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Abstract

The present study extends the utility of reversed-phase high-performance liquid chromatography (RP-HPLC) to monitor
folding and stability of de novo designed synthetic two-strangldtlical coiled-coils. Thus, we have compared the effect of
temperature on the RP-HPLC retention behaviour of both oxidized (two identical five-heftekical peptides linked by a
disulfide bridge) and reduced coiled-coil analogues with various amino acids substituted into the hydrophobic core of the
coiled-coil. We were able to correlate the RP-HPLC retention behaviour of the oxidized analogues over the temperature
range of 10 to 80C with the stability of the analogues as determined by conventional thermal and chemical denaturation
approaches. In addition, the contribution of a disulfide bridge to coiled-coil stability was highlighted by comparing the
elution behaviour of the oxidized and reduced analogues. Overall, we demonstrate the excellent potential of “temperature
profiling” by RP-HPLC to monitor differences in oligomerization state and protein stability.
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1. Introduction phase characteristic of RP-HPLEZ2—-24]reflects the
hydrophobicity and interactions between non-polar
In recent years, reversed-phase high-performance residues which are the major driving forces for
liquid chromatography (RP-HPLC) has emerged as a protein folding and stability. In addition, the effec-
particularly useful physicochemical model of bio- tiveness of RP-HPLC for such studies is enhanced by
logical systems, where studies have generally centred the wide choice of stationary phase and/or mobile
on correlating the retention behaviour of peptides phase conditions available to the researcher, with

[1-15] or proteins[16—21] during RP-HPLC with temperature adding yet another dimension to such

their conformational stability. The assumption with applicati¢@s—27].

such studies is that the hydrophobic interactions In a companion paperwe demonstrated the

between polypeptides and the non-polar stationary utility of RP-HPLC to monitor dimerization and

unfolding of single-stranded amphipathic-helical
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polypeptides exhibiting higher levels of protein water purification system from Barnstead. Acetoni-
structure, i.e., tertiary and quaternary structure. A trile was obtained from EM Science (Gibbstown, NJ,
minimalistic structural motif well suited to such a USA). Sodium perchlorate was obtained from BDH

study is the two-strandeg-helical coiled-coil, where (Poole, UK).

two amphipathica-helices form a rod-like structure

by coiling around each other into a left-handed

superhelix (analogous to a two-stranded rope) stabi- 2.2. Column
lized by continuous interhelical contacts between the

hydrophobic faces of the helices. In the case of the RP-HPLC runs were carried out on a PLRP-S
two-stranded coiled-coil, the hydrophobic positions polystyrene—divinylbenzene = (PS-DVB) column
were identified at regular intervals in a 4-3 (or 3—4) (8806 mm 1.D, 5um particle size, 100 A pore

hydrophobic repeaf29], where positions “a” and size) from Polymer Labs. (Church Stretton, UK).
“d” in the heptad repeat, denoted by (abcdefg) ,

represent hydrophobic amino acid residues. The

appeal of the two-strandedhelical coiled-coil motif 2.3. Instrumentation

as a model protein for assessing the value of

temperature profiling by RP-HPLC lies in its sim- RP-HPLC runs were carried out on an Agilent
plicity. Thus, it contains only one type of secondary 1100 Series liquid chromatograph (Agilent Tech-
structure, thea-helix, and only twoa-helices are nologies, Little Falls, DE, USA).

required to introduce tertiary and quaternary struc- Peptide synthesis was carried out on an Applied
ture. The burial of hydrophobic surfaces between Biosystems peptide synthesizer Model 430A (Foster

helices of the coiled-coil mimics the burial of City, CA, USA).

interhelical hydrophobic side-chains in globular pro-

teins; thus providing a model protein with folding

characteristics similar to native coiled-coils and 2.4. Peptide synthesis and purification
globular proteins. In additiony-helical coiled-coils,

made up of two or morex-helices, represent a Synthesis of the peptides was carried out by
universal dimerization domain known and/or pre- standard solid-phase synthesis methodology using
dicted to be used by nature in well over 200 proteins N-tert.-butyloxycarbonyl {-Boc) chemistry. Crude

and encompassing a diverse array of functions, reduced peptides were purified by RP-HPLC using a
underlying the importance of this motif. Selected Zorbax 300SB-C  column X230 mm |.D,,
reviews and recent publications in this area may be o®, 300 A) from Agilent Technologies on a
found in Refs.[30-44]. Beckman liquid chromatograph. Amino acid analy-

In the present study, we have carried out RP- ses of purified peptides were carried out on a
HPLC on synthetic amphipathig-helical coiled-coil Beckman Model 6300 amino acid analyzer (Beck-
analogues over a temperature range of 10 tdG3at man Instruments, Fullerton, CA, USA) and the
pH 7.0. Observation of the retention behaviour of correct primary ion molecular masses of peptides
such coiled-coil motifs subsequently allowed us to were confirmed by mass spectrometry on a Fisons
make a preliminary assessment of the efficacy of VG Quattro electrospray mass spectrometer (Fisons,

temperature profiling by RP-HPLC in gauging the Pointe-Claire, Canada).

contribution of specific residues and/or the presence S-Carboxamidomethyl cysteine peptides were pre-

of a disulfide bridge to protein stability and folding pared by treating a 1 mg/ml solution of the peptide

of coiled-coils. in 3 nM dithiothreitol (DTT), 50 nM NH,HCO,
buffer (pH 7.8), with a 10-fold excess of iodo-

, acetamide followed by addition of DTT sufficient to

2. Experimental quench the excess of iodoacetam[ds]. Disulfide-

2 1. Materials bri_dge_d coiled-coils were formed by overnight air
oxidation at room temperature efl0 mg/ml peptide

HPLC-grade water was prepared by an E-pure in 100 MH,HCO, (pH 8.5).
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2.5. Calculations

Data derived from HPLC temperature versus

retention time profiles for each of the peptides were
plotted using Kaleidagraph (Synergy Software,
Reading, PA, USA). The data were curve fitted using
the parabolic equatiopn=a — [(x — b)*/c], wherea,
b andc are floated anéh=maximum retention time
in minutes,b=T, (see text) ancc=scaling factor.
The data were weighted to minimi2¢® and maxi-
mize r, the correlation coefficient.

3. Results
3.1. Peptide design

Fig. 1 shows the amino acid sequence of the
synthetic peptides that were used in this study. The

sequence shown at the top represents the polypeptide

chain, where single amino acid substitutions are
made at position 19a (denoted X) of the sequence,
i.e., the substitution site is at the hydrophobic “a”
position of the central heptad of this 5-heptad
sequence. It has been firmly established that the
hydrophobic core a and d positions are in large part
responsible for defining the stability and oligomeri-
zation state of coiled-coilg32,34,41-43,46-59].
Thus, substitutions at position 19a of the sequence
allow an accurate determination of the role of

47

position “a” in determining the stability and oligo-
merization state ofx-helical coiled-coils. Substitu-
tions at hydrophobic position 19a specifically (i.e., in
the central heptad) were chosen, since perturbation
of the hydrophobic core in this region has been
shown to have the greatest effect on coiled-coil
stability [51] and, hence, serves to provide a good
test to monitor the effectiveness of temperature
profiing by RP-HPLC for monitoringx-helical
peptide/protein folding and stability.
Fig. 1 also shows a side view of the model
sequence as a two-strandedhelical coiled-coil with
the Cys residues oxidized to form an interchain
disulfide bond. The Cys—Gly—Gly sequence at the
N-terminus not only permitted disulfide bond forma-
tion but also provided a flexible linker that allowed
unconstrained helical alignmeni1-43,60]. The
hydrophobic environment around the site of substitu-
tion on the side of the coiled-coil sh&ign inis
mainly defined by Leribd eu22d (shaded)
and by GIn residues at positions 16and8e
(shaded). The GIn residues were chosen to provide
moderately polar, but uncharged, side-chains that
prevent charge—charge interactions with the substi-
tuted side-chain at position 19a. These GIn residues,
along with GInalsp preclude the formation of
interhelical 'esat bridges around the substitution
site. Three Lys residues were placed at the solvent-
exposed f positions ofvdalix to increase the
solubility of the peptides at pH 7.0 and to discourage

Heptad Number
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19 22
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d a d a d

I 1 |
38

il
VGALKK-amide
a d

Fig. 1. Model synthetiex-helical coiled-coil protein used in this study. Top: Amino acid sequence of one strand of the model coiled-coil
protein. Residues involved in forming the 3—4 hydrophobic repeat at positions a and d are underlined. The substitution site within the
sequence is denoted by X and boxed, i.e., residue 19. Ac dendtes N -acetyl and amide denotes C -amide; the cysteine residue used for
disulfide bond formation is located at position 1. The five heptads forming the 35-residue coiled-coil are numbered 1 through 5. The
positions of the heptad are labelled “gabcdef’. Bottom: side-view of the structure of the motelical protein in an oxidized
(disulfide-bridged), two-stranded oligomerization state. Amino acids defining the microenvironment surrounding the site of amino acid
substitution at position 19a (X19a) are shaded. Potential electrostatic interactions occurring across the hydrophobic face are indicated by

solid arrows (i to i+5, g to e).
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non-specific aggregation. Uncharged Gly and Ala
residues were placed at positions b and c to avoid
intrahelical ionic interactions with adjacent residues

at positions e and g. Interchain electrostatic interac- @
tions (i to i +5 or g to e) across the hydrophobic @

face between Glu in positions 4¢25d and 329 of 6
one helix and Lys in positions 9e, 30e and 37e, ®
respectively, of the adjacent helix (i.e., a total of six

such interactions) serve to add stability to the coiled- 10

coil as well as orient the polypeptide chains in an @
in-register and parallel manng81,62]. The helical

net presentation of the peptide sequenédy.( 2)

highlights the narrow hydrophobic face of the @ @
helix made up of the core residues at positions a and

d of the sequence. This hydrophobic core, as well as

determining to a major extent the stability of the @
coiled-coil, would also represent a preferred binding
domain during RP-HPL({5]. The hydrophobic core @
consists of four Val and five Leu residues in addition ®

to the residue at position X.

For this initial study, eight peptide analogues were
chosen to test the potential of temperature profiling 27
of coiled-coil peptides by RP-HPLC, these analogues ®
being substituted at position 19a by Val, Ala, Thr,

Ser, Gly, Glu, Asp and Pro. These eight peptide 31
analogues thus contain single substitutions of amino @
acids with a range of side-chain characteristics: Val

contains ap-branched hydrophobic side-chain; Ala

contains a smaller, moderately hydrophobic side- ® ®
chain; Ser and Thr represent amino acids with polar, a8
uncharged side-chains, the latter also be@pgran-
ched; the Gly analogue represents the situation of no
side-chain present at the substitution site; Glu and o

Asp contain acidic side-chains and exhibit a full 10 A

negative charge at neutral pH; finally, the geometry Fig. 2. Helical net representation of model peptide sequence. The

of the cyclic Pro side-chain makes it extremely hatched area denotes the hydrophobic face obthelix, with X
disruptive to a-helical secondary structure. The denoting the amino acid substitution site.

peptide analogues are identified by the three-letter

5 ST ¢
O\ ©
©

NEN
O\ O\ ©O
©,
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code of the substituted amino acid as well as the oxidized analogue was measured under physiologi-
presence or absence of a disulfide bridge between cally relevant, benign buffer conditions and also in
individual peptide chains, e.g., Ala denotes the 50% trifluoroethanol (TF&)I¢ 1). The estimated
two-stranded, disulfide-bridged Ala-substituted ana- maximal theoretical molar ellipticity at 222 nm and
logue, Alg., denotes the Ala analogue in the ab- °Q5is —34 730 degree cfn dmot  for the 35-
sence of the disulfide bridge, etc. residue peptide,63,64]. Four of the analogues
(val,,, Ala., Thr,, Glu,) are 100%a«-helical,
3.2. Hdlicity and stability of peptide analogues whilst Ser, , Gly,, Asp, and Prg exhibited-

helical values of 94, 79, 18 and 5%, respectively,
The circular dichroism (CD) spectrum of each under benign conditions. These lower values indicate
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Table 1

Helicity and stability of disulfide-bridged analogues

Substituted [0,,° [01,s208 [Urea],, T2 T At 2
amino acid Benign 50% TFE Benign 50% TFE ¥) € © (min)
Val —38 200 —33 100 1.03 0.90 7.56 [122] 70 8.0
Ala,, —34 800 —30 200 1.08 0.85 2.97 62.3 49 4.2
Thr,, —39 300 —38 900 1.06 0.85 3.18 65.3 53 3.8
Ser, —32 800 —29 300 1.03 0.84 1.80 49.3 43 3.1
Gly,, —27 600 —28 300 1.0 0.82 1.08 38.3 32 2.1
Glu,, —35900 —25 300 1.06 0.83 0.60 33.9 36 1.6
Asp,, —6200 —24 500 0.56 0.80 - 8.4 - 0.1
Pro,, —1900 —20 300 0.24 0.77 - - - -

# Substituted amino acid at position 19id. 1) denotes the corresponding disulfide-bridged coiled-coil.
® Mean residue molar ellipticities at 222 nm (degree’cm drhol ); measurements were performéid gtM samples of disulfide-
bridged peptide in benign buffer (50 vh PO,, 100 nM KCI, pH 7.0) at 25°C alone or in benign buffer diluted 1:1 (v/v) with

trifluoroethanol (TFE), i.e., 50% TFE2].

° A ratio of [0],,,,,0s greater than 1.0 is a measure of interactingelices and a ratio of0.90 represents non-interactinghelices[47].
d [Urea],,, is the denaturation profile transition midpoirtid. 3), i.e., the concentration of urea which causes a 50% loss of peptide

a-helicity from that present under benign conditidd®].

T, is the midpoint of thermal denaturation profiles in benign buffer (80 KH,HPO,, 100 nM KCI, pH 7.0), i.e., the temperature at
which 50% of the originak-helicity of the peptide analogue has been lost compareg-tielical content at 8C [42].

T, value for Val, extrapolated from measured [urgg]

values of other disulfide-bridged analdg@lies

T, is the transition point of the change in retention time of an oxidized analogue relative to its retention tim¥CatFi@ 4B).
" At is the maximum difference in retention time of an oxidized analogue relative to its retention tim&@t(Ely. 4B).

that the peptide populations of these analogues were

either not completely in the folded state, or in the
case of Asp, and PrQ , were essentially in the

unfolded state under benign conditions. Under these

benign conditions, the ratio of ellipticities (222/208
nm) was greater than 1.0 for Val , Ala , Thr ,
Ser,,. and Gly, [i.e., the analogues which exhibited
molar ellipticities comparable to the theoretical
maximum (Table 1], which is indicative of the
presence of interacting-helices[47,65]. Interesting-

ly, when ellipticity was measured in the presence of
helix-inducing solvent TFE, even the Agp and
Pro,, analogues now exhibited considerabikelici-

ty, even compared to the remaining analogukab{e

1). High concentrations of TFE (40-50%) have been
viewed as useful mimics of the hydrophobic environ-
ment characteristic of RP-HPLC (highly non-polar
stationary phase, non-polar organic modifier in the
mobile phase)5] and hence such results strongly

suggest that the analogues are bound to the reversed-

phase stationary phase in their maximally helical
conformation. Indeed, it is well established that, in a
similar manner to TFE, the hydrophobic environment
of RP-HPLC induces helical conformation in poten-
tially helical peptideg66,67]. Also from Table 1,the

ratio of ellipticities of all seven analogues in the
presence of 50% TFE now ranges from 0.77 to 0.90,
which is characteristic of non-interactietices,

i.e., due to the disruptive effect of TFE on tertiary
and quaternary struddifgs5,68], even the five
analogues (yal , Ala , Jhr , Glu and Ser )
which clearly exhibited a coiled-coil conformation
under benign conditions had lost this coiled-coil

motif in this more hydrophobic environment. Sig-
nificantly, such results also suggest that none of the
disulfide-bridged analogues will maintain coiled-coll
structure when bound to the hydrophobic RP-HPLC
stationary phase, i.e., in a similar manner to the
effect of TFE, all seven analogues will be bound in
an extendéelical conformation to the hydro-
phobic stationary phase of a reversed-phase column
due to the disruptive nature of such phases to
polypeptide tertiary and quaternary structure and
ability to stabilize secondamglical structure.

Urea denaturation curves obtained ,with Val |,
Ala , Thr , Ser , Gly andGlu are shown in
Fig. 3, with the [urea],, values reported ifable 1.

The analogues exhibited a range of stabilities, with
Mal  (substituted at position 19a Bypranched
hydrophobic side-chain) showing by far the highest
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Fraction Folded

[Urea] M)

Fig. 3. Urea denaturation profiles of oxidized modehelical
coiled-coil proteins. Denaturations were carried out af@85n

0.1 M KCI, 0.05 M PO, (pH7) buffer containing urea. The
fraction folded ;) of each peptide was calculated as described in
Experimental. Each peptide was analyzed~&0 wM concen-
tration. The 38-residue, two-stranded, disulfide-bridged peptides
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helices (i.e., a coiled-coil) at this low starting
temperature (data not shown). It should be noted that,
due to the high inherent stability of the coiled-coil
scaffold, it is not always possible to obtain thermal
denaturation profiles for highly stable coiled-coil
analogues, e.g., Val . However, it has been shown
that the T,, value for such an analogue may be
extrapolated from measured [ureg] values since
there is a linear correlation betwe&p and [urea],,
values for the other analoguegl?]; hence the
extrapolated value off,,=122°C for Val,, (Table

1).

From the results shown ifiable 1andFig. 3, the
eight peptide analogues exhibit a useful range of
helicities and stabilities for an initial test of our
temperature profiling approach to monitor coiled-coll
folding and stability.

3.3. Effect of temperature on RP-HPLC retention

are denoted by the residue substituted at position 19a in each pehaviour of peptide analogues

polypeptide chainKig. 1). Adapted from Ref[41].

stability ([urea},, value of 7.56M), followed by
Ala,, (substituted by a small, non-polar side-chain)
and Thr, (substituted by @-branched uncharged
polar side-chain) showing the next highest (and
similar) [urea},, values (2.97 and 3.14, respec-
tively) and Gly, (substituted by a destabilizing
negatively charged side-chain) showing a value of
just 0.60M. Due to the relatively negligible helical
content of Asg, and Prg at room temperature, it
was not possible to obtain [urga] values for these
analogues, indicating the destabilizing effect of these
substitutions on coiled-coil structure.

Table l1also shows the results of thermal denatura-
tion of the disulfide-bridged analogues, the stabilities
of the analogues, as expressed by thejr values,
again showing a similar trend of decreasing
stabilities as observed for the [urea]  values, with
the highest measured,, values seen for Alg and
Thr,, (62.3 and 65.8C, respectively) to just 33.%C
for Glu,,. It was also possible to obtainTg, value
for Asp,,, since at the starting temperature diCs
for such studies, the Agp became highly helical
compared to only 18% helicity at 2& (Table J
[42]. In addition, all analogues, with the exception of
Pro,, , exhibited 222/208 nm ellipticity ratios 1.0

ox?

at 5°C, indicating the presence of interacting

Fig. 4A shows the effect of increasing temperature
on RP-HPLC retention behaviour of oxidized, two-
stranddtklical peptide analogues over the range

of 10—80. A random coil peptide standard, RX2
(Ac—Lys—Tyr—Gly—Leu—-Gly—Gly—Ala-Gly—Gly—
Leu—Lys—amide), was also included to gauge the
effects of increasing temperature on RP-HPLC of a
polypeptide with negligible secondary structure. At
8C, the disulfide-bridged peptides are eluted, as
expected, in order of their hydrophobicity at the

substitution site, i.e., the order of retention times is

>\l >Gly peptide. The retention behaviour of
the random coil peptide standard, RX2, is showing

an expected linear decrease in retention time with
increasing temperature. As the temperature increases,

the mobile phase viscosity is lowered and mass
transfer is improved significantly. AT ,8Be large
hydrophobicity difference betweena-helical
peptides [with the preferred binding domain consist-
ing of four Val, five Leu residues and the position X
residue per polypeptide chaifrig. 2)] and the
random coil peptide (with only two Leu, one Tyr and
one Ala residue) is as exp&itedid). Interest-
ingly, the retention behaviour of the helical peptides

with a decrease in temperature appears more anomal-

ous. Thus, as the temperature decreases frof€,80
the peptides become less retentive and their order of
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elution at 10°C is opposite to that at 8. In other In order to present more clearly the differences in
words, the most hydrophobic Val peptide is eluted retention behaviour of the peptide analogues over the
first, followed by the Ala peptide and, finally, the temperature range, the data have been normalized by
Gly peptide at 10C. subtracting each analogue retention time at a specific

temperature from that of its retention time at °@d
(Aty=t;—t310°C; Fig. 4B) or its retention time at

% 80°C (Aty=t,—tg80°C; Fig. 40Q). Plotting the
1A 5 ya retention data in this manner highlights dramatic
_— differences in retention behaviour of the oxidized
g ° Al analogues with increasing or decreasing temperature.
g o . Gly Thu_s, Val, , A_Iaox, an(_j GI){_X , all _|n|t|_ally exh|b|ted
S P an increase in retention time with increasing tem-
2 28] perature relative to thett, values at 10C (panel B),
fé : e albeit to differing extents, ranging from a maximum
Val

At value of 8.0 min for Val, to just 2.1 min for
Gly,,. In addition, these oxidized analogues show a
range of temperatures at which this maximutty

22 RX2 value (or transition point) occurs. Calculated values

B Tre 20 20 40 o 80 70 20 m0 100 for these temperatures at the transition poifiifs ¢ee
Temperature (°C) Experimental for description of calculations) ranged

] T,=70°C from 70°C for Val,, to 33°C for Gly,,. Similarly,

o ' the other analogues showed different temperature

o profiles with differentT, and At values {Table J).

FromFig. 4C,which shows the effect of normalizing
the data to 80C, the retention time of the peptides
o Ala track more closely the retention behaviour of the
random coil peptide before showing large deviations.
The results ofFig. 4B and Cboth show that the
deviations from that of the random coil peptide are
related to the relative order of stability of the two-
stranded coiled-coil peptidesFig. 3) where the

a Gly

Change in Retention Time (min)
n

0 1‘0 2‘0 3‘0 4’0 5‘0 6‘0 7‘0 8‘0 9‘0 100

Temperature (°C) Fig. 4. Effect of temperature on RP-HPLC of disulfide-bridged

8 (oxidized) a-helical peptide analogues. (A) Effect of temperature

C on retention time of peptides. (B) Effect of temperature on
retention behaviour of peptides presented as analogue retention

time at a specific temperature minus its retention time atClLO

| Rx2 (tz—tg10°C); T, denotes the temperature at the inflexion point of

24 the profiles. (C) Effect of temperature on retention behaviour of

peptides presented as analogue retention time at a specific

°1 @y temperature minus its retention time at €D (t, —t;80°C). The

sequence of the random coil peptide, RX2, is Ac—Lys—Tyr—Gly—

| Leu-Gly—Gly—Ala—Gly—Gly—Leu—Lys—amide. Column: see Ex-

4] An perimental. Conditions: linear A—B gradient (2% B/min, equiva-

{ lent to 1% acetonitrile/min) at a flow-rate of 1 ml/min, where

-61 eluent A is 50 M ag. NaH, PQ , pH 7.0, and eluent B is A in

val 50% ag. acetonitrile, both eluents containing 1081 MiaClO, .

Val, Ala and Gly denote the residues substituted at position 19a in

o 10 20 30 40 50 60 70 80 80 100 each polypeptide chain of the two-stranded, disulfide-bridged,

Temperature (°C) a-helical coiled-coil Fig. 1).

Change in Retention Time (min)
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[urea],,, values are 7.6, 3.0 and 1M for Val
Ala,, and Gly,, respectivelyRig. 3, Table ).

Fig. 5A shows the effect of increasing temperature
on the RP-HPLC of the reduced analoguesal
Ala,., compared to the disulfide-bridged peptides
Val,, and Alg,. It is obvious that the retention
behaviour of the reduced peptides is dramatically

35
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4] Ala red
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Temperature (°C)

70 80 90 100

Fig. 5. Comparison of effect of temperature on RP-HPLC of
reduced and oxidized-helical peptide analogues. (A) Effect of
temperature on retention times of peptides. (B) Effect of tempera-
ture on retention behaviour of peptides at a specific temperature
minus its retention time at 1« (t;, —t;10°C). The sequence of
random coil peptide standard, RX2, is shownFig. 4. Column

and conditions: sed-ig. 4. Val and Ala denote the residues
substituted at position 19a of the polypeptide chain; ox represents
the oxidized, two-stranded:-helical coiled-coil and red represents
the absence of a disulfide bridgEig. 1).

and
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different from the disulfide-bridged peptides. At
80°C, the retention behaviour is based on relative
hydrophobicity, as expected. For example, the Val
peptide has two polypeptide chains joined by a
disulfide bridge compared fg Val  which has just
one polypeptide chain. Thus, Val has twice the
hydrophobicity of the reduced peptide and is sig-
nificantly more retentive. This is not the case at
10°C where the disulfide-bridged peptides are eluted
substantially prior to their reduced analogues. This
strongly suggests that the oxidized peptides are
folding during chromatography, burying hydrophobic
residues to cause this retention behaviour. The
retention times of the peptides have been subsequent-
ly normalized to 10C (Fig. 5B) to show this effect
more clearly.

Unlike the Val-substituted analogue (Val ), the
Ala peptide exhibits an immediate and similar de-
crease in retention time with increasing temperature
to that of the random coil peptide standard, RX2.
That is, the disulfide bridge clearly has a dramatic
effect on the retention behaviour. It is well docu-
mented that a disulfide bridge between the two
helical strands of a coiled-coil has a dramatic effect
on the stability of the coiled-co{34,69,70].

Fig. 6 presents a visual comparison of the charac-
teristic effect of increasing temperature on RP-HPLC
of oxidized versus the reduced state, specifically
Ala,, (Fig. 6, left) versus Ala,, Fig. 6, right). Note
that, although the profiles illustrated were obtained
on a silica-based RP-HPLC column, compared to the
polystyrene column from which the remainder of
reported data were obtained, results obtained on
either type of column were essentially identical.
From Fig. 6 (left), the retention time of Alg
increases on raising the temperature from 10 to
45°C, before decreasing again at ®D (compare to
graphical representation ifig. 4A). In contrast, the
retention time of Alg,, Fig. 6, right) consistently
decreases with increasing temperature. Thus,
shown graphically inFig. 5A, the elution times of
Ala,, and Ala,, are reversed at the lowest (1)
and highest (80C) temperatures. Interestingly, Ala
exhibits similar peak widthv(,,,=0.51 min) at 10
and 45°C but the peak narrows significantly at 8D
(w,,,=0.22 min), concomitant with more than a
doubling of peak height. In contrast, the peak width

as
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Column: Zorbax Eclipse XDB-C (1504.6 mm |.D., 5um particle size, 100 A pore size) from Agilent Technologies (Little Falls, DE,
USA). Conditions: linear A—B gradient (2% B/min, equivalent to 1% acetonitrile/min) at a flow-rate of 1 ml/min, where eluent A4 50 m
agq. NaH, PQ , pH 7.0, and eluent B is A in 50% aq. acetonitrile, both eluents containing MIONagIO, .

of Ala,, decreases significantly between
(w;,,=0.21 min) and 45C (w,,,=0.13 min), with
peak height essentially doubling on raising the

temperature from 10 to 4%, then peak height and
peak width remaining similar in the 45 to ®D
range.
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3.4. Correlation of RP-HPLC temperature profiles thermal denaturation midpoint valuek,  r=0.991;
of peptides with biophysical parameters Fig. 7A) and the urea denaturation midpoint values
([urea],,,;r=0.992;Fig. 70). Interestingly, theAt,
Fig. 7 compares parameters derived from the values of the analogues also correlate well with the
temperature profiles shown irig. 4A and reported biophysical parametens=0.994 for correlations
in Table 1(Atg andT, values) with the denaturation with boih,, values Fig. 7B) and [urea],, values

data ([urea],, andr, values) of the oxidized, two- Hig. 7D). These observations imply that, for these
stranded peptide analogues. Only the stablest peptide oxidized, two-straaididal model peptides, the

analogues are compared Kig. 6, i.e., Asp, and maximum retention times attained in RP-HPLC (a
Pro,, are excluded, since these latter analogues measure of apparent peptide hydrophobicity) as well
either do not form a coiled-coil (Pgp ) or only as the temperature at which this maximum retention
exhibit marginal stability (Asp, ). Fronfrig. 7, the time occurs are both related to the stability of the
transition point valuesT() obtained from RP-HPLC coiled-coils in solution as measured through thermal
data Fig. 4A) show excellent correlations with the and chemical denaturafi@blé 1).
140
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Fig. 7. Correlation of RP-HPLC temperature profiling transition poifitg &nd At values of oxidized peptide analogues with coiled-coil
stability. (A) and (C) Correlation of thermal denaturation midpoif, and [urea],, value withT . (B) and (D) Correlation ofl , and

[urea],,, value, withAt, values. Urea and thermal denaturation transition midpoint data for the two-stranded, disulfide-bridged analogues
are shown inrable 1.The RP-HPLC temperature profiling transition poirits, andAt,, values were calculated from the plots showrkig.

4B, as described in Experimental. The amino acids shown by their three-letter codes denote the substituted residues agpositiach
polypeptide chain of the two-stranded, disulfide-bridgedhelical coiled-coil Fig. 1).
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4. Discussion

4.1. Hypothesis for temperature profiling of two-
stranded a-helical coiled-coils

Based on the RP-HPLC temperature profiles of the
helical peptide analogues shownhigs. 4 and 6as
well as the helicity and stability data reported in
Table 1 and compared inFig. 7, the following
hypothesis for correlating RP-HPLC retention be-
haviour with peptide conformation and stability is
postulated ig. 8).

It is known that, although peptides are eluted from

a reversed-phase column mainly by an adsorption/

desorption mechanism[22,24], even a peptide

Stationary Phase Mobile Phase

Bound State Unbound State

folded two-stranded
coiled-coil

single-stranded
amphipathic a-helix

single-stranded
amphipathic o-helix

%% I %
IR

NS S OSSR

\

Fig. 8. Proposed mechanism of folding of two-strandebelical
coiled-coils during temperature profiling in RP-HPLC. See discus-
sion in Section 4.1 for description.
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strongly bound to a reversed-phase matrix will
partition between the aqueous mobile phase in
equilibrium with its bound state in a narrow range of
acetonitrile concentrations during gradient elution.
Depending on the stability of a crosslinked coiled-
coil, as well as the temperature of its environment,
the concentration of the coiled-coil in the mobile
phase will vary from: mainly native folded two-
stranded coiled-coil; a mixture of coiled-coil and
single-stranddtklix; or single-strandedx-helix
only.
From Fig. 8A, at low temperature, the main
component in the mobile phase during partitioning is
the folded disulfide-bridged two-straticdidal

coiled-coil, i.e., the concentration of single-stranded
a-helix in solution is low and the concentration of
folded coiled-coil is high. However, at higher tem-
peratures the equilibrium favours the unfolded
coiled-coil (i.e., the single-stranded-helix) more
and more as the coiled-coil is increasingly unfolded
with increasing temperature, thus increasing the
concentration of the single-strandeehelix in solu-
tion concomitant with a decrease in coiled-coll
concentration. At high temperatures, only the single-
strandeda-helix is present in solution due to the
complete loss of tertiary/quaternary structure of the
coiled-coil. Finally, whether in the single-stranded
a-helical state or the folded coiled-coil state in the
mobile phase, the bound state is always in the single-
strandeda-helical state since the hydrophobicity of
the stationary phase disrupts tertiary/quaternary
structure but stabilizes secondary structure in the
case of amphipathia-helices. Note that the coiled-
coil state must be fully disrupted for rebinding of the
non-polar face of thex-helix to the hydrophobic
stationary phase. Thus, rebinding is faster at higher
temperatures where the single-strandeldelix is the
only species in the mobile phase. During partition-
ing, the single-stranded-helix is released from the
matrix into solution and, depending on the tempera-
ture, refolds to the two-stranded coiled-coil native
state.

Fig. 8B now illustrates the putative behaviour of
the a-helical peptide analogues in the absence of the
stabilizing disulfide bridge between the individual
strands, i.e., the reduced analogues. Thus, again
depending on the temperature of the environment
and the stability of the two-stranded coiled-coil, the
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conformation in the mobile phase is one of two
possibilities: mainly monomeria-helix or a mixture
of monomerica-helix and dimeric two-stranded-
helical coiled-coil.Fig. 8C shows the interaction of

temperatures. In the reduced peptides, coiled-coil is
only observed at temperatures below@5

4.2. Monitoring of folding and stability of two-

the random coil peptide where there is no conforma- stranded «-helical coiled-coils by temperature
tional change in the mobile phase. That is, the profiling in RP-HPLC

random coil exists in solution and has no structure
when bound. Thus, there is a linear relationship of
retention behaviour with increasing temperature for
random-coil peptides. Due to the effects of tempera-
ture on solvent viscosity and mass transfer the net
effect is decreasing retention time with increasing
temperature Kig. 4).

Fig. 9 shows the change in retention time when
the disulfide-bridged and reduced peptides are nor-
malized to 80C and these data are subtracted from
the retention behaviour of the random coil peptides.
In other words, we are observing the change in
retention behaviour of the various coiled-coil pep-
tides relative to the random coil peptide. This plot in

TakingVal as an examplig.idB, the initial
increase in retention time with temperature may be
explained by a gradual disruption of its coiled-coll
(i.e., the equilibrium between coiled-coil and extend-

aelelix in solution increasingly favours the latter),
concomitant with more exposure of hydrophobic

residues. At a certain temperature or transition
temperafyre70°C for Val,,), the dominating
species of,Val is the fully extended form in
solution; that is, there is an increased exposure of
hydrophobic residues and hence a maximum re-
tention time (expressed here as the maximum re-

tention time attained compared 1G; 1&;) is

reached when this increased exposure of hydropho-
bic residues is counterbalanced by the increasing

essence gives the increasing concentration of the
two-strandeda-helical coiled-coil as a function of

temperature. Clearly the more stable the coiled-coil
the more coiled-coil structure is observed at lower

Valox ¢

Ala ox -\ \ \\
y ! \
o \ \\
N

2 Val red \
al ree
[ -
~.. o

Alared o g ~o— O~

Change in Retention Time Relative
to Random Coil Standard (min)
®
1

T
-10 0 10 20 30 40 50 60 70 80 90
Temperature (°C)

Fig. 9. Effect of temperature on RP-HPLC retention behaviour of
reduced and oxidizedx-helical peptides: normalization to re-
tention time of random coil peptide standard RX2. The profiles
were produced through the expressiogRX2—t;RX2 at 80°C)
minus ¢ —tz80°C) of a specific peptide. The sequence of RX2 is
shown inFig. 4. Column and conditions: sdeig. 4.Val and Ala
denote the residues substituted at position 19a of the polypeptide
chain; ox represents the oxidized, two-strandedhelical coiled-

coil and red represents the absence of a disulfide brifige ).

general temperature effects on peptide retention

behaviour. Ff@n6, the effect of temperature on

peak shape of Alg may also be rationalized in
terms of the equilibrium between coiled-coil and
extendeda-helix in solution at different tempera-
tures. Thus, between 10 and 45 a large con-
centration of the coiled-coil species is present in
solution, perhaps dominating over much of this
temperature range the coiled-coil-extendedhelix
equilibrium and, hence, resulting in relatively broad
peak widths. Above 4%C (the T, value for Ala,, ),
there is a steady shift favouring the extendetelix
species until, at 80C, only the latter species is
present in solution and the peak behaviour is con-
sistent with the general effects of temperature, i.e.,
reduced retention time, decreased peak width and
increased peak height due substantially to the in-
crease in mass transfer between stationary and
mobile phases as the temperature is increased.

Apart from affecting RP-HPLC retention time, the
hydrophobicity of the non-polar face of the indi-
vidual amphipathiax-helical strands of the oxidized
analogues also affects coiled-coil stabilig1—43].
Thus, as a general rule, the more hydrophobic the
substituted residue in the non-polar face of the
peptide, the more stable the coiled-cgil—43] and,
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hence, the higher the temperature required to de- reduced peptiggs Val  gpd Ala , the peptides exist
stabilize it as expressed both by the rangeTgf as monomeriax-helices and there is no change in
(and, indeed, [ureg], ) values of the oxidized ana- conformation in the temperature range °@5-80
logues as well as the RP-HPLC-derivag values Thus, the rate of change in retention behaviour with
(Table 1. Concomitant with these parameters, a temperature is identical to that of the random coil
decrease in hydrophobicity of the substituted residue peptide.afrelical conformation that is stable

in the non-polar face of the amphipathic peptides over the temperature range°@w80parallel the

leads to a decrease in RP-HPLC retention times behaviour of a random coil peptide. It should be
relative to those observed at 10 (Atg) as the noted that such a conclusion is also supported by the
non-polar face is increasingly exposed with a rise in elution profiles of pla  showhign 6 (right).
temperature. Considering the marginal stability of Thus, with the monomer—dimer equilibrium heavily
Asp,, (T,,=8.4°C and a [urea],, value could not be favouring the monomeric species even°@t artd
obtained; Table 1), the helix—helix interaction de- being the only species present at higher tempera-
tected during RP-HPLC is a testament to the sen- tures, the effect g, Ala  peak elution behaviour of
sitivity of the temperature profiling approach to raising the temperature is as would be expected for a
assessinga-helical coiled-coil stability. This sen- random coil peptide, i.e., a decrease in peptide
sitivity is likely aided by the high concentration of retention time and peak width and a concomitant
the peptides which is obtained during loading of the increase in peak height with increasing temperature.

reversed-phase column in the absence of organic
modifier even though the amount of sample loaded is
small.

Concerning the profiles of the reduced analogues
(Vval .4 and Ala,., only are shown ifrig. 5), there is
no dimerization detected during chromatography of
the majority of amphipathie-helices in the absence
of the disulfide bridge, supporting earlier non-RP-
HPLC-based work in our laboratory clarifying the
importance of this bridge to the stability of these
very small two-stranded-helical coiled-coils with
the substituted site in the centre of the coiled-coll
interface[70]. Interestingly, some dimerization of the
most stablex-helix, Val .4, was apparent ifrig. 4B
and confirmed inFig. 9, albeit to a much lesser
degree than the crosslinked analogue. Thus,Tthe
values for VaJ, and Val, were 70 and 20,
respectively. Interestingly, although not apparent in
the profiles shown irFig. 5, even the Alg,, peptide
was detected to exhibit some dimerization at low
temperature in the normalized data Bifj. 9. Such  Acknowledgements
results again indicate the sensitivity of this RP-
HPLC-based profiling approach to assessing helix—  This work was supported by an NIH grant to
helix interaction as well as underlining the contribu- R.S.H. (GM 61855).
tion of the disulfide bridge to coiled-coil stability.

The results irFig. 9, where the retention data have
been normalized to 8@ and subtracted from the References
retention behaviour of the random coil peptide,
clearly show that temperature profiling monitors the (17 m L. Heinitz, E. Flanigan, R.C. Orlowski, F.E. Regnier, J.
change in conformational state. That is, for the Chromatogr. 443 (1988) 229.

5. Conclusions

In the present study, we have extended our initial
assessment of the value of temperature profiling in
RP-HPLC of peptide conformation and unfolding
[28] to that of monitoring the folding and stability of
two-strandeda-helical coiled-coils. Observation of
the effect of temperature (10 to 8Q) on the elution
behaviour of oxidized (disulfide-bridged) and re-
duced coiled-coil analogues clearly illustrated the
excellent potential of this temperature profiling ap-
proach to monitor differences in oliogomerization
state and protein stability as well as highlighting the
contribution of a disulfide bridge to stabilizing the
folded state.
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