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Abstract

The present study sets out to extend the utility of reversed-phase liquid chromatography (RP-HPLC) by demonstrating its
ability to monitor dimerization and unfolding of de novo designed synthetic amphipathiglical peptides on stationary
phases of varying hydrophobicity. Thus, we have compared the effect of temperature’(§-@0the RP-HPLC (¢ or
cyano columns) elution behaviour of mixtures of peptides encompassing amphipaligiical structure, amphipathic
a-helical structure with- or o-substitutions or non-amphipathichelical structure. By comparing the retention behaviour of
the helical peptides to a peptide of negligible secondary structure (a random coil), we rationalize that “temperature
profiling” by RP-HPLC can monitor association of peptide molecules, either through oligomerization or aggregation, or
monitor unfolding ofa-helical peptides with increasing temperature. We believe that the conformation-dependent response of
peptides to RP-HPLC under changing temperature has implications both for general analysis and purification of peptides but
also for the de novo design of peptides and proteins.

O 2003 Elsevier B.V. All rights reserved.
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1. Introduction characteristic of RP-HPLQ1—-3] mimic the hydro-
phobicity and interactions between non-polar res-
One of the most interesting developments of liquid idues which are the major driving forces for protein
chromatography in recent years has been the emer- folding and stability. Thus, RP-HPLC has demon-
gence of reversed-phase liquid chromatography (RP- strated its potential for correlating the retention
HPLC) as a physicochemical probe of peptide and behaviour of pegddds] and proteins with their
protein structure. Such studies are based on the conformational stability, for monitoring hydropho-

premise that the hydrophobic interactions between bicity and amphipathicityheflices andp-sheet
polypeptides and the non-polar stationary phase mole¢B8|@é8—28]and for assessing how th&p
values of potentially ionizable side-chains, frequently
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315-1153. by their microenvironmen29]. In addition, we have
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a single model ligand—receptor system based on 2. Experimental
observing the retention behaviour of de novo de-

signed single-stranded amphipathi¢helical peptide 2.1. Materials
ligands binding to a complementary receptor (RP-

HPLC stationary phasgB0-32] since hydrophobic HPLC-grade water was prepared by an E-pure
interactions play a key role in the binding of ligands water purification system from Barnstead Interna-
to receptors in biological systems. tional (Dubuque, IA, USA). Trifluoroacetic acid

Much of the efficacy of RP-HPLC as a probe of (TFA) was obtained from Halocarbon Products
stability, folding and conformation of peptides and (River Edge, NJ, USA). Acetonitrile was obtained
proteins lies in the wealth of stationary phases and/ from EM Science (Gibbstown, NJ, USA).
or mobile phase conditions available to the research-
er when gauging the potential of relating peptide 2.2. Columns
elution behaviour with structural features (e.g., the

amphipathicity ofa-helices or cyclicB-sheet pep- Analytical RP-HPLC runs were carried out on
tides; destabilization of conformation) and/or bio- Zorbax SB3Q0-C and SB300-CN columnx (150
logical activity (e.g., antimicrobial potency, receptor 4.6 mm L.D.p@ particle size, 300 A pore size)
binding). Temperature has also added another dimen- from Agilent Technologies (Little Falls, DE, USA).

sion to such applications, with physicochemical
studies of RP-HPLC of polypeptide solutes under 2.3. Instrumentation
conditions of varying temperature allowing even

more insight into conformational stability of peptides RP-HPLC runs were carried out on an Agilent
and proteins as well as the way such peptidic solutes 1100 Series liquid chromatograph.

interact with hydrophobic stationary phases Peptide synthesis was carried out on an Applied
[5,13,33]. Biosystems peptide synthesizer Model 430A (Foster

The present study sets out to extend the utility of City, CA, USA).
RP-HPLC as an effective physicochemical probe of
polypeptide structure by demonstrating its ability to 2.4. Peptide synthesis and purification
monitor dimerization and unfolding of de novo

designed synthetic amphipathichelical peptides on Synthesis of the peptides was carried out by
stationary phases of varying hydrophobicity when standard solid-phase synthesis methodology using
run at temperatures ranging from 5 to € Sig- N-tert.-butyloxycarbonyl (t-Boc) chemistry on co-
nificantly, interactions between non-polar residues, poly(styrene—1% divinylbenzene) benzhydrylamine
specifically between the non-polar faces of am- resin (0.92 mmol/g resin) as previously described

phipathic a-helical sequences in a protein (50% of [27] for L-peptide analogues and on MBHA
a-helices found in proteins are amphipathig),35] (methylbenzhydrylamine) resin (0.97 mmol/g) as

are the major driving force for protein folding and previously descrij@8] for peptide analogues
stability. In addition, dimerization is a critical factor containing-amino acids. Crude peptides were

in explaining biological activity, folding and stability purified on an Applied Biosystems 400 solvent-deliv-

of biological molecules. Thus, we believe that the ery system connected to a 783A programmable
conformation-dependent response of peptides to RP- absorbance detector or on a Beckman liquid
HPLC under changing temperature (temperature chromatograph using a Zorbax 300 SB-C column
profiling) has implications, not only for the approach (2804 mm 1.D., 6.5um particle size, 300 A pore

to general analysis and purification of peptides, but size; Agilent Technologies, Brockville, Canada).
also for the de novo design of peptides and proteins, Amino acid analyses of purified peptides were
since the contribution of different amino acid side- carried out on a Beckman Model 6300 amino acid
chains to stability ofa-helical structure and oligo- analyzer (Beckman Instruments, Fullerton, CA,
merization may be rapidly ascertained through this USA) and the correct primary ion molecular masses

RP-HPLC approach. of peptides were confirmed by mass spectrometry on
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a Fisons VG Quattro electrospray mass spectrometerTable 1

(Fisons, Pointe-Claire, Canada).
2.5. Characterization of helical structure

The mean residue molar ellipticities of peptides
were determined by circular dichroism spectroscopy,

using a Jasco J-720 spectropolarimeter (Jasco, Eas-

ton, MD, USA), at 25C in the presence of an
a-helix inducing solvent, 2,2,2-trifluoroethanol
(TFE) (40% TFE in 0.1% aq. TFA, pH 2.0).

2.6. Temperature denaturation

Each peptide was dissolved in 0.1% aq. TFA
containing 40% TFE, pH 2.0, to give a peptide
concentration of about 0.5 mg/ml. Each solution was
loaded into a 0.02 cm fused-silica cell and its
ellipticity at 222 nm was measured at different
temperatures. The ratio of the molar ellipticity at a
particular temperaturet)( relative to that at 8C
([61,—161)/([0]s—[0],) was calculated and plotted
against the temperature in order to obtain the thermal
melting profiles, whered], and [¢], represent the
ellipticity values for the fully folded and fully
unfolded species, respectively. The melting tempera-
ture, T,,,, was calculated as the temperature at which
the helix was 50% denature{[6],—[6],)/([6]s—

31
Synthetic peptides used in this study
Peptide sequente Denotion
Amphipathic a-helical peptides”
Ac-ELEKLLKE LEKLLKELEK-amide LL9
Ac-ELEKLLKEKEKLLKELEK-amide LK9
Ac-EAEKAAKE AEKAAKEAEK-amide AA9
Ac-EAEKAAKE K EKAAKEAEK-amide AK9
Amphipathic a-helical peptides with
stereoisomeric substitutions®
Ac-EAEKAAKE AEKAAKEAEK-amide A
Ac-EAEKAAKE L EKAAKEAEK-amide L., Ly
Ac-EAEKAAKE | EKAAKEAEK-amide I, 1
Ac-EAEKAAKE TEKAAKEAEK-amide T, T,
Ac-EAEKAAKE PEKAAKEAEK-amide R.,RB
Ac-EAEKAAKE GEKAAKEAEK-amide G
Non-amphipathic a-helical peptides
Ac-EELKLKLELELKLKLEEK-amide naL
Ac-EEAKAKAEAEAKAKAEEK-amide naA
Random coil peptide®
Ac-ELEKGGLEGEKGGKELEK-amide C1

® Peptide sequences are shown using the one-letter code for
amino acid residues; Ac denoté$*-acetyl and amide denotes
C-terminal amide.

® The amphipathica-helical peptide LL9 has seven Leu res-
idues in the non-polar faceFig. 1), while AA9 has seven Ala
residues in the non-polar face. Bold residues denote differences
between peptide sequences, e.g., LL9 and LK9 have a Leu or a
Lys residue, respectively, at position 9 of the otherwise identical

[6],)=0.5 and the values taken as a measurement of seduence, while AA9 and AK9 have an Ala or a Lys residue,

a-helix stability.

3. Results
3.1. Synthetic model peptides used in this study

Table 1shows the sequence of the synthetic model
peptides employed for the present study, these
peptides divided generally into three groups: (1)
amphipathica-helical peptides; (2) non-amphipathic
a-helical peptides; and (3) a peptide internal stan-
dard (C1) with negligible secondary structure (ran-
dom coil). Fig. 1 shows representations of selected
peptides fromTable 1as «-helical nets.

From Fig. 1, peptides LL9 and AA9 represent
“native” model amphipathic a-helical peptides
based on the sequence AcHEKnnKEXEKnNnK-
EnEK-amide, wheren denotes Ala (AX9 peptides)

respectively, at position 9 of the otherwise identical sequence.

©Subscript letter denotes- or p-amino acid substitution at
position 9 of the 18-residue sequence of AABIg. 1), e.g., L,
denotes substitution afLeu at position 9, |, denotes substitution
of p-Leu at position 9, etc. Bold residues denote differenbr
p-amino acids substituted at position 9 of the otherwise identical
sequence.

“naL and naA represent non-amphipathichelical analogues
of LL9 and AA9, respectively, i.e., same amino acid composition
but different sequence; hence, “na” denotes non-amphipathic.

¢C1 denotes random coil control peptide 1.

or Leu (LX9 peptides) and X denotes the residue
substituted at position 9 of the sequence. Thus, the
LL9 “native” analogue has Leu substituted at posi-
tion 9; similarly, the AA9 “native” analogue has Ala
substituted at position 9. The result of this well-
characterized sequ§d@e32,36—39]which has a
high potential to form-helical structure, is an
amphipathic helix with a wide hydrophobic face
(between the solid lines in the helical net representa-
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Fig. 1. Representation of synthetichelical peptides aa-helical nets. For the “native” amphipathie-helical peptides, LL9 and AA9, the

area between the solid lines on the top of the two nets represents the hydrophobic face [made up of Leu (LL9) or Ala (AA9) residues]. The
substitution site for peptide analogues (position 9) is in the centre of the non-polar face of these “native” peptides, e.g., the analogue with
Lys at position 9 is denoted LK9. For the non-amphipathibelical peptides, naA and naL, which represent SCDS (same composition,
different sequence analogues) of AA9 and LL9, respectively, the distribution of the Ala (naA) or Leu (nalL) residues results in
non-amphipathic structures. A random coil standard, C1, is also presentedeasedinal net, in order to illustrate the unlikelihood (with
several helix-disrupting Gly residues in close proximity in such a conformation) of such secondary structure.

tions of LL9 and AA9;Fig. 1) made up of non-polar substituted at position 9 of the AX9 peptides,
residues at positions 2, 5, 6, 9, 12, 13 and 16; the represents an amphiphttical peptide with this

hydrophilic face is made up of Lys and Glu residues. positively charged residue situated in the centre of
In addition, the LL9 and AA9 peptides are am- only a moderately hydrophobic environment.
phipathic a-helical peptides with non-polar faces Framble 1,the peptides denoted with subscript
representing hydrophobic domains of very different L or D refer to.thar p-amino acid substitutions in
hydrophobicities, i.e., a very hydrophobic environ- the centre of the non-polar face of the AX9 peptide
ment represented by the Leu residues of LL9 and a sequence. Thus, A denotes the analogudawith
much less hydrophobic environment created by the substituted at position 9 of the sequence (identical to

Ala residues of AA9. Fronfrig. 1andTable 1,LK9, AA9), L, denotes the analogue withrLeu substi-
with Lys substituted at position 9 of the LX9 tuted at position 9 of AX9, etc.

peptides, represents an amphipatkibelical peptide FronTable 1andFig. 1,the peptides denoted nalL
analogue with a highly hydrophilic, positively and naA represent SCDS (same composition, differ-
charged residue situated in the centre of a very ent sequence) analogues of LL9 and AA9, respec-

hydrophobic environment; similarly, AK9, with Lys tively. As shown in the helical net representations
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(Fig. 1), the distribution of the Leu (nalL) or Ala
(naA) residues results in non-amphipathic structures
(hence, “na”, which denotes non-amphipathic).

Finally, peptide C1 represents a peptide designed
to exhibit negligible secondary structure, i.e., a
random coil. This peptide was designed to be of
similar length and composition to AA9, as well as
retention time of similar magnitude to that of AA9.
While AA9 contains seven Ala residues, C1 contains
none. Instead, five Gly residues and two Leu residues
are present in the C1 preferred binding domain if it
were a-helical. Thus, with seven Ala residues in
AA9 (hence seven CH groups) and five Gly and
three Leu residues in C1 (hence twelve CH and
CH, groups, from the three Leu residues), overall
hydrophobicity is essentially maintained. The addi-
tional Leu is required to increase the retention time
of the random coil peptide to a value similar to that
of AA9 with the preferred binding domain. The
positioning of the three Leu residues was designed to
ensure that they could not form an amphipathic
a-helix and, hence, override the destabilizing effect
of the Gly residues. Frorfig. 1,it can be seen that,
even if this peptide was able to be induced into
a-helical structure, a non-amphipathic helix would
result. However, the presence of five Gly residues
(Gly is a knowna-helix disrupter and the amino acid
with the lowest helical propensit}88,39]) in place
of five Ala residues (Ala being the amino acid with
highest helical propensit}38,39]) was designed to
make any secondary structure highly unlikely to
occur.

lllustration of the strong a-helicity of LK9
([6],,,=—28 450) and LL9 ([f] ,,,=—24 900) in
the presence of the-helix-inducing solvent TFE
[40-43] at pH 2.0 (50% TFE in 0.1% ag. TFA) is
shown inFig. 2. The high helicity of the amphipathic
peptide series in the presence of TFE, of which AA9
is the “native” analogue, has been well documented
[36,38,39]. In addition, the non-amphipathic ana-
logue of AA9, i.e.,, naA, has also been shown
previously to exhibit strong helicity in the presence
of 50% TFE[44], as does the LL9 non-amphipathic

analogue, nal, in the present study (data not shown).

Since TFE is recognized as a useful mimic of the
non-polar environment characteristic of RP-HPLC
[8], as well as being a strong-helix inducer in
potentially helical molecule§40-43], elution of
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Fig. 2. Circular dichroism spectra of synthetic peptide analogues.
The spectra were measured in 40% TFE in 0.1% aqg. TFA, pH 2.0.
The sequences and nomenclature of the peptides are defined in
Table 1.Peptide C1 @), LL9 (O) and LK9 (a).

these peptide analoguesu-d®lices during RP-
HPLC is ensured. In contrast, figm2, the
peptide designed as a random coil standard, C1,
clearly exhibits negligible secondary structure, even
in the presence of 50% TFE and at the low tempera-
ture of 5C ([0],,,=—3950). Finally, it has also
been previously demonstrated that- thed p-
peptide analogues (with the exception of P and P )
all exhibit highelical content in the presence of
50% TFE?28].

3.2. Retention behaviour of model peptides during
RP-HPLC

It is well known that the chromatography con-
ditions of RP-HPLC (hydrophobic stationary phase,
non-polar eluting solvent) induce and stabilize heli-
cal structure in potentially helical polypeptides
[8,13,17] in a manner similar to that of the helix-
inducing solvent TFE. Polypeptides which are thus
induced into an amphipatHielix on interaction
with a hydrophobic RP-HPLC stationary phase will
exhibit preferred binding of their non-polar face with
the stationary pl&s€ig. 3 shows the RP-HPLC
elution profile ofa-helical peptides on the £
column. Frontig. 3, for peptide pairs AA9/naA and
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Fig. 3. RP-HPLC of synthetic amphipathic and non-amphipathic
a-helical peptides. Column: Zorbax SB30Q-C (see Experimental).
Conditions: linear A—B gradient (1% B/min) at a flow-rate of
0.25 ml/min, where eluent A is 0.05% ag. trifluoroacetic acid
(TFA) and eluent B is 0.05% TFA in acetonitrile; temperature,
40°C. The structures of the amphipathic (AA9, AK9, LL9, LK9)
and non-amphipathic (naA, nak}helical peptides are shown and
defined inTable 1,with helical net representations of AA9, LL9,
LK9, naA and naL also shown ifig. 1.

LL9/nal, the amphipathic analogues (AA9 and
LL9) were eluted later than their non-amphipathic
analogues (naA and nal, respectively), due to the
preferred binding domains (i.e., the non-polar faces)
of AA9 and LL9. In addition, the retention times of
nal and LL9 are greater compared to naA and AA9,
respectively, due to the considerably greater hydro-
phobicity of Leu compared to Alpi5,46]. Also from
Fig. 3, it is clear that substitution of a positively
charged Lys residue into the centre of the non-polar
face of an amphipathie-helical peptide (AK9, LK9)
decreases significantly the hydrophobicity of the
non-polar face, as evidenced by the reduction in
RP-HPLC elution times of AK9 and LK9 compared
to AA9 and LL9, respectively. It should be noted
that the illustrated RP-HPLC run was carried out at
40°C due to the relatively poor peak shape of nal at
lower temperatures.

Fig. 4B shows the RP-HPLC elution profile of
andp-peptide pairs on the £ column. Frdfig. 4B,

the p-substituted analogues were eluted faster than
their corresponding diastereomers. This decrease in

retention times of the-analogues compared to the
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Fig. 4. RP-HPLC of diastereomeric peptide pairs. Columns:
Zorbax SB300-G (B) and Zorbax SB300-CN (A) (see Ex-
perimental). Conditions: linear A—B gradient (1% B/min) at a
flow-rate of 0.25 ml/min, where eluent A is 0.05% aq. TFA and
eluent B is 0.05% TFA in acetonitrile; temperature, °25 The
structures and descriptions of the peptides are showrabie 1.

L-analogues can be rationalized as being due to
disruption of the hydrophobic face of the am-
phipathiehelix due to the introduction of a-
amino a¢id,47-49]. The overall effect would

thus be a decrease in the apparent hydrophobicity of

the non-polar face of the amphigdiblex when

substituted with mamino acid relative to ita.-
diastereomer and, hence, a decrease in retention time

of the former compared to the lattdfig. 4A shows

the RP-HPLC elution profile of the same peptide
mixture on a CN column under the same conditions.

Interestingly, peptides co-eluted on ¢he C column
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(Fig. 4B) are now completely or partially resolved
on the CN column (P, J and,L , 1 ). Also the
retention times of all the peptides are reduced on the
CN column Fig. 4A) relative to the G column,
underlining the lesser hydrophobicity of the cyano-
substituted stationary phase compared to the C
column matrix.

It is important to note that the SB300;C and
SB300-CN columns (with SB denoting StableBond)
were chosen for this study due to their excellent
temperature stability at low pH valu¢s0-52].

3.3. Effect of temperature on RP-HPLC of a-
helical peptides

Fig. 5 illustrates the effect of temperature on the
retention behaviour of peptides at varying conforma-
tion, amphipathicity and stability by presenting the
elution profile of a six-peptide mixture at°& (top),
45°C (middle) and 80C (bottom). The profile at
5°C again shows the effect of amphipathic (AA9)
versus non-amphipathic (naA) helical peptide re-
tention behaviour (i.e., AA9 is eluted later than its
non-amphipathic homologue, naA) as well as the
effect of substituting a positively charged residue
(Lys) in the centre of a non-polar face of an
amphipathic peptide (i.e., LL9 and AA9 are eluted
later than their Lys-substituted counterparts LK9 and
AK9, respectively). Of particular note is the elution
position of the random coil C1 peptide, whose
overall hydrophobicity is clearly similar to that of the
apparent hydrophobicities of the AX9 peptides (“ap-
parent” due to the preferred binding of the non-polar
face of such peptides to the RP-HPLC stationary

phase), an important consideration when subsequent-

ly attempting to distinguish between the RP-HPLC
elution behaviour of amphipathie-helical peptides
versus random coil peptides as the temperature is
increased.

At 45°C (Fig. 5, middle), all peptides, with the
exception of LL9, have decreased in retention rela-
tive to 5°C (Fig. 5, top) albeit to differing extents
and, thus, leading to a selectivity change in the
elution profile which is particularly evident in the
separation of the first four eluted peptides (AK9,
naA, C1, AA9). In contrast to the other five peptides,
the retention time of LL9 has increased at °@5
compared to 8C. Finally, at 8C°C (Fig. 5, bottom),

5°C
300 b naA
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‘E 250 | ct LK9
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g 100t
=
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Fig. 5. RP-HPLC of a-helical peptides at 5C (top), 45°C
(middle) and 80C (bottom). Column: Zorbax SB300;C (see
Experimental). Conditions: linear A—B gradient (1% B/min) at a
flow-rate of 0.25 ml/min, where eluent A is 0.05% aq. TFA and
eluent B is 0.05% TFA in acetonitrile. Peptide structures and
descriptions are shown imable 1.
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the retention times of all six peptides have decreased on peptide solubility, mobile phase viscosity and
relative to 45C (Fig. 5, middle). In addition, mass transfer, etc., hence assuring that only effects
selectivity changes effected by this high temperature on secondary and tertiary/quaternary structure were
relative to 45°C (Fig. 5, middle) and 5C (Fig. 5, being observed. Thus, conclusions concerning the
top) are again clearly apparent for the first four effect on peptide conformation of raising the tem-
peptides eluted, particularly evident by the co-elution perature may be made based on comparing the
of the amphipathicx-helical AA9 and the random temperature profiles of éhbelical peptides to that
coil C1. of the random coil peptide standard. Fréig. 6A,

Fig. 6 illustrates the overall effect of temperature the rate of decrease of retention time of nalL and LK9
on the RP-HPLC elution behaviour o&-helical as the temperature is raised incrementally from 5 to

peptides on the C column. The data are reported as °C86 less rapid than for the random coil C1. In
peptide retention time at a particular temperattigg¢ ( contrast, the rate of change for naA, AA9 and AK9

minus its retention time at & (5 5°C; panel A) or is more rapid than that of C1. Finally, the retention
80°C (t; 80°C; panel B) versus temperature in order behaviour of LL9 is unique in this peptide mixture in
to highlight differences in the elution behaviour of that its retention time increases with increasing
peptides as the temperature is raised. FFiq 6, it temperature (up te-50°C) and then decreases once
is clear that peptides of different amphipathicity/ more with a further temperature increase Flgrom
hydrophobicity and conformation behave quite dif- 6B, the rate of increase of retention time of naL and
ferently during RP-HPLC at different temperatures, LK9 as the temperature is lowered incrementally
although all (with the sole exception of LL9) de- from 80 t6Gis less rapid than for the random coil
crease in retention time relative to the value a8C5 C1. However, the rate of change for naA, AA9 and
with increasing temperature (panel A), or (again with AK9 is more rapid than that of C1. Finally, the
the exception of LL9) increase in retention time retention time of LL9 increases ub@SC with
relative to the value at 8@ with decreasing tem- decreasing temperature and then decreases once
perature (panel B). more with a further temperature decrease.
The random coil peptide (C1l) was included in Fig. 7 illustrates the effect of temperature on the
peptide mixtures to correct for effects of temperature RP-HPLC elution behaviour of monatresical
e ® ®® o, A AK9 AA9 B
) . *., ol 8 .
. °LL9 naA® o 2%,

Eomggwi%ooO g ¢ e Telin
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C 2 & s RN °naL S 2t £ B x
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Fig. 6. Effect of temperature on RP-HPLC efhelical peptides. Column: Zorbax SB30Q-C (see Experimental). Conditions: linear A—B
gradient (1% B/min) at a flow-rate of 0.25 ml/min, where eluent A is 0.05% ag. TFA and eluent B is 0.05% TFA in acetonitrile;
temperature, 5—-8® in 5°C increments. (A) Temperature against peptide retention time at a specific temperature minus its retention time at
5°C (t;—tg 5°C). (B) Temperature against peptide retention time at a specific temperature minus its retention tirf@ @ 80, 80°C).

Peptide structures and descriptions are showfahle 1.
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Fig. 7. Effect of temperature on RP-HPLC of and p-diastereomerie:-helical peptides. Column: Zorbax SB300-CN (see Experimental).
Conditions: linear A—B gradient (0.5% B/min) at a flow-rate of 0.25 ml/min, where eluent A is 0.05% ag. TFA and eluent B is 0.05% TFA
in acetonitrile; temperature, 5—8GQ in 5°C increments. (A—D) Peptide retention time at a specific temperature minus its retention time at
5°C (t;—tg 5°C) for diastereomeric peptide pairs of Thr-, lle-, Pro- and Leu-substituted analogues, respectively. The random coil peptide
C1 was also included in all runs. Peptide structures and descriptions are shdwblénl.

diastereomeric peptide pairs on the cyano column. HPLC of several monomeric amphiphtices,

The column was chosen over the considerably more all witmino acid substitutions at the centre of
hydrophobic G columii53] since it was hoped that the non-polar face (L,, | , A and G) revealed
the lesser hydrophobicity, although of a great enough similar RP-HPLC temperature profiles for all the
magnitude to induce and/or stabilizehelical struc- peptides.

ture when the peptide is bound to the stationary

phase, would help not only to allow maximum

detection of unfolding ofx-helical peptides in solu- 4. Discussion

tion but also highlight any differences in profiling

behaviour between- and p-peptide pairs. Fronfig. 4.1. Hypothesis for monitoring dimerization and

7A-D, in a similar manner to AK9 and AA9 on the unfolding of a-helical peptides by temperature

C, column Fig. 6), the rate of change in retention profiling in RP-HPLC

behaviour from 5 to 80C is faster for allL- and

p-peptide pairs compared to the random coil C1. Although peptides are eluted from a reversed-
Finally, from Fig. 8, it is interesting to note that a phase column mainly by an adsorption/desorption
comparison of the effect of temperature on RP- mechafiis8j, even a peptide strongly bound to a
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Fig. 8. Effect of temperature on RP-HPLC of monomedie
helical peptides. Column and conditions: $&g. 7. The effect of
temperature on peptide retention behaviour is plotted as peptide
retention time at a specific temperature minus its retention time at
5°C. Peptide structures and descriptions of tkeubstituted Leu-,

lle-, and Ala-substituted analogues (J, A, as well as those of
the Gly-substituted analogueAj and the random coil peptide
(C1) (O) are shown inTable 1.

hydrophobic stationary phase will partition between
the aqueous mobile phase in equilibrium with its
bound state in a narrow range of acetonitrile con-
centrations during gradient elution.

From Fig. 9 (top) our hypothesis for monitoring
peptide dimerization by temperature profiling during
RP-HPLC within the small partitioning “window”
characteristic of peptide§54] is based on four
criteria: (1) at low temperature, an amphipathie
helical peptide able to dimerize in aqueous solution
(i.e., associate through its hydrophobic, non-polar
face) will dimerize in solution during partitioning,
i.e., the concentration of monomer in solution is low
and dimer concentration is high; (2) at higher
temperatures, the monomer—dimer equilibrium
favours the monomer as the dimer is disrupted, thus
increasing the concentration of monomer and de-
creasing the concentration of dimer in solution; (3)
at high temperatures, only monomer is present in
solution; and (4) whether in the monomeric or
dimeric form in solution, the peptide is always bound
in its monomeric helical form to the hydrophobic
stationary phase. Disruption of the dimer is required

C.T. Mant et al. / J. Chromatogr. A 1009 (2003) 29-43

for rebinding of the non-polar face of the am-
phipathic peptide. Thus, the rate of rebinding is
faster at lower dimer concentration.

From Fig. 9 (bottom), our hypothesis for moni-
toring peptide unfolding during RP-HPLC by tem-
perature profiling is based on three criteria: (1) at
low temperature, an-helical peptide is fully folded
in solution; (2) as the temperature increases, there is
a gradual shift in equilibrium fromx-helix to random
coil as the peptide unfolds; and (3) at high tempera-
ture, whether the peptide is in its monomerie
helical form or in an unstructured, random coil form
in solution, the peptide is always bound to the
hydrophobic stationary phase in its monomesic
helical form.

4.2. Monitoring dimerization and unfolding of «-
helical peptides during RP-HPLC

The retention behaviour of LL9, containing a
highly hydrophobic non-polar face, suggests dimeri-
zation at low temperature with concomitant shielding
of the non-polar face of the peptide. As the tempera-
ture is raised, there is disruption of dimerization,
exposing more of the hydrophobic face of the

peptide and, thus, switching the -dinteromer
equilibrium to more monometielix at higher
temperatures. In addition, the temperature at the
maximulkt, (tx;—tz 5°C) value for LL9 may
represent the stability of the dimer under the con-
ditions of chromatography. Interestingly, the helicity
of LL9 in the presence of 40% TFE decreased to a
small extent &([,,,=—24 900°) compared to its
helicity in its absence-<{27 300°), the only analogue
to exhibit this result. TFE disrupts tertiary and
quaternary structure whilst promoting/maximizing
helical structure. Thus, it is possible that, in the
absence of TFE, there was interaction between the
hydrophobic faces of two LL9 molecules (i.e.,
dimerization) which also helped to stabilize LL9
helical structure in the absence of a helix-inducing
environment. Such helix—helix interaction would
subsequently be disrupted in the presence of TFE (as
well as by the combined effect of a rise in tempera-
ture and the hydrophobic environment of RP-HPLC)
even whikelicity was maintained.
Although LL9 represents the analogue exhibiting
the most dramatic effects on retention time of
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Fig. 9. Top: Hypothesis for monitoring peptide dimerization by temperature profiling in RP-HPLC. Bottom: Hypothesis for monitoring
unfolding of monomeriax-helices by temperature profiling in RP-HPLC.

temperature variation, which we speculate as being tendency to aggregate at low temperature and in the
due to dimerization at lower temperatures, the possi- absence of organic modifier. Thus, the positive
bility that other analogues may exhibit a degree of profile for naL showfign 10A may indeed be
oligomerization was investigated by comparing the indicative of association (in this case, aggregation) of
temperature profiles of these peptides with that of the naL molecules. Concerning LK9, despite its lesser
random coil standard, C1. Thus, the data fréig. amphipathicity compared to LL9 (due to the pres-

6A were now normalized relative to the temperature ence of the positively charged Lys residue in the
profile of the random coil standard, the results of centre of the non-polar face of the helix), a combina-
which are presented ifig. 10. From Fig. 10, the tion of the high hydrophobicity of the remainder of
positive profile of LL9 suggests little or no unfolding the wide non-polar face, still containing six Leu

of this very stable peptideT(,=67.6°C), even at residuesF{g. 1), and the good stability of LK9
higher temperatures. Interestingly, the positive pro- T,=£30.7°C) may well result in some dimerization

files of naL and LK9 Fig. 10) also indicate some at low temperatures. Indeed, it is perhaps a testament

association of these molecules at lower temperatures. to the sensitivity of this profiling approach that such
Significantly, naL exhibited poor peak shape during lesser levels of dimerization may be detected. Final-
RP-HPLC at low temperatures, as well as poor ly, the negative profiles of the least stable AA9 and

solubility in 100% aqueous solution, indicating a AK9 analoguks yalues of just 17.0 and 17°E,
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Fig. 10. Effect of temperature on RP-HPLC @felical peptides: normalization to retention behaviour of random coil peptide. Column and
conditions: sed=ig. 5. The retention behaviour of the peptides was normalized to that of random coil peptide C1 through the expression
(tx—tg 5°C) minus {, C1—t, C1 at 5°C), wheret ;, andt , C1 are the retention times at a specific temperature of a helical peptide and the
random coil peptide, respectively, ahd5 °C andt, C1 at 5°C are the retention times at’6. Peptide structures and descriptions are shown

in Table 1.

respectively) inFig. 10B (derived from the tempera- random coil affects the retention time, i.e., the more
ture profiles shown inFig. 6A), arising from the random coil, the greater the decrease in retention
faster rates of change relative to C1Hig. 6, suggest time.

considerable unfolding of the-helices with increas- To summarize the results presenteéign 10,

ing temperature. Thus, at low temperature, the bound positive profiles relative to the random coil C1
monomerica-helical AA9 and AK9 are in equilib- represent an indication of association of peptide
rium with the same monomeric folded states free in molecules, either through oligomerization (e.g., di-
solution. Their retention times, at a given tempera- merization of LL9 and LK9) or aggregation (e.g.,
ture, then depend strictly on the hydrophobicity of nal); conversely, negative profiles relative to C1
the moderately non-polar faces of the helices. At indicate unfolding of the peptides as the temperature
high temperature, a considerable amount of the is increased, i.e., a helix to random coil transition for
random, unfolded forms of these peptides is now naA, AK9 and AA9. In addition, the profiles shown

present in solution and the peptides have lost am-  Fign 10 (and, indeedFig. 6A from which theFig.
phipathicity, i.e., no preferred binding domain of 10 profiles are derived) are representative of the
AA9 or the lesser amphipathic AK9 is now present. effect of increasing temperature on the fully folded
The fast exchange between foldegthelix and state of the peptides, relative as they are to their
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retention times at 3C. In contrast, the data shown in illustrates a yet smaller profile difference between P
Fig. 6B are representative of the effect of decreasing apgd P , reflecting molar ellipticity differences of
temperature on the dissociated state of the peptides, 14 900 and, 8&§Pectively. Significantly, such
relative as they are to their retention times at’80 values indicate that just half of thg P peptide and
Factors which influence the rate of unfolding of onlgne-third of the p peptide were induced into
monomerica-helical peptides were further clarified «-helix in the presence of 50% TFE, reflecting the
through comparison of the temperature profiles of the helix-disrupting properties of Pro. Thus, large pro-
L- and p-peptide analogue pairsFig. 7). For in- portions of these peptides are already unstructured
stance, as described above, the rate of change in prior to raising the temperature, which likely ex-
peptide retention behaviour as the temperature is plains the temperature profiles, particularly that of
increased from 5 to 8% is faster (that is, the & , being closer to that of the random coil C1.
temperature profiles are steeper) for all and o- Finally, from Fig. 7D, the temperature profiles of, L
peptide pairs compared to the random coil peptide apd L are very similar, reflecting essentially identi-
standard, C1, suggesting a helixandom coil un- cal molar ellipticity values of 26 800 and 26 900
folding is occurring in solution during RP-HPLC. respectively, i.e., when there is no difference in
The rate of unfolding is apparently slower for helical content, there is no difference in the tempera-
substituted peptides compared to the corresponding ture profile. It should be noted tBairtrech of
L-diastereomer, likely due to the greater folding of thde amino acid is more disruptive to thehelix
the L-peptides compared to thepeptides at 3C as tham-Leu (molar ellipticity values for and L. of
a result of thea-helix disrupting properties ob- 22 150 and 26 900 respectively) and temperature
amino acids in ar-helix made up of-amino acids profiling is able to detect this disruption. Tempera-
[47-49]. Thus, in the presence of 50% TFE, the ture profiling is sensitive to conformational change;
maximum molar ellipticities of -analogues (exclud- thus, if there is no change in conformation over the
ing R ) were essentially the same (averaggJ,=— temperature range 5-8GQ, a random-coil peptide
27 150), suggesting a fullya-helical structure for and helical peptide will behave similarly.
each peptide analogy28]. For example T Fig. 7) Fig. 8 compares the effect of temperature on
is more folded at 8C ([#],,,=—27 200) than T, RP-HPLC of several monomeric amphipaifibeli-
([6],,,=—16 150); thus, morex-helix has to unfold cal peptides, all withramino acid substitutions at
during the helix- random coil transition. In contrast, the centre of the non-polar fe@e (). For peptides
for T, there is less helix to unfold and, therefore, | L, 1, A andTj;, values (i.e., the temperature
the temperature profile more closely resembles the required to unfold 50% ai-liedix) have been
random coil (C1) profile than the folded, T . measured as 82, 77.5, 62.5 an8GQIdspectively,
There are distinct temperature profile differences i.e., they show a range of stabilities in solution.
between the diastereomeric peptide pairs, this differ- However, this stability difference is not reflected in
ence appearing to depend on the maximuimelicity their RP-HPLC temperature profileBi¢. 8), which
of the individual peptides in the helix-inducing 50% are all very similar, i.e., the rate of unfolding of the
TFE. As noted previously, TFE is a useful mimic of four peptides is similar. This observation may be
hydrophobic stationary phasgg]; thus, the helicity rationalized by assuming that, in the bound state, all
measured in 50% TFE is likely a good measure of four peptides are fully induced and stabilized in an
the helicity of the peptides when bound to the «-helical conformation, no matter what their stability
stationary phase. Froffig. 7A, there is a substantial in solution.

temperature profile difference between T and T ,

reflecting significant molar ellipticity (in 50% TFE)

differences of 27 200 and 16 150respectively. 5. Conclusions

From Fig. 7B, there is also a substantial (though

lesser, relative to the T AT pair) profile difference We have compared the effect of temperature on
between | and/ , reflecting molar ellipticity differ- the RP-HPLC elution behaviour of mixtures of
ences of 26 900 and 22 150espectively.Fig. 7C peptides encompassing amphipathitelical struc-
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