Published on 28 September 2011. Downloaded by Temple University on 27/10/2014 18:44:17.

ChemComm

Cite this: Chem. Commun., 2012,48, 1416-1418

www.rsc.org/chemcomm

View Article Online / Journal Homepage / Table of Contentsfor thisissue

Dynamic Article Links °

COMMUNICATION

Design, synthesis and protein-targeting properties of thioether-linked

hydrogen bond surrogate helicesy i

Andrew B. Mahon and Paramjit S. Arora*

Received 1st August 2011, Accepted 12th September 2011
DOI: 10.1039/c1cc14730g

Appropriately-placed hydrogen bond surrogates have been
demonstrated to efficiently nucleate helical conformations.
Herein we describe an efficient method for the synthesis of
thioether-based hydrogen bond surrogate (teHBS) helices. A
teHBS helix is shown to adopt a stable conformation and target
its cognate protein receptor with high affinity.

Stabilized a-helices and helix mimetics have emerged as powerful
antagonists of model protein—protein interactions.'™° Our
laboratory has developed a hydrogen bond surrogate (HBS)
approach that reproduces the conformation of proteinaceous
a-helices in short peptide sequences.'' HBS a-helices feature a
hydrocarbon linkage in place of an N-terminal i — i + 4
hydrogen bond (Fig. 1), which nucleates the desired helical
conformation in the appended peptide chain.'>'* One of the
key advantages of the HBS approach is that all amino acid
side-chains remain available for molecular recognition. HBS
helices have been shown to bind chosen protein targets in cell
free and cell-based assays.>> %!

The hydrocarbon linkage of an HBS peptide is installed
using a ring closing olefin metathesis reaction between an
N-terminal 4-pentenoic acid residue, formally occupying the ith
position on the helix, and an i + 4 N-allyl group.!®'® The
optimized metathesis conditions require high reaction temperatures
and catalyst loadings, which can result in product mixtures that are
difficult to purify. Purification difficulties have restricted the use
of HBS helices; specifically, we have been unable to synthesize
diverse helix libraries to optimize specificity and affinity for
target proteins. We decided to investigate the use of a thioether
linkage (teHBS in Fig. 1) as an alternative to the all hydro-
carbon linkage of a traditional HBS.

Several peptide cyclization strategies have exploited thioether
formation using nucleophilic substitutions of primary alkyl
halides.'®? We envisaged that a substitution reaction or a
conjugate addition reaction would provide ready access to
teHBS helices. The conditions required to affect these reactions
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are mild and the resulting thioether linkages have been shown
to be stable in biological systems.>* Herein, we describe the
efficient synthesis of a teHBS o-helix that mimics the p53
activation domain. We examined the solution conformation of
the teHBS p53 helix in aqueous buffers by circular dichroism
and 2D NMR spectroscopies, and investigated its potential to
target Mdm?2 by a fluorescence polarization competition assay.
Our results suggest that the thioether linkage nucleates the
helical conformation and targets protein receptors as well as
the hydrocarbon system.

We designed teHBS 1, an analog of a previously reported
HBS helix 2, to compare the helicities and protein binding
capabilities of the two systems (Table 1). HBS helix 2, derived
from screening several HBS peptides, mimics the p53 activation
domain and has been shown to target Mdm?2 with high affinity and
selectivity.'* Interaction of p53 with Mdm?2 is intimately involved in
regulating the crucial process of programmed cell death.?* This
complex has been targeted with several different types of
synthetic inhibitors,” ! making it a model protein-protein
interaction for inhibitor design.

We evaluated two different approaches for solid-phase
synthesis of teHBS a-helices consisting of a Michael reaction
(Method A in Fig. 2) and the nucleophilic substitution method
(Method B). The precursor peptides 3 and 4 were synthesized
as described in the ESI.{ We tested various bases and solvents
with peptides 3 and 4, and model tetrapeptide sequences, to
establish the optimal cyclization conditions. For example,
peptide 3 or 4 was treated with 5 equivalents of triethylamine,
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Fig. 1 Comparison of a canonical o-helix featuring an i — i + 4
hydrogen bond with the hydrocarbon linkage of an HBS a-helix and
the thioether linkage of a teHBS a-helix.
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Table 1 Summary of biophysical data for HBS and teHBS
p53 helices

Compound Sequence” % Helicity? Ky for Mdm2 (nM)*

S—
1 XQEGFSDLWKLLS 54 224 + 20
2 I 48 232 + 34
XQEGFSDLWKLLS

“ X denotes pentenoic acid and thiopropionic acid residues in the HBS
and teHBS macrocycles, respectively. * Values obtained from circular
dichroism spectroscopy studies. © From fluorescence polarization
competition assay.

N,N-diisopropylethylamine, n-butylamine or DBU, in DMF
in separate reaction vessels, and each reaction was monitored
periodically using a qualitative on resin Ellman test.*>** After
12 h only the DBU catalyzed reaction indicated complete thiol
consumption for 3; however, HPLC traces of the crude
reaction revealed a complex mixture of products (Fig. 2).
For Method B and peptide 4, DBU was again observed to
be the most effective base. In this instance, HPLC and mass
spectrometry analysis indicated a significant improvement in
the yield of the desired product. Identity of the peptide was
confirmed by MS/MS sequencing (ESI{).

After identifying an efficient synthetic method, we utilized
NMR and circular dichroism spectroscopies to examine the
conformation of teHBS a-helix 1. Circular dichroism studies
were performed in 10% trifluoroethanol in phosphate buffered
saline (PBS). As expected for a canonical a-helix, double
minima were observed near 208 nm and 222 nm and a
maximum near 190 nm (Fig. 3). The percent helicity of 1
was estimated by the mean residue ellipticity at 222 nm to be
54%, although such assessments typically underestimate
helical contents of short peptides.>*° Significantly, the CD
spectrum of 1 indicates that it has similar conformational
stability to HBS 2 (Fig. 3). Helical content for 2 was calculated
to be 48%. teHBS 1 is roughly 40% helical in PBS alone, while
the unconstrained derivative provides a spectrum typical of
unstructured peptides (ESIT).

We next utilized NMR spectroscopy to obtain a detailed
analysis of the peptide conformation at the atomic level. An
initial 1D "H NMR spectrum was acquired in d-ACN with
5% ds-DMSO to enable solubility. We observed two sets of
NMR peaks in this solution (ESIf). When the spectrum was
acquired in d-DMSO alone, a single set of peaks was observed,
indicating the presence of either two slowly equilibrating
conformers in d3-ACN/dg-DMSO or peptide aggregation.
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Fig. 3 CD spectra of HBS, teHBS and unconstrained peptide in 10%
trifluoroethanol in phosphate buffered saline.

In 20% trifluoroethanol (TFE) in 1 mM PBS (pH 3.5), two
sets of signals were again observed with the major conformer
present in a 10: 1 ratio. Analysis of the NMR spectra obtained
in this solution focused on the major conformer.

2D TOCSY and NOESY spectra of teHBS 1 enabled full
assignment of the fingerprint region. Sequential NN (fand i + 1)
NOESY cross-peaks, a signature of helical structure, were
observed for 1 as shown in the NOESY correlation chart
(Fig. 4 and Supplementary Informationf, Fig. S14), although
spectral overlap prevented assignment of some key cross-peaks.
The NOESY spectrum further reveals several nonsequential
medium range NOEs, for example, doN(i, i + 3) and
daN(i, i + 4), that provide strong evidence of a helical
structure (Fig. 4a-b).3" The >JnmcHa coupling constant
provides a measure of the ¢ angle and affords intimate details
about the local conformation in peptides and proteins.’’
The *Jnucne values typically range between 4 and 6 Hz
(=70 < ¢ < —30) for a-helices, and a series of three or more
coupling constants in this range are indicative of the a-helical
structure.’” With the exception of Ql, and SI12 Jypche
coupling constants and calculated ¢ angles are consistent with
values expected for an a-helix (Supplementary Informationt,
Table S4). The value for QI is not unexpected because it is
situated within the macrocycle. The ¢ angle for S12 suggests
greater flexibility near the C-terminus.

The CD and NMR data suggest that the thioether hydrogen
bond surrogate can efficiently nucleate a helical conformation
in the attached peptide sequence. To ascertain that the
thioether linkage does not interfere with the ability of these
artificial helices to target their cognate protein receptors, we
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Fig. 2 Synthesis of teHBS a-helices through conjugate addition (Method A) and nucleophilic substitution (Method B) reactions.
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Fig. 4 NOESY correlation chart for 1. The glycine-3 residue is
N-alkylated. Filled rectangles indicate relative intensity of the
NOE cross-peaks. Empty rectangles indicate NOE that could not be
unambiguously assigned because of overlapping signals. Spectra were
acquired in 20% trifluoroethanol-d; and PBS at 25 °C.

teHBS o-Helix 1
— — HBS o-Helix 2

Fluorescence polarization
(normalized)

0 T L] T I‘ T
4
Log [peptide)/ nM

Fig. 5 Determination of teHBS 1 and HBS 2 binding affinity for
Mdm?2 by a fluorescence-polarization assay.

compared the ability of teHBS 1, and HBS 2, to bind Mdm2 in
a fluorescence polarization competition assay (Fig. 5).!* We
find that both artificial helices target Mdm2 with similar
affinities; the calculated Kg’s for 1 and 2 are 224 + 20 and
232 + 34 nM, respectively.

We have presented a facile and efficient synthesis of
thioether-linked hydrogen-bond surrogate o-helices. The
traditional hydrocarbon-linked HBS helices have proven to
be an exciting class of protein domain mimetics; however,
their difficult synthesis has limited their usage. Facile
synthesis of the thioether linkage allows us to bypass the
ring-closing metathesis reaction—-one of the key difficult
steps. We find that teHBS compares favourably to HBS
a-helices in conformational stability and protein targeting
potential. Studies are currently under way to use the
method developed here for the synthesis of focused libraries
of stabilized helices.
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