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ABSTRACT: Self-assembled peptides are promising templates for
the design of inhibitors of protein−protein interactions (PPIs)
because they can be endowed with affinity- and selectivity-defining
amino acids alongside favorable physicochemical properties such as
solubility and stability. Here, we describe a tunable coiled-coil
scaffold and its interaction with MCL-1, an α-helix-binding
antiapoptotic protein and important target in oncology. We
explore the role of oligomerization, multivalency, and cooperativity
in PPI inhibition. Hot-spot residues from an MCL-1 binding
peptide (NOXA-B) are grafted onto the outer surfaces of homo- and heterodimeric coiled-coil peptides to obtain inhibitors with
mid-nM potency and selectivity over BCL-xL. Binding of homodimeric coiled coils to MCL-1 is positively cooperative, resulting in
stabilization of both partners. Homodimeric coiled coils support the binding of two copies of the target protein. Modification of the
coiled-coil sequence to favor assembly of higher-order scaffolds (trimer and tetramer) negatively impacts inhibitory potency, with
AlphaFold2 modeling and biophysical data indicating a complex interplay between coiled-coil oligomerization and target binding.
Together, these data establish dimeric coiled coils as the most promising of such scaffolds to develop inhibitors of α-helix-mediated
PPIs.

■ INTRODUCTION
Protein−protein interactions (PPIs) control and regulate many
biological processes, including cell signaling, homeostasis, and
immune response.1−3 Modulation of PPIs offers significant
therapeutic potential. Indeed, there has been progress in
developing small molecules, antibodies, and peptides for
neurodegenerative disorders, inflammatory diseases, and
cancer.4−6 However, it remains challenging to develop
orthosteric inhibitors of PPIs, as recognition typically occurs
across a large surface area that often lacks the structurally well-
defined pockets that are the hallmark of ligand binding sites.
Peptides are a promising class of PPI inhibitors.6 They offer
extended and structurally diverse three-dimensional surfaces
that can be endowed with amino-acid−based recognition
handles to confer the necessary target binding affinity and
selectivity. Their straightforward synthesis and purification,7

potential for chemical modification or stabilization, and
crucially, their ability to mimic a native binding partner with
high fidelity,6 have stimulated interest in their use as PPI
inhibitors. Lastly, significant developments in protein
design8−10 have made possible the design of stable and soluble
scaffolds for presenting binding epitopes.11−20 Coiled-coil
peptide assemblies in particular are inherently stable, highly
modular and well-understood scaffolds.21,22 Coiled-coil
sequences have distinctive (abcdefg)n heptad repeats where

the a and d positions are usually occupied by hydrophobic
residues to promote the association of two or more α-helical
peptides.21 Such helical bundles can present binding motifs in
a spatially defined manner on the outer surfaces of the
assemblies. These scaffolds have been exploited to rewire
signaling pathways and regulate signaling, in delivery, and as
therapeutic candidates.23−31 Moreover, coiled-coil
oligomers32,33 offer a robust platform to achieve multivalent
or cooperative binding.28,34 Multiple binding sites can improve
potency through avidity and induce signaling events by
colocalization.35−37 Positive cooperative binding may occur
where ligand binding increases the affinity of subsequent ligand
binding events.38

Previously, we described the use of coiled coils as scaffolds
for inhibition of helix-mediated PPIs. In that work, clusters of
hot-spot residues from NOXA-B are grafted onto parallel
homo- and heterodimeric coiled coils, which selectively inhibit
the interaction of BH3 ligands with MCL-1.39 MCL-1 is a
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member of the B-cell lymphoma 2 (BCL-2) family of proteins.
This family regulates apoptosis through interactions between
pro- and antiapoptotic members.40−42 Therefore, MCL-1 has
been the focus of drug discovery efforts.43,44 In our prior work,
we did not establish if the coiled coils engage MCL-1 as a
dimer or dissociate upon protein binding. Thus, here we
explore further coiled-coil scaffolds, including homotrimeric
and tetrameric coiled coils alongside a monomeric control
peptide to investigate the interplay between MCL-1 inhibitory
potency and coiled-coil assembly (Figure 1a,b). Using a
combination of AlphaFold2 modeling, fluorescence anisotropy,
circular dichroism (CD) spectroscopy, native mass spectrom-
etry, size-exclusion chromatography (SEC), and analytical
ultracentrifugation (AUC), we show that the homodimeric
coiled coil is the optimal scaffold for these designed inhibitors
targeting MCL-1. Binding occurs with 2:2 peptide:protein
stoichiometry (i.e., each coiled-coil dimer binds two protein
targets), and it is cooperative, leading to mutual stabilization of
both the coiled-coil scaffold and the target protein. The ability
to recruit a binding partner for each recognition surface of the
coiled coil opens the path toward future design of multispecific
molecules that can act as “molecular glues” for ternary complex
formation.45

■ RESULTS AND DISCUSSION
Designed Coiled-Coil Scaffolds That Mimic NOXA-B.

Coiled Coils are often defined by characteristic 7-residue
(heptad) repeats. In a helical conformation, the a and d
positions are typically hydrophobic and mediate assembly
through “knob-into-holes” packing. Modification of the a and d
positions in the heptad can be exploited to alter the coiled-coil
assembly state.21,32 The e and g residues are frequently
complementary charged residues, while the b, c, and f positions
can be varied (Figure 1c). Previously, we have identified
NOXA-B residues predicted to contribute to MCL-1 bind-
ing.39 This gives three different binding sequences of varying
length: a short motif (S), composed of the centrally clustered
residues Leu11, Arg12, Ile14, Asp16 and Val18; a first
extended motif (E1), comprising the short motif residues
plus Leu4, Leu25 and Asn26; and, a second extended motif
(E2) incorporating the E1 residues as well as Glu7, Asn19, and
glutamate and lysine at positions 2 and 7 to maintain
interchain salt bridges within the coiled coil (Figure 1d).
The central Gly15, which contacts the surface of MCL-1 and is
highly conserved in BH3 sequences,46 is included in all three
motifs. The identified binding motifs have been grafted onto
the outer face of the well-characterized de novo designed
peptide CC-Di,32 avoiding substitutions at the a and d heptad
positions as these drive coiled-coil assembly.47 The parallel
homodimeric coiled-coil sequences CC-Di_S, CC-Di_E1, and
CC-Di_E239 display copies of the grafted motifs S, E1, and E2,
on both outer faces of the assembly. A parallel heterodimeric
pair comprising an acidic peptide (CC-Di-A) partnered with
basic peptide (CC-Di-B_S) bearing the S motif is also
described.39 These designed coiled coils selectively inhibit
the NOXA-B/MCL-1 interaction with a clear positive
correlation between potency and the number of hot-spot
residues included in the grafted constellation.39 For the
heterodimeric pair, inhibition depends on the presence of
both partners in the coiled-coil assembly. For this new study,
we added a suite of assemblies with different oligomerization
states. Modification of the a and d positions in the heptad can
be exploited to alter coiled-coil assembly state21,32 (Figure

1c,d). For instance substitution of a and d positions to either
all isoleucine or alternating leucine and isoleucine residues
were designed to produce parallel coiled-coil homotrimer CC-
Tri_E1 and homotetramer CC-Tet_E1, respectively (Figure
1d). We selected the E1 rather than E2 graft for this series as a

Figure 1. Overview of study: (a) Using the NOXA-B/MCL-1
complex (PDB ID: 2JM6, first model) “hot-spot” residues39 (shown
as gray spheres) from NOXA-B are identified and grafted onto the
outer surface of a coiled-coil sequence; (b) Altering the a and d
positions in the heptad sequence controls the oligomerization state of
the coiled-coil assembly,21,47 and is used to generate “hot-spot”
grafted scaffolds representing a monomeric peptide, and homo- and
heterodimeric, homotrimeric, and homotetrameric coiled coils; (c)
Helical-wheel diagram depicting a parallel dimeric coiled coil with
hydrophobic core residues (dark orange) flanking electrostatic
residues (light orange) and variable solvent exposed residues (gray
highlighted); (d) sequences and helical wheel alignment of peptides
used in this study: NOXA-B (cyan) with amino acids (black)
signifying ‘hot-spot’ residues. The canonical parent CC-Di (color
coding matching panel (c) is used to generate sequences that
assemble into parallel homomeric coiled coils with varied residues
underlined) and a parallel heterodimeric coiled coil (acidic partner in
red, basic partner in blue, and varied residues underlined).
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balance between the MCL-1 binding potency and coiled-coil
stability. These peptides were anticipated to present three or
four copies of the E1 motif on their outer surfaces, respectively.
As a control, an analogous partly helical but monomeric
peptide (Mono_E1) was generated by substituting the a and d
positions to alanine,48 which should not form a stable coiled-
coil assembly, but still presents the identified E1 binding motif.
Modeling to the Probe the Peptide Assembly State

and the Stoichiometries of Coiled-Coil Peptide/MCL-1
Complexes. AlphaFold2 (AF2) has emerged as a powerful
tool to predict three-dimensional structures of proteins and
protein/peptide complexes.49−53 AF2 was used to generate
models of the individual coiled-coil scaffolds and their
complexes with MCL-1 (Figure 2). For each scaffold and
scaffold/protein complex, the average of relative predicted
aligned error (pAE) and average per-residue model confidence

score (pLDDT) were used to evaluate the confidence of
assembly formation.54,55 Models were first generated with the
peptide scaffold sequences alone, varying the total number of
copies of the peptide from one to four as appropriate to assess
the most stable oligomerization state of each sequence.

The NOXA-B peptide modeled as a monomeric α helix and
gave low pAE and high pLDDT scores, indicating this to be
the preferred oligomerization state as expected (Figures 2a,b,
S1 and S2). Mono_E1 was predicted to behave similarly.
Modeling of the homodimeric coiled coils (CC-Di_S, CC-
Di_E1, and CC-Di_E2) indicated the dimeric assemblies to be
favorable, though trimers also scored favorably (Figure 2a,b).
Although multiple oligomerization states can be observed for
coiled-coil sequences,56,57 previous characterization of these
homodimers by analytical ultracentrifugation (AUC) confirms
dimeric assemblies.39 The heterodimeric coiled coil CC-Di-A/

Figure 2. AlphaFold2 modeling of coiled coils and their complexes with MCL-1: (a) Each peptide sequence was modeled in AlphaFold2 (AF2),
varying the total number of peptide copies with the average pAE score for the best model (lower values in blue indicate a better model); (b)
Average pLDDT score for the best model (higher values in blue indicate a better model, data from the same prediction as (a)); (c) The complex of
the expected oligomeric state and varying numbers of bound MCL-1 protein(s) was modeled with AF2 with the average pAE scores for the peptide
residues shown (only the best model was used and lower values in blue indicate a better model); (d) AF2 model for the CC-Di_E1 dimer bound to
two copies of MCL-1; (e) AF2 model for CC-Tri_E1 trimer bound to two copies of MCL-1 (steric clashes between MCL-1 protomers are
evident); (f) AF2 model for CC-Tet_E1 tetramer bound to two copies of MCL-1 (steric clashes between MCL-1 and adjacent peptides in the
tetramer are evident); coiled-coil peptides are shown in orange, hot-spot residues as gray spheres and MCL-1 in dark green; the model is overlaid
with the NOXA-B:MCL-1 structure (PDB ID 2JM6, first model), where NOXA-B is shown in cyan, hot-spot residues in gray spheres and MCL-1
in light green.
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CC-Di-B_S gave low pAE and pLDDT scores for the 1:1
assembly. For both CC-Tri_E1 and CC-Tet_E1, monomeric,
trimeric, and tetrameric assemblies were predicted to be
accessible (Figure 2a,b). The targeted oligomer states all
aligned well with crystal structures of the parent coiled-coil
oligomers (Figure S3).

Next, models were generated for scaffolds in their designed
oligomerization state (i.e., a coiled-coil dimer for dimeric
sequences, a coiled-coil trimer for the trimeric sequence, etc.)
bound to one through n copies of the MCL-1 protein (where n
is the expected oligomerization state of the peptide) (examples
in Figure 2d−f). These models predicted the most stable
assemblies to be 1:1 peptide/protein complexes for NOXA-B
and Mono_E1 (Figures 2c and S4a,b); 2:2 for homodimeric
scaffolds (Figures 2c and S5c) and 1:1:1 for CC-Di-A/CC-Di-
B_S (Figure S4c). Models of the complexes with CC-Tri_E1
suggest binding of 1 or potentially 2 copies of MCL-1 may be
possible, but not 3 (Figures 2e and S6a) due to occlusion of
the presented E1 binding motif and increased steric crowding
as further copies of MCL-1 bind (see Tables S1 and S2). For
CC-Tet_E1 (Figures 2c and S6b), the 4:1 peptide/protein
assembly is most favorable, whereas the 4:2 (Figure 2f) and 4:3
assemblies are much less likely to form, and the 4:4 peptide/
protein complex is unlikely to occur, again on steric grounds.
Coiled-Coil Scaffolds Selectively Inhibit the BH3/

MCL-1 Interaction. To assess the designs and models
experimentally and to test their ability to act as oligomeric
scaffolds for MCL-1 binding, peptides were prepared by Fmoc-
based solid-phase peptide synthesis and purified by reversed-
phase HPLC (see the Supporting Information for details and
characterization).

Fluorescence anisotropy (FA) competition assays for BID/
MCL-1 and BID/BCL-xL were used to evaluate the inhibitory
potencies.58 BCL-xL is a further member of the BCL-2 family;
BID recognizes both, whereas NOXA-B is selective for MCL-
1.59,60 For BID/MCL-1, NOXA-B gave a potent inhibitory
response (IC50 = 0.4 ± 0.1 μM), whereas no inhibition was
observed with BID/BCL-xL (Figure 3a) in line with the
literature.39,59,60

Consistent with our previous report,39 the undecorated
parent homodimeric CC-Di peptide did not show a response
in the BID/MCL-1 FA competition assay. Increasing the
number of grafted hot-spot residues led to increased inhibition
(CC-Di_S < CC-Di_E1 < CC-Di_E2, Figure S7a−c).
Similarly,39 the 1:1 mixture of CC-Di-A and CC-Di-B_S
showed inhibition (IC50 = 46 ± 5 μM, Figure S7d). None of
these coiled-coil assemblies acted as BID/BCL-xL inhibitors
(Figure S7).

The monomeric control peptide, Mono_E1, was comparable
in potency to those of NOXA-B and CC-Di_E1 (IC50 = 0.20 ±
0.05 μM, Figure 3b). This result may seem surprising.
However, MCL-1 is known to recognize its ligands through
a bind-and-fold mechanism.58,61 The high alanine content of
Mono_E1 likely favors the MCL-1 bound helical conforma-
tion, and it contains eight hot-spot residues. Trimeric CC-
Tri_E1 (IC50 = 68 ± 16 μM) and tetrameric CC-Tet_E1 IC50
= 7.4 ± 0.8 μM) were less potent BID/MCL-1 inhibitors
(Figure 3d,e) than the dimer CC-Di_E1 (IC50 = 0.8 ± 0.1
μM). This behavior may reflect stepwise decreases in the
accessible surface areas of the binding site with an increasing
oligomerization state (Tables S1 and S2). In other words,
higher-order coiled-coil assemblies occlude the grafted binding

Figure 3. Fluorescence anisotropy competition assays of peptides: Titrations show the peptide constructs disrupting the FAM-Ahx-BID/MCL-1
complex (black squares, red circles), and testing against the FAM-Ahx-BID/BCL-xL complex (gray triangles). Black squares show peptides
disrupting FAM-Ahx-BID/MCL-1 with the competitor concentration normalized to the total peptide concentration (i.e., total number of grafted
binding sites, to show binding relative to peptide concentration); red squares show the same data with the concentration normalized per scaffold’s
designed oligomerization state; (a) NOXA-B; (b) CC-Mono_E1; (c) CC-Di_E1; (d) CC-Tri_E1; and (e) CC-Tet_E1 (150 nM MCL-1, 25 nM
FAM-Ahx-BID, 20 °C, 50 mM Tris, 150 mM NaCl, pH 7.4, error bars from n = 3).
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motifs, and, thus, coiled-coil oligomerization begins to
compete with MCL-1 binding. This effect is likely com-
pounded as increasing numbers of target proteins are recruited
to the scaffolds; i.e., bound proteins will increasingly crowd the
scaffold surface and further occlude the binding sites.
Coiled coil/MCL-1 Complexes Display Hallmarks of

Positively Cooperative, Mutually Stabilizing Interac-
tion. CD spectroscopy was used to investigate the secondary
structures and thermal stabilities of the designed peptides
alone and in the presence of MCL-1. Both MCL-1 and all the
coiled-coil assemblies gave CD spectra indicative of high
helicity, while NOXA-B and Mono-E1 gave spectra consistent
with disordered random coils (Figures S8a, S9 and S10a).62

Thermal denaturation of MCL-1 occurred with a midpoint Tm
of 62 °C (Figure S7b and Table 1), comparable to published
data.63,64

The Tm for CC-Di_S, CC-Di_E1, and CC-Di_E2 decreased
as the length of the grafted binding sequence increased (Table
1, Figure 4a−d).39 The monomeric peptides NOXA-B and
Mono_E1, as expected, showed no unfolding transition
(Figures 4e, S8b and Table 1). The Tm for CC-Tri_E1 was
∼60 °C (broad), and, for CC-Tet_E1 > 90 °C, which is
comparable to the canonical de novo base CC-Tet coiled coil
(Figure 4f,g and Table 1).32

Next, we performed CD analysis on the peptide/MCL-1
complexes. The stoichiometry was 1:1 grafted peptide:protein
(e.g., for CC-Di_E1, 2:2 peptide/MCL-1 stoichiometry, for
CC-Tri_E1, 3:3 peptide/MCL-1 stoichiometry for CC-Di-A/
CC-Di-B_S/MCL-1 a 1:1:1 stoichiometry etc.). All peptide/
MCL-1 samples were highly α-helical as expected (Figures S8a,
S9 and S10a). Unfolding curves showed single transitions
(Figures 4b−d and S10b) and gave Tm values shown in Table
1.

Thermal unfolding curves from the individual components
were averaged to generate theoretical unfolding curves for the
complex and predicted Tm(pre) values that assume no
interaction between the components.65 The predicted values
were compared with experimental values to determine whether
complex formation is stabilizing. For all samples except CC-
Tet_E1 (which does not unfold, precluding calculation of
Tm(pre)), the Tm values in the presence of MCL-1 were higher
than predicted (Figure 4a−g, Table 1, Figures S8b and S10b).
Most of the peptide−protein mixtures analyzed gave unfolding
temperatures ∼10 °C higher than the calculated values. For
CC-Di_E1 and CC-Di_E2, even higher values (∼20 °C) are
observed in comparison to the predicted values. Collectively,
these data provide confirmation of direct coiled coil/MCL-1
interaction and reveal that complex formation is mutually

Table 1. Thermal Unfolding Properties for Coiled Coils in
the Absence and Presence of MCL-1a

Tm
(°C)

Tm(pre) with MCL-1
(°C)

Tm with MCL-1
(°C)

MCL-1 62 N/A N/A
NOXA-B N/A 61 71
Mono_E1 N/A 61 73
CC-Di-A:CC-Di-B_S 78 67 72
CC-Di_S 53 60 72
CC-Di_E1 48 58 79
CC-Di_E2 31 34/65 82
CC-Tri_E1 ∼60 65 72
CC-Tet_E1 n.d. n.d. 78

aConditions as for Figure 4.

Figure 4. CD thermal unfolding curves for coiled-coil peptides, the protein MCL-1 and peptide/protein complexes: (a) schematic illustrating
experimental workflow (for dimeric system), thermal unfolding of components (MCL-1 in green, monomeric/homomeric peptide samples in
orange) are averaged to generate a theoretical unfolding curve for peptide/protein complexes (black dashes), and this is compared to the unfolding
curve obtained for peptide/MCL-1 complex (black); (b) CC-Di_S (c) CC-Di_E1; (d) CC-Di_E2; (e) CC-Mono_E1 (f) CC-Tri_E1; and (g)
CC-Tet_E1 (spectra monitored at λ = 222 nm, concentration = 25 μM of each component in 20 mM phosphate, 100 mM NaCl, pH 7.4).
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stabilizing for the monomeric, dimeric and trimeric coiled
coils; i.e., binding stabilizes both the coiled-coil assembly and
MCL-1 against disassembly and thermal denaturation38 (note:
MCL-1 inhibitors have also been shown to suppress its
unfolding).63 The similarity in Tm for the monomeric, trimeric,
and tetrameric samples in the presence of MCL-1 may indicate
that interaction between CC-Tri_E1 or Tet_E1 and MCL-1
occurs at 1:1 stoichiometry (i.e., the oligomer dissociates in
favor of MCL-1 binding, see later).
Coiled Coils Can Recruit Multiple Copies of the

Target Protein. Complexes of the coiled-coil scaffolds with
MCL-1 were evaluated by native mass spectrometry (Native
MS)66 and analytical centrifugation (AUC) to assess
oligomerization in the bound states.

Native MS of coiled coils is challenging given that their
assembly is driven through hydrophobicity, which is weakened
when samples are transferred to the gas-phase in MS,67

although assembled coiled coils can be observed under certain
ionization conditions.68 Native MS analysis for CC-Di_S/
MCL-1 indicated a mixture of unbound peptide, unbound
protein, and peptide/protein complexes, with relatively larger
amounts of free peptide and protein than complex (Figure 5b).
For CC-Di_S/MCL-1, both the 1:1 and 2:2 complexes were
observed, with slightly more 2:2 complex present (Figure 5b).
For CC-Di_E1 and CC-Di_E2, the 2:2 peptide/protein

complexes were the dominant species (Figure 5c,d). These
data correlate with more potent inhibitory activities. Analysis
of heterodimer CC-Di-A:CC-Di-B_S with MCL-1 revealed a
relatively large amount of unbound peptide and protein
(Figure 5e), together with coiled coil/MCL-1 complexes of
varied stoichiometry and composition, which, is consistent
with the weaker binding potency. CC-Tri_E1 could not be
analyzed because of the tendency of the peptide to precipitate.
For CC-Tet_E1/MCL-1 large amounts of free MCL-1 were
detected alongside free monomeric peptide. 1:1 and 2:2
complexes were the only peptide/protein complexes detected
and no tetrameric peptide scaffold alone or associated with 1 to
4 copies of MCL-1 were observed (Figure 5f). The fact that
the 2:2 complex was observed and the coiled coil alone is
absent from the mass spectra suggests that MCL-1:MCL-1
interactions aid in complex stabilization.

To explore the oligomerization states further, we performed
sedimentation velocity (SV) analytical ultracentrifugation
(AUC) on the MCL-1 with peptide mixtures (Table S3 and
Figure S11). For an equimolar mixture of CC-Di_E1 and
MCL-1, the fitting of the sedimentation data indicated that the
2:2 complex was the only state present. At higher peptide
concentration, the sedimentation peak broadened and shifted
to a smaller sedimentation coefficient, consistent with the
presence of smaller oligomers; however, the fitted molecular

Figure 5. Native mass spectrometry analysis of coiled-coil peptides with MCL-1 protein: (a) schematic illustrating how ESI MS data are used to
assess the dominant speciation in stoichiometric mixtures of peptide and MCL-1 (orange indicates peaks corresponding to peptide alone, green
indicates MCL-1 protein peaks and black indicates peaks corresponding to complexes, with the stoichiometries displayed in panels (b−f); (b) CC-
Di_S; (c) CC-Di_E1; (d) CC-Di_E2; (e) CC-Di-A:CC-Di-B_S (1:1 label represents CC-Di-A/MCL-1 and CC-Di-B_S/MCL-1 [peaks
overlapping], 2:1 label represents CC-Di-A/CC-Di-B_S/MCL-1, 2:2 label represents 2 × CC-Di-A/2 X MCL-1 and 2 × CC-Di-B_S/2 × MCL-1
and 2 × CC-Di-A/CC-Di-B_S/MCL-1); and (f) CC-Tet_E1 (samples analyzed at 5 μM of each component).
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weight was larger than a 2:1 CC-Di_E1:MCL-1 stoichiometry,
indicating the 2:2 complex remained. This is consistent with
positive cooperative formation of a ternary complex, as
indicated by the CD and native MS data. For CC-Tri_E1, a
small shift in the peak compared to MCL-1 was observed with
the fitted molecular weight, indicating peptide binding. At
higher peptide concentration, a broadened peak indicated
multiple species. For CC-Tet_E1, a peak with fitted mass
between 4:1 CC-Tet_E1:MCL-1 and 2:2 CC-Tet_E1:MCL-1
was observed. In addition, for the equimolar mixture of CC-
Tet_E1 and MCL-1, a small peak corresponding to the weight
of MCL-1 was observed alongside an even smaller peak for a
higher weight. At increased peptide ratios, a peak correspond-
ing to a small weight appeared, likely an unbound CC-Tet_E1
tetramer. Further size exclusion chromatography (SEC)
experiments for the MCL-1 plus peptide mixtures (Figure
S12) confirmed these observations.

Overall, native MS data and AUC and SEC data are broadly
consistent across the coiled-coil series. Data for the
homodimers show they cooperatively recruit and bind two
copies of MCL-1. AF2 modeling suggests this is possible, and
this is compatible with our interpretation of the unfolding
experiments (Tm(dimer/MCL‑1) > Tm(monomer/MCL1)). For trimeric
and tetrameric coiled coils, the data are more ambiguous. AF2
modeling suggests that binding of multiple copies of MCL-1 to
trimer and tetramer is sterically constrained. Higher-order
protein-peptide oligomers were not abundant in native MS,
AUC, or SEC experiments. Moreover, the inhibitory potencies
for both are lower than monomeric controls, while unfolding of
c o m p l e x e s i s c o m p a r a b l e (Tm ( o l i g o m e r / M C L ‑ 1 ) ∼
Tm(monomer/MCL‑1)). This is consistent with a more complex
equilibrium where larger oligomers are able to recruit fewer
copies of MCL-1, and so to maximize interactions, peptide/
MCL-1 binding competes with coiled-coil oligomerization.

■ CONCLUSIONS
Here, we have explored the grafting of hot-spot binding
residues onto coiled-coil peptide assemblies and investigated
the binding behavior of these peptides toward MCL-1. We
grafted binding sequences onto monomeric, homo- and
heterodimeric, homotrimeric, and homotetrameric sequences
in order to test the potential of multivalency to enhance the
affinity. Our data suggest that grafted dimeric peptide scaffolds
have the optimal balance of potency, stability, fidelity to the
intended peptide assembly state, and the ability to recruit
multiple (two) copies of protein. Indeed, they do not
dissociate to form 1:1 peptide/MCL-1 complexes; rather,
they exhibit a strong propensity to form high-affinity 2:2
peptide/MCL-1 ternary complexes with positive cooperativity.
This results in mutual stabilization of the protein-target and
the coiled coil, consistent with positive cooperative binding.
For higher-order trimeric and tetrameric coiled-coil designs,
the reduced inhibitory potency likely arises from a reduction in
the accessibility of the binding motif in these scaffolds relative
to the monomeric and dimeric scaffolds.

In summary, we have developed grafted multivalent coiled-
coil peptides for the selective inhibition of the antiapoptotic
cancer protein MCL-1, which can potentially serve as
therapeutic PPI inhibitors. For the future, our study indicates
that grafting and multivalent coiled-coil strategies might be
most effective using dimeric scaffolds. Nonetheless, this offers
the prospect of designing homo- and heterodimeric coiled coils
that recruit two copies of one protein target or two different

proteins, for example, a target and effector, to act as “molecular
glues” for proximity-induced pharmacology. For molecular
glues−cooperative ternary complex formation is considered
desirable for proteolytic degradation, and our data indicate that
the effect of ternary complex formation on folding stability also
warrants consideration.
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