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Abstract: “Stapled” peptides are typically designed to replace
two non-interacting residues with a constraining, olefinic
staple. To mimic interacting leucine and isoleucine residues,
we have created new amino acids that incorporate a methyl
group in the g-position of the stapling amino acid S5. We have
incorporated them into a sequence derived from steroid
receptor coactivator 2, which interacts with estrogen recep-
tor a. The best peptide (IC50 = 89 nm) replaces isoleucine 689
with an S-g-methyl stapled amino acid, and has significantly
higher affinity than unsubstituted peptides (390 and 760 nm).
Through X-ray crystallography and molecular dynamics
studies, we show that the conformation taken up by the S-g-
methyl peptide minimizes the syn-pentane interactions between
the a- and g-methyl groups.

Several strategies exist for stabilizing or mimicking[1]

biologically active peptide sequences and secondary struc-
tures with small molecules or constrained peptides.[2] Among
the most widely used mimics of a-helices are “stapled”
peptides.[3] They feature a side chain to side chain olefin cross-
link that may imbue peptides with enhanced conformational
stability,[4] metabolic stability, and, somewhat controversially,
cell permeability.[5] To synthesize stapled peptides, two or
more strategically chosen residues of a native peptide
sequence are replaced with non-natural a-methyl-a-alkenyl
amino acids. Ring-closing metathesis forms a macrocycle
between the i and i + 3, i + 4, or i + 7 positions.[6] As the
constraint may interfere with the ability of the peptide to bind
to its receptor, stapled peptides are typically designed so that
the constraint is placed on a non-interacting face of an a-
helix.[3a] Recently, others have reported successfully replacing

interacting helical residues with a staple.[7] Although it lacked
the branching functionality of valine, leucine, and isoleucine,
the staple had the ability to fill protein surface grooves. As we
show in this work, incorporating hydrophobic functionality at
the constraint may more accurately mimic native sequences to
increase affinity, and, importantly, it may also further stabilize
bioactive conformations.

Phillips et al. reported an early example of replacing
interacting residues with a hydrocarbon staple.[7a] The crystal
structure of stapled peptide PFE-SP2 bound to estrogen
receptor a (ERa) showed that an i, i + 4 hydrocarbon staple
can replace isoleucine and leucine residues on the binding
face of a steroid receptor coactivator 2 (SRC2) peptide. This
replacement yields an increase in a-helicity and affinity.
SRC2 interacts with the surface of ERa over two turns of an
a-helix using an ILXXLL motif (X is any amino acid).[8]

Although recalcitrant, this protein–protein interaction has
been well-investigated[9] to treat endocrine therapy-resistant
breast cancers. Recently identified ERa mutants that are
constitutively active and implicated in metastases have
brought renewed focus to this therapeutically important
interaction.[10]

We designed stapled peptides that incorporate branched
stapling residues as functionalized constraints. Specifically, we
designed amino acids based on stapling amino acid S5 that
incorporate a methyl group in the g-position to mimic the
branched hydrophobic amino acids Ile689 and Leu693 of the
I689LXXLL694 motif of SRC2 (Scheme 1). As S5 contains an a-

methyl group for helical stability, incorporation of a g-methyl
group establishes 1,5-interactions, which, when appropriately
positioned, could bolster the helical conformations imposed
by the constraint. We synthesized the requisite amino acids lR

and lS by joining one of SchçllkopfÏs bis(lactim) ethers with
enantioenriched branched alkenyl side chains, which were
synthesized using EvansÏ N-acyloxazolidinone chemistry (see
the Supporting Information).[11] These amino acids, in combi-
nation with S5, were incorporated into residues 687–697 of
SRC2. Solid-phase peptide synthesis and ring-closing meta-
thesis were carried out as previously reported, and four
stapled peptides containing lR/lS and/or S5 were successfully

Scheme 1. Branched stapling amino acids.
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synthesized (see Figure 1A). The Z alkene configuration was
consistent with the 1H NMR H¢C=C¢H coupling constants of
10–11 Hz (see the Supporting Information). SRC2-P6 failed
to undergo ring-closing metathesis, even under forcing
conditions, suggesting that substituting the i + 4 stapling
residue with R-configured g-substituted moieties results in
conformations that are non-productive for ring closure.

A time-resolved fluorescence resonance energy transfer
(TR-FRET) assay (Figure 1B) was used to measure the
interaction of a steroid receptor coactivator 3 (SRC3) frag-
ment with the ERa ligand-binding domain.[12] In this assay,
the wild-type peptide has an IC50 of 1100 nm. The unfunction-
alized stapled peptide SRC2-SP4 has an IC50 of 390 nm. This
peptide is analogous to PFE-SP2, which was described by
Phillips et al., but has a wild-type Q!R substitution, which
increases the affinity by a factor of two. Epimers SRC2-SP2
and SRC2-SP3 were the most active, showing a twelvefold
increase in potency compared to the wild-type peptide. SRC2-
SP1, designed to incorporate a branched stapling residue to
replace conserved Leu693, displayed minimal activity. Aside
from the TR-FRET assay, surface plasmon resonance (see the
Supporting Information) was used to obtain dissociation
constants for SRC2-SP1 (530 nm), SRC2-SP2 (42 nm), and
SRC2-SP3 (39 nm).

Circular dichroism (CD) analysis of the peptides (Fig-
ure 1C) indicates that the wild-type sequence is disordered
and that the stapled peptide SRC2-SP4 adopts an a-helical
conformation in solution. The CD spectrum for SRC2-SP1
shows that lR substitution at Leu693 negatively impacts

a-helicity; however, lS substitution at Ile689 (SRC2-SP3)
maintains helicity as does lR substitution at Ile689 (SRC2-
SP2), albeit to a lesser extent. The observation that the
addition of methyl groups may positively impact affinity while
having a slightly negative effect on helicity may imply that
constructive interactions with the surface of the receptor are
more important for affinity than locking in a helical con-
formation.

We obtained co-crystal structures of SRC2-SP1, -SP2,
-SP3, -SP4, and -P5 bound to the ligand-binding domain of
a constitutively active Y537S ERa mutant. In all cases, the
peptides bind in a similar a-helical conformation,[13] occupy
the hydrophobic groove, and make contacts with the so-called
“charge clamp”—flanking Lys and Glu residues that align
complementarily with the inherent dipole of the coactivator
helix. The most notable difference is that the stapled peptides
display a 1.2 è shift towards the Glu end of the charge clamp,
as compared to the wild-type protein (Figure 2A–C). The
g-CH3 group of SRC2-SP1 occupies the same region as
Leu693 (Figure 2 A), and it occupies a pseudo-equatorial
conformation to alleviate unfavorable syn-pentane strain
between the a- and g-methyl groups (Figure 2D). The
resulting orientation of the g-methyl group increases contact
with Ile358 of ERa, which may disrupt its interaction with the
Lys end of the charge clamp. Minimizing syn-pentane
interactions at this position also substantially alters the c1

torsion angle (¢4488) at Leu693 relative to the more helical
stapled peptides (i.e., c1 =+ 6188 for SRC2-SP3; see Fig-
ure 2A, C). Analogous to SRC2-SP1, minimization of syn-
pentane interactions is seen with the g-methyl group of SRC2-
SP3, but instead of opposing the predominant conformation,
the S-g-methyl group reinforces a high-affinity conformation
(Figure 2D). Furthermore, the g-methyl group occupies the
same region as Ile689 in the wild-type sequence (Figure 2C).
The g-methyl group of SRC2-SP2 also occupies this same
space (Figure 2B,D), even though the methyl groups have the
opposite configuration. The change in the c2 torsion angles
between these two peptides is approximately 12088, which can
explain how this observation is possible (Figure 2D).

We carried out molecular dynamics (MD) studies on
SRC2-SP1, -SP2, -SP3, and -SP4 bound to ERa using the
NAMD2[14] simulation package with trajectory analysis per-
formed in VMD.[15] The structural ensembles confirmed the
strong influence of syn-pentane interactions on the confor-
mation taken up by the staple. In particular, the dihedral
angles between position 693 in SRC2-SP1 and SRC2-SP2,
-SP3, and -SP4 are opposite in sign, with substantially more
fluctuation at this position in SRC2-SP1 (see Figure 3A). In
agreement with the X-ray structure, the simulations suggest
that SRC2-SP2 adopts a pseudo-eclipsed conformation of
¢9088 at position 689. ERa accommodates the branching
methyl group of the lS residue at position 689, but the lR

residue at position 693 introduces a steric clash with Ile358 of
the protein and induces a substantial shift in peptide position-
ing (Figure 3 C). We also carried out MD studies on SRC2-
SP1, -SP2, -SP3, and -SP4 in solution in the absence of ERa.
These data confirm that the observed c1 torsion angles in
solution correlate well with the observed angles in the crystal
structure, with the caveat that SRC2-SP4 shows stable

Figure 1. A) Peptides used in this study. B) TR-FRET dose-response
curves for the inhibition of ERa/SRC3. C) CD measurements were
taken in 45 mm phosphate buffer at pH 7.4 with 10% MeOH. SRC2-
WT yellow, SRC2-SP1 red, SRC2-SP2 green, SRC2-SP3 blue, SRC2-
SP4 magenta, PFE-SP2 orange, SRC2-P5 gray, SRC2-P6 brown.
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conformations at both ¢6088 and ¢9088 in solution (see the
Supporting Information).

In conclusion, we have created a stapling amino acid, lS,
that both mimics native branched side chains and stabilizes
a helical conformation. In this study, we have used this amino
acid and its epimer, lR, to prepare highly potent inhibitors of

the ERa/SRC interaction. We have shown that incorporation
of a g-methyl group in the R or S configuration at the
i position of an i, i + 4 stapled peptide is a tolerated modifi-
cation that allows the hydrocarbon staple to effectively mimic
branched hydrophobic residues, although the S-methyl group
results in a conformation with higher helical content than the
R-methyl group. The S-methyl moiety reinforces an a-helical
conformation through minimization of syn-pentane interac-
tions. Incorporation of a g-methyl group at the i + 4 position
in either configuration appears to have a destabilizing effect
on a-helicity. Although the design here is for interacting
residues, the incorporation of g-methyl groups may be
applicable to non-interacting stapled residues as well. In this
regard, the simulated and observed staple geometries ach-
ieved with methyl substitution have provided a blueprint for
installing g-methyl groups and other substituents in stapling
amino acids for related protein–protein interactions.

Figure 2. X-ray co-crystal structures of peptides bound to ERa (sur-
face: red acidic, blue basic, white nonpolar, green polar). A) SRC2-SP1
(red, PDB 5DXB), B) SRC2-SP2 (green, PDB 5HYR), and C) SRC2-SP3
(blue, PDB 5DX3) superimposed onto SRC2-WT (yellow, PDB 3ERD).
Torsion angles (wa,b) about the Ca¢Cb bond at position Leu693 are
given. D) Hydrocarbon staples of SRC2-SP1 (red), SRC2-SP3 (blue),
and SRC2-SP4 (magenta, PDB 5DXE) superimposed onto the back-
bone of SRC2-WT (shown as a yellow tube). SRC2-SP1, SRC2-SP2, and
SRC2-SP3 adopt conformations to alleviate syn-pentane interactions
between the a- and g-methyl groups. The side chains of non-cyclic
SRC2-P5 also bind along the hydrophobic shelf (see the Supporting
Information).

Figure 3. MD simulations of peptides bound to ERa. A) The c1

dihedral angle reveals different conformations of staple residues 689
and 693 for peptides SRC2-SP1, SRC2-SP2, and SRC2-SP3. B) The
structural conformations of the g-methyl-substituted residue are
shown for the last frame of the simulation. C) The position of the
staple shifts substantially during the course of the simulation for
SRC2-SP1 (top) and is relatively stable for SRC2-SP3 (bottom).
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