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Abstract

Reversed-phase liquid chromatography (RPLC) offers a unique opportunity to monitor the transition from the native state
(N) to the structural intermediate state (I) for proteins whose secondary structure is comprised entirely of amphipathic
helices, such as coiled-coils. During RPLC, the hydrophobicity of the stationary phase and mobile phase results in the
unfolding of the tertiary /quaternary structure of coiled-coils but retains a-helical secondary structure and thus isolates the I
state. A set of five peptides, aa-36, bb-36, ab-36, gd-36 and vv-36, was generated by shuffling guest hydrophobes at
equivalent sites in a symmetric host frame. In one of the peptides, vv-36, all the a-glutamic residues in the host frame were
replaced by g-glutamic residues. aa-36, bb-36, ab-36, gd-36 form two-stranded coiled-coils of identical helical content and
unfold as a two-state transition during temperature denaturation while the fifth peptide, vv-36, is a random coil and cannot
be induced in to an a-helical structure even in the presence of a helix inducing solvent, 50% trifluoroethanol. By comparing
the stability order of the four coiled-coils in the N→I transition (measured by RPLC studies) with that in the N→D
(denatured state) transition (measured by calorimetry), it is concluded that there is a direct correlation between the relative
stabilities of these peptides in these two unfolding transitions. This result supports a hierarchical folding mechanism for
coiled-coils.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction studies have shown that reversed-phase liquid chro-
matography (RPLC) can, on the one hand, disrupt

To study the protein folding process, it is impera- protein tertiary /quaternary structures, and on the
tive to clarify the relationships among the native other hand, induce and stabilize helical structure in
state (N, the state with both tertiary /quaternary and amphipathic peptides [5–12]. Therefore, for proteins
secondary structure), the structural intermediate state whose secondary structure is entirely comprised of
(I, the state with native secondary structure but no amphipathic helices, such as coiled-coils, RPLC may
tertiary /quaternary structure) and the denatured state offer a unique opportunity to trap the I state and to
(D, the state with neither tertiary /quaternary nor investigate the N→I transition. We selected the two-
secondary structure) [1–4]. This is hampered by a stranded a-helical coiled-coil because it provides the
shortage of techniques to trap the I state. Previous simplest case of subunit interactions, that is, two

interacting amphipathic a-helices. A two-stranded
coiled-coil is comprised of two right-handed a-*Corresponding author. Fax: 11-780-492-1473.

E-mail address: robert.hodges@ualberta.ca (R.S. Hodges). helices wrapping around each other to form a slightly
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left-handed super-helix [13]. The hydrophobic sur- spectrometer (VG BioTech, Altrincham, UK). All
face from each amphipathic a-helix forms an inter- products were within 2 Da of calculated molecular
helical hydrophobic core which is largely shielded mass (9096 for the crosslinked peptides and 4607 for
from solvent [14]. Sequentially, each polypeptide the carboxamidomethylated peptides).
chain contains a 3|4 or 4|3 hydrophobic repeat
where each heptad is denoted as abcdefg and where 2.3. HPLC columns, run conditions and instrument
positions a and d are non-polar [15]. For recent
reviews on a-helical protein assembly motifs and Analytical runs were carried out on a Zorbax
coiled-coils see Refs. [16–20]. These structural and 300SB-C column (150 mm32.1mm I.D., 5 mm8
sequential features make it an ideal candidate to ˚particle size, 300 A pore size) using an HP1100
explore the possibility of using RPLC to monitor the chromatograph system, both from Hewlett-Packard
N→I transition. (Avondale, PA, USA). A linear AB gradient elution

(1% B/min) was employed with eluent A being
0.05% TFA in water and B being 0.05% TFA in

2. Experimental acetonitrile. The flow-rate was 0.4 ml /min. Runs
were carried out at 58C to 808C in 58C increments

2.1. Materials from run to run. The temperature control was
afforded by the HP1100 system. Peptides RC11 and

Biograde grade trifluoroacetic acid (TFA) was RC30 were included in every HPLC run as internal
obtained from Halocarbon Products (River Edge, NJ, random coil standards to standardize retention be-
USA.). Acetonitrile was obtained from EM Science havior. The corrected retention of a sample peptide,
(Gibbstown, NJ, USA.). t , is defined as:R, corrected

2.2. Peptide synthesis, purification and t 5 t (peptide) 2 t (random coil),R, corrected R R

modification
where t (peptide) is the experimental retention timeR

of the sample peptide while t (random coil) is thePeptides were synthesized either manually or on R

retention time of a random coil peptide which has thean Applied Biosystems peptide synthesizer Model
same amino acid composition and neighboring res-430 (Foster City, CA, USA), using tert.-butylox-
idue pairs as the sample peptide.ycarbonyl (t-Boc) chemistry on 4-methylben-

zhydrylamine resin. a-Glutamyl residues (E) were
introduced by using N-a-t-Boc-L-glutamic acid g- 2.4. Circular dichroism (CD) spectroscopy
benzyl ester while g-glutamyl residues (e) were
introduced into the polypeptide chain by using N-a- Ellipticity of the peptides was measured on a Jasco
t-Boc-L-glutamic acid a-benzyl ester. Crude peptides 500C spectropolarimeter (Jasco, Easton, MD, USA.).
were purified by preparative RPLC, using standard The cell was maintained at 258C with a Lauda EMS
protocols described previously [5–7]. Disulfide- circulating water bath (Westbury, NY, USA.). The
bridged homodimers were formed by air oxidation of spectropolarimeter was calibrated using d-10-cam-
the polypeptide containing cysteine in 100 mM phorsulfonate. The samples were dialyzed extensive-
NH HCO at pH 8.0. For the formation of the ly in H PO –H O, pH 2.0, before measurements.4 3 3 4 2

heterodimers, one polypeptide was derivatized with The concentrations of peptide samples were deter-
2,29-dithiobis(5-nitropyridine) (DTNP) and reacted mined by their UV absorption spectra with light
with the other polypeptide containing cysteine scattering corrected in 5–6 M guanidinium hydro-
[21,22]. Carboxamidomethylation of the cysteine chloride at pH 6.5. The extinction coefficients used
residue in the peptides was carried out at pH 8–8.5 for the crosslinked peptides and the carbox-

21 21using iodoacetamide [23,24]. Authenticity of the amidomethylated peptides are 5945 M ?cm and
21 21peptides was verified by electrospray mass spec- 2900 M ?cm at 275 nm, respectively, calculated

trometry on a VG Quattro triple quadrupole mass from their amino acid compositions [25].
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2.5. Analytical ultracentrifugation

Sedimentation equilibrium studies were performed
on a Beckman XLI analytical ultracentrifuge
equipped with Rayleigh interference optics. Each
sample was loaded at three different concentrations
using a 6-sector charcoal-filled epon cell and run at
three speeds: 26k, 30k and 34k rpm. The radial
equilibrium concentrations were analyzed using the
program NONLIN. The entire concentration ranges
are 0.10–0.95 mg/ml for a36-CM (where CM5

carboxamidomethyl) and 0.08–1.05 mg/ml for b36-
CM. The data were best described by a single
species model for a dimer with excellent fit as
indicated by the square root of variance of less than
0.02.

3. Results and discussion

3.1. A working hypothesis

By comparing the retention behavior and CD
spectra of amphipathic and non-amphipathic peptides
of different chain lengths, it has been demonstrated

Fig. 1. Schematic diagram illustrating the structural status of the
previously that the quaternary / tertiary structures of coiled-coil peptides during RPLC runs. N refers to the native state,
highly stable non-crosslinked coiled-coils are dis- I the free intermediate state and I the bound intermediate state.F B

rupted during RPLC. Each amphipathic polypeptide
chain of the coiled-coil binds to the stationary phase
as a single-stranded a-helix [5–7]. Furthermore, the dependency is eliminated. Here, our working hypoth-
organic co-solvent of the mobile phase has the same esis is that, just like the non-crosslinked coiled-coils,
effect, i.e., the amphipathic peptides exist in the the crosslinked coiled-coil peptide will bind to the
mobile phase also as single-stranded a-helices, rather stationary phase matrix as an extended single-
than a two-stranded coiled-coil, upon elution. It was stranded a-helix (Fig. 1). However, since the cross-
shown later by in situ CD spectroscopy measure- linked coiled-coil is much more stable than non-
ments that the conformation of bound amphipathic crosslinked ones [26], conformation of the cross-
peptides on RPLC stationary phase ligands is indeed linked coiled-coil in the mobile phase upon elution
a-helical [11]. Therefore, for the folding/unfolding may be one of three possibilities depending on
process of coiled-coils, the RPLC stationary phase temperature: 100% coiled-coil, mixture of coiled-coil
alkyl ligands alter the equilibrium between the N and single-stranded a-helix or 100% single-stranded
state and the I state by trapping the latter through a-helix. Low temperature will favor the coiled-coil
hydrophobic interactions. This is illustrated conformation in the mobile phase, whilst high tem-
schematically in Fig. 1. Thus, RPLC offers a means perature will favor the single-stranded a-helical
to investigate the N→I transition. Understanding the conformation.
unfolding of multimeric proteins is complicated by
the monomer–oligomer equilibrium. Thus, cross- 3.2. Design of model synthetic peptides
linked coiled-coils are advantageous over non-cross-
linked ones because the issue of concentration The purpose of this study was to investigate the
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stability of coiled-coil peptides in the N→I transition
by RPLC and then compare this stability with the
one determined in the N→D transition by
calorimetry. More precisely, one needs to obtain the
stability order of a few closely related analogs in the
N→I transition and then compare this order with that
in the N→D transition. In analytical RPLC, the
observable parameter is retention time, t , which,R

under given stationary phase and mobile phase and
running conditions, is a function of multiple vari-
ables, i.e., amino acid composition, polypeptide
chain length, conformation, amphipathicity, neigh-
boring residue pairs, etc. [27–30]. Since we are
using t as a measure of stability, it is necessary toR

design a series of peptides which have different
stabilities but are otherwise identical in terms of
amino acid composition, chain length, helicity, am-
phiphicity, neighboring residue pairs, etc. In other
words, the stability difference among the peptides
should be due to residue interactions in the tertiary /
quaternary structure. Only then, can one conclude
that retention time differences are due to intrinsic
stability differences of the coiled-coils rather than
caused by differences in their interaction with the
stationary and mobile phases during RPLC. To this
end, we adopted a novel sequence variation method
called residue shuffling, which permutes guest res-
idues in a symmetric sequence frame with equivalent Fig. 2. Peptide sequences. The host frame sequence has transla-
host sites (Fig. 2). Permutation of guest residues at tional invariant symmetry because the guest sites, indicated by X,

have identical neighboring residue pairs. Five peptides, aa-36,equivalent host sites has the benefit that factors other
bb-36, ab-36, gd-36 and vv-36 are generated by shufflingthan interactions between the guest residues are
hydrophobic core guest residues, Val and Leu, in a host frame atconserved among the analogs. Previous research has
positions a , d , a and d as indicated. In peptide vv-36, all10 13 24 27shown that residue shuffling is very effective in the a-Glu (E) residues are replaced by g-Glu (e), which prevents

isolating a single factor and gauging its contribution the formation of a-helical structure. Each of the five peptides is
made of two polypeptide chains crosslinked by a disulfide bond atto protein stability [31,32].
position 3 from the N-terminus. There are five individual chains,The sequences of four peptides generated by
a, b, g, d, v, all of which consist of 36 residues. A18 is aresidue shuffling, aa-36, bb-36, ab-36 and gd-36
non-associating amphipathic a-helical peptide of 18 residues,

are shown in Fig. 2. All the peptides are made of two while RC11 and RC30 are two random coil peptides, of 11 and 30
chains, each of 36 residues, crosslinked by a disul- residues, respectively. Ac- and -amide denote N-terminal acetyla-

tion and C-terminal amidation, respectively.fide bond near the N-terminal. All the peptide
analogs have identical amino acid composition,
amphipathicity, chain length and charge density, and tribution constant of a peptide between the mobile
all the guest residues have identical neighboring and the stationary phase, the viscosity constant,
pairs. The only difference is the packing arrangement diffusion rate, etc. [33–35]. In order to account for
of hydrophobic core residues. these effects, it is necessary to have a peptide which

Peptide retention time is monitored as a function is a random coil but otherwise identical to the four
of temperature. Temperature, in the absence of any coiled-coil peptides. Then, the retention time differ-
structural changes, will affect the equilibrium dis- ence between any given peptide and its random coil
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counterpart is purely a conformational effect. Since and molar ellipticities indicative of the formation of
both the organic co-solvent (typically acetonitrile) a fully folded a-helical coiled-coil. Sedimentation
and the stationary phase ligands in RPLC can induce equilibrium analysis shows that all the crosslinked
helical conformation among amphipathic peptides, peptides exist as disulfide-bridged two-stranded
this reference peptide should remain a random coil in monomers. Differential scanning calorimetric mea-
the presence of strong helix-inducing reagents, such surements demonstrate that all four peptides are
as 2,2,2-trifluroethanol (TFE) or acetonitrile. In other denatured in a two-state fashion [32]. The combined
words, this control peptide should have no intrinsic results of CD spectroscopy, analytical ultracentrifu-
helix-forming capability. This is achieved by sub- gation and calorimetry confirm that all four cross-
stituting all the a-Glu (E) residues in the host frame linked peptides form two-stranded a-helical coiled-
with g-Glu (e) residues, i.e., the carboxyl group of coils of identical helical content and unfold as single
the Glu residues involved in peptide bond formation cooperative units. This forms the basis of a meaning-
has been switched from the a-carboxyl group to the ful comparison of their physical-chemical properties.
side chain g-carboxyl group. Since two extra methyl- Although identical otherwise, variation in the ar-
ene groups are thus added to the polypeptide back- rangements of hydrophobic core residues caused
bone at every second position, this should abolish the marked differences in structural stability among the
intrinsic helix-forming capability by violating the four coiled-coil peptides. The order of stability of the
backbone geometric requirement of hydrogen bond- four peptides in the N→D transition measured by
ing. The sequence of this peptide, vv-36, is shown calorimetry is: ab-36 (86.88C),bb-36 (89.88C) ,

in Fig. 2. gd-36 (94.08C),aa-36 (98.98C) with the transit-
Reduced and carboxamidomethylated (to prevent ion temperature, T , shown in the parentheses [32].t

air oxidation of the cysteine residues and the forma- Fig. 3B shows the CD spectra of peptide vv-36
tion of an interchain disulfide bond) single-stranded with and without 50% TFE. As expected, this
poly-peptides with identical amino acid composition peptide is a random coil and cannot be induced into
were also prepared (a36-CM, b36-CM and v36- an a-helical structure by TFE which means that it
CM). These peptides serve to illustrate the difference has indeed lost its intrinsic capability of forming an
in retention behavior between non-crosslinked and a-helix. The CD spectra of non-crosslinked peptides
crosslinked amphipathic peptides. Also included in a36-CM and b36-CM in aqueous buffer at pH 2.0
the study was a short, 18-residue amphipathic helical are shown in Fig. 3B and indicate that both peptides
peptide, A18, (in previous work, this peptide was are fully folded a-helical peptides. Previous studies
referred to as AA9 [36,37]), and two random coil have shown that peptide A18 is helical but peptides
peptides, RC11 and RC30 of 11 and 30 residues, RC11 and RC30 are random coils [36,37]. The effect
respectively (Fig. 2). These peptides serve as con- of the mobile phase co-solvent, acetonitrile, on the
trols to ascertain that, during RPLC runs, the ter- conformation of the coiled-coil peptide is demon-
tiary /quaternary structure was indeed disrupted but strated in Fig. 3C and D, which show the CD spectra
not the secondary structure. of the most stable coiled-coil peptide, aa-36, in the

absence and the presence of 35% (v/v) acetronitrile
at 58C and 808C, respectively.

3.3. Conformation of the peptides in the mobile Molecular masses of the both non-crosslinked
phase and their stability in the N→D transition peptides (8750 and 8900 for a36-CM and b36-CM,

respectively), determined by analytical ultracentrifu-
Since typical reversed-phase runs of peptides are gation (Fig. 4), are within 5% of dimer molecular

performed at pH 2.0 with an initial aqueous eluent, masses (9210). Combining the results of CD spec-
all structural and thermodynamic characterizations of troscopy and analytical ultracentrifugation, it is clear
the peptides were carried out at pH 2.0 in aqueous that both a36-CM and b36-CM form two-stranded
solution. Fig. 3A gives the CD spectra of peptides a-helical coiled-coils in pH 2.0 aqueous buffer at
aa-36, bb-36, ab-36 and gd-36. Within experimen- low temperatures. The fact that the average molecu-
tal error, these four peptides have identical spectra lar mass of b36-CM at is 8900 at 58C but 7640 at
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Fig. 3. Circular dichroism (CD) spectra of the various peptides at pH 2.0. The solution is buffered by 25 mM phosphoric acid with no added salt. (A) CD spectra of the disulfide
bridged two-stranded a-helical coiled-coils at 258C. (B) CD spectra of the random coil peptide vv-36 without TFE and with 50% TFE in the buffer. Also shown in (B) are the
CD spectra of the reduced and carboxamidomethylated single-stranded a-helical peptides a36-CM and b36-CM. Carboxamidomethylation by iodoacetamide of reduced peptides
prevents air oxidation of cysteine residues and formation of the disulfide bond. (C and D) CD spectra of peptide aa-36 in the absence and presence of 35% acetonitrile at 58C
and 808C, respectively.
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Fig. 4. Sedimentation equilibrium analysis of the molecular mass of the two carboxamidomethylated peptides, a36-CM at 258C (left panels)
and b36-CM at 58C (right panels). The same analysis was also performed for b36-CM at 258C (data not shown). Runs are performed at three
speeds: 26 000 (n), 30 000 (h) and 34 000 rpm (s). The middle panels show the fitting results of a single-species model at all three
different speeds. The top panels show the residuals of the fit. For a36-CM, the fittings give a molecular mass of 8750 at 258C. For b36-CM,

2the fittings give a molecular mass of 8900 at 58C and 7640 at 258C. The lower panels show a plot of ln absorbance versus r /2 and compare
the fitting to monomer (m), dimer (d) and trimer (t). The monomer, dimer and trimer molecular masses are 4607, 9214 and 13 821,
respectively.
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258C is consistent with a temperature induced shift in (a36-CM and b36-CM) are much more retentive
the dimer-monomer equilibrium to an increased than their random coil counterpart (v36-CM). In
concentration of monomer. Upon elution, the non- fact, a36-CM, b36-CM are more retentive than vv-
crosslinked peptides will exist as monomeric helices 36, a peptide twice the size and containing twice as
due to a combined effect of low peptide concen- many of the same hydrophobic residues. Clearly, the
tration and presence of acetonitrile, as demonstrated amphipathic peptides have preferred binding do-
in previous studies [5–7]. mains due to a-helix formation compared to non-

amphiphatic random peptides. This confirms previ-
3.4. Retention behavior of random coil and non- ous findings that amphipathic peptides bind to the
crosslinked amphipathic peptides stationary phase ligands as helices to maximize

interaction between its non-polar face and the
Fig. 5A shows the plots of the retention times of stationary phase [5–12]. The second feature of the

a36-CM, b36-CM, v36-CM and vv-36 versus retention behavior of these non-crosslinked peptides
temperature. It is clear within the entire experimental is that they are essentially parallel to that of the
temperature range that the amphipathic peptides random coil peptides. Since the random coil peptides

undergo no conformational changes in either the
mobile phase or the stationary phase, this parallel
behavior of the non-crosslinked peptides indicates a
lack of conformational transition for these peptides
throughout the experimental temperature range. Fig.
5B shows plots of the normalized retention time,
t , of a36-CM, b36-CM, v36-CM andR , normalized

A18 versus temperature. As can be seen, sharp
differences in retention behavior exist not only
between the amphipathic peptides and the random
coil peptide, but also between the larger and more
hydrophobic amphipathic peptides (a36-CM and
b36-CM) and the smaller and less hydrophobic
amphipathic peptide (A18). Compared to the random
coil, t , of A18 drops more precipitously asR , normalized

temperature increases, indicating that its helical
structure is unraveling. From Fig. 5A and B, it is
clear that the 36-residue amphipathic, peptides with a
very strong hydrophobic apolar face or preferred
binding domain (consisting of Leu and Val), bind to
the stationary phase as helices up to a temperature of
808C. As noted previously, the non-crosslinked
peptides exist as single-stranded helices upon elution
due to the combined effect of low peptide con-
centration and presence of acetonitrile.

Fig. 5. Contrast of the retention behavior of amphipathic peptides
and random coil peptides. (A). Comparison of the corrected 3.5. RPLC behavior of the two-stranded coiled-coil
retention time, t of single-stranded amphipathic peptides withR, peptides
random coil peptides of identical hydrophobicity. (B) Normalized
retention time, t , of the short amphipathic peptide A18,R, normalized Fig. 6 shows the RPLC chromatograms of the fourthe long amphipathic peptides a36-CM, b36-CM, and the random

coiled-coil peptides at 58C and 808C while Fig. 7Acoil peptide v36-CM. t 5[t (peptide, Temp.)2R, normalized R

t (peptide, 58C)]2[t (RC11, Temp.)2t (RC11, 58C)]. plots the retention times of all of the two-strandedR R R
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t .0, indicating that the coiled-coil peptidesR, corrected

are more retentive than their random coil counter-
part. The reason that t .0 reflects structuralR, corrected

features of peptide on the stationary phase rather
than in the mobile phase is because hydrophobic side
chains in a coiled-coil are much more shielded in the
mobile phase than those in a random coil. This
would make the coiled-coils less, rather than more,
retentive than the random coil. Thus, the only
explanation for the coiled-coils being more retentive
is that they interact preferentially with the stationary
phase, i.e., the constituent amphipathic helices of the
coiled-coil peptides bind to the stationary phase
ligands as extended a-helices. Structural features of
these peptides in the mobile phase are reflected by
dt /dT .0, i.e., t of the coiled-coilsR, corrected R, corrected

climbs steadily with increasing temperature. This is
in sharp contrast with the non-crosslinked peptides
whose retention times run almost parallel with those
of the random coil peptides as temperature increases
(compare Fig. 5A and Fig. 7A). Clearly, the N⇔I
equilibrium in the mobile phase is pushed toward the
I state by increasing temperature, making the hydro-
phobic side chains more exposed and therefore more
accessible to stationary phase ligands. The extent of
shielding vs. exposure of hydrophobic side chains (N
vs. I), in the temperature range 58C–808C, can be
assessed by comparing the retention behavior of theFig. 6. Reversed-phase HPLC chromatograms of the four cross-
crosslinked and the non-crosslinked peptides. Fig. 7Clinked a-helical coiled-coils and two random coil peptides, RC11

and RC30, at 58C (panel A) and 808C (panel B). Run conditions: shows that the crosslinked homo-stranded peptides
linear A-B gradient (1%/min) at a flow-rate of 0.4 ml /min, where (aa-36 and bb-36) are less retentive at low tempera-
solvent A is 0.05% TFA in water and solvent B is 0.05% TFA in ture than their non-crosslinked counterparts (a36-
acetonitrile. Column and instrument are described in the

CM and b36-CM) even though the crosslinked onesExperimental section.
have twice as many of the same hydrophobic res-
idues and identical amphipathicity as the non-cross-

peptides. As can be seen, the four crosslinked linked ones. On the other hand, as temperature
peptides were eluted separately at 58C even though increases, the crosslinked peptides eventually be-
they have the same conformation. Their separation come more retentive than the non-crosslinked ones.
decreases with increasing temperature and at 808C, The implication is that in the mobile phase during
the four peptides are co-eluted. Fig. 7B plots the elution, the crosslinked peptides exist predominantly
corrected retention time, defined as t 5 as coiled-coils at 58C but become predominantlyR, corrected

t (peptide)2t (random coil), of the four coiled-coil extended single-stranded a-helices at 808C. ThisR R

peptides versus temperature. Since the contribution conclusion of the status of the crosslinked peptides is
from the same hydrophobic side chains in the corroborated by CD spectra of aa-36 at 58C and
random coil conformation has already been sub- 808C, with and without 35% acetonitrile (Fig. 3C
tracted out, t contains structural information and D). The concentration of acetonitrile at whichR, corrected

of the peptide during RPLC, in both the mobile aa-36 was eluted is 35% and, therefore, 0% and
phase and the stationary phase. Structural features of 35% acetonitrile represent the two limiting values of
these peptides in the stationary phase are reflected by the mobile phase solvent composition. At 58C,
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Fig. 7. Retention behavior of the crosslinked two-stranded a-helical coiled-coils as a function of temperature. (A) Retention times of peptides (t ) vs. temperature. (B) CorrectedR

retention times (t ) vs. temperature for the four crosslinked coiled-coil peptides. t (peptide)5t (peptide)2t (random coil, vv-36). (C) Comparison of theR, corrected R, corrected R R

retention times of the homo-stranded crosslinked coiled-coil peptides (aa-36 and bb-36) with their non-crosslinked counterparts (a36-CM and b36-CM) after correcting for the
same random coil standard (v36-CM). (D) First derivative of t vs. temperature. The temperature at which dt /dT reaches maximum is 37.08C, 29.58C and 21.58CR, corrected R, corrected

for aa-36, gd-36, bb-36, respectively. For ab-36, this temperature lies outside the lower limit of the experimental temperature range.
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acetonitrile has little effect on the molar ellipticity four crosslinked peptides in the N→I transition, is
(Q ) except changing the ratio of Q /Q from the only one which involves potential clashes be-222 208

slightly above 1.0 to slightly below 1.0. At 808C, the tween guest leucine side chains [32]. Peptide ab-36
ellipticity of aa-36 is reduced as a result of elevated also stands out in its RPLC retention behavior as the
temperature, with or without 35% acetonitrile, but to only one whose T (N→I) lies below experimentalt

a much greater extent with 35% acetonitrile. This temperature range. The reason for this awaits further
greater reduction in helicity in the presence of 35% investigation.
acetonitrile indicates a loss of interchain stabilization
as a result of N→I transition facilitated by high 3.6. Transition order parameter and phase
temperature and acetonitrile. In other words, at 808C, diagram
the peptide was largely an extended single-stranded
a-helix in the mobile phase upon elution. Due to the high stability of the coiled-coil peptides

The above conclusion regarding the structural used, RPLC is only able to monitor the N→I
status of the crosslinked peptides explains why they transition in this study. However, depending on the
are well separated at 58C but are co-eluted at 808C. stability of the peptides, RPLC could be used to
At 58C, with the coiled-coil conformation largely monitor other parts of the conformational transition.
intact in the mobile phase, stability differences For coiled-coils in the general case, the distribution
among the peptides caused by different arrangements between the mobile phase and the stationary phase is
of guest residues dictates that the more stable coiled- determined by the following equilibria between the
coil will have a larger fraction of its population in N, I and D states (stationary phase is denoted by
the N state compared to the less stable ones. This italics):
leads to less exposure of the hydrophobic side chains
of the more stable coiled-coils (lower fraction of the mobile phase stationary phase
open form I state) and consequently they are less N ↔ I ↔ I-trapped
retentive. On the other hand, at 808C, the interchain D ↔ D-trapped
interactions between the guest residues, the only
source of difference among the crosslinked peptides, The above analysis demonstrates that t 5R,corrected

are not possible since the two helices are 100% in t (peptide)2t (random coil) is a very effectiveR R

the open form, or I state. Consequently, these parameter in describing structural transitions during
peptides have identical retention behavior because RPLC runs. This point is reinforced by comparing
the extended helices of the I state have identical t of the homo-stranded crosslinked peptidesR, corrected

hydrophobicity and other properties. Accordingly, with their non-crosslinked counterparts (Fig. 8). As
the transition temperature for the N→I process, T can be seen, t of both the crosslinkedt R, corrected

(N→I), must lie between 58C and 808C. This peptides and their non-crosslinked counterparts are
temperature can be determined by locating the far from zero at any temperature. Furthermore, as
position of maximum change of t , i.e., temperature increases, t of the crosslinkedR, corrected R, corrected

where dt /dT reaches a maximum (Fig. 7D). peptides increased closer to the level of the non-R, corrected

T (N→I) for the fourth peptide, ab-36, lies outside crosslinked ones, indicating that the coiled-coils aret

the lower limit of the experimental temperature behaving more and more like single-stranded am-
range. Three features of these T (N→I) values are phipathic peptides, apparently due to the thermally-t

worth noticing: (1) T (N→I) are lower than induced increase in the fraction of the I state. Thet

T (N→D) measured by calorimetry, which is ex- effectiveness of t to describe structuralt R, corrected

pected. (2) Due to symmetry considerations [32], transitions during RPLC comes from the fact that the
T (N→D) of gd-36 (94.08C) is the average of aa-36 contribution to retention time from hydrophobic sidet

(98.98C) and bb-36 (89.88C). This relationship is chains in the polypeptide chain in the random coil
also satisfied by the T (N→I) values where gd-36 conformation has already been subtracted out. There-t

(29.58C) is the average of aa-36 (37.08C) and bb-36 fore, t 50 if the peptide is in the randomR, corrected

(21.58C). (3) Peptide ab-36, the least stable of the coil conformation in both the stationary and the
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Fig. 8. t as a structural transition order parameter. ItR, corrected

shows that as temperature increases, the crosslinked (aa-36 and
bb-36) and the non-crosslinked (a36-CM and b36-CM) peptides
are behaving more and more alike.

mobile phase. Any deviation from zero is a purely
conformational effect. In this sense, t isR,corrected

analogous to the so-called order parameter used to
describe macroscopic phase transitions, such as
condensation and a plot of t vs. temperatureR, corrected

is analogous to a phase diagram [38]. Pursuing this
analogy one step further, the temperature at which

Fig. 9. A hypothetical phase diagram for crosslinked coiled-coils
t 50 would be analogous to the criticalR, corrected based on extrapolation of the retention behavior of coiled-coils
temperature T . Extrapolating experimental data used in this work. t line is the co-existence line abovec R, corrected

from Fig. 8, a hypothetical phase diagram is shown which the peptide will be in the mobile phase and below which
the peptide will be bound to the stationary phase. The value ofin Fig. 9.
t is determined by the extent to which the peptideR, corrected

structure deviates from the random coil conformation. The struc-3.7. Folding mechanism of crosslinked coiled-coils tural status of the peptides in the mobile and stationary phase are
shown schematically above and below the co-existence line. T isc

In this work, we trapped the monomeric a-helical the temperature above which t 50.R, corrected

state of coiled-coils, which is a structural inter-
mediate state between fully folded coiled-coil and
the unfolded polypeptide chain. A recent kinetic the N→I transition should be the same with that in
study demonstrated that crosslinked coiled-coils fold the N→D transition. On the other hand, if the
along a single robust pathway [39]. Therefore, it is monomeric a-helical state is an off-pathway inter-
legitimate to ask if this structural intermediate state mediate which either only exists under artificial
is also a kinetic intermediate which is an essential conditions or acts as a kinetic trap, then there would
step on the folding pathway. This is answered by be no simple correlation between the stability order
comparing the stability order of these coiled-coils in of these coiled-coils in the N→I transition and that
the N→I transition with that in the N→D transition. in the N→D transition. In this case, both the elution
If the monomeric a-helical state is an on-pathway order and the transition temperature [T (N→I)]t

intermediate, then its stability should be proportional provide the order of stability of the peptides in the
to the stability of the coiled-coil state. Therefore, the N→I transition as ab-36,bb-36,gd-36,aa-36
stability order of these closely related coiled-coils in which is the same order as in the N→D transition as
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determined by calorimetry. This agreement between Hicks for technical assistance. This work was sup-
ported by Medical Research Council of Canadathese two stability orders is consistent with the
Group in Protein Structure and Function and themonomeric a-helical state being not only a structural
Government of Canada’s Network of Centres ofintermediate, but also a kinetic intermediate. How-
Excellence program supported by the Medical Re-ever, the question whether the kinetic intermediate
search Council of Canada and the National Scienceinvolves complete helix formation or partial helix
and Engineering Research Council through PENCEformation only cannot be answered by this study
Inc. (the Protein Engineering Network of Centres ofbecause both scenarios are consistent with our
Excellence).results. This is because, due to the repetitiveness of

coiled-coils sequences, if helix A is more stable than
helix B, then part of A is still more stable than B.
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