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Abstract

Although helices play key roles in peptide—protein and protein—protein interactions, the helical
conformation is generally unstable for short peptides (10-15 residues) in aqueous solution in the
absence of their binding partners. Thus, stabilizing the helical conformation of peptides can lead to
increases in binding potency, specificity, and stability towards proteolytic degradation. Helices
have been successfully stabilized by introducing side chain-to-side chain crosslinks within the
central portion of the helix. However, this approach leaves the ends of the helix free, thus leading
to fraying and exposure of the non-hydrogen-bonded amide groups to solvent. Here, we develop a
“capped-strapped” peptide strategy to stabilize helices by embedding the entire length of the helix
within a macrocycle, which also includes a semirigid organic template as well as end-capping
interactions. We have designed a ten-residue capped-strapped helical peptide that behaves like a
miniprotein, with a cooperative thermal unfolding transition and 7, *70°C, unprecedented for
helical peptides of this length. The NMR structure determination confirmed the design, and X-ray
crystallography revealed a novel quaternary structure with implications for foldamer design.
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Nature makes extensive use of cyclic peptides in biology.[t] The cyclic topology constrains
the peptide conformation, thereby increasing stability and affinity for various targets.[%:2] In
particular, head-to-tail cyclization provides a high degree of stability because this restraint
impacts the full structure and does not leave unrestrained loose ends.[3] One prominent
example of natural cyclic peptides is gramicidin S, in which short turns flank two p-strands
to form a highly stabilized antiparallel B-hairpin.[*]
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Stabilizing an a-helix within a small peptide is a difficult challenge that is sometimes
fulfilled in natural peptides by the incorporation of a-methyl amino acids, which make a
modest contribution towards helical stability.[5] Alternatively, helices in small tertiary
structures can be stabilized by disulfides and/or the formation of a peptide bond between the
N- and C-terminal amino acids.[6] A method to stabilize relatively long helices by
buttressing them with a poly-proline Il helix has also been reported.[”] Nevertheless, these
approaches result in relatively large peptides (>25 residues), so there has been considerable
interest in the introduction of macrocycles within the interior positions of the a-helix to
promote this conformation (“stapled peptides”, Figure 1A left).[8] Another line of work has
focused on the design of peptidic or nonpeptidic groups that stabilize helices through
capping interactions (Figure 1A right).[ Although these approaches can increase helix
stability, we sought to develop a method that would stabilize a full a-helix including its
helical ends (Figure 1B).

Capping motifs are known to stabilize and rigidify a-helices and minimize the exposure of
the terminal amides/carbonyls to water.[19] When appropriately spaced at the ends of a
helical peptide, N-cap and C-cap motifs provide convenient points for the attachment of a
semirigid template to join the ends within a conformationally constraining macrocycle
(capped-strapped). To provide a stringent test of the capped-strapped methodology, we
sought to stabilize a relatively short 10-residue helix. Helix stability depends on chain
length, and short monomeric helices are unstable in the absence of a tertiary structure or
binding partners.[11] Additionally, helices of this length comprise the binding hot-spots of
many protein—protein interactions (PPIs).[12] To design a capped-strapped helix, we first
designed ideal capping sequences in favorable geometries, then built a semirigid linker to
covalently bridge the capping motifs into a macrocycle (Figure 1B). At the N terminus, we
chose a TPxQ motif for Nc-N3 (Figure 2A), following the nomenclature, N"-Nc-N1-N2-
N3-N4...C1-Cc-C’-C”, in which N1 and C1 denote the first and last helical residues,
respectively.[13] The N-terminal threonine forms a hydrogen-bonded Nc, proline at N1
serves as a helix-initiator,[14] and glutamine at N3 further stabilizes N-cap through
hydrogen-bonded interactions. At the C terminus, an ideal Schellman motif was employed,
with a d-Ala residue at the C” position followed by a Cys at C”, to attach to the template.
[35] These interactions define the geometry of the helical ends, enabling the design of the
linker for cyclization.

A bipartite linker that included both rigid elements to minimize conformational entropy as
well as more flexible elements to assure sufficient flexibility to provide a strain-free fit
between the linker and the peptide was chosen. Based on computational modeling, 4-
thiobutyric acid (C*) was chosen as a partially flexible linker at the N” position, and meta-
substituted biphenyl linker (in capped-strapped peptide 1, CSP1) and bipyridyl (in CSP2)
were explored as elongated rigid templates. For comparison, we also synthesized N-capand
C-cap-stabilized macrocyclic peptides (Figure 2A) according to a previously described
strategy.[16] In these peptides, key capping residues were retained as in CSP1 and CSP2, but
the macrocyclic link was formed to a side chain near the N or C terminus of the helix, rather
than encompassing the entire helix. In each case, the peptides were cyclized by treating the
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precursor with a bis-benzylic bromide to provide the bis-thioether macrocycle in good to
excellent yields.

Far-UV circular dichroism (CD) spectroscopy and thermal unfolding indicate that CSP1 and
CSP2 are almost fully helical between 08C and room temperature (Figure 2B, C). In
contrast, the acyclic precursor is in a random-coil conformation, and the reference N-cap and
C-cap peptides showed considerably lower helical contents. Furthermore, both capped-
strapped peptides displayed high thermodynamic stability and a cooperative unfolding
transition. Analysis of the equilibrium thermal melting (T-melt) gave 7, values of 69.7 and
52.7°C for CSP1 and CSP2, respectively (Table 1), which are significantly greater than for
the C-cap and N-cap peptides.

Importantly, both CSP1 and CSP2 lost their helical content in a cooperative transition, in a
similar way to small proteins. The steepness (cooperativity) of a thermal-unfolding curve
scales with the enthalpy of the transition, which is approximately —1 kcalmol™! per residue
for helix formation.[17] Interestingly, the enthalpy of folding of CSP1, —13.8 kcalmol™2,
exceeds that expected for a fully formed monomeric ten-residue a-helix, thus suggesting
that the folded form is additionally stabilized by enthalpic interactions between the linker
and the helix. The stability and cooperativity of CSP2 is 1-2 kcalmol™1, less favorable than
that of CSP1, thus indicating that the polarity and/or the inter-ring torsional angle of the
bipyridyl is less conducive to helix stabilization than is the biphenyl group. Finally, the
lower stability and cooperativity of the N-cap and C-cap peptides illustrates the contribution
of the macrocyclic embedding of the entire helix in CSP1 and CSP2.

We also measured the kinetics of folding and unfolding of CSP2 by using laser-induced
temperature-jump (T-jump) IR spectroscopy. CSP2 was chosen for these experiments
because CSP1 partially associated at the low-millimolar concentrations required for the
experiment (discussed in detail below). The IR relaxation kinetics in response to a laser-
induced T-jump can be described by a single-exponential decay function (Figure S4C in the
Supporting Information); this is consistent with two-state folding. This finding contrasts
with the stretched exponentials previously seen for unrestrained capped peptides, which have
more heterogeneous frayed helices.[18] The relaxation rates were deconvoluted to reveal the
folding and unfolding rates (Figure S4D).[28] CSP2 folds with a low enthalpic barrier of 7.4
kcalmol~1, whereas unfolding occurs with an activation enthalpy of 21.8 kcalmol™; these
are indicative of substantial breakage of hydrogen-bonded and van der Waals interactions in
the high-energy state along the unfolding trajectory. At room temperature, the time constant
for folding is 0.8 s, which is comparable to the rates seen for monomeric helices.[9] Thus,
the stability of CSP2 derives from the slower unfolding rate (6.1 ps) rather than an
acceleration of folding.

To probe the contributions of specific interactions to the thermodynamic stability of CSP1,
we synthesized a series of compounds with substitutions to the peptide and linker. Alanine
substitutions of the Nc threonine and N3 glutamine decreased the helical content by
approximately 40 and 30%, respectively, as assessed from the ellipticity at 222 nm, whereas
substitutions at the N1 and N4 positions had little effect on helicity. The decrease in helicity
associated with substitutions at Nc and N3 supports the importance of reciprocal hydrogen-
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bonding between these residues; the relatively modest decrease in helicity associated with
changes at these and other positions bodes well for the use of CSP1 as a versatile platform
for the presentation of a variety of sequences in a helical conformation. Similarly,
substitution of the D-Ala (included to stabilize the a ¢f; conformation required for a
Schellman capping motif), to glycine or alanine decreased helical content by 20 or 30%,
respectively. Turning to linker substitutions, changing the 3,3”-substituted biphenyl with a
4,4” substitution pattern decreased the ellipticity by 40%. Replacing the 4-thiobutyric acid
group with cysteine also decreased helicity by approximately 40%. In summary, these
substitutions all confirm the principles employed in the design of CSP1, but even after these
destabilizing mutations, the peptides retain a substantially greater ability to form helices than
had been achieved in the N-cap and C-cap peptides. Thus, CSP1 represents a robust scaffold
for future studies in which substitutions might be required for function.

Concentration-dependent analytical ultracentrifugation and 1D NMR spectroscopy of CSP1
(Figure S5) indicated that this miniprotein is fully monomeric at the low concentrations used
in the above CD experiments (>90% monomeric at [CSP1]< 200 um), but that it reversibly
associates to form oligomers. The data were well described by either a monomer—hexamer
or monomer—tetramer equilibrium, and, significantly, by other monomer—s-mer schemes
involving either larger or small association states (Figure S9). Thus, it is likely that the
hexamer is also weakly stable in aqueous solution. By contrast, CSP2 with a more polar
linker showed much less association over this concentration range (Figure S6). To probe the
conformation of CSP1 over a wide range of environments, we determined structures of the
monomer by solution NMR spectroscopy (at 156 um) and of the hexamer by X-ray
crystallography.

The solution NMR structure of CSP1 (Figure 3A) is fully consistent with its design. The
structure was well-defined by 26 medium-range, 22 long-range, and 22 peptide-crosslinker
NOEs, as well as 20 torsion-angle restraints from Talos.[20] The ensemble of the 20 lowest-
energy conformers (computed by using XPLOR-NIH[21l) is well defined, with a backbone
heavy-atom root-mean-square deviation (RMSD) of (0.39+0.12) A. The overall structure
conforms extremely well with the design, including the presence of helix-capping motifs
(discussed in more detail below). Hydrogen/deuterium exchange (HDX) in CSP1 provided
further evidence of the overall stability of the helical secondary structure, including the
capping motifs. In the designed and the experimentally determined structure of CSP1, the
backbone amide of Arg4 is the only backbone amide NH that is not engaged in helical or
capping hydrogen-bond interactions, and hence was expected to exchange rapidly with
solvent deuterons, when dissolved in D,0. Indeed, the Arg4 backbone amide showed
complete exchange within the dead-time (12 min) of detection by NMR spectroscopy
(Figure 3B), whereas the amide protons of the remaining residues were protected from
hydrogen/deuterium exchange as a result of hydrogen bonding (Table S3). Interestingly,
residues at the helical ends showed even larger degrees of protection; thus suggesting that
the capping motifs might be retained in the small fraction of the peptide that is in the
unfolded ensemble at any given time. Thr2, at Nc, displayed slowest exchange; this is likely
due to the shielding by the Thr2 -y-methyl group and strong hydrogen bonding with the GIn5
side chain.
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The 1.25 A-resolution crystal structure of CSP1 (Figure 4A) revealed a novel hexameric
assembly, in which the peptidic portions of CSP1 conform precisely to the design. The helix
and N- and C-cap interactions are as in the designed model, including the predicted side
chain-to-backbone hydrogen bonds (Figure 4C, red dashes). Moreover, the backbone
dihedral angles (Table S2) of Thr2 (Nc), Alal2 (Cc) and d-Ala13 (C") closely resemble
those in the N-capping box and Schellman motifs. The overall quaternary structure of the
hexamer is also of considerable interest. The oligomer is stabilized by a hydrophobic core
that is composed entirely of well-packed biphenyl linkers. Thus, our structure provides a
striking example of a foldamer-like structure with an entirely artificial hydrophobic core
unlike anything seen in natural proteins. The packing of the biphenyl linkers positions
individual helices in an antiparallel orientation, with small-into-small packing of alanine
residues on opposing interfaces. The packing between the individual helices could be
optimized in future studies. Thus, this serendipitous discovery expands the repertoire of
building blocks available to chemists for the design of foldamers22] and protein mimics
unprecedented in nature.

In addition to the implications for the de novo design of foldamers with well-defined tertiary
structures, the structure of CSP1 has significant implications for the design of stabilized
helices as inhibitors of protein—protein and protein—peptide interactions. The retention of
helical structure between the monomeric solution structure and the hexameric crystal
structure speaks of the robustness of the scaffold over a range of environments.
Superposition of the individual monomers in the crystal structure with those computed for
the solution ensemble shows that the linker is able to adjust its conformation to enable
interchain packing without perturbing the helical conformation (Figure 4B). This limited
flexibility might ultimately prove useful for molecular recognition, in which both the peptide
and the biphenyl could be varied to optimize the affinity of a given interaction. Indeed, the
linkers of stapled peptides have already been shown to contribute to binding to protein
targets.[12¢] Hydrophobic moieties are known to cause poor solubility, aggregation, and
nonspecific interactions,[23! and this should be borne in mind when designing protein
binders. However, we have shown that the more polar bipyridyl linker is well tolerated.
Thus, the substitution of biphenyl with bipyridyl in capped-strapped peptides should be a
solution to the potential problem.

In conclusion, we have presented a helix-stabilizing strategy through incorporating a short
a-helix into a macrocycle template. The ten-residue helix is rigid even at its ends and
showed high thermodynamic stability. This ideal helical scaffold folds cooperatively as a
mini-protein and provides opportunities for the design of novel tertiary and quaternary
architectures and inhibitors of protein—protein interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Previous work B This work
Side-chain crosslink Cap templating

Crosslinks: Templates:
Lactam Macrocycles
Disulfide Hydrocarbon
Hydrocarbon Lactam
Thioether Peptidomimetics
Triazole

Oxime

“Capped-strapped”
peptide (CSP)

Figure 1.
A) Previous reported strategies for stabilizing short, helical peptides. B) The capped-

strapped method in this study.
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Figure 2.
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|
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I 1 b —
csp2 C*TPRQARAARAAaAC w
[+]
S \)\/\,sn
) C 1.0
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Helical structures of peptides probed by CD spectroscopy. A) Sequences of singly capped
peptides and capped-strapped peptides. B) CD spectra obtained at 258C expressed as mean
residue ellipticity [103 deg cm? dmol ™1 res™1]. C) Thermal unfolding of the peptides. All CD
measurements were conducted at 50 um in 10 mm phosphate buffer (pH 7.4).
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Figure 3.
Structural studies of CSP1 by solution NMR spectroscopy (PDB ID: 6ANF). A) The

ensemble of 20 lowest-energy NMR structures. Side chains and carbonyls are omitted for
clarity. Backbone heavy-atom RMSD: (0.39+0.12) A. B) Probing the backbone hydrogen
bonding by hydrogen/deuterium exchange (HDX). NMR studies were conducted at 156 pm
in 100 mm acetate buffer (pH 4.1).
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Figure 4.
CSP1 is shown to form a hexamer by X-ray crystallography (PDB ID: 6B17). A) Hexameric

packing in the crystal structure. B) Superposition of chains a (green)/c (magenta)/e (blue)
and b (red)/d (cyan)/f (yellow) in the crystal structure with the lowest-energy (grey) NMR
structure. C) Hydrogen bonding stabilizes the structure. Yellow: intrahelical hydrogen
bonds; red: hydrogen bonds involving capping residues.
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Table 1.

Thermodynamic parameters for the folding of peptides derived from thermal melting curves. The parameters
were obtained by nonlinear least-squares fitting of the Gibbs—Helmholtz equation and assuming the change in
heat capacity (ACp) to be zero.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

i o -1 -1 -1
Peptide Tm[°C]  AHgyq[kcalmol™]  ASgg[kcalmol™ K™ MGy P[kealmol] Bzzzlb][degcmz dmol res]
N-cap 24.1+1.3 -8.7+0.6 -0.029 -0.7 -17700
C-cap 8.3+1.9 -8.3+0.5 -0.029 -0.2 —-23400
CSP1 69.7+0.6 -13.8+0.5 —-0.040 -2.8 —-28800
CSP2 52.7+0.8 -11.6+0.3 —-0.035 -19 —-27200

By e,
[b]at 2°C.
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