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Abstract

Important structural motifs involving amphipathic helices include two-stranded and multiple-stranded coiled-coils.
High-performance size-exclusion chromatography (HPSEC) is a useful tool to examine both the oligomerization state of
coiled-coils as well as the stability of such motifs, due to the facile manipulation of the mobile phase and the lack of
interaction of the peptide solutes with the stationary phase. In the present study, HPSEC was applied to two series of de novo
designed model amphipathic a-helical peptides with the sequences (1) Ac–(E–A–L–K–A–E–I) –E–A–C–K–A–amide,n

where n51 or 3, Ac–E–I–(E–A–L–K–A–E–I) –E–A–C–K–A–amide and (2) Ac–(K–L–E–A–L–E–A) –amide, where4 n

n51, 2 or 4. Observation of the retention behaviour of Series 1 under both denaturing and non-denaturing conditions at pH
7.0 offered insights into the effect of polypeptide chain length and disulphide bridge formation on the stability of a-helical
coiled-coils. In contrast, the Series 2 peptides showed promise as peptide standards to monitor the effect of environment on
the multi-strandedness of coiled-coils, since the 28-residue peptide of this series was eluted as a monomer, dimer or trimer
depending on mobile phase conditions.  1997 Elsevier Science B.V.
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1. Introduction phobic interactions [1]. Indeed, about 50% of all
a-helices in globular proteins are amphipathic [2]

Inter-chain interactions are the main features and such structures are also found in many fibrous
responsible for the folding and stabilization of the proteins [1,3–6]. Important structural motifs involv-
three-dimensional structure of proteins, with am- ing such amphipathic a-helices include two-stranded
phipathic a-helices playing a vital role in hydro- and multiple-stranded (or multiple helix) coiled-coils

[1].
While the study of single-stranded amphipathic*Corresponding author. Address for correspondence: Department

a-helices reveals the effects of amino acid side-of Biochemistry and the Medical Research Council of Canada
chains on intra-chain interactions, determining theGroup in Protein Structure and Function, University of Alberta,

Edmonton, Alberta T6G 2H7, Canada. effect on inter-chain interactions requires the pres-
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ence of at least two interacting helices. The simplest oligomeric states of the peptides of interest. This
model for such studies is well represented by the laboratory has had considerable experience in the
two-stranded a-helical coiled-coil motif [4,7]; in design and synthesis of peptide standards for the
fact, the de novo design and synthesis of a-helical major modes of high-performance liquid chromatog-
coiled-coils provides an ideal model system to study raphy (HPLC) [36,37], including HPSEC [37–39].
the importance of amphipathic a-helices for protein The aforementioned size-exclusion standards were
stability. This laboratory designed and synthesized designed to exhibit negligible secondary structure
by solid-phase peptide chemistry the first model under any mobile phase conditions employed
coiled-coil protein and demonstrated its utility for [38,39]. In contrast, the present study demonstrates
studying folding and stability of a-helical proteins the value of two series of synthetic model am-
[8]. This early model has since been subject to phipathic a-helical peptide standards acting either as
continuing development in this laboratory, leading to monitors of the effects of mobile phase conditions on
a considerable body of published work on the the oligomeric states of a-helical coiled-coil peptides
universal dimerization domain represented by the or as peptide conformation calibration standards for
two-stranded a-helical coiled-coil [9–33]; such work size-exclusion chromatography (SEC).
has also been extended to the formation of model
four-stranded a-helical coiled-coils [28,30].

During any investigation involving model proteins 2. Experimental
with the potential for significant inter-chain interac-
tions, such as the de novo coiled-coil systems noted

2.1. Materialsabove, it is important to obtain knowledge about the
oligomerization state of the protein brought about by

HPLC-grade water was obtained from BDH(1) the environment surrounding the protein or (2)
(Poole, UK). Potassium chloride (KCl), potassiummanipulation of the length and/or sequence of the
dihydrogenphosphate (KH PO ) and urea (all re-2 4model protein. To this end, high-performance size-
agent grade) were also obtained from BDH. Theexclusion chromatography (HPSEC) has proved a
KH PO solution was treated with BioRad Chelex-2 4particularly rapid and facile approach to monitoring
100 (BioRad, Richmond, CA, USA) chelating resinthe oligomerization state of synthetic coiled-coil
and passed through a 0.22-mm filter before use; thepeptides. Thus, Lau et al. [9,10] utilized HPSEC to
urea solution was treated with Bio-Rad AG 501-X8examine the monomeric-dimeric structure of model
(20–50 mesh) mixed-bed resin and passed through apeptides in various denaturing and non-denaturing
0.22-mm filter before use [40]. Trifluoroethanolmobile phases. Monera et al. [16] followed the effect
(TFE) was obtained from Sigma (St. Louis, MO,of mobile phase conditions on the monomeric,
USA).dimeric and trimeric conformers, as well as higher

aggregation states, of coiled-coil peptides. Zhou et
al. [18], Zhu et al. [19], Monera et al. [30] and 2.2. Instrumentation
Fairman et al. [34] all monitored the formation of
two-stranded versus four-stranded a-helical coiled- Peptide synthesis was carried out on an Applied
coils by HPSEC. A study by Kohn et al. [25] Biosystems peptide synthesizer Model 430A (Foster
included monitoring the effect of pH on monomer City, CA, USA). Crude peptides were purified by an
versus dimer formation of two-stranded a-helical Applied Biosystems 400 solvent-delivery system
coiled-coils. An interesting study by Houston, Jr. et connected to a 783A programmable absorbance
al. [35] employed HPSEC to determine the con- detector.
formational states of lactam-bridged stabilized am- The analytical HPLC system consisted of a Varian
phipathic a-helices. Vista Series 5000 liquid chromatograph (Varian,

A common thread which ran through many of the Walnut Creek, CA, USA) coupled to a Hewlett-
above studies was the recognition of the value of Packard (Avondale, PA, USA), HP1040A detection
internal peptide standards to reflect the various system, HP9000 Series 300 computer, HP9133 disc
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drive, HP2225A Thinkjet printer and HP7460A Two size-exclusion columns were used: (1) Super-
plotter. dex 75 HR 10/30 (separation range, 3000—70 000

Amino acid analyses of purified peptides were for globular proteins); (2) Superdex Peptide HR
carried out on a Beckman Model 6300 amino acid 10/30 (separation range, 100–7000). Both columns

´analyzer (Beckman Instruments, Fullerton, CA, were obtained from Pharmacia Biotech (Baie d’Urfe,
´USA). Quebec, Canada).

The correct primary ion molecular masses of
peptides were confirmed by electrospray mass spec- 2.5. HPSEC conditions
trometry on a Fisons Quattro (Fisons, Pointe-Claire,
Quebec, Canada). Four sets of mobile phase conditions were em-

Circular dichroism (CD) spectra were recorded ployed: mobile phase 1, 50 mM aqueous KH PO ,2 4with a Jasco J-500C spectropolarimeter (Jasco, Eas- containing 100 mM KCl, pH 7.0; mobile phase 2
ton, MD, USA) equipped with a Jasco IF500 II was mobile phase 1 containing 30% (v/v) TFE;
interface linked to an IBM PS/2 computer running mobile phase 3 was mobile phase 1 containing 50%
the Jasco DP-500/PS2 system software (Version TFE; mobile phase 4 was mobile phase 1 containing
1.33a). The temperature of the cuvette holder was 8 M urea. Flow-rates of 0.2 ml /min or 0.5 ml /min
controlled by a Lauda Model RMS water bath were used.
(Brinkman Instruments, Rexdale, ON, Canada). The
spectropolarimeter was calibrated with an aqueous

2.6. S-Carboxamidomethylation (alkylation) ofsolution of recrystallized d (1)-camphorsulphonic10 peptide SH groupsacid at 290.5 nm.
Sedimentation equilibrium experiments were per-

Individual peptides were dissolved (1 mg/ml) in aformed on a Beckman Model E analytical ultracen-
highly denaturing buffer consisting of 50 mMtrifuge equipped with electronic speed control and
KH PO , pH 7.0, containing 8 M guanidine hydro-2 4Rayleigh interference optics.
chloride. Dithiothreitol (DTT) was now added to a
final concentration of 2 mM to ensure that the Cys2.3. Peptide synthesis
residues remained in their sulphydryl forms. A
solution of freshly prepared iodoacetamide (50 mM)Amphipathic a-helical peptides were synthesized
in the same buffer was added to the peptide solutionby the solid-phase technique (SPPS) on co-poly-
to a final concentration of 8 mM. The reaction(styrene-1% divinylbenzene)benzhydrylamine-hydro-
mixture was stirred slowly for 30 min, followed bychloride resin (0.92 mmol /g resin) as previously
the addition of solid DTT to a final concentration ofdescribed [41]. The HF-cleaved peptide-resin mix-
20 mM to quench the excess iodoacetamide. Thetures were washed with diethyl ether (3325 ml) and
alkylated peptides were desalted /purified by re-the peptides extracted with neat acetic acid (3325
versed-phase chromatography employing a linear ABml) [41]. The resulting peptide solutions were then
gradient and 0.1% aq. TFA–acetonitrile mobilelyophilized prior to purification.
phase (1% acetonitrile /min, 1 ml /min). The ex-
pected masses of the alkylated peptides were sub-2.4. Columns
sequently confirmed by mass spectrometry (MS).

Crude peptides were purified on a semi-prepara-
tive SynChropak RP-P C reversed-phase column 2.7. Circular dichroism spectroscopy18

˚(250310 mm I.D., 6.5 mm particle size, 300 A pore
size) from SynChrom (Lafayette, IN, USA). The CD runs were carried out as described by Chao et
peptides were purified at pH 2 by linear AB gradient al. [32]. Measurements were made under non-de-
elution (0.5% B/min) at a flow-rate of 5 ml /min, naturing conditions (50 mM phosphate buffer, pH
where eluent A is 0.1% aqueous trifluoroacetic acid 7.0, containing 100 mM KCl) at a temperature of
(TFA) and eluent B is 0.1% TFA in acetonitrile. 208C.



88 C.T. Mant et al. / J. Chromatogr. A 791 (1997) 85 –98

2.8. Sedimentation equilibrium ultracentrifugation are generally preferred at hydrophobic position a,
while leucine residues are usually found at hydro-

Sedimentation equilibrium experiments were run phobic position d [7,19,46,47]; hence, the choice of
under the same buffer and temperature conditions as isoleucine and leucine at positions a and d, respec-
those used for the CD runs. A total of five runs (48 h tively, of the heptad. Finally, the hydrophilic charged
per run) was made with samples (100-ml aliquot) amino acids lysine and glutamic acid were chosen
loaded at initial protein concentrations of 0.79 mg/ and placed at positions of the peptide so that intra-
ml (28K rpm), 1.59 mg/ml (28K rpm), 1.96 mg/ml molecular electrostatic attractions were incorporated.
(24K rpm) and 5.10 mg/ml (18K rpm and 22K rpm). From the schematic representation shown in Fig. 1,
Data collection and evaluation were carried out as glutamate–lysine ion pairs are located in the i and
described by Chao et al. [32]. i13 (b–e) or i and i14 (e–b) positions along the

sequence, providing additional stability to the a-
helical structure by side-chain electrostatic interac-
tions [48–50]. Although the bulk of the interaction at

3. Results and discussion the interface of the coiled-coil is hydrophobic (d–d9

and a–a9, Leu–Leu and Ile–Ile interactions, respec-
Two series of model synthetic peptide standards tively), inter-chain electrostatic interactions between

were employed in the present study. Both series of Glu and Lys in the i to i915 (e–g9 and e9–g)
model peptides were based on a repeating heptad positions [16,22,51,52] provide further stability to
sequence (a–b–c–d–e–f-g) , containing hydropho-n the coiled-coil.
bic residues at positions a and d, characteristic of The a-helical potential of these Series 1 peptides
two-stranded a-helical coiled-coil proteins [5,6]. The has previously been reported [21]. Thus, in the
resulting sequence, (N–X–X–N–X–X–X) , wheren presence of 50% (v/v) TFE, a widely used inert
N is a non-polar residue, is known as a 3–4 or 4–3 a-helix-inducing cosolvent [53,54], the a-helical
repeat and was first identified by Sodek et al. [5]. content of the monomeric forms of the peptides was

calculated to be 68.1%, 87.9% and 91.2% for
peptides 12M, 26M and 35M, respectively [21].3.1. Monitoring the effect of peptide chain length

The peptides denoted 52D and 70D (Fig. 1)and disulphide-bridge formation on coiled-coil
represented the coiled-coil dimers of peptide 26Mstability
and 35M, respectively. The Cys residues of these
monomeric peptides (as well as peptide 12M) have

3.1.1. Synthetic model peptides: Series 1 been reduced and treated with iodoacetamide (see
The peptides shown in Fig. 1 (Series 1) have Section 2.6) to prevent Cys oxidation and undesired

previously been employed to study the effects of disulphide bridge formation. The lack of a dimeric
peptide chain length on the formation and stability of form for the 12-residue peptide, 12M, reflects the
synthetic a-helical coiled-coils [21]. In the design of findings of Su et al. [21] that a minimum of three
these peptides, several features were incorporated heptads was required for a peptide to adopt the
that are known to stabilize a-helices and coiled-coils. two-stranded a-helical coiled-coil conformation in
These features are highlighted in the schematic aqueous medium.
representation of the two-stranded a-helical coiled- Finally, the presence of the Cys residue towards
coil formed by the dimerization of the 35-residue the C-terminal end of these peptides allows the
peptide (Fig. 1). Thus, for particular positions (c and formation of inter-chain disulphide bridges, the 12-
f), alanine was selected because of its high intrinsic residue, 26-residue and 35-residue peptides forming,
helical propensity [42–45]. The five residues used in respectively, 24-residue (denoted 24 ), 52-residue0

the sequence (Ala, Glu, Ile, Lys and Leu) are the (52 ) and 70-residue (70 ) two-stranded peptides.0 0

amino acids most frequently found in the heptad Such two-stranded peptides are useful for monitoring
repeat of native proteins [7]. Analysis of coiled-coil by HPSEC the contribution to coiled-coil stability
sequences have shown that b-branched amino acids (peptides 52 and 70 ) of a disulphide bridge.0 0
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Fig. 1. Model peptide standards: Series 1. Top: sequences of model peptides (the single letter code for amino acids has been employed); Ac
a adenotes N -acetyl and amide denotes C -amide. The X on the cysteine residue denotes that the sulphydryl side-chain has either been

blocked (alkylated) with iodoacetamide (see Section 2.6) or has been oxidized to form a two-stranded disulphide-bridged species. The letters
a–g denote positions in the repeating heptad (in parentheses) characteristic of coiled-coils. 12M, 26M and 35M denote the monomeric
(alkylated) forms of the peptides; 52D and 70D denote the dimeric coiled-coils of 26M and 35M, respectively; 24 , 52 and 70 denote the0 0 0

two-stranded, disulphide-bridged forms of the peptides. Bottom: schematic representation of two-stranded, a-helical coiled-coil formed by
the dimerization of the 35-residue peptide. The chains are in register and parallel. The letters a to g and a9 to g9 designate the positions in the
heptad repeat. The number following the capital letter indicates the position of that amino acid residue in the peptide sequence starting from
the N-terminal end. The hydrophobic residues at a and a9 and d and d9 interact and are mainly responsible for the formation and stabilization
of the coiled-coil. Electrostatic attractions could occur betwen b and e (b9 and e9), i.e., i, i13 intra-chain interactions, or e and b (e9 and b9),
i.e., i, i14 intra-chain interactions (dashed arrows). Inter-chain interactions i, i915 (electrostatic attractions) (g–e9 or g9–e) are indicated by
the solid arrows.

3.1.2. HPSEC elution behaviour of Series 1 column performance. The bottom panel illustrates
peptides the relationship between log M and distribution10 r

Fig. 2 summarizes results obtained from HPSEC coefficient (K ) for both the oxidized and reduced/d

on the Superdex 75 column of mixtures of oxidized alkylated peptides shown in Fig. 1. The plot shows a
and reduced/alkylated peptides from Series 1 (Fig. good correlation for the three two-stranded disul-
1) under non-denaturing conditions. The top panel phide-bridged peptides (24 , 52 and 70 ) together0 0 0

shows the elution profile of the oxidized peptides with the alkylated 26- and 35-residue peptides (26M
(24 , 52 and 70 ), demonstrating a satisfactory and 35M, respectively) when plotted as dimers (52D0 0 0
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report by Su et al. [21]. Only the alkylated 12-
residue peptide was eluted as a monomer (12M)
since, as noted previously, this peptide does not
contain enough repeating heptads to form a stable
coiled-coil, even under non-denaturing conditions.

It is interesting to note that the disulphide-bridged
24-mer (24 ), despite the unlikelihood of any signifi-0

cant coiled-coil character (notwithstanding the pres-
ence of the inter-chain disulphide bridge), still
exhibited good correlation in its elution behaviour
when compared to the dimeric (52D, 70D) and
two-stranded (52 , 70 ) coiled-coil peptides. These0 0

coiled-coil species would perhaps be expected to
have a smaller molecular volume (rigid, rod-like
molecules with high length /diameter ratio) than a
less rigid, more unfolded molecule such as would be
expected of peptide 24 . However, it is possible that0

the presence of the disulphide bridge in peptide 240

put constraints enough on the two-stranded peptide
(which also exhibited some a-helical potential [21])
to allow its retention behaviour to correlate well with
the coiled-coil forms of the larger peptides.

Fig. 3 now shows the relationship between log10

M and K for the Series 1 peptides followingr d

Fig. 2. Top: HPSEC elution profile of peptides 24 , 52 and 700 0 0

(see Fig. 1) on Superdex 75 under non-denaturing conditions
(mobile phase 1 in Section 2.5; flow-rate, 0.2 ml /min. Bottom:
relationship between log M and distribution coefficient (K ) for10 r d

Series 1 peptide standards (see Fig. 1) eluted under non-denaturing
conditions at a flow-rate of 0.2 ml /min. The K values wered

calculated from the expression K 5V 2V /V 2V , where V is thed e 0 t 0 e

elution volume of the solute, V is the void volume of the packing0

(obtained from the elution time of blue dextran) and V is the totalt

accessible volume of the column (obtained from the elution time
of b-mercaptoethanol).

Fig. 3. Relationship between log M and K for Series 1 peptide10 r d

standards (see Fig. 1) eluted from the Superdex 75 under highly
denaturing conditions (8 M urea; mobile phase 4 in Section 2.5) atand 70D, respectively). Thus, under these non-de-
a flow-rate of 0.2 ml /min. K values were calculated as shown indnaturing mobile phase conditions, both the 26M and Fig. 3. The arrows and dotted lines denote the expected elution

35M peptides are forming stable coiled-coil dimers positions of peptides 52 and 70 if they were in the same0 0

(52D and 70D, respectively), supporting a previous conformational state as the other peptides.
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HPSEC on the Superdex 75 column in the presence formations for protein design studies. The general
of 8 M urea, i.e., under conditions highly denaturing features concerning the sequences of the heptad
to folded peptides /proteins. The reduced/alkylated repeats of these peptides are similar to those de-
peptides all now run as monomeric species (12M, scribed for the Series 1 peptides (Fig. 1). Thus, both
26M, 35M), since the highly denaturing conditions series of peptides contain Ala, Glu, Lys and Leu
have disrupted the dimeric state of peptides 26M and residues, with Ala again at positions c and f.
35M (denoted 52D and 70D, respectively, in Figs. 1 However, only the peptide analogue with a total of
and 2) and they are almost certainly being eluted as four heptads (peptide 28M) is long enough to adopt
random coils, i.e., all secondary and quaternary a two-stranded a-helical coiled-coil (denoted peptide
structure has been disrupted. In addition, the good 56D) in aqueous medium, i.e., the 7-residue and
correlation of oxidized, two-stranded peptide 24 14-residue analogues (peptides 7M and 14M) are0

with the three monomers suggests that all four of the always in their monomeric forms. From the
peptides are behaving as random coils. schematic representation of the dimeric coiled-coil

The elution behaviour of the other two-stranded form of peptide 28M, denoted 56D, in Fig. 4, it can
peptides (peptides 52 and 70 ) is much different be seen that the bulk of the interaction of the0 0

than that of the peptide 24 analogue. From Fig. 3, interface of the coiled-coil is again hydrophobic0

the arrows and dashed lines denote where it may (d–d9 and a–a9, albeit now with two pairs of Leu–
have been expected to observe peptides 52 and 70 Leu interactions). In addition, inter-chain Glu–Lys0 0

to be eluted if they were in the same conformational electrostatic interactions (e–g9 and e9–g) are again
state (i.e., random coil) as the other peptides. These possible, although it should be noted that the relative
two peptides are being retained by the column longer positions of these two residues has been reversed
than would have been expected, i.e., they are behav- (Glu is now in position e and Lys in position g)
ing as smaller molecules than expected, suggesting compared to the Series 1 peptides (Fig. 1). Due to
their conformation is still that of coiled-coil peptides the positioning of Glu at position e in the sequence,
rather than random coils. Thus, the disulphide bridge as well as position b, there is now a possibility of
linking the two strands of these peptides is sufficient intra-molecular repulsive forces (as opposed to the
to stabilize the coiled-coil conformation of the attractive forces seen in Fig. 1 for Series 1 peptides)
peptides even under highly denaturing mobile phase between the i and i13 (b–e) or i and i14 (e–b)
conditions. Indeed, it is interesting to note how positions along the sequence. Unlike the Series 1
peptide 52 is being eluted later than a peptide peptides, the Series 2 analogue capable of forming a0

(35M) with a lower-molecular-mass, due to the two-stranded coiled-coil (28M→56D; Fig. 4) was
maintenance of peptide 52 as a small rod-like not designed to maximize coiled-coil stability. With0

molecule in contrast to the now random coil peptide this approach, it was intended that the oligomeriza-
35M. These results are in good agreement with tion state of the 28-residue analogue of the Series 2
previous studies concerning the contribution of di- model peptides would be more subtly influenced by
sulphide bonds to de novo designed coiled-coil its environment.
stability [18] and are a clear testament to the The a-helical potential of peptide analogues al-
effectiveness of such bonds in maintaining such most identical to the Series 2 peptides (save for an
conformations even in highly denaturing environ- Ala→Gly substitution at position f of the heptad) has
ments. been previously documented [9,10]. In addition, the

coiled-coil potential of the present 28-residue stan-
3.2. Monitoring oligomerization state of model dard has been confirmed in the present study by CD
peptides by SEC and sedimentation equilibrium studies and will be

discussed later.
3.2.1. Model synthetic peptides: Series 2

The peptides shown in Fig. 4 were designed as 3.2.2. HPSEC elution behaviour of Series 2
standards to calibrate HPSEC columns for confirma- peptides
tion of monomeric versus multimeric peptide con- Fig. 5 shows the relationship between log M10 r
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Fig. 4. Model peptide standards: Series 2. Top: sequences of model peptides (the single letter code for amino acids has been employed); Ac
a adenotes N -acetyl and amide denotes C -amide. The letters a–g denote positions in the repeating heptad (in parentheses) characteristic of

coiled-coils. 7M, 14M and 28M denote the monomeric forms of the peptides; 56D and 84T denote, respectively, the dimeric and trimeric
coiled-coil forms of 28M. Bottom: schematic representation of two-stranded, a-helical coiled-coil formed by the dimerization of the
28-residue peptide. The chains are in register and parallel. The letters a to g and a9 to g9 designate the positions in the heptad repeat. The
number following the capital letter indicates the position of that amino acid residue in the peptide sequence starting from the N-terminal end.
The hydrophobic residues at a and a9 and d and d9 interact and are mainly responsible for the formation and stabilization of the coiled-coil.
Electrostatic repulsion could occur betwen b and e (b9 and e9), i.e., i, i13 intra-chain interactions, or e and b (e9 and b9), i.e., i, i14
intra-chain interactions (dashed arrows). Inter-chain interactions i, i915 (electrostatic attractions) (g–e9 or g9–e) are indicated by the solid
arrows.

and K for the Series 2 peptides following HPSEC the peptide standards (Fig. 5, middle) shows somed

on the Superdex 75 column in the presence of 8 M similarities to those observed for the mobile phase
urea (Fig. 5, top), 50% TFE (Fig. 5, middle) and containing 8 M urea (Fig. 5, top), but there are also
30% TFE (Fig. 5, bottom) (mobile phases 4, 3 and 2, important differences due to the a-helical promoting
respectively; see Section 2.5). properties of TFE, albeit these differences are not

Under the highly denaturing conditions charac- immediately obvious from the log M versus K10 r d

teristic of the presence of 8 M urea (Fig. 5, top), the relationship shown in Fig. 5 (middle). Thus, TFE is a
three peptides, as expected, are all eluted as single- denaturant of quaternary structure but promotes a-
stranded (and random-coil) species. helical structure in potentially helical molecules

The effect of 50% TFE on the elution behaviour of [9,55,56]. From Fig. 5 (middle), all three peptides are
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being eluted as monomeric peptides, since the pres-
ence of 50% TFE in the mobile phase overcomes
even the strong coiled-coil potential of the 28-residue
standard. However, unlike the highly denaturing
conditions of 8 M urea (Fig. 5, top), the presence of
50% TFE in the mobile phase ensures the peptides
are being eluted in their monomeric helical forms as
opposed to random coils.

Lowering the TFE concentration in the mobile
phase to 30% (Fig. 5, bottom) now changes the
elution behaviour of the 28-residue peptide, sug-
gesting elution as a dimeric coiled-coil, denoted 56D,
while the 7-residue and 14-residue peptides remain
monomeric. This observation highlights the relative
stability of the dimer produced by the four heptads of
the 28-residue standard, since the coiled-coil is
maintained even in the presence of a significant
concentration of denaturant (30% TFE) of protein
quaternary structure.

Fig. 6 (top) now shows the elution profile of the
oxidized Series 1 peptides (24 , 52 , 70 ; Fig. 1) and0 0 0

the three Series 2 peptide standards (Fig. 4) under
non-denaturing conditions, i.e., in the absence of
TFE or urea; the log M versus K plot for the10 r d

peptides shown in Fig. 6 (top) plus the non-oxidized
(i.e., no inter-chain disulphide bridge) monomeric
(12M) and dimeric (52D, 70D) Series 1 peptides is
shown in Fig. 6 (bottom). Various mixtures of the
peptides from both peptide series were run on the
Superdex 75 column under these non-denaturing
conditions and the plot shown in Fig. 6 (bottom)
represents a summary of these runs. This was carried
out in order to maximize the number of data points
on the plot, and, hence, confirm the very interesting
observation that the 28-residue peptide standard from
the Series 2 peptides (Fig. 4) now appeared to
exhibit a trimeric conformation, denoted 84T. The
expected elution positions for the 28-residue peptide
if eluted as a dimer (56D) or as a monomer (28M)
are also indicated on the plot shown in Fig. 6
(bottom); the very poor correlation of these positions
supported the assumption that the 28-mer standardFig. 5. Relationship between log M and K for Series 2 peptide10 r d

standards (see Fig. 2) eluted from the Superdex 75 under various was behaving as a trimer (denoted 84T). If this was
denaturing conditions at a flow-rate of 0.2 ml /min. The top, indeed the case, then a new dimension has been
middle and bottom profiles show the results obtained using mobile added to the value of these calibration standards in
phase 4 (8 M urea), mobile phase 3 (50% TFE) and mobile phase

that the oligomerization state of the largest peptide is2 (30% TFE), respectively. The compositions of the mobile
particularly sensitive to mobile phase conditions.phases are shown in Section 2.5. K values were calculated asd

shown in Fig. 3. Thus, under highly denaturing conditions (Fig. 5, top
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the 28-residue could indeed form multi-stranded
forms other than the dimeric coiled-coil form for
which it was originally designed. Fortunately, such
evidence could be readily located in the literature,
since interest in de novo designed trimeric [57–67]
and also tetrameric [28,30,59,68] model coiled-coil
motifs has been steadily growing in recent years.
Thus, the general principles of structural characteris-
tics and interactions which stabilize dimeric coiled-
coils (e.g., hydrophobic interactions at the interface
of the individual peptide chains and potential intra-
chain and inter-chain electrostatic interactions) may
also be applied to more complex coiled-coil motifs.
Indeed, efforts to predict different oligomerization
states of coiled-coils [69,70] have centered around
the heptad repeat first identified by Sodek et al. [5]
as being responsible for dimeric coiled-coil struc-
tures. Significantly, it was noted by Lombardi et al.
[64] that de novo designed peptides patterned after
Hodges et al.’s original design of two-stranded
coiled-coils [8] actually formed trimers in solution
and in the solid state, this original design being
almost identical to the heptad repeat of the peptide
standards currently under discussion.

The oligomeric structure of the 28-residue peptide
was now examined by sedimentation equilibrium
ultracentrifugation experiments under non-denaturing
conditions (see Section 2.8). Since it is difficult to
analyze multimer-equilibrium from ultracentrifuga-

Fig. 6. Top: HPSEC elution profile of peptides 24 , 52 , 70 (see0 0 0 tion data, a total of five runs differing in loadingFig. 1) and 7M, 14M, 84T (see Fig. 2) on Superdex 75 column
concentrations and speeds (see Section 2.8) wasunder non-denaturing conditions (mobile phase 1 in Section 2.5) at
performed, with the observed peptide distributiona flow-rate of 0.2 ml /min. Bottom: relationship between log M10 r

and K for Series 1 (see Fig. 1) and Series 2 (see Fig. 2) peptide profile ranging from 0.34 mg/ml to 8.79 mg/ml.d

standards eluted under non-denaturing conditions at a flow-rate of Although several good models were used to analyze
0.2 ml /min. Sample volume: 40 ml, containing the 28-residue

the data globally, the only reasonable fit was ob-peptide at a concentration of 1 mg/ml. The volume of the peak
tained by the program NONLIN [71], which sug-when eluted was 600 ml, i.e., an elution concentration for this
gested that a trimer–tetramer model best describedpeptide of 0.067 mg/ml. K values were calculated as shown ind

Fig. 3. The arrows and dotted lines denote the expected elution the data set. The monomeric or dimeric forms were
positions of the 28-residue peptide from Series 2 if it had been not significantly observed and the data obtained
eluted as a monomer (28M) or dimer (56D).

could essentially be described in the absence of these
species. These data suggested that the trimeric form

and middle), the 28-mer was eluted in a monomeric did indeed predominate at concentrations below 1
form; under mildly denaturing conditions (Fig. 5, mg/ml, such results being entirely consistent with
bottom), it was eluted as a dimer; and, finally, under the sample concentrations at the start of the HPSEC
non-denaturing conditions (Fig. 6), it appeared to be run as well as following dilution during elution from
eluted as a trimer. the column (see legend to Fig. 6 for details). Interest-

Due to the importance of this observation, it was ingly, the sedimentation equilibrium data indicated
necessary to obtain strong supportive evidence that that the tetrameric oligomerization state of the
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peptide became the dominant species at concen- is 3000–70 000 for globular proteins and, thus, these
trations above 2 mg/ml. Higher order aggregates peptides represent a narrow-molecular-mass variation
were not observed. at the extreme low end of the resolving capability of

CD analysis of the 28-mer standard trimer (de- the column. Indeed, these results are entirely con-
noted 84T), indicated considerable helical structure. sistent with previous observations by our laboratory
Thus, at 0.48 mg/ml, where the trimeric coiled-coil when comparing the separations of synthetic peptide
predominated in solution, the CD profile was con- SEC standards (10–50 residues; 800–4000) on vari-
sistent of a structure close to 100% helicity. This full ous columns designed for protein separations
helical structure was further corroborated by TFE [38,39].
titration experiments, where the presence of TFE at The excellent resolution of the six peptides shown
concentrations of 30% or 50% (v/v) did not increase in Table 1 achieved on the Superdex Peptide column
or decrease helix content as indicated by the lack of (Fig. 7, middle profile) is a clear illustration of the
CD signal intensity changes. These data supported potential of this column for small peptide sepa-
the notion that the 28-residue standard could as- rations. In fact, the resolving capability of the
sociate to form a stable coiled-coil under non-de- column should be even more advantageous for
naturing conditions and the monomeric species does purification of complex peptide mixtures by a multi-
not populate significantly even at low concentrations step process [36,72,73]. Thus, an initial fractionation
in agreement with the sedimentation equilibrium of such a mixture by the Superdex Peptide column
data. should simplify considerably subsequent ion-ex-

change chromatography and/or reversed-phase chro-
3.3. Evaluation of size-exclusion columns by matography steps.
synthetic peptide standards It should be noted that plotting the logarithm of

the number of residues versus K (Fig. 7, bottomd

3.3.1. HPSEC of peptides on Superdex Peptide panel) gave a noticeably higher correlation (r5

and Superdex 75 columns 0.995) compared to a more traditional log M10 r

Table 1 shows the sequences of synthetic pep- versus K plot (r50.972). The lesser correlation ofd

tides, ranging in length from 4 to 20 residues (|500– the latter plot was mainly apparent for the smallest
2200), used to evaluate the potential of the recently peptides of 4 and 6 residues (Table 1), probably due
introduced Superdex Peptide size-exclusion column. to the lack of any defined shape (spherical or
The capabilities of the Superdex Peptide and Super- otherwise) of such small peptides.
dex 75 columns to resolve a mixture of these
peptides under non-denaturing conditions (mobile 3.3.2. HPSEC of synthetic amphipathic a-helical
phase 1; see Section 2.5) are compared in Fig. 7. The peptide standards on Superdex Peptide and
inability of the Superdex 75 column (top profile) to Superdex 75 columns
resolve these peptides is unsurprising, considering Fig. 8 compares the elution behaviour of the
that the optimum fractionation range for the column model peptides shown in Fig. 4 on the Superdex 75

Table 1
Synthetic model peptides

aPeptide sequence Number of Molecular
residues mass

F–I–P–K 4 504
Ac–G–G–T–A–G–G–amide 6 459
P–Q–S–P–E–S–V–D–amide 8 857
L–K–A–E–I–E–A–L–K–A–amide 10 1085
Ac–T–D–D–P–A–S–P–Q–S–P–E–S–V–D–amide 14 1483
I–E–A–L–K–C–E–I–E–A–L–K–A–E–I–E–A–L–K–A–amide 20 2186
a a aPeptide sequences are shown using the one letter code for amino acid residues; Ac denotes N -acetyl; amide5C -amide.
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Fig. 8. Comparison of HPSEC of Series 2 peptide standards (seeFig. 7. HPSEC of small peptides on Superdex 75 (top) and
Fig. 2) on Superdex 75 (top profile) and Superdex Peptide (middleSuperdex Peptide (middle) columns under non-denaturing con-
profile) columns in the presence of 30% TFE (mobile phase 2 inditions (mobile phase 1 in Section 2.5) at a flow-rate of 0.5
Section 2.5) at a flow-rate of 0.5 ml /min. The bottom panelml /min. The bottom panel shows the resulting log Number of10
compares the resulting log M versus K relationship on the two10 r dResidues versus K relationship. K values were calculated asd d
columns. K values were calculated as shown in Fig. 3.dshown in Fig. 3. The sequences of the peptides are shown in Table

1; the numbers above the peaks in the middle profile and on the
bottom plot denote the number of residues in the peptides. column matrix appears to be somehow influencing

the oligomeric state of the 28-residue standard. This
(top profile) and Superdex Peptide (middle profile) interesting observation further enhances the value of
columns in the presence of 30% TFE (mobile phase these calibration standards in that, in addition to
2; see Section 2.5). The lower panel of Fig. 8 being sensitive to mobile phase variations, the 28-
compares the log M versus K plots for the two residue peptide also appears to be sensitive to the10 r d

columns. As was demonstrated earlier (Fig. 5, bot- particular SEC packing employed for its elution.
tom), the 28-residue standard is eluted as a dimeric
coiled-coil (denoted 56D in Fig. 4) on the Superdex
75 under these conditions. In contrast, this peptide is 4. Conclusions
eluted in its monomeric form (denoted 28M in Fig.
4) on the Superdex Peptide column. Thus, the In this study, we have demonstrated that SEC is a
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