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Abstract: Described is a facile helix-nucleating template based
on a tethered aspartic acid at the N-terminus [terminal aspartic
acid (TD)]. The nucleating effect of the template is subtly
influenced by the substituent at the end of the side-chain-end
tether as indicated by circular dichroism, nuclear magnetic
resonance, and molecular dynamics simulations. Unlike most
nucleating strategies, the N-terminal amine is preserved, thus
enabling further modification. Peptidomimetic estrogen recep-
tor modulators (PERMs) constructed using this strategy show
improved therapeutic properties. The current strategy can be
regarded as a good complement to existing helix-stabilizing
methods.

P rotein—protein interactions (PPIs) with either large or
shallow interfaces are generally intractable for small-mole-
cule modulators, but easily targetable by peptide epitope
mimics.! Many PPIs involved in vital biological processes are
mediated by helices.” However, short helices did not become
promising therapeutics until the seminal work by Verdine and
others who applied crosslinking®™ and nucleation! strategies
to constrain peptides in a helical conformation.'¥) The
conformation constraints lead to improved peptide stability
and cell permeability, thereby making intracellular targets
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potentially accessible by originally fragile and hydrophilic
peptides.

The nucleation strategy may maximize recognition spe-
cificity of the original sequence without compromising the
molecular recognition surface.’) The most successful helix
nucleation strategy, namely the hydrogen-bond surrogate
(HBS) system,“*l features the replacement of a hydrogen
bond at the N-terminus by a covalent link.”” Among different
types of HBS systems, alkene-tethered HBS helices have been
applied to various biologically relevant targets.*! Besides
HBSs, other nucleating templates generally provide hydro-
gen-bond donors to mimic the first turn of a helix.***)

Construction of the alkene-linked HBS helices usually
requires microwave-assisted reactions."” Other helix-nucle-
ating templates with rigid carbonyl mimics™? require
multistep syntheses and bulky appendages, which limit
further applications.’) No nucleating template constructed
by a simple side-chain-end crosslinking has been documented.
Herein, we report a facile helix-nucleating template based on
a tethered aspartic acid at the N-terminus (Scheme 1).

crosslinking &
substitution tuning

Scheme 1. Development of crosslinked diacids as N-cap nucleating
templates.

Amino acids with additional hydrogen-bonding capabil-
ities such as aspartic acid or asparagine are frequently found
at the N-terminus of helices."Y Thus, we decided to use an
amide bond, which has a hydrogen-bond donor and an
acceptor, to construct a linkage at the end of the side chain.
Based on the tether length of the HBS,*!! we started with 2,3-
diaminopropionic acid (Dap)!'¥ and succinic acid to yield
a six-membered crosslink. We synthesized a linear pentapep-
tide (1) and a cyclic counterpart (2), and initially investigated
their conformation by circular dichroism (CD) spectroscopy
(Figure 1). Although the cyclic peptide 2 shows enhanced
helicity compared to the linear peptide 1, as shown in Figure 1
and Table S1, the helicity of 2 is low to moderate according to
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Figure 1. Helix stabilization by terminal i,i+ 3 tethered diacids. A) CD
spectra of 1, 2, 3a, 3b, 4a, 4b. All CD spectral measurements were
performed in PBS buffer, 10 mm, pH 7.4, 298 K, concentration normal-
ized. Dap: 2,3-diaminopropionic acid. B) [6],00/[0]21s for 2, 3a, 3b, 4a,
and 4b.

the CD data. We attributed this limited helix-inducing ability
to an unfavorable conformation of the tether.

The peptide conformation can be affected by the config-
uration of atoms not only within but also outside of the
peptide backbone.™¥! Therefore, we hypothesized that cyclic
peptides tethered by diacids of different substitution types
might provide a library for an optimal nucleating template.
We accordingly synthesized the four cyclic peptides 3a, 3b,
4a, and 4b using L- and D-aspartic acid, with different linking
directions of the aspartic acid (Figure 1; the a and b refer to
the L and D isomers, respectively). Based on the enhanced
[0]215 in Figure 1 A and the [6],4¢/[6],15 ratio in Figure 1B, 3a,
4a, and 4b have increased helicity (see Table S1 in the
Supporting Information), while 3b shows a decrease in
helicity compared to 2. Thus, the crosslinked aspartic acid at
the N-terminus might be used as an N-cap template to
nucleate helices.

For a detailed analysis of the peptide structure, we
characterized 3a, 4a, and 4b by two-dimensional NMR
spectroscopy (10% D,O/PBS). For these peptides, low
coupling constants (*Jyyc, <6 Hz; see Table S2) for amide
resonances and long-range ROEs (Figure 2 A) suggest that 4b
presents a better helix than both 3a and 4a.”" Notably, the
first Ala (from N-terminus to C-terminus) exhibits a small
3Jxtcra coupling constant (3.5 Hz for 3a, 3.0 Hz for 4a, and
2.0 Hz for 4b),™ thus suggesting a smaller Phi angle than an
ideal a-helical conformation (3.9 Hz)."™™ In contrast, larger
*Jxcne coupling constants in the remaining residues (most
between 4.0 and 6.0 Hz except for Dap in 4a (6.4 Hz; see
Table S2) indicate a loose helical structure, which might
explain the low [6],4)/[6],15 ratio in the CD spectra. Com-
paratively, 4a and 4b show stronger i,i+/ ROEs than 3a
(Figure 2 A; see Table S2). Meanwhile, 4b shows more long-
range ROEs than 3a and 4a. Both observations were
consistent with their [6],o)/[6],5 ratio ranking (Figure 1B).
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Figure 2. A) ROE summary diagram of 3a and 4b. (10% D,0/PBS)
ROEs concerning the terminal aspartic acid were omitted for clarity.
Two *Juucha coupling constants were not determined because of signal
overlap. B) Ten lowest-free-energy solution structures calculated for 3a
and 4b. C) Ramachandran plots of (¢, ) angles derived from the
average of the ten lowest-energy solution structures calculated for 3a
(blue) and 4b (red). D) Representative structures of 3a and 4b.
Double-ended arrows indicate a-helical hydrogen bonds.

Generally, 3a, 4a, and 4b show a flexible helix with local
nonhelical features and 4b presents a better helix than both
3a and 4a.

To better understand the structural effect of the linkers,
we carried out replica-exchange molecular dynamics
(REMD) simulations on 3a and 4b, chosen for their
representative *Jyycu, coupling constants of Ala2 (3.5 and
2.0 Hz,respectively; Figure 2B). Our recently developed
residue-specific force field'®? RSFF2!'"! was used to treat
each peptide except for the non-natural side chain, which was
described by the generalized Amber force field (GAFF)!®!
with restrained electrostatic potential (RESP)!™ charges. The
RSFF2 has shown advantages in studying cyclic peptides.”
For accurate description of the non-natural linkage amino
acids, three ¢ angle restraints (see Table S3) on the rings were

www.angewandte.org

intemationalEdition’y Chemie


http://www.angewandte.org

GDCh
~~—~

12090 www.angewandte.org

used to avoid */yycn, Violations. Converged conformational
sampling was achieved for each peptide. All calculated
3Jxmcna couplings and NOEs from simulated structures
sampled at 300 K are in good agreement with experimental
data of these cyclic peptides (see Table S4 and Figure S1).
Further, clustering analysis was performed on the simulated
structures, using the “gromos”?!! method with a 0.5 A cutoff
of the backbone and C RMSD. According to the 10 lowest-
free-energy structures in Figure 2B, the macrocycles of 3a
and 4b are rather rigid. Moreover, in agreement with the
observations in CD spectra (Figure 1), 3a shows a more
fraying C-terminus than 4b (Figure 2B), thus suggesting its
lower helix-inducing effect. This data is also supported by
RMSD, as well as Ramachandran (¢, 1) plots obtained from
the peptide structures (Figure 2 C).

For a detailed comparison, Figure 2D shows representa-
tive structures (centroid of the largest cluster) of the ring of
3a and 4b from REMD simulations. The rises along the helix
axis of the first three units (calculated from Ca of D1 to Ca. of
X4) for 3a and 4b are 4.3 and 4.5 A, respectively (see
Table S5), and are slightly smaller than the corresponding rise
of an ideal o-helix (4.6 A). In particular, 3a is more flat than
both 4b and ideal a-helical structures, and is in agreement
with our observation that 3a induce less helicity compared
with 4b. Furthermore, the smaller ¢ angle for Ala2 in 4b
(—52.3°) than in 3a (—62.8°) makes the carbonyl group next
to the N-terminus more favorable for forming a-helical
hydrogen bond (Figure 2D). In conclusion, the substitution
pattern might affect the subtle conformational changes of the
macrocycles and, further, the helix-nucleating effects.

We then focused on 4b and investigated the effect of other
factors on the enhanced helicity of the terminal iso D-aspartic
acid strategy. When the N-terminal acetyl group is removed
(peptide 5), the molar ellipticity ([6],5) is reduced (Fig-
ure 3 A;see Table S6). Expansion of the ring size by one atom
shows a detrimental effect on the helicity as shown by the CD
spectrum of peptide 6 (Figure 3 A; see Table S6). The results
suggested that the ring size of the macrocycle was critical for
nucleation, and is similar to the case of the HBS.[

Q) -cyclo(iso-asp-Ala-Ala{@)-Ala-Ala-NH, Ac-cyclo(iso-asp 4@y Dap)-Ala-Ala-NH,

5: X4=H, X,=Dap 7: X3=Gly-Gly 8: Xz=Met-Thr 9: X;=Gln-
6: X;=Ac, X,=Dab Glu  10: X3=GlIn-Val 11: X3=Val-Val
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Figure 3. Peptides stabilized by terminal tethered iso p-aspartic acid.
A) CD spectra of 5 and 6. B) CD spectra of 7-11. All CD spectral
measurements were performed in PBS buffer, 10 mm, pH 7.4, 298 K,
concentration normalized.
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To confirm the helix-nucleating ability of terminal teth-
ered iso D-aspartic acid, we also synthesized short peptides
with various sequences (7-11; Figure 3B). The system showed
excellent sequence tolerance for pentapeptides bearing
different residues according to the CD spectra (8-11; Fig-
ure 3B; Table S6). Interestingly, Gly-containing peptides (7)
stabilized by terminal tethered iso D-aspartic acid tend to
form a helix over a random coil® according to CD spectrum
and low coupling constants (*/ypcn. <6 Hz) of amide reso-
nances (see Table S7). Notably, daN(i,i +4)s are observed
only for 8 and 11 (see Table S7), and suggests that the
transition between the 3, helix and a-helix of a peptide is
sequence-dependent. The large */yycn, values [Thr (6.5) in 8,
see Table S7] and fewer long range ROEs of 8 and 9 (see
Table S7) might explain the lower [0],;5 of 8 and 9 compared
to that of 10 and 11 in the CD spectra (Figure 3B).
Collectively, these results confirmed that the terminal teth-
ered iso D-aspartic acid system is applicable for inducing and
stabilizing helical conformations of short peptides.

After establishing the method using pentapeptides, we
turned to validating the application of the terminal iso
aspartic acid (TD) linking strategy for proof-of-concept
development of PPI inhibitors. The estrogen receptor
a(ER-0)® was chosen as the target. For helical modula-
tors® of the ER-coactivator interaction, precise length
control is necessary for efficient inhibition.”*" Accordingly,
we chose the suitably sized PERM-2 [H-Arg-cyclo(D-cys-Ile-
Leu-Cys)-Arg-Leu-Leu-GIn-NH,],**! reported by Burris
et al., as the model peptide. In our model, the N-terminal
Arg was employed as an extra N-modification rather than an
elongation. Notably, this additional site generated with the
TD strategy, which can be used for further modifications,! is
absent in the classic helix nucleation strategy.“"!

We initially analyzed the helix-stabilizing effect of the new
strategy on long peptides. Surprisingly, in contrast with the
case of pentapeptides, 12a (terminal tethered iso L-aspartic
acid) shows higher helical content than 12b (terminal
tethered iso p-aspartic acid; Figure 4 A; see Table S8), thus
suggesting that the relative nucleating effect was associated
with either the peptide length or sequence. Further, similar to
the case of 4b, the acetylated form of 12a [12a Ac; Ac-Arg-
cyclo(iso-Asp-Ile-Leu-Dap)-Arg-Leu-Leu-GIn-NH,] is more
helical than 12a (see Figure S2 and Table S8). To sum up,
these results indicated that terminal iso aspartic acid (TD)
templates can be used to stabilize longer peptides in water.

Furthermore, 12 ag¢c and 12bgge (FITC-labelled 12a and
12b) exhibit excellent in vitro serum stability?® compared to
that of the linear analogue 13 (Figure 4 B). Notably, FITC
was attached to the reserved NH, on the tether and the
additional lysine required in the HBS for fluorophore
modification was avoided. The stability might be attributed
to the incorporation of Dap, unnatural connection of aspartic
acid, and the fixed conformation rendered by the cyclization.

The binding affinity of stabilized peptides was evaluated
(Figure 4C; see TableS9). 12apyc (85+17nMm) shows
a tighter binding®®! than 12bgrc (130 + 18 nm), and might be
explained by the improved positioning of the terminal amino
group on the ring of 12 agyc compared to that of 12bgge. In
addition, 12 agpc shows slightly higher ER subtype selectivity

Angew. Chem. Int. Ed. 2016, 55, 1208812093
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Figure 4. Improved therapeutic properties of PERMs stabilized by
terminal iso aspartic acid strategy. A) CD spectra of 12a, 12b, and 13
(PBS, 10 mm, pH 7.4, 298 K, concentration normalized). B) Ex vivo
serum stability of 12agrc, 12bgrc, and 13gqc. Error bars represent the
standard error of mean (SEM) from more than two experiments.

C) Binding affinity of 12agr¢, 12bgre, 13¢17c, and PERM-2gc to ER-0..
Standard error of mean (SEM) came from more than two independent
experiments. D) Fluorescent confocal microscopy images of T47D cells
incubated with 12agrc, 12bgrc, and 13 (10 pm) at 310 K for 12 h.
Scale bar: 5 um.

(ER-B/ER-a =3.2) compared to the linear analogues 13
(118+39nm, 1.8) and 14gyc (FITC-B-Ala-LTERH-
KILHRLLQEGSPSD-NH,, 107 +34 nm, 1.5), and the pos-
itive control PERM-2pr¢ (99+12nM, 1.9; see Table S9).
12 ag ¢ also shows moderate affinity (~200 nM) to a vita-
min D receptor (VDR) as shown in Table S9, and could be
explained by the fact that LXXLL motif is shared by VDR
coactivators."!

To investigate whether our stabilizing method could affect
the cell permeability, we incubated T47D cells with FITC-
labelled peptides (cyclic peptides 12 agr¢ and 12bgyyc, linear
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peptide 13grc).”! Efficient cellular uptake is observed only
for stabilized peptides (Figure 4 D). 12 agyye and 12bge show
more than twofold cellular uptake than that of 13y
according to fluorescence activated cell sorting (FACS)
results (see Figure S3). Partial decrease in cellular uptake
upon addition of sodium azide and deoxyglucose suggested
a mixed mechanism of cell membrane penetration. Further,
co-localization of the stabilized peptides with ER-o was
assessed by antibody staining and then analyzed? (see
Figure S4). The Pearson correlation coefficient (PCC) and
Manders overlap coefficient (MOC) for 12 agy¢ are between
0.1 and 0.2 (see Figure S5), thus suggesting that 10-20%
12agc co-localized with ER-a. We thought the limited
penetration and nuclear accumulation of 12agyc might
account for its weak co-localization with ER-a, and could
be further improved with attachment of a nuclear-targeting
peptide as shown by the results of a reported positive control
14-Rypre¢ (FITC-B-Ala-LTERHKILHRLLQEGSPSD-R,-
NH,,® PCC~0.3, M, ~0.15, M, ~0.6) in Figure S5.

To verify whether our stabilized peptides bind ER-a in
cells, inhibition of ER-a gene transactivation was examined
through quantitative polymerase-chain reaction (qPCR)
analysis®**! and a luciferase reporter assay® (Figure 5).

12ay:
12a scy:
13p:

Ac-Trp-p-Ala-Arg-cyclo(iso-Asp-lle-Leu-Dap)-Arg-Leu-Leu-GIn-NH,
Ac-Trp-B-Ala-Leu-cyclo(iso-Asp-lle-Arg-Dap)-Leu-Gln-Arg-Leu-NH,
Ac-Trp-B-Ala-His-Lys-lle-Leu-His-Arg-Leu-Leu-GIn-NH ,
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Figure 5. Cellular activities of PERMs stabilized by the TD strategy.

A) Expression levels of endogenous ER mediated pS2 genes in treated
T47D cells. (normalized to the mRNA levels of -actin) B) Luciferase
activities controlled by estrogen receptor element in treated 293T cells.
Luciferase activities are presented as the ratio of a Firefly luciferase
signal to a Renilla luciferase signal and then are normalized to the
activity found in cells without treatment. Error bars represent the
standard error of mean (SEM) from more than two independent
experiments. **p <0.01.

We first evaluated the toxic effect of the peptides on cells
using MTT assays (see Figure S6). Peptides show no obvious
toxicity at concentrations below 40 um on T47D or 293T cells.
As with transactivation quantification, 12ay (Trp-labeled
peptides are named followed by a W) induces deceased ER-
o gene transactivation as indicated by the decreased pS2
mRNA levels and Iluminescence, while the scrambled
sequence 12a scy (sc represents scrambled) and linear
analogue 13y have either no or a weak effect on them
(Figure 5). The results indicated that cellular activities of
peptides were sequence specific (LXXLL box) and cell-
penetration relevant. To exclude toxicity effects that could
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influence the mRNA level, we chose another housekeeping
gene (B-tubulin) for normalization (see Figure S7). Consis-
tency between two normalized results suggested the robust-
ness of our results. Taken together, these results verified that
the ER-a was the cellular target of our stabilized peptides.

In conclusion, we have developed a facile helix nucleating
template based on crosslinked commercially available amino-
acids-aspartic acids (TD). The nucleating effect of the
template is subtly influenced by the tether structure as
shown by circular dichroism, nuclear magnetic resonance
spectroscopy, and molecular dynamics simulation results.
Unlike most nucleating strategies, the N-terminus NH, is
preserved, thus enabling further modification. PERMs modi-
fied with this strategy show excellent stability in serum, cell
penetration, and cellular activity. These results show that this
strategy may be used for development of biologically relevant
helices. The method can thus be regarded as a good comple-
ment to current helix stabilizing methods.
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