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ABSTRACT: The difficulty in developing specific ligands for protein
receptors is directly correlated to the presence of unique binding sites on
the protein surface. Conformationally dynamic proteins increase the
level of difficulty in ligand design, and the challenge is further
exacerbated for proteins that are intrinsically disordered. Intrinsically
disordered proteins (or IDPs) do not adopt a fixed three-dimensional
shape until they bind their target; an absence of organized binding sites
underscores the difficulty in developing synthetic ligands for these
proteins. We hypothesized that one avenue for the development of
binders for a disordered region would be to trap one of its
thermodynamically accessible conformations in a receptor. Here, we
show the application of this approach to MYC, which represents a critical therapeutic target but has not yielded small-molecule
inhibitors due to its conformationally dynamic nature. MYC adopts a helical configuration when it binds to its cellular partner MAX.
We rationally designed a proteomimetic scaffold to trap this conformation. We show that MYC can be directly engaged in both
biochemical and cellular assays. Overall, this work demonstrates a general method to capture and trap intrinsically disordered
proteins with a propensity to adopt α-helical conformations.

■ INTRODUCTION
Traditional approaches to target proteins have relied on the
paradigm that the unique 3D folds of proteins provide
ligandable binding sites. A range of small-molecule drugs has
been engineered or found to engage these binding pockets.
However, estimates suggest that more than 85% of the human
proteome lacks “druggable” pockets typically targeted by
conventional small molecules.1 Intrinsically disordered pro-
teins or regions (IDPs or IDRs) represent a significant
challenge in drug discovery because they lack discrete binding
sites.2 Additionally, IDPs or IDRs can undergo folding upon
binding to their binding partners.3 Several strategies to develop
ligands for IDPs have been considered that include NMR and
computational approaches to identify targetable conforma-
tional ensembles to screening of high-throughput compound
libraries in functional assays.4−6 Here, we tested a rational
design approach to target IDRs: we hypothesized that the
native secondary structure conformation adopted by bound
IDRs may be trapped as part of a tertiary structure
conformation (Figure 1A).
We applied our design strategy to MYC, an intrinsically

disordered transcription factor implicated in oncogenesis.7

Various transcription factors are classified as intrinsically
disordered until they dimerize or are recognized by DNA or
a coactivator. Transcription factors belonging to the basic helix
loop helix (bHLH) and leucine zipper (bZIP) family of
proteins characteristically display this disorder-to-order tran-
sition upon binding to their partners. The oncogenic MYC

protein, a well-characterized member of the bHLH/bZIP
family, has emerged as a challenging target, due to its
disordered conformation.8,9 MYC exists in an ensemble of
conformational states and engages in transient interactions
with multiple binding partners. Identification of selective
ligands for MYC has been difficult because MYC lacks
ligandable sites for traditional small molecules.10−12 Previous
peptide- and protein-based attempts to target or mimic MYC
have yielded OMOMYC, a 91-amino acid mini-protein to
sequester MYC and synthetic transcriptional repressors that
occupy E-box promoters.13,14

We focused on trapping the helical configuration adopted by
MYC in its bound state with a synthetic receptor. Prior efforts
with coiled coils as hosts for helical peptides provide a
framework for our studies.15,16 The analysis of the folding
behavior of the leucine zipper domain of GCN4 has shown
that this coiled coil can switch between dimeric and trimeric
states, suggesting that a 2-helix bundle can host a third helix
(Figure 1B).17−19 In a classical study, Kim et al. demonstrated
that a designed 5-helix gp41 protein bundle could effectively

Received: December 18, 2024
Revised: March 26, 2025
Accepted: March 27, 2025
Published: April 8, 2025

Articlepubs.acs.org/JACS

© 2025 The Authors. Published by
American Chemical Society

13296
https://doi.org/10.1021/jacs.4c18144

J. Am. Chem. Soc. 2025, 147, 13296−13302

This article is licensed under CC-BY 4.0

D
ow

nloaded from
 pubs.​acs.​org/​jacsat/​article-pdf/​147/​16/​13296/​42481429/​ja4c18144.​pdf by U

N
IV O

F M
IC

H
IG

AN
 AN

N
 AR

BO
R

 user on 22 O
ctober 2026

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thu+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seong+Ho+Hong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paramjit+S.+Arora"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.4c18144&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c18144?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c18144?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c18144?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c18144?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c18144?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/147/16?ref=pdf
https://pubs.acs.org/toc/jacsat/147/16?ref=pdf
https://pubs.acs.org/toc/jacsat/147/16?ref=pdf
https://pubs.acs.org/toc/jacsat/147/16?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.4c18144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


capture an HIV C-peptide helix with high affinity to form a 6-
helix bundle (Figure 1B).20 DeGrado and co-workers have
extensively explored synthetic receptors consisting of coiled
coil topologies, including the computational design of binding
sites for small molecules.21,22 The challenge in the design of
synthetic receptors for intracellular proteins is that the receptor
must be cell-permeable. We have recently described a strategy
to cross-link short peptides to access a helix dimer.23−25 Our
strategy utilizes a covalent bond in place of an ionic
interaction, typically found between coiled dimers, and
requires sculpting of the helix interface with an optimal
knob-into-hole (KIH) packing.23,24 These principles led us to
the design of cross-linked helix dimers (CHDs) as minimal
proteomimetics with the potential to modulate intracellular
protein−protein interactions. In previous efforts, we developed
CHDs as structural mimics of proteins Sos and NEMO to
inhibit cellular signaling mediated by these proteins.26,27 Here,
we investigated whether the CHDs could serve as cell-
permeable synthetic receptors for disordered proteins that have
a propensity to adopt helical conformations.

■ RESULTS
Design of MYC-Specific Receptors. To develop MYC-

specific receptors, we focused on the potential of this protein
to form coiled coil assemblies. A trove of literature analyzing
the stability and formation of coiled coils suggests that in the
absence of specific features, trimeric coiled coils are more
stable than dimeric coiled coils;28 for example, the trimer is the
default oligomerization state for peptide sequences that feature
hydrophobic residues at the “a” and “d” positions of the heptad

repeat, although polar interactions may populate dimers or
tetramers.18,28 Indeed, dimeric coiled coils have previously
been envisioned as receptors for helical peptides to obtain
trimers.22 Lastly, the fluctuation of the GCN4 sequence
between the dimer and trimer states may be envisioned as the
result of a dimeric coiled coil hosting a third strand (Figure
1B). We conjectured that an appropriately modified dimeric
MAX scaffold may trap MYC to form a stable heterotrimeric
complex.
We began the design of a MYC binder by analyzing the

crystal structure (PDB: 1NKP) of the native MYC/MAX
leucine zipper with computational alanine mutagenesis
scanning to identify residues from MAX that make important
contribution to the heterodimer stability. This analysis showed
that seven MAX residues (Arg75, Lys77, Asn78, His81, Ile85,
Leu88, and Lys89) are important for MYC binding (Figure 2A,
Supporting Information Table S1).29,30 The designed cross-
linked MAX dimer (CHDMax-1) thus encompasses MAX74−89

residues to trap MYC (Figure 2A) based on the high-
resolution structure of the MAX homodimer (PDB:1AN2).31

To cross-link CHDMax, we incorporated a dibenzyl ether linker
in place of a salt-bridge between Asp11 on helix 1 and Lys16
on helix 2; these residues were substituted with cysteine which
was then alkylated to incorporate the thio-ether-based cross-
linker (Supporting Information Figure S9).25

The stability of coiled coils is maintained by knob-into-hole
(KIH) packing at helix interfaces, while critical polar and ionic
contacts provide specificity for coiled coil formation. In
constructing minimal coiled coil mimics, we have shown that
optimal KIH packing residues are critical for restricting
conformational heterogeneity.24,32,33 Analysis of the native
MAX homodimer shows that the stability of the dimer
complex is dependent on interhelical hydrogen bonding. We
optimized the KIH packing at the helical interface to access a
stable minimally dimeric motif. We introduced Ile and Leu at
“a” and “d” positions of helix 1 to develop a parallel
homodimer. CHDMax-1 retains important ionic residues from
MAX for interactions with MYC, including His6 of MAX on
helix 2 to potentially engage two glutamic acids at the “a”
position of MYC. Additionally, Met1 at the “d” position was
swapped with leucine to avoid thioether oxidation during the
synthesis. Aspartic acids on noninteracting “c”, “f”, and “g”
positions were also mutated to glutamic acids to avoid
undesired aspartimide formation. His6 and Gln10 at positions
“b” and “f” were mutated to increase intra- and interstrand salt
bridge interactions and the conformational stability of the helix
dimer.34 Lastly, we swapped Lys16 and Arg17 in native MAX
with Arg16 and Lys17, respectively, in helix 1 with the
expectation that Arg16 can potentially form ionic interactions
with MYC glutamic acid residues 409 and 416 at “g” positions.
We computationally assessed the rationally designed CHDs

with CCBuilder 2.0, a parametric α-helical coiled coil
prediction tool developed by Woolfson and Wood, to gauge
the free energy of binding between helices (Table S2).35

CCBuilder utilizes BUDE (Bristol University Docking Engine)
force field to predict the stability of coiled coils. This
computational analysis suggests that the MYC406−421−
CHDMax-1 complex is potentially substantially more stable
than the putative binding of MYC406−421 with the native
MAX74−89 dimer, as indicated by the BUDE values of −162 for
CHDMax-1/MYC versus −129 BUDE predicted for (MAX)2/
MYC complexes (Figure 2B). We experimentally measured the
binding affinity of fluorescein-labeled CHDMax-1 (FITC−

Figure 1. (A) Proposed strategy to trap disordered MYC406−436

sequence with a rationally designed cross-linked helix dimer receptor
(CHD). (B) (i) GCN4 leucine zipper can populate either a dimeric
or trimeric fold�with the dimer serving as a host for the third strand
(PDB codes: 4DMD and 4DME). (ii) A 5-helix bundle can
accommodate C-peptide from HIV gp41 to form a 6-helix bundle.
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CHDMax-1) for recombinant human MYC353−437 protein using
the FP assay. FITC−CHDMax-1 exhibited a nanomolar binding
affinity for MYC, Kd = 350 ± 17 nM (Figure 2C). We next
interrogated if the exchange of helix 2 Asn5 residue in
CHDMax-1 with an isoleucine group provides further stability
to the construct, potentially due to better KIH packing.
CCBuilder predicts that this mutation would lead to a less
stable complex when the analogue engages with MYC (Figure
2B). Fluorescein-labeled CHDMax-2 was synthesized and tested
for binding to MYC. CHDMax-2 bound MYC with roughly 3
times lower affinity (Kd = 880 ± 53 nM) than CHDMax-1, in

agreement with the CCBuilder prediction. We also designed
CHDMax-3 as a negative control. CHDMax-3 shares structural
and sequence similarity with CHDMax-1 but contains three
alanine mutations in place of important MYC-binding residues:
helix 1 residue Ile-5, and helix 2 residues Ile-5 and His-8
(Figure 2B). CCBuilder calculations predict that the complex
of CHDMax-3 with MYC is less stable compared to the
constructs with CHDMax-1 and -2. This prediction was
confirmed in our FP assay; FITC−CHDMax-3 bound MYC
with weak affinity (Kd > 5000 nM) and constitutes a negative
control for further studies. The MYC353−437 protein used for

Figure 2. Rational design, biophysical characterization, and stability of MAX-derived cross-linked coiled coils. (A) Helical wheel diagrams depicting
the native MYC/MAX dimerization interface (left), a proposed trimer where dimeric MAX may host a MYC sequence (middle), and designed
trimeric interaction of MYC with MAX-derived constrained helix dimer (right). (B) Peptide sequences of designed compounds. We utilized
CCBuilder, a computational tool that predicts coiled coil stabilities using the BUDE (Bristol University Docking Engine) force field. The BUDE
energies of CHDs in complex with MYC406−421 are listed. (C) Binding affinities of fluorescein-labeled CHDs for His6-MYC353−437 were analyzed in
fluorescence polarization (FP) assays. *indicates maximum concentration of His6-MYC353−437 possible in the assay due to the observed aggregation
at higher values. (D) FP assay to assess binding between the fluorescein-labeled CHDMax-1 and His6-MAX, or the MYC/MAX complex. (E)
Schematic representation of the proposed model for the interactions of CHDMax-1 with MYC alone and the MYC/MAX complex.
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the binding assays shows aggregation above 5 μM concen-
tration, precluding the accurate assessment of the binding
constant for weaker binders.
Assessment of CHDMax-1 for MYC Complexation. We

sought to determine whether our lead compound CHDMax-1 is
specific for MYC or can also complex with other peptides
capable of forming coiled coil complexes. We analyzed the
binding of FITC−CHDMax-1 with MAX in the FP assay�no
binding was observed under the assay conditions (Figure 2D).
This result is supported by the predicted BUDE analysis of the
CHDMax-1/MAX complex (Table S2). Although, CHDMax-1
does not bind MAX, we were surprised to learn that it can
engage the preformed MYC/MAX heterodimer with nearly
equal affinity as MYC alone (Figure 2D). Together, the
binding data suggest that CHDMax-1 can engage MYC as a
trimer and assemble with the MYC/MAX heterodimer to form
a tetramer (Figure 2E). A tetramer helix wheel assembly model
and a computational prediction from CCBuilder are included
in the Supporting Information, Table S3 and Figure S2.
To further support the proposed assemblies with CHDMax-1,

we used an established thiol−disulfide exchange assay to
monitor the equilibrium between disulfide-bonded species
(Figure S4). This assay has been used extensively to examine
the preferential association and helix orientation specificity of
coiled coil peptides.18,36 First, we installed an N-terminal Cys-
Trp-Gly-Gly linker to the synthetic leucine zipper domains of
MYC and MAX (MYC-LZ and MAX-LZ) for disulfide bond
formation (Table S4). Following incubation for 48 h in redox
buffers, the disulfide-bonded species were separated and
quantified by reverse-phase high-performance liquid chroma-
tography (RP-HPLC). In agreement with our FP analysis, in
the presence of equimolar CHDMax-1, we observed nearly 2-
fold increase in MYC−MAX heterodimerization, suggesting
that CHDMax-1 also has a binding affinity toward the MYC−
MAX complex (Figure S4). Although CHDMax-1 does not
interact with MAX in the absence of MYC, it is possible that
CHDMax-1 associates with the MYC/MAX complex through
two pathways: (1) CHDMax-1 binds to MYC first, followed by
assembly with MAX or (2) CHDMax-1 associates with
preformed MYC/MAX dimers.
Our hypothesis is that CHDs can trap and stabilize

disordered segments into helical configurations. We used
circular dichroism (CD) spectroscopy to determine if MYC
becomes helical upon binding CHDMax-1. The CD spectra of
CHDMax-1 and -3 were obtained in 0.1× PBS buffer at pH 6.7.
Both CHDs displayed spectra indicative of a helical
conformation with a maximum at 190 nm and double minima
at 208 and 222 nm (Figure 3A). In contrast, MYC406−421 shows
a signal with a minimum at 190 nm, as expected of a random
coil. Addition of one equivalent of CHDMax-1 to MYC406−421

results in a strong change in intensity of 222 nm compared to
the sum of two independent spectra of MYC406−421 or
CHDMax-1 (Figure 3B). The enhancement in the CD signal
observed suggests that the conformational change of MYC to a
more ordered structure occurs upon binding to CHDMax-1. To
assess the increase in the helicity of MYC406−421, we conducted
2,2,2-trifluoroethanol (TFE) titration studies. Enhancement in
peptide helicity as a function of increasing TFE concentration
in water has been extensively studied, and it has been shown
that peptide helicity reaches a maximum in 30−40% aqueous
TFE solutions.37,38 The mean residue ellipticity of the peptide
in this %TFE range has been thought to represent the
maximum helicity for a peptide. TFE titration of MYC406−421

shows that maximum helicity is reached at 30% TFE, while the
CD spectra of CHDMax-1 showed minimal change upon the
addition of 30% TFE (Figure S5). This analysis suggests that
CHDMax-1 is already fully helical in the aqueous buffer and that
MYC406−421 reaches approximately 50% of its maximum
helicity upon binding to CHDMax-1. We also performed
titration of CHDMax-1 with MAX74−89 under similar conditions
and observed no change in the CD signal (Figure S6A),
demonstrating no complex formation between MAX74−89 and
CHDMax-1. The negative control of CHDMax-3 results in no
complex formation with MYC406−421, as expected (Figure S6B),
consistent with a weaker BUDE energy for MYC/CHDMax-3 as
predicted.
The binding and CD assays show that the lead CHD can

bind MYC with high affinity and induce the desired
conformational change. In our FP binding assay, we used
recombinant MYC protein (MYC353−437). We designed the
CHD to localize onto a specific region of MYC spanning
residues 400−430. To determine if the lead receptor binds to
the desired MYC segment, we synthesized a CHDMax-1

Figure 3. (A) The conformation of the CHDs was evaluated with CD
in 0.1× PBS buffer at 20 μM peptide concentration. (B) Titration of
1:1 MYC406−421 and CHDMax-1 indicates complex formation (100 μM
peptide concentration). (C) The CHDMax-1 binding site on MYC was
analyzed with a photo-cross-linking reaction.
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analogue with a diazirine handle, DZ-CHDMax-1, to photo-
cross-link the MYC region engaged by the receptor. Treatment
of DZ-CHDMax-1 with MYC353−437 under UV irradiation,
followed by trypsin cleavage, provided leucine zipper MYC
fragments covalently linked by DZ-CHDMax-1, as identified by
mass spectrometry analysis (Figure 3C, S7). This analysis
shows that the designed CHD can engage MYC at the
predicted site.
Complexation of MYC by CHDMax-1 In Cellulo.

Encouraged by the in vitro results, we evaluated the potential
of CHDMax-1 to form a complex with MYC in cellulo. We first
assessed the ability of CHDs to resist proteolytic degradation
in fetal bovine serum (FBS). We monitored the rate of peptide
degradation under the treatment of 25% FBS over 24 h by RP-
HPLC, with tryptophan as an internal standard. CHDMax-1
exhibits exceptional resistance to proteolysis where roughly
80% of the initial peptide remained intact after 24 h (Figure
4A). This result is consistent with our previous studies showing
that conformationally stabilized CHDs are highly resistant to
enzymatic proteolysis.26,27 After validating the serum stability
of CHDMax-1, we tested its potential to enter live cells. We
chose T24 cells, a bladder cancer cell line, for these studies
because these cells express a high level of MYC.39 We assessed
the ability of fluorescein-labeled FITC−CHDMax-1 to enter
T24 cells using confocal microscopy and observed overlapped
fluorescein and Hoechst nuclear stain signals, showing
internalization of FITC−CHDMax-1 (Figure 4C). We used
flow cytometry to quantify the internalization of FITC−
CHDMax-1, and this compound showed enhanced internal-
ization as compared to DMSO control (Figure 4B).
To examine the engagement of endogenous MYC, we

synthesized a biotinylated derivative of CHDMax-1, biotin-
CHDMax-1, and evaluated its complexation with the MYC
protein using pull-down experiments. In the nuclear extract of
the T24 cell line, we found that biotin-CHDMax-1 can engage
endogenous MYC effectively at 1 μM concentration (Figure
4D). Binding and stabilization of MYC is expected to prevent
its protein degradation in cells.40 To determine if the addition
of CHDMax-1 modulates endogenous MYC levels, we treated
T24 cells with an increasing concentration of the compound.
Following 24 h incubation, we observed a significant increase
in MYC as well as MAX protein levels by Western blots in a
dose-dependent manner (Figure 4E). The increased levels of
both proteins are consistent with our model that CHDMax-1
can bind to MYC alone and the MYC/MAX heterodimer.
Importantly, the treatment of alanine control CHDMax-3 had
no effect on MYC or MAX protein levels (Figure 4F and S8A).
We repeated the experiment with CHDMax-1 treatment in
another cell line (HCT-116 cells) and observed similar effects
in the MYC and MAX stabilities (Figure S8B). Lastly, we
tested the specificity of CHDMax-1 for MYC as the monomer
and MYC/MAX heterodimer by blotting against MAD1, a
MYC antagonist that forms a heterodimer with MAX.41 We
found that CHDMax-1 treatment had no effect on the MAD1
protein level, indicating that the designed proteomimetic is
specific for MYC or MYC/MAX (Figure 4F).

■ CONCLUSIONS
The goal of this study was to test the hypothesis that
proteomimetics can be rationally designed to trap disordered
peptides. Building on the classical analysis of coiled coil
peptides, we asked whether a helix dimer can be developed to
complex a disordered intracellular domain and form a three-

helix bundle. We developed cross−linked helix dimers
(CHDs) to trap MYC�an oncogenic protein that has been
difficult to target with small molecules. MYC may be bound
with linear peptides that mimic its binding partner MAX;
however, the advantage of CHDs over linear peptides is that
the cross-linked constructs can be designed to be resistant to
proteases and have been shown to be cell-permeable. We
rationally designed CHDMax-1 to serve as a cellular receptor for
MYC. Our results show that this construct stabilizes MYC in
cellulo by preventing its protein degradation. A similar strategy
to trap IDRs was recently described by Baker et al.42 This

Figure 4. (A) Proteolytic stability of CHDMax-1 in 25% FBS. Error
bars are mean ± SD of biological replicates. (B) Flow cytometry
quantification of fluorescently labeled CHDMax-1 or DMSO in T24
cells. (C) Live-cell fluorescence imaging of Hoechst-stained T24 cells
incubated with fluorescein-labeled CHDMax-1 or DMSO for 4 h. Scale
bar represents 10 μm. (D) Western blot analysis on endogenous MYC
protein after biotin-CHDMax-1 pull-down in T24 lysate. (E)
Treatment of T24 cells with increasing concentrations of CHDMax-1
for 24 h resulted in increasing protein levels of MYC and MAX but
not MAD1. (F) Relative protein levels of MYC/MAX/MAD1
normalized to β-actin from Western blot in D.
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group used computational design to develop binders for the
Aβ42 peptide to inhibit fibril formation in Alzheimer’s disease.
Together, these studies demonstrate that transient IDRs may
be trapped by designed proteomimetic receptors. In summary,
we present a general approach for designing a minimal
proteomimetic scaffold to modulate IDRs that have an α-helix-
forming propensity. In ongoing studies, we are testing the
potential of the receptor to regulate MYC-mediated signaling.
The overall goal of this program is to assess the biophysical
and structural determinants for helical stabilization of a range
of intrinsically disordered sequences. The results of these
studies will be reported in due course.
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N.; Erdős, G.; Gsponer, J.; Uversky, V. N.; Dosztányi, Z. Tutorial: a

guide for the selection of fast and accurate computational tools for the
prediction of intrinsic disorder in proteins. Nat. Protoc. 2023, 18,
3157−3172.
(6) Schneider, R.; Maurin, D.; Communie, G.; Kragelj, J.; Hansen,
D. F.; Ruigrok, R. W. H.; Jensen, M. R.; Blackledge, M. Visualizing the
Molecular Recognition Trajectory of an Intrinsically Disordered
Protein Using Multinuclear Relaxation Dispersion NMR. J. Am. Chem.
Soc. 2015, 137, 1220−1229.
(7) Lin, C.; Lovén, J.; Rahl, P.; Paranal, R.; Burge, C.; Bradner, J.;
Lee, T.; Young, R. Transcriptional Amplification in Tumor Cells with
Elevated c-Myc. Cell 2012, 151, 56−67.
(8) McKeown, M. R.; Bradner, J. E. Therapeutic strategies to inhibit
MYC. Cold Spring Harb. Perspect. Med. 2014, 4, a014266.
(9) Dang, C. V. MYC on the path to cancer. Cell 2012, 149, 22−35.
(10) Hammoudeh, D. I.; Follis, A. V.; Prochownik, E. V.; Metallo, S.
J. Multiple Independent Binding Sites for Small-Molecule Inhibitors
on the Oncoprotein c-Myc. J. Am. Chem. Soc. 2009, 131, 7390−7401.
(11) Boike, L.; Cioffi, A. G.; Majewski, F. C.; Co, J.; Henning, N. J.;
Jones, M. D.; Liu, G.; McKenna, J. M.; Tallarico, J. A.; Schirle, M.;
Nomura, D. K. Discovery of a Functional Covalent Ligand Targeting
an Intrinsically Disordered Cysteine within MYC. Cell Chem. Biol.
2021, 28, 4−13e17.
(12) Struntz, N. B.; Chen, A.; Deutzmann, A.; Wilson, R. M.; Stefan,
E.; Evans, H. L.; Ramirez, M. A.; Liang, T.; Caballero, F.; Wildschut,
M. H. E.; Neel, D. V.; Freeman, D. B.; Pop, M. S.; McConkey, M.;
Muller, S.; Curtin, B. H.; Tseng, H.; Frombach, K. R.; Butty, V. L.;
Levine, S. S.; Feau, C.; Elmiligy, S.; Hong, J. A.; Lewis, T. A.; Vetere,
A.; Clemons, P. A.; Malstrom, S. E.; Ebert, B. L.; Lin, C. Y.; Felsher,
D. W.; Koehler, A. N. Stabilization of the Max Homodimer with a
Small Molecule Attenuates Myc-Driven Transcription. Cell Chem.
Biol. 2019, 26, 711−723e14.
(13) Speltz, T. E.; Qiao, Z.; Swenson, C. S.; Shangguan, X.; Coukos,
J. S.; Lee, C. W.; Thomas, D. M.; Santana, J.; Fanning, S. W.; Greene,
G. L.; Moellering, R. E. Targeting MYC with modular synthetic
transcriptional repressors derived from bHLH DNA-binding domains.
Nat. Biotechnol. 2023, 41, 541−551.
(14) Soucek, L.; Helmer-Citterich, M.; Sacco, A.; Jucker, R.;
Cesareni, G.; Nasi, S. Design and properties of a Myc derivative that
efficiently homodimerizes. Oncogene 1998, 17, 2463−2472.
(15) Woolfson, D. N. Understanding a protein fold: The physics,
chemistry, and biology of alpha-helical coiled coils. J. Biol. Chem.
2023, 299, 104579.
(16) Eckert, D. M.; Kim, P. S. Mechanisms of viral membrane fusion
and its inhibition. Annu. Rev. Biochem. 2001, 70, 777−810.
(17) Oshaben, K. M.; Salari, R.; McCaslin, D. R.; Chong, L. T.;
Horne, W. S. The native GCN4 leucine-zipper domain does not
uniquely specify a dimeric oligomerization state. Biochemistry 2012,
51, 9581−9591.
(18) Harbury, P. B.; Zhang, T.; Kim, P. S.; Alber, T. A switch
between two-, three-, and four-stranded coiled coils in GCN4 leucine
zipper mutants. Science 1993, 262, 1401−1407.
(19) Gonzalez, L., Jr.; Woolfson, D. N.; Alber, T. Buried polar
residues and structural specificity in the GCN4 leucine zipper. Nat.
Struct. Biol. 1996, 3, 1011−1018.
(20) Root, M. J.; Kay, M. S.; Kim, P. S. Protein design of an HIV-1
entry inhibitor. Science 2001, 291, 884−888.
(21) Ghirlanda, G.; Lear, J. D.; Lombardi, A.; DeGrado, W. F. From
synthetic coiled coils to functional proteins: automated design of a
receptor for the calmodulin-binding domain of calcineurin. J. Mol.
Biol. 1998, 281, 379−391.
(22) Lombardi, A.; Bryson, J. W.; Ghirlanda, G.; DeGrado, W. F.
Design of a Synthetic Receptor for the Calmodulin-Binding Domain
of Calcineurin. J. Am. Chem. Soc. 1997, 119, 12378−12379.
(23) Wuo, M. G.; Mahon, A. B.; Arora, P. S. An Effective Strategy
for Stabilizing Minimal Coiled Coil Mimetics. J. Am. Chem. Soc. 2015,
137, 11618−11621.
(24) Wuo, M. G.; Hong, S. H.; Singh, A.; Arora, P. S. Synthetic
Control of Tertiary Helical Structures in Short Peptides. J. Am. Chem.
Soc. 2018, 140, 16284−16290.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c18144
J. Am. Chem. Soc. 2025, 147, 13296−13302

13301

D
ow

nloaded from
 pubs.​acs.​org/​jacsat/​article-pdf/​147/​16/​13296/​42481429/​ja4c18144.​pdf by U

N
IV O

F M
IC

H
IG

AN
 AN

N
 AR

BO
R

 user on 22 O
ctober 2026

https://pubs.acs.org/doi/10.1021/jacs.4c18144?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c18144/suppl_file/ja4c18144_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paramjit+S.+Arora"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5315-401X
https://orcid.org/0000-0001-5315-401X
mailto:arora@nyu.edu
mailto:arora@nyu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thu+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seong+Ho+Hong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8634-452X
https://orcid.org/0000-0002-8634-452X
https://pubs.acs.org/doi/10.1021/jacs.4c18144?ref=pdf
https://doi.org/10.1038/nrd892
https://doi.org/10.1016/j.cbpa.2010.06.169
https://doi.org/10.1016/j.cbpa.2010.06.169
https://doi.org/10.1016/S0959-440X(02)00289-0
https://doi.org/10.1016/S0959-440X(02)00289-0
https://doi.org/10.1073/pnas.1806202115
https://doi.org/10.1073/pnas.1806202115
https://doi.org/10.1038/s41596-023-00876-x
https://doi.org/10.1038/s41596-023-00876-x
https://doi.org/10.1038/s41596-023-00876-x
https://doi.org/10.1021/ja511066q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja511066q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja511066q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cell.2012.08.026
https://doi.org/10.1016/j.cell.2012.08.026
https://doi.org/10.1101/cshperspect.a014266
https://doi.org/10.1101/cshperspect.a014266
https://doi.org/10.1016/j.cell.2012.03.003
https://doi.org/10.1021/ja900616b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja900616b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chembiol.2020.09.001
https://doi.org/10.1016/j.chembiol.2020.09.001
https://doi.org/10.1016/j.chembiol.2019.02.009
https://doi.org/10.1016/j.chembiol.2019.02.009
https://doi.org/10.1038/s41587-022-01504-x
https://doi.org/10.1038/s41587-022-01504-x
https://doi.org/10.1038/sj.onc.1202199
https://doi.org/10.1038/sj.onc.1202199
https://doi.org/10.1016/j.jbc.2023.104579
https://doi.org/10.1016/j.jbc.2023.104579
https://doi.org/10.1146/annurev.biochem.70.1.777
https://doi.org/10.1146/annurev.biochem.70.1.777
https://doi.org/10.1021/bi301132k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi301132k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.8248779
https://doi.org/10.1126/science.8248779
https://doi.org/10.1126/science.8248779
https://doi.org/10.1038/nsb1296-1011
https://doi.org/10.1038/nsb1296-1011
https://doi.org/10.1126/science.1057453
https://doi.org/10.1126/science.1057453
https://doi.org/10.1006/jmbi.1998.1912
https://doi.org/10.1006/jmbi.1998.1912
https://doi.org/10.1006/jmbi.1998.1912
https://doi.org/10.1021/ja972973d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja972973d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b05525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b05525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b10082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b10082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c18144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(25) Hong, S. H.; Nguyen, T.; Arora, P. Design and Synthesis of
Crosslinked Helix Dimers as Protein Tertiary Structure Mimics. Curr.
Protoc. 2022, 2, No. e315.
(26) Hong, S. H.; Yoo, D. Y.; Conway, L.; Richards-Corke, K. C.;
Parker, C. G.; Arora, P. S. A Sos proteomimetic as a pan-Ras inhibitor.
Proc. Natl. Acad. Sci. U.S.A. 2021, 118, No. e2101027118.
(27) Sadek, J.; Wuo, M. G.; Rooklin, D.; Hauenstein, A.; Hong, S.
H.; Gautam, A.; Wu, H.; Zhang, Y.; Cesarman, E.; Arora, P. S.
Modulation of virus-induced NF-κB signaling by NEMO coiled coil
mimics. Nat. Commun. 2020, 11, 1786.
(28) Schneider, J. P.; Lombardi, A.; DeGrado, W. F. Analysis and
design of three-stranded coiled coils and three-helix bundles. Fold.
Des. 1998, 3, R29−R40.
(29) Kortemme, T.; Kim, D. E.; Baker, D. Computational alanine
scanning of protein-protein interfaces. Sci. Signal. 2004, 2004, pl2.
(30) Ibarra, A. A.; Bartlett, G. J.; Hegedus, Z.; Dutt, S.; Hobor, F.;
Horner, K. A.; Hetherington, K.; Spence, K.; Nelson, A.; Edwards, T.
A.; Woolfson, D. N.; Sessions, R. B.; Wilson, A. J. Predicting and
Experimentally Validating Hot-Spot Residues at Protein-Protein
Interfaces. ACS Chem. Biol. 2019, 14, 2252−2263.
(31) Ferre-D’Amare, A. R.; Prendergast, G. C.; Ziff, E. B.; Burley, S.
K. Recognition by Max of its cognate DNA through a dimeric b/
HLH/Z domain. Nature 1993, 363, 38−45.
(32) Steinkruger, J. D.; Bartlett, G. J.; Woolfson, D. N.; Gellman, S.
H. Strong contributions from vertical triads to helix-partner
preferences in parallel coiled coils. J. Am. Chem. Soc. 2012, 134,
15652−15655.
(33) Hadley, E. B.; Testa, O. D.; Woolfson, D. N.; Gellman, S. H.
Preferred side-chain constellations at antiparallel coiled-coil interfaces.
Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 530−535.
(34) Lavigne, P.; Sonnichsen, F. D.; Kay, C. M.; Hodges, R. S.
Interhelical salt bridges, coiled-coil stability, and specificity of
dimerization. Science 1996, 271, 1136−1138.
(35) Wood, C. W.; Woolfson, D. N. CCBuilder 2.0: Powerful and
accessible coiled-coil modeling. Protein Sci. 2018, 27, 103−111.
(36) Lavigne, P.; Kondejewski, L. H.; Houston, M. E., Jr.;
Sonnichsen, F. D.; Lix, B.; Skyes, B. D.; Hodges, R. S.; Kay, C. M.
Preferential heterodimeric parallel coiled-coil formation by synthetic
Max and c-Myc leucine zippers: a description of putative electrostatic
interactions responsible for the specificity of heterodimerization. J.
Mol. Biol. 1995, 254, 505−520.
(37) Jasanoff, A.; Fersht, A. R. Quantitative Determination of Helical
Propensities from Trifluoroethanol Titration Curves. Biochemistry
1994, 33, 2129−2135.
(38) Luo, P.; Baldwin, R. L. Mechanism of helix induction by
trifluoroethanol: a framework for extrapolating the helix-forming
properties of peptides from trifluoroethanol/water mixtures back to
water. Biochemistry 1997, 36, 8413−8421.
(39) Christoph, F.; Schmidt, B.; Schmitz-Drager, B. J.; Schulz, W. A.
Over-expression and amplification of the c-myc gene in human
urothelial carcinoma. Int. J. Cancer 1999, 84, 169−173.
(40) Madden, S. K.; de Araujo, A. D.; Gerhardt, M.; Fairlie, D. P.;
Mason, J. M. Taking the Myc out of cancer: toward therapeutic
strategies to directly inhibit c-Myc. Mol. Cancer 2021, 20, 3.
(41) Grandori, C.; Cowley, S. M.; James, L. P.; Eisenman, R. N. The
Myc/Max/Mad network and the transcriptional control of cell
behavior. Annu. Rev. Cell Dev. Biol. 2000, 16, 653−699.
(42) Sahtoe, D. D.; Andrzejewska, E. A.; Han, H. L.; Rennella, E.;
Schneider, M. M.; Meisl, G.; Ahlrichs, M.; Decarreau, J.; Nguyen, H.;
Kang, A.; Levine, P.; Lamb, M.; Li, X.; Bera, A. K.; Kay, L. E.;
Knowles, T. P. J.; Baker, D. Design of amyloidogenic peptide traps.
Nat. Chem. Biol. 2024, 20, 981−990.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c18144
J. Am. Chem. Soc. 2025, 147, 13296−13302

13302

D
ow

nloaded from
 pubs.​acs.​org/​jacsat/​article-pdf/​147/​16/​13296/​42481429/​ja4c18144.​pdf by U

N
IV O

F M
IC

H
IG

AN
 AN

N
 AR

BO
R

 user on 22 O
ctober 2026

https://doi.org/10.1002/cpz1.315
https://doi.org/10.1002/cpz1.315
https://doi.org/10.1073/pnas.2101027118
https://doi.org/10.1038/s41467-020-15576-3
https://doi.org/10.1038/s41467-020-15576-3
https://doi.org/10.1016/S1359-0278(98)00011-X
https://doi.org/10.1016/S1359-0278(98)00011-X
https://doi.org/10.1126/stke.2192004pl2
https://doi.org/10.1126/stke.2192004pl2
https://doi.org/10.1021/acschembio.9b00560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.9b00560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.9b00560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/363038a0
https://doi.org/10.1038/363038a0
https://doi.org/10.1021/ja3063088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3063088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.0709068105
https://doi.org/10.1126/science.271.5252.1136
https://doi.org/10.1126/science.271.5252.1136
https://doi.org/10.1002/pro.3279
https://doi.org/10.1002/pro.3279
https://doi.org/10.1006/jmbi.1995.0634
https://doi.org/10.1006/jmbi.1995.0634
https://doi.org/10.1006/jmbi.1995.0634
https://doi.org/10.1021/bi00174a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00174a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi9707133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi9707133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi9707133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi9707133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(SICI)1097-0215(19990420)84:2<169::AID-IJC13>3.0.CO;2-F
https://doi.org/10.1002/(SICI)1097-0215(19990420)84:2<169::AID-IJC13>3.0.CO;2-F
https://doi.org/10.1186/s12943-020-01291-6
https://doi.org/10.1186/s12943-020-01291-6
https://doi.org/10.1146/annurev.cellbio.16.1.653
https://doi.org/10.1146/annurev.cellbio.16.1.653
https://doi.org/10.1146/annurev.cellbio.16.1.653
https://doi.org/10.1038/s41589-024-01578-5
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c18144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

