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ABSTRACT: Basic helix—loop—helix (bHLH) transcription
factors play critical roles in organism development and disease
by regulating cell proliferation and differentiation. Transcriptional
activity, whether by bHLH homo- or heterodimerization, is
dependent on protein—protein and protein—DNA interactions
mediated by a-helices. Thus, a-helical decoys have been proposed
as potential targeted therapies for pathologic bHLH transcription.
Here, we developed a library of stabilized a-helices of OLIG2
(SAH-OLIG2) to test the capacity of hydrocarbon-stapled
peptides to disrupt OLIG2 homodimerization, which drives the
development and chemoresistance of glioblastoma multiforme,

one of the deadliest forms of human brain cancer. Although stapling successfully reinforced the a-helical structure of bHLH
constructs of varying length, sequence-specific dissociation of OLIG2 dimers from DNA was not achieved. Re-evaluation of the
binding determinants for OLIG2 self-association and stability revealed an unanticipated role of the C-terminal domain. These
data highlight potential pitfalls in peptide-based targeting of bHLH transcription factors given the liabilities of their positively
charged amino acid sequences and multifactorial binding determinants.

he human proteome is composed of 20000 proteins,

3000 of which have been deemed druggable by conven-
tional means using small molecule therapeutics." Transcription
factors are largely classified as undruggable due to the large and
complex surfaces that underlie their interactions with partner
proteins and DNA. Thus, significant efforts have focused on
developing nucleic acid mimetics” and peptides” as alternatives
to small molecules for these formidable targets. The basic
helix—loop—helix (bHLH) motif defines one such class of
transcription factors that is essential to normal tissue
development, cell lineage specification, and homeostatic control
of cell proliferation.” Perhaps the most notorious undrugged
bHLH factors are the MYC proteins, which are implicated in a
host of human cancers.” The MYC-MAX heterodimer, for
example, is structurally characterized by a C-terminal leucine
zipper that engages as a coiled coil of a-helices, extending to a
helix—loop—helix motif, which ultimately terminates in a basic
region composed of lysines and arginines that bind to the major
groove of DNA.® Expression of a mutant, dominant negative
form of the MYC bHLH-zip, termed omomyc, can disrupt the
MYC-MAX-DNA interaction and block oncogenic cell
proliferation, suggesting a strategy for directly disarming
MYC through a-helical mimicry.” Inhibitor of DNA binding
(ID) proteins contain HLH domains that lack the DNA-
binding basic region and represent natural dominant negative
inhibitors of bHLH transcription, forming nonfunctional
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heterodimers with compatible bHLH targets.” Efforts to
capitalize on recapitulating various helical components of the
bHLH domain to disrupt native dimers have thus far failed to
yield cell active compounds for preclinical or clinical trans-
lation.

Classic liabilities of peptides as prototype therapeutics
include the potential loss of bioactive structure, rapid
proteolytic degradation in vivo, and limited intracellular access.
We previously discovered that installing all-hydrocarbon cross-
links or “staples” into peptide sequences that are structured in
the native protein but unfold when synthesized in isolation can
restore a-helical structure, confer striking protease resistance,
and even promote cellular uptake by a pinocytic mechanism
when appropriately designed.”'® These novel attributes of
peptide stapling have enabled the development of a series of
anticancer peptides targeting a diversity of pathologic proteins,
including members of the BCL-2 family,u’12 HDM2 and
HDMX,"” pf-catenin,"* EED,"” and KRAS.'® A notable
commonality of these successful stapled peptide applications,
including the first stapled peptide to advance to clinical testing
in human cancer,'” is the helix-in-groove binding mechanism
for protein interaction. Typically, the bioactive a-helices are
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Figure 1. Design and a-helicity of SAH-OLIG2 peptides. (A) Design strategy for generating stapled peptides to mimic helices 1 or 2 of the OLIG2
bHLH domain to disrupt dimerization and E-box DNA engagement. (B) Domains of the OLIG2 protein, highlighting the bHLH region employed
for stapled peptide design. (C,D) Sequence, a-helicity, and overall charge of SAH-OLIG2y; A-I (C) and SAH-OLIG2y, A-I (D) peptides. X, S-

pentenyl alanine; B, norleucine.

amphipathic, with the hydrophobic face engaging a hydro-
phobic groove on the target protein, with complementary
electrostatic and hydrophilic interactions at the amphipathic
boundary providing further binding reinforcement.'"'®
Whether or not peptide stapling is as effective in disrupting
coiled coil or other types of a-helical interactions is either
underexplored or underreported.

To examine the potential utility of developing dominant
negative stapled peptides to block bHLH interactions, we
focused our design efforts on targeting OLIG2, a bHLH
transcription factor of the central nervous system (CNS),
where it plays critical roles in neuronal differentiation during
development and drives glioma cell proliferation.'” OLIG2 is
uniformly expressed in some of the most malignant brain
tumors, such as glioblastoma multiforme.”® Here, we developed
a library of stabilized a-helices of OLIG2 (SAH-OLIG2) by
inserting all-hydrocarbon staples into various portions of the
bHLH motif, varying staple position, staple type, and peptide
sequence length. Although initially encouraged by successful a-
helical reinforcement and dose-responsive modulation of
purified OLIG2 in electrophoretic mobility shift assays
(EMSA), specificity testing revealed liabilities of the bHLH
sequence composition and prompted a deeper exploration of
the binding determinants for OLIG2 homodimerization. The
new insights highlight important challenges to be overcome in
deploying stapled peptides to target high priority bHLH

transcription factors.
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Bl RESULTS AND DISCUSSION

Design and Biochemical Activity of Single-Helix
Stapled OLIG2 bHLH Decoys. Since bHLH transcription
factors such as OLIG2 require dimerization to stably bind their
target DNA, we reasoned that structurally stabilized a-helical
peptides mimicking this region could serve as competitive
antagonists and potentially abrogate downstream transcription
(Figure 1A). Thus, we synthesized a series of i, i+4 (cross-link
spanning one helical turn) stabilized alpha-helices of OLIG2
(SAH-OLIG2) based on the sequences of bHLH helices 1 and
2 (SAH-OLIG2y;, SAH-OLIG2y,), varying peptide length,
charge, and staple positioning (Figure 1B). Circular dichroism
analysis revealed marked a-helical induction for a subset of
SAH-OLIG2 peptides compared to the essentially unfolded
template peptides, with the helix 2 series demonstrating
especially striking structural stabilization (Figure 1C,D).

To test the effect of SAH-OLIG2 peptides on formation of
the OLIG2-DNA complex in vitro, which requires OLIG2
homodimerization®" (Supporting Information Figure S1), we
performed EMSA screening assays. Human OLIG2 protein
purified from COS7 cells was preincubated with SAH-OLIG2
peptides and then mixed with a **P-labeled double-stranded
DNA probe corresponding to the OLIG2 binding site of the
HB9 promotor region, followed by polyacrylamide gel
electrophoresis. Whereas SAH-OLIG2 peptides modeled after
helix 1 had little to no effect on complex formation (Figure 24,
Supporting Information Figure S2A,B), several helix 2 decoys
unexpectedly enhanced complex formation (Figure 2C), and
the one construct that initially appeared to be inhibitory (SAH-
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Figure 2. Biochemical activity of SAH-OLIG2 peptides in EMSA assays. (A,B) The effects of SAH-OLIG2y;; (A) and SAH-OLIG2y, (B) peptides
on OLIG2—DNA complex formation, as assessed by EMSA assay. (C,D) Sequence dependence of the SAH-OLIG2,, effect was evaluated by
EMSA using the corresponding scrambled stapled peptide (C) and unrelated constructs bearing +4 and +7 overall positive charge (D). SCR,

scrambled.

OLIG2yy,;) lacked dose-responsive activity upon further
evaluation (Supporting Information Figure S2C). A notable
difference between the helix 1 and 2 series of SAH-OLIG2
peptides was the extent of overall charge, with helix 1
constructs ranging from —1 to +1 and helix 2 derivatives
having more positive charge, with a range of +2 to +4 (Figure
1IC,D). To explore a sequence-independent basis for the
observed complex-enhancing activity, we generated a scrambled
version of SAH-OLIG2y, for comparative EMSA testing and
indeed found that both the wild-type and scrambled SAH-
OLIG2 constructs similarly stabilized the OLIG2-DNA
complex (Figure 2C). To further explore whether positive
charge alone could account for this nonspecific activity, we
tested two unrelated stapled peptides bearing an overall charge
of +4 and +7. In each case, formation of the OLIG2-DNA
complex was favored by addition of the positively charged
stapled or unstapled peptides (Figure 2D).

Characterization of a Full-Length, Doubly Stapled
OLIG2 bHLH Mimetic. In an effort to develop a bBHLH decoy
with sequence-dependent biochemical activity, we synthesized a

stapled peptide corresponding to the entire bHLH domain,
reasoning that dominant negative functionality may require a
much larger construct for effective competition. To reinforce a-
helical structure in each of the helical regions, we installed two
i, i+7 staples (cross-links spanning two helical turns), yielding a
46-amino-acid-long stapled peptide—the longest construct we
have generated to date (Figure 3A). Circular dichroism
revealed striking transformation of the spectra from a random
coil contour for the unmodified template peptide to a classical
double minima for the doubly stapled peptide, reflective of a-
helical structural stabilization (Figure 3B). However, in EMSA
testing, SAH-OLIG2yy; ;; had no disruptive effect on formation
of the OLIG2/DNA complex (Figure 3C). These data suggest
that even tripling the size of the stapled peptide construct may
be insufficient to inhibit bBHLH—DNA interactions.

Binding Determinants for OLIG2 Homodimerization
and Stability. Given the inability of bHLH-based, SAH-
OLIG2 peptides synthesized-to-date to disrupt OLIG2
homodimerization in vitro, we next examined by yeast two-
hybrid screen whether additional domains of OLIG2 may be
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Figure 3. Synthesis and characterization of a doubly stapled OLIG2 bHLH domain. (A) Design of a full-length bHLH domain peptide bearing an (i,
i+7) staple in each helical region. X, S-pentenyl alanine; Z, R-octenyl alanine; B, norleucine. (B) Alpha-helicity of a doubly stapled and full-length
bHLH peptide. CD analysis demonstrated marked a-helical induction of SAH-OLIG2yy; i compared to the corresponding unmodified peptide. (C)
Effect of SAH-OLIG2yy; ; peptide on OLIG2—DNA complex formation, as assessed by EMSA assay.

important binding determinants for self-association. Human
wild-type OLIG2 and a series of deletion constructs and
subdomains were cloned into yeast two-hybrid vectors
containing either activating or DNA-binding domains, and
each construct was evaluated for binding activity against the
other using a high-stringency yeast two-hybrid method™
(Figure 4A). Whereas wild-type OLIG2 and its N-terminal
deletion construct produced robust homodimerization activity
with full-length OLIG2, deletion of the C-terminus—despite
retention of the bHLH domain—showed no interaction signal
(Figure 4A). Interestingly, the N-terminal deletion construct
engaged with full-length OLIG2 but not itself, suggesting that
truncation mutants may be less stable and, in this case, require
full-length protein to maintain dimerization. Constructs bearing
an extended bHLH domain (e bHLH), the discrete bHLH
domain, or any of its subcomponents failed to induce a positive
interaction signal for self-association or engagement with other
longer forms of OLIG2 (Figure 4A). These data suggested that
the C-terminal domain of OLIG2 may play a role in enforcing
homodimerization and that the OLIG2 bHLH domain and its
subcomponents may be insufficient for self-association or
engagement of full-length OLIG2.

To evaluate the yeast two-hybrid findings in orthogonal
protein interaction assays, we first compared the expression
levels of V5-tagged wild-type (WT) and AN, AC, and AHLH
deletion constructs of OLIG2 (lacking amino acids 1—89, 209—
323, and 121-175, respectively) in transiently transfected
COS7 cells. A clear hierarchy was observed, with WT
demonstrating the highest level of expression followed by
OLIG2 AHLH (Figure 4B). Whereas OLIG2 AN levels were
considerably lower than those of WT and OLIG2 AHLH, little
to no protein expression was observed for OLIG2 AC, a finding
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that could explain this construct’s negative yeast two-hybrid
results and implicate the C-terminal domain in OLIG2 protein
stability. We then mixed a COS7 cell lysate containing HA-
tagged, full-length OLIG2 with the individual V5 lysates,
followed by anti-HA immunoprecipitation and VS western
analysis. Consistent with the yeast two-hybrid results, HA-
tagged full-length OLIG2 effectively dimerized with VS-tagged
full-length OLIG2 and OLIG2 AN (Figure 4B). Little to no
coimmunoprecipitation was observed for V5-tagged OLIG2
AHLH, and the interaction capacity of OLIG2 AC was not
evaluable due to a lack of expression. Finally, as an alternate test
for self-association, the lysates containing the individual VS5-
tagged constructs were subjected to BSOCOES cross-linking.
Upon normalization for V5-tagged protein level in the lysates,
WT—-WT and AN—AN dimeric species were clearly evident,
with a low level of AHLH—AHLH species even observed,
suggesting that inclusion of the C-terminus supports protein
expression and, at least in part, protein self-association (Figure
4C). For the minute amount of OLIG2 AC expression
detected, a faint AC—AC dimeric species was also observed,
indicating that neither deletion of the HLH domain nor the C-
terminal region alone fully abrogate OLIG2 self-association.
Taken together, these data, along with the negative impact of
HLH point mutations (Supporting Information Figure 1),
generally reinforce the importance of the HLH domain in
OLIG2 dimerization but also suggest a novel role for the
OLIG2 C-terminus in protein stability and self-association.
Conclusions. During CNS development, the bHLH
transcription factor OLIG2 is expressed in neural progenitor
cells, regulating self-renewal and differentiation into neurons
and oligodendrocytes by activating and repressing its transcrip-
tional targets.”””*™>® OLIG2 expression in the postnatal brain
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Figure 4. Binding determinants of OLIG2 homodimerization. (A) A series of OLIG2 constructs bearing discrete functional subdomains were
generated for protein interaction analysis by yeast two-hybrid screening (left). In addition to self-association of wild-type OLIG2, only the OLIG2
AN construct, which bears both the bHLH and carboxy terminal domains, was capable of dimerizing with wild-type OLIG2 (right). (B) Protein
expression levels of V5-tagged OLIG2 and the indicated deletion constructs were compared by VS western analysis, and their capacity for association
with HA-tagged, full-length OLIG2 evaluated by HA-immunoprecipitation from the corresponding mixtures of COS7 cell lysates followed by V§
Western blotting. (C) COS7 cell lysates containing the indicated VS-tagged OLIG2 constructs were subjected to BSOCOES cross-linking, and un-
cross-linked and cross-linked samples were subjected to SDS-PAGE and V5 western analysis. Except for OLIG2 AC samples, which contained
insufficient V5-tagged protein, the quantity of protein loaded was adjusted to achieve near-equivalency of OLIG2 protein inputs. Arrowheads
indicate the expressed OLIG2 constructs, and asterisks denote the corresponding dimeric species.

is maintained in transit-amplifying cells of the subventricular
zone, NG2-positive glia, and mature oligodendrocytes.27_29 In
addition to its developmental functions, OLIG2 is expressed in
100% of diffuse human gliomas, where it identifies a subset of
highly tumorigenic cells that are resistant to radiation and
chemotherapy.””*>*" The pro-mitotic role of OLIG2 is
achieved in part by its N-terminal triple serine motif that,
when phosphorylated, opposes p53 function in normal neural
progenitor cells and their malignant equivalents.’"*” Indeed,
OLIG?2 is a high impact drug target for human brain cancer
because of its exclusive CNS expression,””””*? largely
dispensable role in mature CNS function,”* and proven link
to the development, maintenance, and treatment resistance of
malignant gliomas.”**'

Efforts to target bHLH transcription factors have yet to
produce clinical candidates for inhibiting pathologic tran-
scription.” ™" Here, we attempted to target OLIG2 by
disrupting its dimeric interface using stapled peptides modeled
after the individual bHLH helices and even the entire bHLH
interaction domain. Whereas staple incorporation yielded
constructs with marked a-helical induction, sequence-specific
blockade of OLIG2—DNA interactions was not achieved.
Instead, we observed nonspecific effects of peptide positive
charge on in vitro stabilization of the OLIG2—DNA complex.
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Although we do not rule out the capacity of appropriately
designed stapled peptide helices to engage bHLH targets and
disrupt dimeric complexes, our studies revealed key pitfalls to
consider in advancing such prototype inhibitors. Indeed, these
challenges prompted us to re-evaluate the binding determinants
for OLIG2 homodimerization. Whereas our yeast two-hybrid,
coimmunoprecipitation, and cross-linking studies reinforced the
importance of the bHLH domain as a key driver of OLIG2 self-
association, the OLIG2 C-terminal region unexpectedly
emerged as both an obligate component for stable protein
expression and a contributor to self-association. Thus, in
addition to highlighting the challenges associated with peptide
sequence specificity in targeting bHLH domain—DNA
interactions, our protein interaction data revealed that exclusive
targeting of the bHLH domain may be insufficient for
disrupting OLIG2 dimerization and potentially other bHLH
transcription factors. Indeed, our comparative protein ex-
pression analysis of OLIG2 deletion constructs suggests that
targeting the C-terminal domain could potentially destabilize
OLIG2 and suppress its cellular levels.

To date, the majority of successful stapled peptide
applications have relied on mimicry of structurally defined
helix-in-groove interactions to induce a gain'>'® or loss'"'*~*
of function. In the case of bHLH transcription factors, the

DOI: 10.1021/acschembio.6b00465
ACS Chem. Biol. 2016, 11, 3146—3153


http://dx.doi.org/10.1021/acschembio.6b00465

ACS Chemical Biology

strength and disposition of “helix-on-helix” dimeric interactions
may be less amenable to peptide-based targeting. Our results
further indicate that complementary regions outside of the
bHLH interfaces may play a key role, limiting the potential
efficacy of compounds designed to selectively target this region,
including recently identified small molecule prototypes for
OLIG2 bHLH inhibition.”® Given the importance of disarming
OLIG2 in brain cancer, structural determination of OLIG2
homodimeric complexes that contain both the bPHLH domain
and C-terminal region will be critical to future, structure-based
design of experimental inhibitors.

B METHODS

Stapled Peptide Synthesis and Characterization. Synthetic
peptides containing (i, i+4) and (i, i+7) staples were generated and
purified to >95% homogeneity by LC/MS, quantified by amino acid
analysis, and subjected to circular dichroism performed on an Aviv
Biomedical spectrophotometer, as previously described.***’

Purification of Cellular OLIG2. OLIG2-VS-HIS cDNA was
transiently transfected into COS-7 cells using the pcDNA3.1 vector.
Cells were lysed in hypotonic lysis buffer (S0 mM Tris-HCl at pH 7.5,
0.2% [v/v] NP-40, S mM EDTA) and then high salt buffer (final
concentration: 10 mM HEPES, 420 mM NaCl, 0.2 mM EDTA).
OLIG2 protein was then purified from cellular lysates by
immunoprecipiation with VS antibody (Sigma), VS peptide (Sigma)
elution, affinity purification with Ni-NTA beads (Qiagen), and elution
in 200 mM imidazole and Buffer A (50 mM Tris at pH 7.5, 150 mM
KCl, S mM MgCl,, 10% [v/v] glycerol, 0.1% [v/v] NP40, and
protease inhibitors).

Electrophoretic Mobility Shift Assays. Human OLIG2 protein,
purified as described above, was quantified by silver stain using a serial
dilution of quantified BSA protein control. The following DNA
sequence based on the Hb9 E-box-containing promotor was
employed: ' AGCTAATTTCCCAGATGGGCCAA 3’ and 3’
AGCTTTGGCCCATCTGGGAAATT §'. Oligonucleotides were
annealed in annealing buffer (10 mM Tris [pH 7.5], SO mM NaCl,
1 mM EDTA) using a thermocycler for $ min at 95 °C, and allowed to
cool for approximately 1 h. The annealed probe was labeled with
[@-**P] 6000 Ci mmol™ dCTP (PerkinElmer) using Klenow (New
England Biolabs). The radioactive DNA probe was incubated with 2
ng of OLIG2 protein in binding buffer (20 mM Tris [pH 7.5], S mM
MgCl, 0.1% [v/v] NP40, 0.5 mM DTT, 10% glycerol) and the
indicated concentrations of SAH-OLIG2 peptides for 30 min at 4 °C.
Protein/DNA complexes were analyzed by 4% nondenaturing
polyacrylamide gel electrophoresis (PAGE). After drying the gel,
radioactive signal was detected using a Typhoon 9400 (GE Healthcare
Life Sciences).

Yeast Two-Hybrid Screening. Yeast two-hybrid screening was
performed as previously described in detail.** Briefly, Olig2 constructs
were amplified by PCR and cloned into pDONR entry vectors,
followed by recombination into pDEST destination vectors containing
an activating or DNA-binding domain, respectively (Gateway cloning
system, Invitrogen). Olig2 constructs and their nucleotide sequences
included the following: Full-length Olig2 (1-972), Olig2AC (1-510),
Olig2 AN (277—-972), Olig2 extended bHLH (277-510), Olig2 bHLH
(325—489), Olig2 HLH (361—489), Olig2 H1-Loop (361—429), and
Olig2 Loop-H2 (406—489). Plasmids were then transformed into yeast
strains Y8800 MATa and Y8930 MATa. For primary screening, a
single bait was mixed in liquid yeast extract peptone dextrose (YEPD)
with a single prey. Diploids were then selected in liquid YEPD lacking
leucine and tryptophan. Successful interaction of the bait and prey was
identified by growth on YEPD plates containing 3-amino-1,2,4-triazole
(3-AT). Autoactivators were discarded following growth on YEPD
plates containing cycloheximide. True hit colonies were lysed,
subjected to PCR, and submitted for Sanger sequencing to identify
the relevant AD-X and DB-Y interacting constructs. All stages of
screening were performed using each construct fused to both AD and
DB domains as bait.
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Cellular Expression and Co-immunoprecipitation of OLIG2
Constructs. COS-7 cells were transfected with WT (HA- or VS-
tagged) or the indicated deletion constructs of VS-tagged OLIG2
(AN, AHLH, and AC, lacking amino acids 1—89, 121—17S, and 209—
323, respectively) using Lipofectamine LTX. After 48 h, cells were
lysed by incubation with a 1% (w/v) CHAPS lysis buffer (150 mM
NaCl, S0 mM Tris at pH 7.4, 10 mM DTT) and protein concentration
of the soluble fractions measured by BCA kit according to the
manufacturer’s instructions (Thermo Scientific). Equivalent amounts
(0.3 mg) of cell lysate samples containing HA-WT OLIG2 and the
indicated VS constructs were mixed and incubated overnight with anti-
HA agarose beads (Pierce). The beads were washed three times with
lysis buffer, eluted by boiling in LDS buffer, and subjected to western
analysis with HA (Sigma-Aldrich, #12CAS) and VS (Thermo, R960-
25) antibodies.

OLIG2 Cross-Linking. COS-7 cells were transfected with WT or
the above-described deletion constructs of VS-tagged OLIG2 using
Lipofectamine LTX. After 48 h, cells were lysed by incubation with a
1% CHAPS lysis buffer (200 mM mannitol, 70 mM sucrose, 1 mM
EGTA, 10 mM HEPES pH 7.5) and protein concentration of the
soluble fractions measured by BCA kit. BSOCOES (bis(2-
(sulfosuccinimido-oxycarbonyloxy)ethyl)sulfone, Pierce) was added
to the lysates from a 10X stock solution to obtain a final concentration
of 10 mM. After incubation at RT for 30 min, the cross-linker was
quenched for 15 min with 1 M Tris-HCI (pH 7.5), which was added to
a final concentration of 20 mM. The samples were then boiled in LDS
buffer and subjected to western analysis using a VS antibody (Thermo,
R960—-25).
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