hexyl column, as well as
the movement of AmN-F and AcN-Y relative to AmN-Iand AcN-V on
this column (AmN-F and AcN-Y elutions are delayed on the Phenyl-
Hexyl column compared relative to AmN-I compared to the Fusion
column).

Fig. 6 compares elution profiles of the same 16-peptide mix-
ture seen in Fig. 4 on the Cg (top) and Polar (bottom) columns in
the presence of methanol. Again, selectivity differences between
the two stationary phases allows manipulation of the elution
profile of the peptide standards. Examples include the poor
separation/co-elution of peptides AmC-A/AmN-Y, AmN-V/AmC-V
and AcN-V/AcC-V on the Cg column but their resolution from each
other on the Polar column (follow arrows in Fig. 6); conversely,
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co-eluted AcC-A/AmN-F on the Polar column were resolved to base-
line on the Cg column. Note again the reversal in elution order of
AcN-F and AcC-F between the two columns.

3.4.2. Effect of varying organic modifier on separation of peptide
standards

Fig. 7 compares elution profiles of the same 16-peptide mix-
ture seen in Figs. 4 and 6 in the presence of acetonitrile (top) or
methanol (bottom) on the Cg column. Again, useful complemen-
tarity between the profiles is apparent. Representative selectivity
differences between the two systems include the co-elution of
peptides AmC-A/AmN-Y and AcN-V/AcC-V in methanol and their
separation in acetonitrile (follow arrows in Fig. 7); and the poor res-
olution of AmN-F/AcN-Y in acetonitrile with complete separation
in methanol (follow arrows).

An interesting observation from Fig. 8 is the resolution of pep-
tide AmN-G from AmN-D on the Cg column in methanol. Although
not separated completely to baseline, this particular pair of pep-
tides proved to be extremely difficult to resolve. Indeed between
the six different columns and the two organic modifiers, the profile
shown in Fig. 8 (bottom) was the sole occasion that this separation
was achieved. Also note the excellent resolution in methanol of
AcN-Y/AmN-F/AmN-I compared to the poor resolution/co-elution
of these three peptides in acetonitrile.

Finally, Fig. 9 shows complementary resolution of the 16-
peptide mixture on the Polar column in the presence of acetonitrile
(top) and methanol (bottom). There are some particularly large
shifts in relative retention times between the two conditions
(examples denoted by arrows for AmC-V/AmC-F, which are co-
eluted in acetonitrile but widely separated in methanol; and
AcC-A/AmN-F, which are co-eluted in methanol but widely sepa-
rated in acetonitrile), together with switches in elution order (e.g.,
AmC-Y/AmC-V), leading to considerable, and useful, changes in the
elution profiles.

4. Conclusions

The present study reports our initial results of our de novo design
of synthetic peptide standards with the same (amino acid) com-
position and minimal sequence variation (SCMSV). Such peptides,
which may be predicted to be difficult to separate, were designed to
be a potent test of the selectivity of reversed-phase packing mate-
rials. SCMSV peptide pairs were thus applied to RP-HPLC on a range
of stationary phases (Cg and C;g alkyl, polar embedded, polar end-
capped, ether-linked phenyl and Phenyl-Hexyl) in the presence
of acetonitrile or methanol as organic modifier. In addition, mix-
tures of SCMSV peptide standards to assess overall capabilities of
stationary phases to resolve complex peptide mixtures were also
examined under various combinations of column and organic mod-
ifier. In general, SCMSV peptide pairs with the 3-branched Val and
Ile side-chains at position X were the most difficult to separate com-
pared to SCMSV peptides containing the aromatic side-chains Tyr
and Phe (compare Figs. 1 and 2). For example, the AmN-V/AmC-
V peptide pair was co-eluted on the Cig and Hydro columns in
acetonitrile and methanol but could be resolved on the Fusion col-
umn with a resolution of 1.0 or greater in either solvent (Table 3).
The column containing aromatic groups (Phenyl-Hexyl and Polar)
might be expected to resolve peptide pairs containing single aro-
matic residues (Tyr or Phe) in our SCMSV peptide pairs because of
preferential retention of aromatic solutes. However, this was not
the case. For example, the AcN-Y/AcC-Y pair was resolved on all
six columns with the poorest resolution of 2.0 and 2.3 obtained on
the Phenyl-Hexyl and Polar columns, respectively, in acetonitrile
compared to a resolution of 6.1 on the Fusion column. In addi-
tion, the poorest resolution values of 3.7 and 3.4 for this peptide

pair in methanol were obtained on the Phenyl-Hexyl and Polar
columns, respectively, compared to aresolution of 5.2 on the Fusion
column (Table 3). Similar results were obtained when the substi-
tuted aromatic residue was Phe instead of Tyr (AcN-F/AcC-F), albeit
the resolution values were always significantly greater for the Tyr-
substitutes peptide pair compared to the Phe-substituted peptide
pair (Table 3). It is interesting that the addition of the hydroxyl
group to the aromatic ring in the 12-residue Tyr peptide pair would
have such a dramatic effect on resolution compared to the Phe pep-
tide pair. In general, the Fusion column provided the best resolution
of the ten SCMSV peptide pairs on the six columns tested in both
acetonitrile and methanol. However, the Cqg (in acetonitrile), Hydro
(in methanol) and Polar (in methanol) columns did provide the best
resolution for specific peptide pairs (Table 3).

The potential of these novel standards and the complementar-
ity of different columns and mobile phase conditions was made
clear as was the value to the researcher of having access to more
than one stationary phase type, coupled with changes in organic
modifier, to maximize flexibility in analytical and preparative pep-
tide RP-HPLC applications. Finally, although the results of this early
study were essentially qualitative in nature, our controlled, de novo
designed peptide approach may also spur the development of more
quantitative selectivity parameters for peptide separations, such as
those already available for small molecules, enhancing further the
universal value of utilizing peptide standards to compare column
performances in the separation of peptide mixtures.
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