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In Nature's infinite book of secrecy a little I can read.

— William Shakespeare
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Abstract

Transcription factors (TFs) control gene expression by recognizing specific DNA
sequences, thereby regulating most, if not all, aspects of cellular function. As such, many cancers
are hallmarked by deregulation of TFs, which makes them ideal targets for cancer therapy.
However, direct inhibition of the DNA binding of TFs remains largely untapped due to technical
challenges in targeting protein-protein and protein-DNA interactions. In particular, c-Myc, a
protooncogenic TF of the basic helix-loop-helix family, is deregulated in up to 70% of cancers but
its inhibitor development has eluded researchers for decades.

Here we developed a modular platform to create fully synthetic miniproteins derived from
bHLH TFs. As a proof-of-concept study, synthesis of heterodimeric, stabilized DNA-binding
helices derived from Myc/Max yielded synthetic DNA-binding domains (sDBDs) that recapitulate
the DNA binding activity of full-length TFs. Lead sDBDs showed increased structural stability,
cellular uptake, and promising intracellular target accessibility. Extensive studies into the
stabilization of secondary and tertiary structures provided insights into their structure activity
relationship, and further optimizations of sDBDs led to the development of new orthogonal
chemistries.

Next, we applied the synthetic platform to a synthetic transcription factor (STF) scaffold
derived from the basic and leucine zipper domains of Max. STFs showed superior binding affinity
and specificity to target DNA, and effectively competed with bHLH proteins in vitro. Vigilant
stabilization of secondary, tertiary and quaternary structural elements in STFs simultaneously

preserved biochemical activity and significantly improved structural, thermal and proteolytic

X1V



stability. Lead STFs are cell permeable, distribute throughout the cytosol and nucleus intact, and
directly bind Myc target genes. We also solved the crystal structure of an STF-DNA complex,
confirming that STFs assemble and recognize DNA in a manner similar to full length bHLH TFs.

Finally, we conducted thorough studies into the synthesis of dimeric STFs (dSTFs) using
the multidimensional orthogonal chemistries in our platform. dSTFs possess enhanced activity and
stability compared to STFs, and represent the largest stabilized miniprotein that have been made
to date.

Collectively, these results validated the modularity and robustness of our synthetic
platform, and multiple functional miniproteins from the platform, enabling the development of
new solutions for every unique TF. Additionally, lead functional miniproteins that have emerged
from our screens, possess great potentials for direct inhibition of Myc DNA binding, representing

a critical first step towards overcoming the grand challenge of targeting Myc.

XV



Chapter 1

Introduction

1.1 Transcription factors as targets for cancer therapy

Transcription factors (TFs) are proteins that bind to specific DNA promoter and enhancer
sequences and subsequently control the transcription of genetic information from DNA to
messenger RNA (mRNA), resulting in either activation or repression of target genes!. Although
there are over 1,600 human transcription factors, their protein sequences, regulatory regions, and
physiological roles are often deeply conserved® 3. Given the central role served by TFs in all
aspects of cellular function, aberrant TF activity is widely and unambiguously implicated in human
disease. In 2002, Darnell identified a limited list of transcription factors are overactive in most
human cancer cells*. This has been followed by a plethora of studies elucidating the important role
that the deregulation of TFs plays in cancer’. Many cancers are hallmarked by direct genetic
alteration of TFs by amplification, deletion, translocation or mutation®’7. Additionally, cancers that
do not harbor these direct alterations to TFs invariably rely on dysregulated upstream signaling
pathways that ultimately impinge on TF function and gene expression programs®. As such, TFs
are the most direct and hopeful targets for cancer therapy. The increased validation of TF targets
has made. It clear that interrogation of their activity has substantial therapeutic potential, not only

for cancer but for other human diseases as well.



Notwithstanding their great promise, TFs have proven to be particularly difficult to
manipulate pharmacologically and been historically regarded as “undruggable”. This view arises
from the challenges associated with targeting either the protein-protein or protein-DNA
interactions that mediate their function. The smoother surface and lack of more tractable binding
pockets make them difficult targets for any small molecule drug development. In fact, only a small
subset of TFs, nuclear hormone receptors, including estrogen receptor, androgen receptor, retinoic
acid receptor and glucocorticoid receptor, have been routinely targeted by cell-permeable small
molecules®, due to the presence of binding sites for endogenous effector metabolites. On the other
hand, large biomolecules, such as antibodies, are capable of blocking certain protein-protein
interfaces, but their therapeutic values in targeting TFs are severely compromised, due to their
large molecular size and hence their inability to pass through cell membranes. The significant gap
in our therapeutic tools has consequently led to the historical lack of success by existing classes of
molecules.

Meanwhile, multiple efforts have been made to target TFs via other avenues, which include
modulating the expression of TFs, blocking essential protein-protein interactions in the TF
complex, and promoting their proteasomal degradation. Nevertheless, considering that DNA
binding is of vital importance to TFs’ function and direct inhibition of such interactions would
sequester TFs from their targets, there is a frustrating paucity of inhibitors that directly target the
DNA binding of TFs. To date, the only class of synthetic molecules that has demonstrated a general
capacity to directly target DNA, and by extension TF activity, is the engineered “polyamide” class
introduced by Dervan et al. in the 1990s’. These molecules have been validated as direct
competitors to TF-DNA binding interactions'?, as well as capable of reactivating gene expression

near repetitive target sites in the genome!!. However, polyamides function as minor groove DNA



binders '> 13

in both open and closed chromatin, whereas most TFs employ archetypal DNA-
interacting motifs of an a-helix oriented in the major groove. This discrepancy in mechanism is
likely to lead to undesirable cellular activities, such as off-target effects!. Since their initial
development, no significant progress has been made to demonstrate their clinical applicability.

Therefore, this unifying common feature of major groove binding, which requires defined

secondary, tertiary, and/or quaternary structures, must be considered in future ligand designs.

1.2 Myc is a proto-oncogenic transcription factor

1.2.1 Regulation of Myc/Max/Mad network and its role in cancer progression

Of the “undruggable” TFs that contain a widely conserved DNA binding domain, the c-
Myc oncoprotein (or simply Myc hereafter) represents a prototypical and notorious driver of
proliferation in numerous cancers!™ 6, Myc is a part of the Myc/Max/Mad transcriptional network
and belongs to a family of TFs that possess the basic helix-loop-helix (bHLH) motif!”- '8, All three
proteins form heterodimer or homodimer with Max via interactions between the leucine zipper
domains. The dimerized bHLH domains recognize E-box DNA containing the sequence 5’-
CANNTG-3". Despite their structural similarities, Myc, Mad and Max trigger different effects in
gene expression. In particular, upon binding to E-box, Myc activates transcription by associating
its N-terminal transactivation domain with TRRAP, a member of the HAT complex SAGA".
Conversely, the recruitment of yeast transcriptional repressor Sin3 to the N-terminus of Mad, or
lack of any N-terminal domains in Max, results in either active or passive transcriptional
repression?% 2!,

As a TF, Myc acts as a global regulator of transcription and influences up to 15% of

genes?2. As such, Myc is often considered a master regulator of cellular functions. Over the past



two decades, development of high throughput screening techniques such as microarrays?® 24, serial
analysis of gene expression (SAGE)?, and chromatin immunoprecipitation (ChIP)*® 27 have
generated a plethora of information regarding Myc responsive and target genes. In particular, Myc
regulates specific classes of genes that are involved in cell cycle regulation, metabolism, ribosome
biogenesis, cell adhesion, protein synthesis, mitochondrial function, and apoptosis®* 28, However,
the target genes that distinguish between physiologic and tumorigenic functions of Myc remain

largely elusive.

Table 1.1 Select Myc target genes and their functions

Gene Function References
ARF Apoptosis 2
BIN1 DNA repair 30
CCNB1 Cell cycle 31
CCND1 Cell cycle 32,33
CCND?2 Cell cycle 34
CDK4 Cell cycle 35
COL1A1 Adhesion 36
E2F Transcription 37
elF4E Translation 38
GLUT1 Metabolism 39
HK2 Metabolism 40
LDHA Growth and metabolism 41
RPL proteins  Ribosomal biogenesis and protein synthesis 42,43
SHMT Metabolism a4

Since its discovery in the 1970s*-%7, numerous studies have been conducted to understand
the Myc signaling pathway and its role in human cancer'>. Under normal circumstances, the MYC
oncogene is highly regulated as a downstream transduction pathway for receptor signaling. In
particular, WNT receptor*®® and receptor tyrosine kinase*’ indirectly activate MYC expression via
the B-catenin and MAPK pathway, respectively, whereas its expression is directly induced by T-
cell receptors® or indirectly suppressed by TGF-B receptor’!. The expression of MYC produces
the Myc protein, a TF that regulates transcription of genes involved in cell growth and proliferation

(Figure 1.1A). In case of an acute expression of MYC, checkpoints including Arf and p53 are
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Figure 1.1 Myc regulates cell growth and proliferation
(A) The MYC oncogene is highly regulated by a series in normal cells. (B) Acute Myc expression triggers checkpoint
regulation by tumor repressors Arf and p53. Loss of such checkpoints leads to tumorigenesis.

triggered, acting as tumor suppressors. In tumor cells, however, Myc frequently becomes
independent of such regulations. For example, Myc-induced lymphomagenesis usually leads to a
loss of functional checkpoint through mutations of p53 or Arf, unlocking Myc’s full tumorigenic
potential®®> 32 (Figure 1.1B). Myc deregulation can occur at any given stage of its expression,
including gene amplification via retroviral insertion’® or chromosomal translocation®*, mRNA

stabilization, Myc protein stabilization due to mutations, and loss of upstream regulators. In fact,



Myc oncogene is deregulated in up to 70% of human cancers'>, and this deregulation is frequently

associated with poor prognosis and unfavorable patient survival.

1.2.2 Therapeutic strategies targeting Myc and their limitations

Due to its deregulation and crucial role in most, if not all, human cancers, Myc is widely
recognized as an ideal target for cancer therapy. However, just as many other TFs, targeting Myc
poses significant pharmacological challenges and no Myc inhibitors have reached the clinic to
date. Aside from the abovementioned technical issues, historical claims that Myc inhibition would
cause catastrophic side effects such as inhibition of proliferation of normal tissues dominated the
field for long until recent studies suggested otherwise. Particularly, in 2008, Soucek et al. used a
transgenic mouse model expressing Omomyc, a dominant negative mutant, as way to model
systemic Myc inhibition. In this proof-of-concept study, they demonstrated that Myc inhibition by
Omomyc triggers rapid tumor regression while being reversable and well tolerated by normal
tissues®. Since then, research interests in Myc inhibition have grown rapidly°.

To date, numerous efforts have been made to target multiple stages in the Myc signaling
pathway. These strategies generally fall into three large categories: blocking Myc expression,
interfering with its transactivation, and inducing its degradation (Table 1.2).

Blocking the expression of Myc expression aims to reduce its production and can be
achieved by targeting its transcription or translation, either in a direct or indirect manner. Examples
for direct inhibition include G-quadruplex stabilizers®’, antisense oligonucleotides, and siRNA. G-
quadruplex stabilizers are a class of small molecule ligands that stabilize G-quadruplexes in the

58, 59

MYC gene and thus repress its transcription. By contrast, antisense oligonucleotides and

siRNA® 6! prevent Myc translation by interfering with the MYC mRNA.



On the other hand, indirect inhibition of Myc expression instead focuses on targeting other
regulatory factors of Myc. For example, in 2011, Delmore et al. conducted a study using JQ1 for
BET bromodomain inhibition in multiple myeloma and unexpectedly observed the downregulation
of MYC transcription. This study identified BRD4 as a regulator of MYC expression, and its
inhibition led to robust inhibition of Myc, causing cell-cycle arrest, and cellular senescence, as
well as resulting in significant anti-tumor activity in mouse models of multiple myeloma, and
xenograft models of Burkitt’s lymphoma and acute myeloid leukemia, diseases in which the MYC
gene is amplified®.

Interfering with Myc transactivation instead focuses on interrogating the protein-protein or
protein-DNA interactions in the Myc/Max TF, which has led to a handful of developments of small
molecule inhibitors. Lead candidates include 10058-F4, 10074-G5, and JY-3-094, which
reportedly interfere with Myc/Max heterodimerization®-%, and KSI-3716, which specifically
inhibit Myc binding to DNA% 7. Although a wide range of efficacy has been reported in vitro,
these small molecule inhibitors’ applicability in vivo has so far been limited by poor
bioavailability, rapid metabolism, inadequate target site penetration, unclear inhibitory
mechanism, and lack of specificity and selectivity in cells.

In addition to the development of small molecule inhibitors, miniproteins derived from the
Myc family, as opposed to small molecule inhibitors, have demonstrated great efficacy in vivo.
Particularly, Omomyc has been well characterized for its in vivo efficacy. Omomyc is a dominant
negative mutant that comprises the bHLH domain of Myc with four key mutations that alter its
dimerization specificity. Aside from dimerizing with Max, it also heterodimerizes with Myc as
well as homodimerizes. As a result, Omomyc is capable of inhibiting Myc/Max DNA binding by

sequestering Myc away from DNA and occupying the E-box with transcriptionally inactive



dimers>>: 08

. Multiple studies in mouse models of cancer demonstrated Omomyc’s therapeutic
impact in different types of cancer with minimal side effects®®-72. Despite its proven efficacy, the
large size of Omomyc (>60 amino acids) poses significant challenges on its cellular uptake,
limiting their potential applicability other than gene therapy. Intriguingly, a recent study reveals
that Omomyc penetrates lung cancer cells and reverts Myc-driven transcription, possibly via an
adenosine triphosphate-dependent uptake mechanism’, suggesting such DNA-binding
miniproteins in conjunction with robust cellular uptake can deliver great pharmacological
potentials.

Efforts to induce the degradation of Myc have been made by targeting ubiquitinases or
phosphatases. Examples in this category include inhibiting the deubiquitinases that help stabilize
Myc, such as USP28, USP38, and USP36’4, or triggering proteasomal degradation by inducing
FBW7-mediated Myc breakdown’>. Alternatively, inhibitors of SET and CIP2A have also been

explored to activate the tumor suppressor protein phosphatase 2A7% 77, which targets Ser62 of Myc

and causes its destabilization’®.

Table 1.2 Existing efforts to target Myc

Strategy Mechanism Examples References
prevent MYC transcription Séggadruplex stabilizers such as CX- 57.79
Qgtr)g;g?olr\}/lYC prevent MYC translation ;Tgf:é\;z oligonucleotides; siRNA & 58.61
indirectly prevent MYC transcription b I 62
inhibitiné BET bromodomains Y JQ1 and other derivatives
interfere with protein-protein interaction small molecules such as 10058-F4, 63-65
s between Myc and Max 10074-G5, and JY-3-094
inhibiting MYC 4 fere with DNA binding of Myc ~ KSI-3716 66,67
transactivation . L :
disrupt Myc function with its dominant o 55, 68-73
. momyc
negative form
target deubiquitinases that stabilize USP28, USP38, and USP36 74
Myc inhibitors
inducing Myc  target Aurora family proteins that
degradation protect Myc from proteasomal MLN8237, MLN8054 80, 81
degradation
activate protein phosphatase 2A SET & CIP2A inhibitors 76,77




Although remarkable progress has been achieved in the field of Myc, there is no reason to
stay complacent. Many of the abovementioned approaches did not progress in early clinical
studies, and other active areas are accompanied with intrinsic issues, ranging from low
bioavailability and in vivo efficacy, lack of clear understanding mechanism, and poor cellular
uptake. In particular, there is a paucity of inhibitors that target the protein-DNA interaction, a
strategy that has shown great in vivo applicability in multiple transgenic models. As such, we
believe more systemic and modular attempts need be made in this area in order to better identify

opportunities to eventually overcome the grand challenge of targeting Myc.

1.3 Therapeutic potential of synthetic DNA-binding peptides and miniproteins

Containing our discussion at the end of 1.1, deliberately designed molecules directly
targeting TFs’ defined structures have potentials of successful direct inhibition of DNA binding of
TFs. Synthetic biologics are an ideal solution to the creation of such synthetic scaffolds. As the
name suggests, synthetic biologics are a class of scaffolds with synthetic accessibility. Emerged
over the past two decades, synthetic biologics have demonstrated potentials of modulating a wide
range of protein-protein interactions without compromising cell permeability, fulfilling the unmet
therapeutic needs®*-%. Their therapeutic potentials are the results of their distinct properties—The
stabilized scaffolds, which often mimic large biomolecules, enable direct interrogation of protein-
protein interactions not accessible by small molecules. On the other hand, their moderate, tunable
size makes them capable of penetrating cell membranes via endocytosis or other mechanisms. An
outstanding candidate among them is stapled peptides, developed by Grubbs®® and Verdine®’ in
the late 1990s and early 2000s. Featuring a covalent linkage (“staple”) between two side chains,

these peptide macrocycles have been shown to have improved structural stability, target binding



affinity and cell penetrability, making this stabilization strategy particularly relevant for clinical
applications. The most classic example among all stapling techniques®® is hydrocarbon stapling,
which involves a ring-closing metathesis between two olefin-containing residues. As a proof-of-
concept study, in 2004, Walensky et al. developed a series of BH3 peptides with stabilized a-helix
structure and further demonstrated that lead peptides showed positive cell uptake, bound the
intracellular BCL-2 family targets and induced the apoptosis of cancer cells®®. Since then, the
stapling technology has been applied to a wide variety of peptide families, enabling the study of
many other PPIs using stapled peptides including cancer targets such as p53%°, B-catenin’!,
NOTCH1%?, MCL-1 BH3%}, PUMA BH3¢, and RAB25%. Lead candidates of p53 stapled peptides
inhibiting MDM2/MDMX have been actively investigated in multiple clinical trials by Aileron
Therapeutics®?, proving their strong therapeutic potentials.

In spite of the early successes in targeting oncogenic protein-protein interactions by stapled
peptides, very few studies have reported their direct interrogation of protein-DNA interfaces of
TFs? 7. One major caveat is that many TF functions involve cooperative DNA binding by
multiple domains/proteins, which is intractable even by traditional peptidomimetic strategy. In the
case of bHLH TFs, the added complexity from both protein-protein and protein-DNA interactions
makes it particular challenging for proper inhibition by a single stapled peptide. In 2016, Edwards
et al. designed a series of stapled peptides in an attempt to target OLIG2, a member of bHLH
TFs%. Despite an exhaustive list of stapled a-helices that cover the entire HLH domain, inhibition
of OLIG2-DNA interactions was not achieved. This study revealed key pitfalls to consider in
developing such inhibitors and demonstrated the necessity for better designs.

Alternatively, in our search for potential inhibitors that target the protein-DNA interface,

we have looked into the core architecture of TFs. Seminal studies have demonstrated that many
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DNA binding domains are inherently modular, which permits retention of potent and specific DNA
binding activity when domains are separated from the rest of their parent TF*°, or when grafted on
to entirely new proteins!'®% 191, These early studies suggest that molecules that mimic the structural
features of DNA binding domains could serve as minimal TF mimetics capable of interfering with
or replacing endogenous TF activity. Based on our initial analysis, the outstanding gap between a
single a-helix and full-length, functional proteins is the presence of multiple structural components
such as leucine zipper, which do not directly interact with DNA but instead help form a proper
tertiary structure that orients the DNA-binding helices for cooperative, sequence-specific DNA
recognition. Therefore, we believe that more sophisticated designs encompassing both secondary
and tertiary structures into consideration should theoretically proceed further along towards
recapitulating the activity of full bHLH proteins and thus be capable of inhibiting the protein-DNA
interaction. The resulting DNA-binding peptides or miniproteins, including their design, synthesis
and deep understanding of their activities, have thus drawn our strong interest. Additionally, the
development of such synthetic DNA-binding peptides and miniproteins may also be modular,
wherein variation of DNA-binding residues within a core structural architecture could allow for
specific targeting of alternative DNA sequences, thereby serving as a platform that sidesteps the

development of new solutions for every unique TF.

1.4 Scope of this dissertation

In summary, synthetic biologics, particularly stabilized peptides and miniproteins, have
huge potential for direct inhibition of TF-DNA due to their versatility and have drawn my
particular interest during my doctoral studies. In this dissertation, I will primarily focus on three

different areas:
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1) Designing a series miniprotein scaffolds that attempt to mimic the DNA-binding helices
of Myc/Max and other bHLH TFs.

2) Developing a modular platform for the de novo synthesis of miniprotein scaffolds with
novel, orthogonal synthetic tools.

3) Establishing an assay pipeline to understand the in vitro and cellular activity of such
synthetic miniproteins, extrapolating their structure activity relationship as guidelines for
optimization and further designs.

Chapter 2 presents a proof-of-concept study of stabilization of both secondary and tertiary
structures derived from the two basic helices of Myc/Max. These synthetic DNA-binding domains
recapitulate full-length protein activity in vitro and possess positive cellular activities.

Chapter 3 uses guided approaches to optimize the design around the core structure of
synthetic DNA-binding domains and further develops orthogonal chemistries in our platform to
expand the scope of synthetic targets.

Chapter 4 presents an alternative scaffold that features proper alignment of basic and
leucine zipper helices. These self-associating synthetic transcription factors show superior binding
activity and recognize DNA in a similar fashion to bHLH proteins.

Chapter 5 describes a series of attempts to synthesize the dimeric synthetic transcription
factors, the largest stabilized miniprotein scaffold we have ever made. Early results show

significant improvement in activity and stability over their monomeric counterparts.
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Chapter 2

Synthetic DNA-Binding Domains

2.1 Design and synthesis of sSDBDs

In Chapter 1, we have discussed early attempts to target bHLH TFs. In particular, few
successful examples have been reported as effective means for direct inhibition of bHLH DNA
binding due to the technical challenges in using small molecules to inhibit protein-DNA
interactions. Miniproteins, by contrast, have shown great promise' 2 but their large size poses
challenges both synthetically and pharmacologically. Therefore, when creating synthetic DNA-
binding scaffolds, we seek the opportunity to interrogate the entire protein-DNA interfaces by
effective means of mimicking the basic DNA-binding domain with the smallest possible size. On
the other hand, mere stabilization of an individual a-helix would likely be insufficient due to lack
of tertiary structure and binding cooperativity. An early study reveals that a short peptide dimer
derived from GCN4, a bZIP TF, binds DNA in a sequence-specific manner similar to the full-
length proteins®. Inspired by this design concept, we aim to stabilize the basic DNA-binding
helices of Myc and Max, respectively, and link the two helices in a proper way that resembles the
full DNA recognition domain. We expect the resulting scaffold, which we call synthetic DNA-
binding domain (sDBD), to be fully functional in vitro and have the potential for targeting

Myc/Max and other bHLH TFs in situ and in vivo.

22



2.1.1 Structural considerations

To come up with initial designs for sDBDs, we started by analyzing the protein-protein and
protein-DNA interactions present in the crystal structure of the Myc/Max and Max/Max DNA
complexes* . The core structure of Myc/Max contains a leucine zipper helix connected to a basic
DNA-binding helix through a flexible loop. The two proteins form a heterodimer through the
leucine zipper helices, resulting in the formation of a stable tetrahelix core that orients two basic
DNA-binding helices for interaction with the major groove of DNA (Figure 2.1A). This domain
architecture is conserved across hundreds of bHLH TFs. The conserved and modular structure of
this DNA binding domain suggested that it may be possible to create fully synthetic mimics of the
basic DNA-binding region through synthetic preservation of 1) tertiary domain construction of
dimeric, oriented DNA-binding helices (Figure 2.1B) and 2) local a-helix stabilization to retain or
augment affinity, specificity and stability (Figure 2.1C). Therefore, by deconstructing the elements
that result in productive DNA-binding, we hypothesized that synthesis of peptides containing the
two minimal DNA-binding helices in a covalently dimerized and properly oriented form should
be capable of DNA recognition. The proposed sDBD scaffold fully recapitulates the basic DNA-
binding region of the Myc/Max heterodimer and thus should preserve the sequence-specific

binding activity of the full-length proteins (Figure 2.1D).
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Figure 2.1 Structural analysis of Myc/Max-DNA complex leads to the initial design of sDBDs
(A) Crystal structure of Myc/Max proteins bound to target DNA (PDB ID: 1INKP). (B-C) Closer look of
interhelix orientation and individual a-helices. (D) Proposed sDBD scaffold featuring stabilization of both
secondary and tertiary structures.

Our initial hypothesis is that proper stabilization of the individual DNA-binding helices
(secondary structure) as well as their orientation (tertiary structure) is critical to the DNA binding
activity of sDBDs. To introduce stabilizing elements with minimal interference with the sDBD-
DNA interactions, we first identified multiple residues on each a-helix with no direct contact with
the DNA. These positions, spaced four residues or one helical turn apart, are pointing away from
the DNA major groove (on the “back face”) and can be used in different combinations to
incorporate an i,i + 4 staple (Figure 2.2A, C). Meanwhile, helix orientation can be resembled by
creating a linker between Phe374 and Phe43 of Myc and Max, respectively. The hydrophobic and
m-m interactions between these two residues, along with several others in the loop and leucine
zipper region, play a key role in properly orienting the helices®, and their close proximity make

them ideal anchor positions for linking the two helices (Figure 2.2B-C).
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Myc KRRTHNVLERORRNELKRSF
Max KRAHHNALERKRRDHIKDSF

Figure 2.2 Further analysis reveals positions for incorporating stabilizing elements
(A) Back face of both Myc and Max proteins at the DNA binding site. Residues not directly involved in binding
are depicted in green. (B) Two phenylalanine residues on both proteins are in close proximity and play a role in
the formation of tertiary structure. (C) Possible positions for peptide stapling (green) and interhelix conjugation

(navy).

2.1.2 Chemical considerations

The grand scheme of the sDBD design requires two types of stabilizing elements to be
separately incorporated. The orthogonality of chemistries used in peptide and protein synthesis is
thus very important and needs to be thoroughly considered. For individual a-helix stabilization,
we elected a classic i,i + 4 hydrocarbon staple by ring-closing metathesis of two (S)-2-(4’-
pentenyl)alanine residues, which has proven to be robust and fully compatible with solid phase
peptide synthesis. The conjugation of the two helices, on the other hand, can be achieved by the
ligation between two synthons on the C-termini (Figure 2.3A). The chemistry for such ligation
needs to meet the following requirements: 1) Heterofunctionality: this ensures the
heterodimerization of two different helices. 2) Biorthogonality and no cross reactivity with any

natural amino acid side chains. 3) Compatibility with ring-closing metathesis. 4) High efficiency
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with mild conditions. Among several candidates that are widely used in bioconjugation’ (Figure
2.3B), we chose the thiol-maleimide Michael conjugation for this purpose, mainly because it can
be conveniently incorporated into peptide synthesis schemes. A cysteine residue can provide the
thiol group. Although the maleimide group may not be fully compatible with ring-closing
metathesis due to the presence of the carbon-carbon double bond, it can be coupled onto a

selectively deprotected amine on a lysine residue after peptide stapling.

A

B
o)
A sH T Michael addition
NS0
ANs =Y Alkyne-azide cycloaddition
/WO(S\/PPhZ N Staudinger ligation
CHO HoN< Hydrazone formation

Figure 2.3 Orthogonal conjugation chemistries create the tertiary structure
(A) General synthetic strategy to conjugate two individually stapled peptides. (B) Potential reactive pairs.

2.2 Results

2.2.1 Synthesis of the initial sSDBD library with increased structure and thermal stability
All things considered, we developed a two-step process for the preparation of sDBDs: 1)

Individual stapled peptides were prepared by standard solid phase peptide synthesis followed by
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ring-closing metathesis. Both helices contain a C-terminal reactive group that allows covalent
heterodimerization. In particular, Myc-derived peptides feature a thiol group from cysteine,
whereas Max-derived ones contain a C-terminal 4-monomethoxytrityllysine (Mmt-lysine) that is
selectively deprotected on resin and then coupled with an N-hydroxylsuccinimide ester containing
a maleimide (Figure 2.4A-B). The cyclohexane linker has moderate rigidity and an arm length of
8.3 A, which is close to the modeled distance between the two residues (8.2 A). 2) Upon cleavage
and purification, the two peptides were conjugated in pH-neutral aqueous solution with high
efficiency and quantitative yield (Figure 2.4C). The purity and molecular weight of the final SDBD
product was confirmed by LC-MS (Figure 2.5).

With different stapling positions, we generated one version with the unmodified sequence
and three stapled ones for both Myc- and Max-derived peptides. The different combinations of
monomeric peptides yielded an initial library of one unmodified and nine stapled sDBDs, the

sequences of which are listed in Table 2.1.
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Figure 2.4 Synthetic scheme for sDBDs
(A-B) Solid phase synthesis of stapled peptides containing a C-terminal reactive group. (C) Conjugation of two stapled
helices creates the SDBD scaffold.
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Figure 2.5 LC-MS characterization of a representative sDBD
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Table 2.1 Sequences of the initial sDBD library

Monomer Sequence Net charge Helicity (%)
Myc series
RTD-1 AcWBKRRTHNVLERQRRNELKRSf +6 18
RTD-6 AcWBKRSsTHNSsLERQRRNELKRSPB +5 48
RTD-4 AcWBKRRTHNSsLERSsRRNELKRS +6 41
RTD-5 AcWBKRRTHNVLERSsRRNSsLKRSB +7 55
Max series
RTD-3 AcWBKRAHHNALERKRRDHIKDSf +4 15
RTD-8 AcWBKRSsHHNSsLERKRRDHIKDSR +4 31
RTD-2 AcWBKRAHHNSsLERSsRRDHIKDSR +3 37
RTD-7 AcWBKRAHHNALERSsRRD S5IKDSPB +3 44
/ : interhelix conjugation sites

Ss: (S)-2-(4’-pentenyl)alanine

B: B-alanine

The presence of the hydrocarbon stapled should improve the a-helicity and augment the
structural stability of sDBDs. To confirm this effect, we employed circular dichroism (CD)
spectroscopy to characterize the secondary structure of the individual a-helices. The data suggest
that both unmodified peptides RTD-1 and RTD-3 is largely unstructured. The addition of the
hydrocarbon staple significantly increases the helical content, resulting ellipticity minima at 208
and 222 nm (Figure 2.6A). In both cases, a staple at the C-terminus resulted in the highest helicity,
whereas no specific correlations were observed for the other positions. Furthermore, we performed
temperature-dependent CD and found that the all stapled sSDBDs retained some level of a-helicity
at up to 95 °C whereas RTD-31 remained unstructured throughout the wide temperature range

(Figure 2.6B). Collectively, these results indicate significant improvement of secondary structure

as well as thermal stability of stapled sDBDs over the unmodified version.
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Figure 2.6 CD spectra of select sDBDs
(A) CD spectra of all monomeric peptides in both Myc and Max series. (B) Temperature-dependent CD scans
indicating a change in secondary structure for unmodified (RTD-31) and stapled (RTD-75) sDBDs.

2.2.2 sDBDs bind E-box DNA with potency comparable to bHLH proteins

As the first step of our in vitro screening, we performed the electrophoretic mobility shift
assays (EMSAs) to determine the DNA binding affinity of the sDBD library. An E-box-containing,
infrared dye labeled 19-mer oligonucleotide was used as the fluorescent probe. We started with
recombinant Myc/Max heterodimer and Max/Max homodimer, both of which showed stably
bound DNA complex in a wide range of concentrations (Figure 2.7A). The apparent Kp’s for both
Myc/Max and Max/Max were 10-20 nM, consistent with existing studies®1°.

We then proceeded with the entire sSDBD library. While some compounds, notably those
containing either RTD-2 or RTD-6, did not show meaningful binding with DNA, to our delight,
several candidates, such as RTD-74, RTD-75, RTD-84, and RTD-85, gave gel shift patterns that

resemble the ones for recombinant proteins, at comparable apparent Kp’s in the low nanomolar
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range (Figure 2.7B). For comparison, we also assayed RTD-1, RTD-4, and RTD-31. Despite
reports that unmodified or “stapled” basic domain helices alone can specifically bind DNA!!"13,
we found that neither RTD-1 nor RTD-4 showed any appreciable binding to E-box DNA. On the
other hand, RTD-31, which features a conjugation of unstabilized DNA-binding helices, yielded
smeared bands indicative of labile interactions (Figure 2.7C). These results suggest that both
peptide stapling and conjugation, featured in our design rationale, are crucial to the DNA-binding
activity.

We then move on to testing the inhibitory effects of sDBDs in a competitive format. In the
presence of recombinant Myc/Max and oligonucleotide probe, where stable shifted bands were
formed, increased concentrations of sSDBDs resulted in diminishing protein-DNA binding (Figure
2.8A). the most potent among them are RTD-85, RTD-74, RTD-84, with ICso’s of 300-600 nM
(Figure 2.8B). This is consistent with the abovementioned results that they are also the strongest

DNA binders in the library.
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Figure 2.7 EMSA screening of bHLH TFs and sDBD library
(A-C) Representative EMSA gel images of recombinant bHLH proteins and sDBDs. (D) Quantification results for
apparent Kp across different sDBDs.
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Figure 2.8 Competition of sDBD with Myc/Max protein
(A) The addition of sDBDs diminishes the shifted band that corresponds to Myc/Max-DNA complex. (B)
Quantification of competition.

The kinetic profile of SDBD-DNA interaction was next evaluated using surface plasmon
resonance (SPR). We immobilized a 5’-biotinylated E-box duplex on a NeutrAvidin-coated sensor
chip surface which was then exposed to increasing concentrations of various peptides. The dose-
dependent response data were best fit to a Langmuir kinetic model (Figure 2.9). The fitted results
indicate uniformly rapid association rates (k.) across the library, whereas dissociation rates (kq)
vary by orders of magnitude and hence contribute to the difference in activity of sSDBDs (Table
2.2). The fact that dissociation rates play a larger role in differentiating the overall Kp is in

accordance with DNA binding for most transcription factors revealed by existing studies'* '3,
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Figure 2.9 SPR sensorgrams of unmodified and stapled sDBDs

Table 2.2 sDBD binding kinetics from fitting of SPR curves

sDBD k. (10° M~"-s7) ka (10 s7) Ko (108 M)
RTD-31 7.10 268 377
RTD-84 3.61 2.25 6.24
RTD-85 3.54 8.58 24.2
RTD-86 6.91 87.1 126
RTD-74 3.19 2.63 8.26
RTD-75 3.18 0.651 2.04
RTD-76 5.64 76.5 136
RTD-24 5.39 56.3 104
RTD-26 7.59 92.3 122

Having demonstrated the DNA binding potency of sDBDs, we then focused on whether
they process a comparable level of sequence specificity to that of recombinant proteins. We
employed EMSA in a competitive format by adding non-fluorescently labeled oligonucleotides,
either containing an E-box consensus or a mutated sequence, to see if the shifted fluorescent band
can be diminished by the competitors. As shown in Figure 2.10, Myc/Max is highly specific.
Addition of unlabeled competitor E-box consensus oligonucleotide (E-BoxCl1, 5’-CACGTG-3’)
led to a diminishing shifted fluorescent band bound by the protein. A non-canonical E-box
sequence (E-boxCM2, 5°’-CATATG-3") with two internal mutations showed far less competition
compared to the canonical E-box consensus sequence, whereas a random mutation (E-boxCM3,
5’-ATATAT-3’) could not compete with the shifted band. The shifted band of RTD-84, on the

other hand, was approximately equally responsive to all three competitors. While the results do
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not necessarily preclude the possibility of sSDBDs’ sequence-specific binding in other experimental
setup and biological context, such as in a cellular environment with multiple binding sites, they
provide some evidence that the sequence specificity of sDBDs may not be as robust as full-length

TFs.

E-boxC1 E-boxCM2 E-boxCM3

(-) 0.125x 8x -) 0.125x 8x () 0.125x

N TSR VIV

free
band
E-boxC1 E-boxCM3 l
(-) 1x 10x

shifted

band

free

5 dnaied I

Figure 2.10 EMSA specificity assay results of Myc/Max protein and RTD-84
(A) Myc/Max and (B) RTD-84. Unlabeled competitor oligonucleotides of different sequences were added to sequester
the fluorescent shifted band.

2.2.3 Altering the C-terminal dimerization motif affects DNA binding activity
The initial sDBD library delivered promising DNA binding results, validating our design
principles. However, all compounds that we have made so far share the same C-terminal linker,

the impact of which has not yet been fully elucidated. Currently, the C-terminal reactive group is
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separated from the main sequence by a B-alanine, which breaks the o-helix and adds some
structural flexibility on the C-terminus. To examine whether any subtle changes to the dimerization
motif lead to differences in activity, we created two additional designs that are listed in Table 2.3.
The first series, RTD-84g, replaces the B-alanine with a glycine, and consequently keeps the
dimerization position within the a-helix. The added glycine residue, however, over-rotates both a-
helices by 1/3.6 of a turn and thus leads to a misorientation of the DNA-binding surfaces. The
second series, RTD-913, removes the -alanine spacer and results in a somewhat rigid, properly
oriented helix dimer (Figure 2.11A). EMSA results for these two compounds are consistent with
our design rationale. RTD-84g showed a loss of binding affinity to E-box DNA due to the
misorientation. Deletion of the glycine residues, on the other hand, restored the binding affinity in
RTD-913. Furthermore, due to a more rigid orientation, RTD-913 appeared to be more potent than
RTD-84 despite a narrower dynamic range, as characterized by a shifted band formation at 25-50

nM and lack thereof at higher concentrations.

Table 2.3 Sequences of sDBDs with altered C-terminal structure

sDBD Sequence
RTD-84
RTD-4 AcWBKRRTHNSsLERSsRRNELKRS
RTD-8 AcWBKRSsHHNS5LERKRRDHIKDS
RTD-84g
RTD-4g AcWBKRRTHNSsLERSsRRNELKRSG
RTD-8g AcWBKRSsHHN S5 ERKRRDHIKDSG
RTD-913
RTD-13 AcWBKRRTHNSsLERSsRRNELKRS
RTD-9 AcWBKRAHHNALERSsRRD Ss5IKDS

/ : interhelix conjugation sites
Ss: (S)-2-(4’-pentenyl)alanine
B: B-alanine
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Figure 2.11 Altering the tertiary structure impacts sDBD activity
(A) Changes in helix orientation lead to expected loss of gain of activity. (B) Rigidity and arm length of the maleimide
linker have an impact on the binding potency and dynamic range.

Because the increased rigidity leads to seemingly higher sensitivity to the linker structure,
we also altered the arm length and rigidity of maleimide linker. Compared to the original
cyclohexane linker, a more flexible alkane linker resulted in a decrease in activity, regardless of
the arm lengths. An increase in linker rigidity with proper arm length, as in the case of an m-
benzene ring, yielded a better binding profile with a wider dynamic range from low to mid
nanomolar concentrations (Figure 2.11B). Collectively, these results suggest a strong correlation

between the tertiary structure and the in vitro activity of sDBDs.

37



2.2.4 sDBDs are cell permeable and show nuclear localization

Stabilized peptides and cell-penetrating proteins interact with and enter cells via different
mechanisms compared to many cell-permeable small molecules. Attributes such as secondary
structure, charge, hydrophobicity, solubility and proteolytic stability have been shown to be
important for productive cellular uptake and cytosolic access for different classes of stabilized
peptides!®!”. However, a potential issue arises that cell uptake for sDBDs may be impeded by their
complex scaffold and increased size (over 6 kDa). By contrast, recent studies have reveal no direct
correlation between the size of the peptides and their cell permeability!”. To fully address these
concerns, we used fluorescence microscopy to test the cell penetration of fluorescein isocyanate
(FITC)-labeled sDBDs. To accurately assess the intracellular distribution of SDBDs, we also used
4’ 6-diamidino-2-phenylindole (DAPI) and Alexa Fluor 488 labeled wheat germ agglutinin
(WGA) to stain the nuclei and cell membrane, respectively. As shown in Figure 2.12A, the images
confirmed that the unmodified FITC-RTD-31 showed decent amount of FITC signal within the
cells after 10 hours, despite its large size and lack of any secondary structure stabilization. Due to
its predominant positive charge, it is plausible that it is able to translocate through the cell
membrane via a mechanism similar to that of cell-penetrating peptides that are rich in arginine and
lysine residues. FITC-RTD-84, on the other hand, showed far superior cellular uptake, with nearly
six-fold increase in FITC signal compared to FITC-RTD-31 (Figure 2.12B). These results suggest
that the incorporation of hydrocarbon staples on both helices significantly enhances cell
penetration, and also indicate that sDBDs, despite their large size and structural complexity, can
still engage in the endocytosis pathway that is responsible for stapled peptide internalization.
Time-dependent experiments further revealed that higher cellular uptake for FITC-RTD-84 was

associated with longer treatment (Figure 2.12C). Furthermore, in terms of the intracellular
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localization of sDBDs, a moderate amount of FITC signal (green) overlapped with the nuclei
(DAPI, blue), indicating that FITC-RTD-84 can further pass through the nuclear membrane and

access the chromatin, which is critical to target binding and in situ effects sDBDs.
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Figure 2.12 Fluorescent microscopy images of HeLa cells after treatment with FITC-labeled sDBDs
(A) Comparisons between unmodified FITC-RTD-31 and stapled FITC-RTD-84. (B) Quantification of fluorescent
signal of the FITC channel across three conditions. (C) Time-dependent treatment with FITC-RTD-84.

2.2.5 sDBDs compete with endogenous Myc in cells

We then designed cell-based assays to evaluate lead sDBDs’ effects on ce