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ABSTRACT: Dysregulation of the transcription factor MYC is
involved in many human cancers. The dimeric transcription factor
complexes of MYC/MAX and MAX/MAX activate or inhibit,
respectively, gene transcription upon binding to the same enhancer
box DNA. Targeting these complexes in cancer is a long-standing
challenge. Inspired by the inhibitory activity of the MAX/MAX
dimer, we engineered covalently linked, synthetic homo- and
heterodimeric protein complexes to attenuate oncogenic MYC-
driven transcription. We prepared the covalent protein complexes
(∼20 kDa, 167−231 residues) in a single shot via parallel automated
flow synthesis in hours. The stabilized covalent dimers display DNA
binding activity, are intrinsically cell-penetrant, and inhibit cancer
cell proliferation in different cell lines. RNA sequencing and gene set
enrichment analysis in A549 cancer cells confirmed that the synthetic dimers interfere with MYC-driven transcription. Our results
demonstrate the potential of automated flow technology to rapidly deliver engineered synthetic protein complex mimetics that can
serve as a starting point in developing inhibitors of MYC-driven cancer cell growth.

■ INTRODUCTION

Access to proteins is essential for academic and industrial
research and for modern therapy development. Most proteins
are obtained by biological expression. The chemical synthesis
of proteins has emerged as a viable complementary approach
and offers advantages, including the potential to incorporate
unnatural amino acid or post-translational modifications.
Chemical protein synthesis usually requires a combination of
solid-phase and chemoselective ligation methods.1−6

The primary polypeptide sequences alone, however, are not
sufficient for activity. Proteins fold into three-dimensionally
defined secondary and tertiary structures to make possible
diverse and complex tasks in living systems. Further, to reach
their ultimate active architecture, many folded proteins form
higher-order complexes containing multiple subunits.7,8

Controlling the correct assembly of the desired subunits can
be challenging and depends on complex stability, protein
concentration, and protein localization. The identity and
composition of the subunits forming a protein complex are
crucial and determine the complex’s activity.
The transcription factor protein MYC forms a heterodimer

with MAX in order to bind to the E-Box DNA sequence
(CACGTG).9 The MYC/MAX protein complex is part of the
basic-helix−loop-helix/leucine-zipper (bHLH/Lz) transcrip-
tion factor family and initiates several cellular processes,
including cell proliferation and survival.10,11 MAX, alter-

natively, can homodimerize, compete for the E-Box DNA
binding site, and inhibit MYC/MAX-driven transcription.12

MYC/MAX and MAX/MAX, thus, have opposite activities,
and MYC overexpression is observed in >50% of human
cancers.13−16

Promising strategies to inhibit the oncogenic MYC activity
rely on stabilizing the natural MAX/MAX dimer or delivering
protein analogues with a similar mechanism of action. The
targeting of MYC with small molecules has largely remained
elusive, mainly because the structure of MYC presents no
binding pockets for small molecule ligands.17−22 To overcome
the challenge of drugging MYC, Koehler et al. recently
described a small molecule stabilizer of the MAX/MAX
complex that inhibited the proliferation of several cancer cell
lines and reduced the tumor burden in murine cancer
models.23 In a different approach, Soucek et al. developed
the artificial miniprotein Omomyc: this dominant-negative
form of MYC can compete for E-Box DNA binding and thus
inhibit MYC/MAX-dependent transcription, ultimately result-
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ing in tumor growth inhibition in various mouse models of
cancer, causing only mild, well-tolerated, and reversible side
effects.24−27

Omomyc, in the same way as the biological MYC and MAX
proteins, has to form dimeric complexes to be functional and
bioactive. MYC, MAX, and Omomyc can interact with each
other in different combinations. Upon delivery of a monomer
to the cell, the dominating complex formed depends on the
other proteins’ cellular concentrations and is hardly predict-
able.25 The direct administration of defined and stable dimeric
complexes would offer a superior degree of control over the
concentration and composition of the bioactive dimer
inhibitor, in addition to a potentially higher structural stability.
We reasoned that dimeric analogues of MYC and MAX,

covalently linked in their bioactive form, could result in
promising oncosuppressive modalities (Figure 1). Preparing

homogeneous, stable, well-defined protein−protein conjugates
can be a challenge.28−30 Chemical synthesis approaches to
generate covalently linked multimeric proteins have been
mainly focused on preparing ubiquitinylated or sumoylated
proteins.31−38 These strategies relied on chemical ligation or
chemoenzymatic workflows, requiring the incorporation of
unnatural amino acids or an engineered recognition sequence,
respectively. In addition, ligation-based strategies to prepare
covalently linked HIV protease heterodimers have been
reported by Torbeev et al., with the aim to study asymmetric
mutations of this enzyme dimer.39 Previous dimerization
strategies of MYC/MAX analogues relied on disulfide
formation at the C-terminus of the leucine zipper region of
the transcription factor analogues.40 Furthermore, in a
pioneering study, Kent et al. chemically prepared MYC/
MAX and MAX/MAX dimers connected via oxime linkages
and thioesters.41 While these defined dimers enabled DNA-
binding studies, the reported strategies relied on dovetails with
low chemical stability in a biological milieu, making them
unsuitable for bioactivity studies in vivo.

We have previously shown that automated fast-flow protein
synthesis (AFPS) enables direct access to defined, bioactive,
and stable protein domains,42,43 obviating the need for
postsynthesis or expression dimerization reactions, such as
native chemical ligation. Solid-phase flow chemistry has been
used previously to generate branched glycans.44 Here, we use
AFPS for the parallel single-shot assembly of covalently linked
MAX−MAX and Omomyc−Omomyc homodimers and
MYC−MAX and Omomyc−MAX heterodimers. The covalent
dimers (167−231 residues) were synthesized within hours, and
after a single HPLC purification, these protein complexes were
directly used for biological studies. Despite their considerable
size, the protein dimers are intrinsically cell-penetrating and
specifically inhibit MYC-dependent gene transcription and
proliferation of cancer cells.

■ RESULTS

Single-Shot Flow Synthesis of Covalent Protein
Dimers. We prepared covalent MAX−MAX 2 and Omo-
myc−Omomyc 3 homodimers by parallel single-shot fast-flow
solid-phase synthesis. In MYC, MAX, and Omomyc dimers,
the two C-termini of the DNA binding regions are in proximity
to each other. SPPS proceeds from the peptide C-terminus to
the N-terminus. Therefore, we envisioned obtaining the
covalently linked protein dimers by assembling them starting
from a bifunctional linker. We prepared linker 1 (Figure 2b)
on a ChemMatrix Rink Amide resin (loading = 0.18 mmol/g).
The linker contains an Alloc-protected lysine for late-stage
modification, a β-alanine spacer, and a lysine with two free
amine groups as a bifunctional starting point for the parallel
synthesis. We loaded resin 1 into the fast-flow synthesizer
reactor and prepared MAX−MAX 2 (164 residues, 3.4 h) and
Omomyc−Omomyc 3 (184 residues, 3.7 h). As determined by
in-line UV-Vis monitoring of the stepwise Fmoc deprotection,
the synthesis of both dimers proceeded with high coupling
efficiency at each coupling cycle (Figures S5 and S6). It is
noteworthy that each step involved the parallel coupling and
subsequent deprotection of two amino acids simultaneously.
After cleavage and side-chain deprotection, LC-MS analysis
indicated the desired products as the major component of both
crude reaction mixtures. Upon preparative HPLC purification,
we obtained pure MAX−MAX 2 and Omomyc−Omomyc 3 in
6% and 8% yield, respectively (Figure 2e,f). For advanced
biological characterizations, we scaled up the Omomyc−
Omomyc 3 preparation. For a single synthesis, we obtained 50
mg of pure material in 14% yield.
We synthesized covalent MYC−MAX 5 and Omomyc−

MAX 6 heterodimers by consecutive single-shot fast-flow solid-
phase synthesis. To enable the consecutive assembly of the
heterodimers, we prepared resin 4 (Figure 2b): the bifunc-
tional linker, in this case, is based on lysine protected with
Alloc on its side-chain (Nε) amine. With the fast-flow
synthesizer, we first assembled MAX from the α-amine of
the lysine linker. For the last amino acid, we added Boc-glycine
and removed the Alloc protection from the Nε of the lysine
linker. On this amine, we then assembled MYC or Omomyc,
respectively (Schemes S1 and S2). The synthesis time for each
heterodimer amounted to ∼8 h (MYC−MAX 5, 167 residues;
Omomyc−MAX 6, 175 residues). Both heterodimers were
observed as the main component of the crude product mixture
obtained from cleavage and side-chain deprotection. Upon
preparative HPLC purification, we obtained pure MYC−MAX

Figure 1. Covalent protein dimers prepared by automated flow
protein synthesis (AFPS) are designed to compete with MYC/MAX
for E-Box binding and inhibit oncogenic transcription. Inspired by the
inhibitory activity of the MAX/MAX protein dimer assembly, we
engineered covalently linked, synthetic homo- and heterodimeric
analogues of MYC, MAX, and Omomyc, to inhibit MYC/MAX-
dependent gene transcription.

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://doi.org/10.1021/acscentsci.1c00663
ACS Cent. Sci. 2021, 7, 1408−1418

1409

https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00663/suppl_file/oc1c00663_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00663/suppl_file/oc1c00663_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00663?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00663?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00663?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00663?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c00663?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2. Covalently linked dimeric transcription factor analogues were prepared via fast-flow solid-phase synthesis. (a) An automated flow peptide
synthesizer built in the Pentelute laboratory. (b) Resin for protein synthesis with lysine-based linkers 1 or 4 for parallel dimeric protein synthesis.
The linkers were manually coupled on the Rink Amide resin prior to AFPS. (c) Reagents and conditions for flow synthesis. (d) Sequences of MYC,
MAX, and Omomyc. (e−h) Synthesis time, yields, and LC-MS characterization of purified homodimers 2 and 3 and heterodimers 5 and 6. The
panels show the total ion current chromatogram (TIC) as the base spectrum, the electrospray ionization (ESI) mass-to-charge spectra (left inset),
and deconvoluted mass spectra (right inset). The peak at 922 in the m/z spectra is the ion of the internal reference compound of the mass
spectrometer. The minor MS peak population at masses lower than the expected product mass (in parts e, g, and h) is a mixture of deletion and
truncation products.
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5 and Omomyc−MAX 6 dimers in 4% and 5% yield,
respectively (Figure 2g,h).
Biophysical Characterization of the Synthetic Protein

Dimers. Biophysical characterization confirmed the folding
and DNA-binding activity of the four covalent protein dimers.
We first analyzed dimers 2, 3, 5, and 6 by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). All
dimer constructs had bands at the expected height of ∼20 kDa,
and the monomers 7−9 (synthesized by AFPS, see the SI,
sections 12.5−12.7) were observed at ∼10 kDa (Figure 3a).
The refolding of the protein dimers did not require special
procedures. We dissolved the lyophilized compounds in
folding buffer (MES 10 mM, KCl 150 mM, MgCl2 1 mM,
TCEP 1 mM, glycerol 10%, pH = 6.5), and all four dimers
displayed defined α-helical signatures, as determined by
circular dichroism (CD, Figure 3b). We next performed an
electrophoretic mobility shift assay (EMSA) to determine the
dimers’ DNA binding activity. At a DNA concentration of 1
μM and protein concentration of 2 μM, all dimers formed
complexes with the E-Box DNA, as observed by the shift
retardation on the gel (Figure 3c). Monomeric MYC, tested as
a negative control (4 μM), did not bind to E-Box DNA.
Covalently linked dimers have stabilized structures in

aqueous buffer compared to their noncovalent analogues. We
recorded CD signals at 221 nm between 4 and 89 °C (Figure

3d) to determine melting temperatures (Tm). With this
method, we compared the noncovalent MAX/MAX (8/8)
and Omomyc/Omomyc (9/9) dimers to our four synthetic
covalent protein dimers (note: noncovalent dimers are
indicated as protein/protein; covalent dimers are indicated as
protein−protein). We also performed protein melting temper-
ature measurements in the presence of equimolar E-Box DNA.
Overall, the DNA stabilized the protein complexes’ structures,
in agreement with the literature.26 The covalent linkage
showed a significant stabilizing effect on the MAX dimers: we
determined the Tm of the noncovalent MAX structure being 29
°C and the one of the covalent dimer 38 °C. Omomyc
complexes, overall, displayed a higher structural stability than
the other dimers tested. We did not observe a significant Tm
difference for noncovalent Omomyc/Omomyc (9/9) com-
pared to the covalent Omomyc−Omomyc (3). This
observation might be explained by the greater stability of the
Omomyc leucine zipper. The most stable complex of all
structures tested was the covalent Omomyc−Omomyc dimer
(3) in the presence of DNA, with a Tm of 67 °C. Finally, we
tested the proteolytic stability of dimer 3. After 1 h of
incubation in human serum (5% in PBS) at 37 °C, we found
91% intact protein dimer remaining (Figure S1).

Assessment of Cell-Penetration of the Protein
Dimers. To assess cell penetration via microscopy and flow

Figure 3. The synthetic protein dimers are homogeneous, fold, and associate to E-box DNA. The covalent linkage stabilizes the structure and
DNA/protein complexes. (a) SDS-PAGE analysis of synthetic protein dimers and monomers (∼1 μg per protein loaded). The bands were
visualized by Coomassie Blue staining. (b) Proteins were dissolved in folding buffer (MES 10 mM, KCl 150 mM, MgCl2 1 mM, TCEP 1 mM,
glycerol 10%, pH = 6.5) at 0.1 mg/mL, and full wavelength CD spectra were recorded from 250 to 200 nm at 4 °C. The y-axis shows the mean
residual ellipticity (MRE) and the x-axis the wavelength. (c) Each compound was incubated with E-Box DNA in folding buffer (final
concentrations: 2 μM protein and 1 μM DNA) for 1 h at room temperature. Samples were run on 10% polyacrylamide gel in TBE buffer and
visualized with ethidium bromide. (d) For melting temperature determination, CD spectra were recorded at 221 nm from +4 to +89 °C, in 5 °C
steps. (e) Summary table of melting temperatures determined by CD.
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Figure 4. Synthetic dimers are intrinsically cell-penetrating, and nuclear targeting is enhanced by non-natural sequence tags. (a) Reaction
conditions. Alloc removal: Pd(PPh3)4, piperidine, CH2Cl2, r.t., 30 min. TAMRA labeling: 5-TAMRA, HATU, DIEA, DMF, r.t., 30 min. Mach3
synthesis: see AFPS conditions (Figure 2c). Cleavage: TFA, EDT, thioanisole, cresol, H2O, r.t., 4 h. (b) TIC-LCMS chromatograms of MAX−
MAX−TAMRA 10, Omomyc−Omomyc−TAMRA 11, and Omomyc−Omomyc−Mach3−TAMRA 12 with m/z and deconvoluted mass. (c) Flow
cytometry histograms illustrating the dose-dependent increase in fluorescence of HeLa cells after 15 min of incubation with TAMRA-labeled
dimers and Omomyc−TAMRA monomer at concentrations between 0.01 and 15 μM. (d) Micrographs from confocal microscopy; Hoechst
(DAPI) labels the nuclei, and TAMRA-protein (Cy3) is observed throughout the cell after 15 min of incubation, followed by incubation in fresh
media for 1 h.

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://doi.org/10.1021/acscentsci.1c00663
ACS Cent. Sci. 2021, 7, 1408−1418

1412

https://pubs.acs.org/doi/10.1021/acscentsci.1c00663?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00663?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00663?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00663?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c00663?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cytometry, we prepared variants of MAX−MAX and
Omomyc−Omomyc labeled with 5-carboxytetramethylrhod-
amine (TAMRA). We performed the TAMRA labeling on the
solid phase, upon Boc protection of the N-termini and removal
of the Alloc protection from the C-terminal lysine, obtaining
10 and 11 (Figure 4a). We also synthesized an Omomyc−
Omomyc derivative containing Mach3, a nuclear-targeting
miniprotein that we recently designed.45 To obtain this 231
residue covalent protein complex, we removed Alloc from the
C-terminal lysine and synthesized, by AFPS, the 41-residue
Mach3 sequence from the resulting free amine and finally
added a TAMRA label, obtaining compound 12.
The synthetic dimers are intrinsically cell-penetrating while

remaining nonlytic, and nuclear localization is enhanced by the
addition of a targeting motif. Omomyc monomer (90 residues)
has been shown to be an intrinsically cell-penetrating protein.26

The arginine-rich DNA binding region appears to be the

primary driving force for cell penetration. We recently showed
that the combination of multiple cell-penetrating sequences
into a single molecule can enhance cell-penetrating activity
with a synergistic effect.46 Based on this rationale, we expected
to observe cell-penetrating activity of our dimeric protein
complexes containing two polycationic domains. In addition,
we were curious if the miniprotein Mach3 could further
enhance nuclear localization. To evaluate uptake, we first
treated HeLa cells with fluorophore-labeled proteins and
measured fluorescence via flow cytometry. All three analogues
are taken up into cells in a dose-dependent manner after a brief
(15 min) incubation (Figure 4c and Figure S4). The addition
of (4′,6-diamidin-2-phenylindol) DAPI as a membrane-
impermeable viability dye showed no staining of the gated
population of TAMRA-fluorescent cells, suggesting that the
constructs entered cells without compromising the membrane
(Figures S2 and S3). These findings were confirmed by

Figure 5. Synthetic transcription factors inhibit cancer cell proliferation and downregulate MYC target genes. (a) Cell proliferation assay of HeLa,
A549, and H441 cells following treatment with synthetic protein dimers for 72 h, quantified via CellTiter-Glo (CTG). Experiments were performed
in triplicate. (b) Summary table of proliferation inhibition EC50 values. (c) A549 cells were treated with Omomyc−Omomyc 3 (12.5 μM) for 72 h.
RNA was extracted and sequenced. Depicted is an MA plot showing differentially expressed genes (DEGs) in A549 cells treated with Omomyc−
Omomyc 3 compared to DMSO. Upregulated genes with adjusted p-value <0.05 and |log 2FC| ≥ 1 shown in red, downregulated genes with p-value
<0.05 and |log 2FC| ≤ 1 shown in blue. The experiment was performed in duplicate. Downregulated genes involved in KRas pathways are labeled.
(d) GSEA comparing gene expression of DMSO treated cells compared to Omomyc−Omomyc. The enrichment plot of the MYC target gene
signature shows a negative enrichment in the Omomyc−Omomyc condition (q-value <0.05).
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fluorescence microscopy. The treatment of HeLa cells for 15
min with MAX−MAX−TAMRA 10 and Omomyc−Omo-
myc−TAMRA 11 followed by 1 h of incubation in fresh media
and imaging via confocal microscopy revealed intense,
punctate fluorescence, in agreement with previous observations
and our observations on Omomyc (Figure 4d).26 However,
treatment with Omomyc−Omomyc−Mach3 12 resulted in
punctate fluorescence as well as diffuse fluorescence in the
nucleus, indicating endosomal escape and nuclear localization
(Figure 4d). These experiments show that the dimeric
transcription factors are rapidly taken up into cells, and their
nuclear localization can be improved with the addition of a
non-natural targeting sequence.47

Inhibition of Cancer Cell Proliferation and MYC-
Driven Transcription upon Omomyc−Omomyc Treat-
ment. The synthetic transcription factor analogue dimers
inhibit the proliferation of cancer cells. MYC is known to drive
cell proliferation in the majority of human cancers.14 We
reasoned that our synthetic dimers’ combined ability to bind E-
box DNA and enter cells should result in the inhibition of
MYC-dependent gene transcription and cell proliferation. We
tested the bioactivity of all compounds in three cell lines with a
range of MYC expression levels; HeLa contains high MYC
levels, A549 displays mid-level MYC expression, and H441 has
low MYC expression.48 We treated the cells for 72 h with
protein dimers and measured the proliferation with a
CellTiter-Glo (CTG) assay (Figure 5a). Cell proliferation
inhibition followed the expected trend according to MYC
expression levels; we observed the most substantial inhibition
in HeLa cells and the weakest in H441 cells (Figure 5b). All
synthetic dimers demonstrated inhibitory activity, with the
Omomyc−Omomyc dimer having the highest activity of the
native dimers with an EC50 of 4 μM. This observation is in line
with our structural stability data. Moreover, Omomyc−
Omomyc−Mach3 further decreased the EC50 in each cell
line (2 μM in HeLa cells), indicating that the nuclear-targeting
moiety assists the transcription factor in reaching its target and
imparts enhanced activity.
The synthetic transcription factor analogue dimers interfere

with MYC-driven gene expression, as determined by RNA-
sequencing (RNA-seq) and gene set enrichment analysis
(GSEA). To evaluate whether the compounds’ bioactivity is
related to the suppression of MYC-driven expression, we
performed RNA-seq on A549 cells treated with Omomyc−
Omomyc 3. Compared to the control cells, we observed
downregulation of 431 and upregulation of 297 genes,
indicating that the synthetic dimers have an effect on gene
expression (Figure 5c). Among the downregulated genes, we
found several genes involved in KRas signaling pathways,
which are known to drive cancer development in A549
nonsmall lung cancer cells.46,49 This finding is in accordance
with previous reports showing that MYC is a dominant effector
of KRas mutation-positive lung cancer pathogenesis.48,50 GSEA
of our RNA-seq data shows a negative enrichment of the
MYC-target gene set in the Omomyc−Omomyc 3 treated
condition, further corroborating that the synthetic dimers
interfere with MYC-driven gene expression programs (Figure
5d).

■ DISCUSSION
We show that flow synthesis enables rapid access to covalently
linked homo- and heterodimeric analogues of MYC, MAX, and
Omomyc. The automated flow synthesizers developed in our

laboratory have been previously shown to provide chemical
access to single-domain functional proteins up to 164
residues.43 Here, we used dimeric linkers and orthogonal
protecting group strategies to synthesize homodimeric and
heterodimeric proteins with up to 231 residues and synthetic
modifications. In our approach, two polypeptide chains are
assembled in close proximity to each other, and no significant
aggregation events interfered with the efficient double
assembly of the dimeric proteins. The use of an orthogonally
protected C-terminal lysine residue further enabled the
practical late-stage TAMRA labeling of the protein dimers
directly on the solid phase.
MYC/MAX is a dimeric transcription factor complex that

has been the object of intense studies due to its predominant
role in cancer pathogenesis.9 While the therapeutic targeting of
MYC with classical small molecule drugs has been challenging,
recent work has indicated that transcription factor analogues
themselves, such as Omomyc or MAX, could be used to affect
MYC activity.25,51,52 Omomyc, which inhibits MYC-dependent
proliferation in cancer cell lines and mouse models, recently
entered human clinical trials.53

Given the importance of MYC as a drug target and the
challenges related to previous inhibition strategies, our new
chemical modalities are of high interest. We showed our
dimeric protein complexes being cell-penetrating and interfer-
ing with MYC-driven oncogenic transcription. Building on the
encouraging data reported for Omomyc, the use of defined
covalent protein complexes, as described here, might represent
a promising modality for cancer treatment. Indeed, we found
our engineered protein dimers having inhibitory activity on
MYC-driven proliferation comparable to Omomyc (in the low
micromolar range).
Transcription factors might be privileged scaffolds for

intracellular delivery. Reaching intracellular targets with
biomolecular compounds, such as proteins and oligonucleo-
tides, usually requires the conjugation to cell-penetrating
peptides,54 or the use of delivery vectors.55 The DNA binding
regions of several transcription factors often are polycationic
and α-helical, two traits of cell-penetrating peptides.56 Indeed,
several transcription factor proteins were independently shown
to be intrinsically cell-penetrating,57−61 including Soucek’s
discovery regarding Omomyc.26 Our group recently reported
the synergistic effect of multiple cell-penetrating moieties
combined in one sequence.46 The two cationic helices of the
dimeric MYC/MAX mimetics might therefore be the driving
force for the intrinsic cell-penetrating activity of these ∼20 kDa
macromolecules.
Our parallel protein dimer synthesis mimics nature’s strategy

of forming protein complexes. Many proteins associate into
macromolecular complexes to become functional. Complex
formation requires that subunits find each other in the
crowded cellular environment while avoiding unspecific
interactions. Kramer, Bukau, et al. have recently shown that
native protein complex formation is enabled by parallel
ribosomal cotranslation, folding, and assembly.7,8 In close
analogy to this biological strategy, we also synthesized our
protein dimers in parallel and in close proximity to each other,
priming them for correct complex formation.
Dimeric protein complexes, such as bHLH or bZIP (basic

leucine zippers), make up hundreds of transcription factors,62

and our results could define a framework that enables access to
several analogues of these families. These synthetic compounds
are valuable tools for the study of gene transcription and
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possibly disease treatment. We envision that synthetic
transcription factor analogues in the future will enable on-
demand gene regulation, and our synthesis strategy will enable
access to defined protein complexes in their biologically
relevant multimeric forms.

■ METHODS
Manual Preparation of Peptidyl Resins 1 and 4.

ChemMatrix Rink Amide resin (loading 0.18 mmol/g, typical
scale: 100 mg, 0.02 mmol) was loaded into a fritted syringe (6
mL), swollen in DMF (4 mL) for 5 min, and then drained.
Each Nα-Fmoc protected amino acid (0.2 mmol, 10 equiv)
was dissolved in DMF containing 0.39 M HATU (0.5 mL).
Immediately before the coupling, DIEA (100 μL, 30 equiv)
was added to the mixture to activate the amino acid. After 15 s
of preactivation, the mixture was added to the resin and
reacted for 10 min, with occasional stirring. After completion
of the coupling step, the syringe was drained, and the resin was
washed with DMF (3 × 5 mL). Fmoc deprotection was
performed by the addition of piperidine (20% in DMF, 3 mL)
to the resin (1 × 1 min + 1 × 5 min), followed by draining and
washing the resin with DMF (5 × 5 mL). For peptidyl resin 1,
the coupling cycles were performed sequentially with Fmoc−
Lys(Alloc)−OH, Fmoc−βAla−OH, and Fmoc−Lys(Fmoc)−
OH; for peptidyl resin 4, the coupling cycles were performed
sequentially with Fmoc−Lys(Boc)−OH, Fmoc−βAla−OH,
and Fmoc−Lys(Alloc)−OH.
Automated Flow Peptide Synthesis (AFPS) Setup. All

peptides were synthesized on two automated-flow systems
custom built in the Pentelute lab, which are similar to the
published AFPS system.42 The synthesis conditions used are
according to Hartrampf et al.:43 flow-rate = 40 mL/min,
temperature = 90 °C (loop 1), 70 °C (loop 2; used for
histidine), and 85−90 °C (reactor). The 50 mL/min pump
head pumps 400 μL of liquid per pump stroke; the 5 mL/min
pump head pumps 40 μL of liquid per pump stroke. The
standard synthetic cycle involves a first step of prewashing the
resin at elevated temperatures for 60 s at 40 mL/min. During
the coupling step, three HPLC pumps are used: a 50 mL/min
pump head pumps the activating agent, a second 50 mL/min
pump head pumps the amino acid, and a 5 mL/min pump
head pumps DIEA. The first two pumps are activated for 8
pumping strokes in order to prime the coupling agent and
amino acid before the DIEA pump is activated. The three
pumps are then actuated together for a period of 7 pumping
strokes, after which the activating agent pump and amino acid
pump are switched using a rotary valve to select DMF. The
three pumps are actuated together for a final 8 pumping
strokes, after which the DIEA pump is shut off, and the other
two pumps continue to wash the resin for another 40 pump
strokes. During the deprotection step, two HPLC pumps are
used. Using a rotary valve, one HPLC pump selects
deprotection stock solution and DMF. The pumps are
activated for 13 pump strokes. Both solutions are mixed in a
1:1 ratio. Next, the rotary valves select DMF for both HPLC
pumps, and the resin is washed for an additional 40 pump
strokes. The coupling−deprotection cycle is repeated for all
additional monomers.
Manual Boc−Gly−OH coupling. Prior to site-selective

modification via the Alloc-protected lysine, we blocked the
protein N-termini with Boc−Gly−OH: Peptidyl resin (∼10
μmol theoretical loading) was loaded into a fritted syringe (6
mL), swollen in DMF (4 mL) for 5 min, and then drained.

Boc−Gly−OH (18 mg, 100 μmol) and HATU (54 mg, 90
μmol) were dissolved in DMF (250 μL), activated with DIEA
(38 mg, 52 μL, 300 μmol), added to the peptidyl resin, and
incubated for 15 min. After this time, the resin was drained,
washed with DMF (3 × 5 mL), and used for the next step.

Alloc Deprotection. The peptidyl resin (∼10 μmol
theoretical loading) was washed with dichloromethane (3 ×
5 mL) and then treated with Pd(PPh3)4 (11.0 mg, 10 μmol, 1
equiv) in dichloromethane/piperidine (8:2, 1 mL) for 30 min
at room temperature under the exclusion of light. The resin
was then drained and washed with dichloromethane (3 × 5
mL).

TAMRA Labeling. Peptidyl resin (∼10 μmol theoretical
loading) was loaded into a fritted syringe (6 mL), swollen in
DMF (4 mL) for 5 min, and then drained. 5-Carboxyte-
tramethylrhodamine (5-TAMRA, 22 mg, 50 μmol, 5 equiv)
and HATU (17 mg, 45 μmol, 4.5 equiv) were dissolved in
DMF (500 μL), activated with DIEA (19 mg, 26 μL, 150
μmol), added to the peptidyl resin, and incubated for 30 min
under the exclusion of light. After this time, the resin was
drained, washed with DMF (3 × 5 mL), and stored until
cleavage.

Cleavage Protocol. After synthesis, the peptidyl resin was
washed with dichloromethane (3 × 5 mL) and dried.
Approximately 8 mL of cleavage solution (82.5% TFA, 5%
water, 5% phenol, 5% thioanisole, 2.5% EDT) was added to
the peptidyl resin inside the fritted syringe. The cleavage was
kept at room temperature for 4 h, with occasional shaking.
After this time, the cleavage mixture was transferred to a falcon
tube (through the syringe frit, keeping the resin in the syringe),
and the resin was washed with an additional 2 mL of cleavage
solution. Ice cold diethyl ether (45 mL) was added to the
cleavage mixture, and the precipitate was collected by
centrifugation and triturated twice more with cold diethyl
ether (45 mL). The supernatant was discarded. Residual ether
was allowed to evaporate, and the peptide was dissolved in
50% acetonitrile in water with 0.1% TFA (long peptides were
dissolved 70% acetonitrile in water with 0.1% TFA). The
peptide solution was filtered with a Nylon 0.22 μm syringe
filter, frozen, and then lyophilized until dry.

Polyacrylamide Gel Electrophoresis (PAGE). The
analysis was performed using Bolt 4−12% Bis-Tris Plus gels
(10 wells) at 165 V for 36 min utilizing prestained Invitrogen
SeeBlue Plus2 molecular weight standard. Bolt LDS sample
buffer (4×) was added to each protein sample (1 μg) for
loading on the gel. The bands were visualized by Coomassie
blue staining.

Electrophoretic Mobility Shift Assay (EMSA). The E-
Box DNA probe (2 μM in binding buffer) was heated to 95 °C
for 5 min and then allowed to cool down to room temperature
over 15 min for double-strand annealing. Protein dimer (4 μM
in binding buffer: MES 10 mM, KCl 150 mM, MgCl2 1 mM,
TCEP 1 mM, glycerol 10%, pH = 6.5) was added to the DNA
(final concentrations: 2 μM protein and 1 μM DNA), and the
mixture was incubated for 1 h at room temperature. During the
incubation, a 10% polyacrylamide gel was prerun (1 h, 4 °C,
100 V) in 1× TBE buffer. After that time, DNA protein
mixture (20 μL) was mixed with 6× DNA loading dye (4 μL))
and loaded on the gel, which was run at 75 V, for 90 min at 4
°C. The gel was washed with water for 20 s and then stained
with 0.02% ethidium bromide in 1× TBE buffer for 15 min at
room temperature. Bands were visualized on a Biorad Gel
imager.
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Circular Dichroism (CD). Lyophilized samples were
dissolved in folding buffer (MES 10 mM, KCl 150 mM,
MgCl2 1 mM, TCEP 1 mM, glycerol 10%, pH = 6.5) at a final
protein concentration of 0.1 mg/mL. The circular dichroism
(CD) spectra were obtained using an AVIV 420 circular
dichroism spectrometer with a 1 mm path length quartz
cuvette. 300 μL samples were used for each measurement. For
full wavelength scans, the CD spectra were recorded from 250
to 200 nm at 4 °C with 3 s averaging times at each wavelength.
Y-axis values are reported in molar ellipticity. For melting
temperature determination, CD spectra were recorded at 221
nm from 4 to 89 °C, with +5 °C steps and equilibration times
of 60 s at each temperature. For measurements of DNA/
protein complexes, equimolar E-Box DNA was added to the
proteins in folding buffer; the mixtures were heated to 95 °C
for 5 min, allowed to cool down to room temperature over 15
min, and then analyzed.
Cell Culture. HeLa (ATCC CCL-2), A549 (ATCC CCL-

185), and H441 (ATCC HTB-174) cancer cell lines were
maintained in MEM, FK-12, and RPMI-1640 media each
containing 10% v/v fetal bovine serum (FBS) and 1% v/v
penicillin−streptomycin, respectively, at 37 °C and 5% CO2.
Cells were passaged at 80% confluency using 0.25% trypsin−
EDTA.
Flow Cytometry. HeLa cells were plated at 10 000 cells

per well in a 96-well plate the night before the experiment. On
the day of the experiment, cells were treated with the indicated
concentrations of TAMRA−Omo, TAMRA−OmoOmo, or
TAMRA−OmoOmo−Mach3 for 15 min in serum-containing
culture medium, washed once with PBS, and treated with
0.25% trypsin−EDTA for 30 min to digest membrane-bound
protein, at 37 °C and 5% CO2. Cells were then washed with
PBS, incubated in PBS containing 1× DAPI for 3 min, and
then resuspended in PBS containing 2% FBS. Cells were then
immediately analyzed on a BD FACS LSR II instrument using
DAPI and PE channels.
Cell Proliferation Inhibition Assay. Cells were plated at

5000 cells/well in a 96-well plate the day before the
experiment. Synthetic proteins were prepared at varying
concentrations in complete media and transferred to the
plate. Cells were incubated at 37 °C and 5% CO2 for 72 h, and
cell proliferation was measured using the CellTiter-Glo assay
quantified by luminescence.
Microscopy. HeLa cells were plated at 10 000 cells/well in

a 96-well 30 mm glass-bottom plate the night before the
experiment. On the day of the experiment, cells were treated
with TAMRA−Omo, TAMRA−OmoOmo, or TAMRA−
OmoOmo−Mach3 (5 μM) in complete medium for 15 min,
washed twice with fresh medium, and incubated at 37 °C and
5% CO2 for 1 h before imaging. Micrographs were obtained on
an RPI spinning disk confocal microscope on the RFP setting
(561 nm 100 mW OPSL excitation laser, 605/70 nm
emission) and DAPI setting (405 nm 100 mW OPSL
excitation laser, 450/50 nm emission).
RNA-seq and GSEA. In a 6-well plate, 125 000 A549 cells

were plated into each well. The following day, the cells were
treated with Omomyc−Omomyc dimer (12.5 μM) in F12K
media supplemented with 10% FBS and 1% pen/strep and
incubated for 72 h. RNA was isolated using the Qiagen RNeasy
Plus mini kit (74136) followed by DNase treatment
(AM1906). KAPAHyperRiboErase libraries were prepared
and sequenced on a Hi-seq 2500 instrument. Reads from
sequencing were aligned using the HISAT2 htseq-count

function. Differential gene expression analysis between treated
and control cells was performed using the DESEQ2 package in
R on raw aligned read counts. The differentially expressed
genes were ranked by their log 2FC and adjusted p-value.
Preranked gene set enrichment analysis (GSEA) was
performed using gene sets in the Molecular Signatures
Database (MSigBD) to identify MYC-target gene sets.

Safety Statement. No unexpected or unusually high safety
hazards were encountered.
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