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Summary

Summary

MYC is a transcription factor playing a central role in human biology through
its regulation of processes such as cellular proliferation and differentiation
or metabolism. MYC was shown to be deregulated in the majority of human
cancers through overexpression and loss of normal regulatory controls and
to strongly contribute to tumor growth and maintenance. For this reason,
MYC inhibition represents a particularly appealing therapeutic target in
oncology. However, MYC’s intrinsic disordered nature and nuclear
localization made its direct inhibition challenging. In 2021, Peptomyc
brought to the clinic the first direct mini-protein MYC inhibitor, named
Omomyc, which acts as a MYC dominant negative, with intrinsic cell
penetration properties. This major milestone in oncology has paved the way
to the development of a new class of therapeutic proteins, in the shape of b-
HLH-LZ domains, and was an inspiration for the design of similar molecules.

The work presented in this thesis aimed at establishing the foundations for
the efficient development of new Omomyc-based drug candidates, through
the development of relevant tools and characterization methods. We did so
while exploring two strategies to enhance the anti-tumoral Omomyc activity:

First, we investigated the modulation of the cell penetration efficiency and
nuclear localization of Omomyc-derived variants through the introduction of
short-stretch mutations and fusion to cell-penetrating peptides (CPPs).
Through the study of a panel of 23 Omomyc- or Max*-derived variants, we
determined that the fusion of CPPs to Omomyc variants could improve their
cell penetration kinetics and that their overall cell penetration efficiency
could be improved through their fusion to an Epidermal Growth Factor
Receptor (EGFR)-targeting sequence. However, this improvement came at
the cost of reduced structural stability, less specific DNA-binding ability and
decreased solubility. Furthermore, truncations to the leucine zipper domain
affected the protein’s stability, with larger truncations leading to poor
recombinant expression and reduced solubility. Finally, we determined that
the use of HisTag could be valuable to streamline the purification of large
variants panel, but impacted their DNA-binding ability, critically limiting
these variants evaluation.

The second part of this thesis explored how changes in the net charge of
Omomyc-derived proteins influence their solubility, their binding to MYC,



Summary

MAX and DNA, as well as their cellular activity. First, we could demonstrate
that variants with a lower isoelectric point (pl) could exhibit more
advantageous solubility profiles both at neutral and basic pH conditions.
Despite having an overall reduced structural stability, these charge-
modified variants retained the ability to bind to both MYC and MAX,
suggesting that their core binding functions were mainly preserved despite
structural changes. However, the variants with the most profound pl change
presented significantly reduced affinity for DNA, which was seemingly
rescued through heterodimerization with Max*. Interestingly, these variants
capacity for cell penetration did not correlate with their effectiveness in
inhibiting cell proliferation, suggesting that additional factors, such as
intracellular stability, nuclear localization, or subtle changes in MAX and/or
MYC affinity could play pivotal roles in determining their therapeutic
efficacy. Furthermore, a newly developed assay highlighted the charge
variants different behavior in plasma and whole blood and suggested that
Omomyc variants net charge modulation could impact their
pharmacokinetic profile.

Overall, the results of this thesis provide important insights into the
challenges and opportunities of developing Omomyc-derived mini-proteins
as therapeutic agents. While the fusion of CPPs enhances cell penetration,
trade-offs in structural stability and functional activity must be carefully
balanced. Charge mutations show promise for improving solubility and
stability, which could enhance in vivo pharmacokinetics. Overall, this work
advances the understanding of how MYC inhibition can be achieved through
rational design of mini-proteins and lays the groundwork for further
optimization of b-HLH-LZ proteins as viable cancer therapeutics.






“People who think they know everything are a
great annoyance, especially to those of us
who do.”

Isaac Asimov



Introduction

. Introduction

1. The c-myc proto-oncogene

Originally described as a cellular analog of the avian viral v-myc in 19792,
c-myc is without a doubt, one of the most studied proto-oncogenes, with an
average of nearly 2,500 articles mentioning the term “myc” published every
year over the last decade. This gene encodes the MYC transcription factor
and is part of the myc family together with [-myc and n-myc. Several
isoforms of the MYC protein are encoded by the c-myc gene?®, but they all
display a transactivation domain (TAD) on their N-terminus that can recruit
the transcription machinery, a central region and a characteristic basic-
helix-loop-helix-leucine zipper (b-HLH-LZ) domain enabling the MYC protein
to dimerize and bind deoxyribonucleic acids (DNA). MYC exerts most of its
functions through DNA binding and must associate with the MYC-
Associated factor X (MAX) to do so. Upon heterodimerization with the MAX
protein via their respective b-HLH-LZ domains, MYC gains the ability to bind
specific DNA sequences called enhancer box (or E-Box, CANNTG)*®,
located upstream of target gene coding sequences. Importantly, MYC
transcriptional activity is crucial during development, and a c-myc gene
knockout in mice was found to be systematically lethal before the day 10.5
of gestation’. Through the binding of more than 30,000 E-Box sequences
spread throughout the genome, MYC can regulate up to 15% of the identified
human genes®?®, justifying its common designation as “master regulator” or
“orchestrator” of genome transcription.

1.1. The structural characteristics of the MYC protein and
its main interactors

The MYC protein is characterized by an intrinsically disordered structure,
due to a certain lack of defined secondary and tertiary structure.
Nevertheless, this flexible protein is able to bind the MAX b-HLH-LZ domain,
and as a heterodimer, to recognize E-Box DNA sequences with very high
affinities, with dissociation constants in the low nM range™. A clear increase
in a-helix content is observed upon binding of MYC to MAX, as extensively
demonstrated by circular dichroism (CD)''2. During this process, both
respective HLH-LZ domains fold, while assembling in a highly stable
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complex, although their respective basic region (BR) remain mainly
disordered in the absence of DNA'™. The heterodimerization between MYC
and MAX s driven by the complementarity of their LZ domains, which form a
coiled-coil structure upon dimerization. While unfavorable electrostatic
interactions destabilize MYC homodimers, they are avoided in the
heterodimers with MAX, which instead achieve high stability through
favorable electrostatic interactions, hydrogen bonds formation and van der
Waals forces between specific residues at the interface of their LZ domains
(Figure 1). The HLH domains were also shown to interact closely forming a
four-helix bundle arrangement at the center of the b-HLH-LZ dimer, which
coordinates the orientation and connects both the BR and LZ at each end™.
Of note, the assembly of MYC and MAX HLHSs, stabilized in part by the
interaction between MYC’s L396 and p22 MAX isoform F43 residues, form
the only domain in that dimer that could be assimilated to a hydrophobic
core, the rest of the dimer structure being plane and rather featureless™.

The MYC/MAX heterodimer achieves specificity in DNA binding through
mechanisms that combine conformational selection with induced-fit
folding'®. Initially, the basic regions of MYC and MAX are only partially folded,
giving them the flexibility to align with the major groove of DNA. This pre-
alignment helps positioning basic residues to interact with the DNA
backbone. Upon encountering a specific DNA sequence, like the canonical
E-box (CACGTG), the MYC/MAX heterodimer BRs undergoes conformational
selection. This is followed by an induced-fit process, where the protein
structure becomes more stable and adopts an a-helical conformation
optimized for specific DNA binding. In contrast, when the heterodimer binds
to non-specific DNA sequences, the BRs a-helical conformation is not fully
stabilized, resulting in lower binding affinity. This leads to a strong
preference for specific sequences, with the full length MYC/MAX
heterodimer showing approximately 100-fold higher affinity for E-Box
sequences compared to non-specific ones™ s,

The crystal structure of the MYC and MAX b-HLH-LZ domains heterodimer
bound to a canonical E-Box CACGTG (Figure 1A), solved by Nair and Burkley
in 2003'¢, demonstrated the importance of the H359, E363 and R367 MYC
residues for specific recognition of the sequence, by forming a series of
specific hydrogen bond with the sequence bases. Fisher and Goding
highlighted in an early study the importance of the glutamic acid residue,
when they reported that its mutation to a glutamine destabilized MYC’s

10
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ability to bind DNA". On the other hand, B. Amati and colleagues showed
that the mutation of the residues R364, R366 and R367 for alanine residues
would suffice to abrogate MYC’s ability to bind DNA*. Those results were
further confirmed by his group in a subsequent study showing that a
recombinant MYC®™ b-HLH-LZ domain did not display any significant affinity
for DNA™. More recently, Pellanda et al. demonstrated that both the
recombinant b-HLH-LZ domain and full length MYCHE* (H359A, E363A)
mutant would still retain a high affinity for DNA, although full length MYCHE»
preferred DNA sequence would shift to a non-canonical E-Box (CACGTC)".

A. Canonical E-Box DNA
(CACGTG)

Basic
region

HLH

Leucine Zipper

Figure 1, A. X-ray crystallography structure of the MYC/MAX b-HLH-LZ heterodimer complexed to
the canonical E-Box DNA sequence (PDB entry: 1NKP). B. Close-up representation of the MYC
basic region and the major groove of DNA. The side chains of the residues interacting with DNA were
represented, those forming non-specific electrostatic interactions with the DNA backbone are
colored in green and the ones participating to MYC'’s specificity for the E-Box are colored in pink. C.
Helical-wheel representation for the interfacial interactions in the LZ domains during MYC-MAX
interaction. Adapted from Beaulieu et al., 2020."
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While sequence recognition is mediated through the formation of H-bonds,
overall DNA binding is enabled by electrostatic interactions between the
negatively charged DNA phosphodiester backbone and the basic residues
locatedin MYC’s basic region (K355, R356, R364, R366, R367), Helix 1 (K371)
orinits loop (K389 and K392)'®. MYC/MAX dimers binding to DNA was seen
to not only stabilize their respective basic region folding but their whole b-
HLH-LZ domain. In turn, the MAX’s LZ homodimerization stability was shown
to impact MAX b-HLH-LZ homodimers’ affinity for DNA', and a similar
observation could be expected for MYC/MAX-derived dimers, although that
was not formally demonstrated yet, to my knowledge.

Apart from its b-HLH-LZ domain, the MYC sequence comprises 6 short
sequences well-conserved across the myc family members, called MYC
homology boxes or simply MYC boxes (MB), all throughout its
transactivation domain (TAD) and central region. MBO and MB1 are found
near the N-terminus of MYC and play an important role in MYC stability?°-23,
Additionally, the negatively charged MBO was recently proposed to have a
modulating activity on MYC DNA binding by interacting with the
intramolecular BR?*. The MYC’s TAD encompassing MB0O, MBI and MBII
mediates MYC interactions with many transcription activators and
repressors, such as TRRAP, GCN5, TIP48 or p400, and is therefore critical
for MYC’s transcriptional activity, as skillfully summarized by Conacci-
Sorell and colleagues®. MYC’s TAD was also shown to recruit and induce
the assembly of the ribonucleic acid (RNA) polymerase Il through its
interaction with the TATA binding protein?®.

In addition, MBIllla (missing in MYCL) and MBIlIb were shown to mediate
MYC’s activity on chromatin remodeling through their interactions with
proteins like WDR5% or histone deacetylase®. Moreover, the MBIllb is
localized in a larger MYC central region (MYC2z6.269), cOmmonly referred to as
PEST, since its sequence is enriched in proline (P), glutamic acid (E), serine
(S) and threonine (T) residues, which were shown to play an important role
in MYC’s protein stability®®.

Finally, the MBIV was shown to interact with the host-cell factor 1 protein,
which contributes to MYC transcriptional activation®’. Of note, through the
study of a AMBIV MYC variant, Cowling et al. highlighted the importance of
this region in DNA binding, apoptosis, transformation and G2 arrest®'.

12
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Importantly, two nuclear localization signal (NLS) sequences enable MYC to
translocate into the nucleus after translation. The first to be identified, and
probably the most potent, is located between residues 320 to 328 near the
MBIV, while the second one is located in MYC’s BR32-%,

Together with other b-HLH-LZ proteins, MYC and MAX are part of a network
commonly called the proximal MYC network (PMN) (Figure 2). Among the
proteins that are part of the PMN, the Max dimerization protein 1 (MXD1), its
paralogs MXD2-4, the Max’s Next Tango protein (MNT) and the MAX gene-
associated protein (MGA) were described to antagonize MYC activity,
through at least three distinct mechanisms. First, they compete with MYC
for MAX heterodimerization. Since MAX is MYC’s obligate partner to bind
DNA, MYC is kept away from DNA through MAX sequestration when MAX
levels are limiting. Second, as heterodimers with MAX, the MXD proteins and
MNT also compete for binding to the same DNA sequences as the MYC/MAX
dimers. Finally, while MYC binding to E-Box enables the recruitment of
transcription activators of a target gene, the MXD proteins recruit
transcription co-repressors instead?®. The activation of these MYC
antagonists has been shown to induce cell cycle arrests and differentiation,
as one could expect. Interestingly, MNT deficiency in mice results in
defective embryonic growth and decreased viability. In contrast, the
development of mice with MXD1-MXD4 single gene knock-out was not
significantly affected, but the mice showed signs of delayed terminal
granulocyte differentiation (MXD1), were subject to ectopic cell proliferation
and more prone to develop neoplasia (MXD2), or displayed increased
sensitivity to apoptotic signals in some tissues (MXD3)%.

Another member of the network is MGA, a 336 kDa protein with the
particularity to comprise a T-box DNA binding motif in addition to the b-HLH-
LZ domain, giving it the ability to specifically bind distinct DNA motives
simultaneously. Although it might not be relevant in more physiological
contexts, overexpression of MGA was observed to repress MYC activity,
similarly to the MXD proteins®®.

Finally, an important part of MYC’s transcriptional repressing activity is
mediated through its interaction with the MYC-interacting Zinc finger protein
1 (MIZ-1) through its b-HLH-LZ domain. Although competing with MAX for
MYC binding, MYC/MIZ-1 dimerization is hot accompanied by a dramatic
MYC structure folding and the ability of this heterodimer to bind DNA is

13



Introduction

unclear®. The implication of the MYC/MIZ-1 interaction will be discussed
later on in the text.

A.

ATG codon
| c-Mycl ;439
CTG codon
| e-Mye2 16439

PEST BR HLH Lz

MYC

MAX Fom
221150 H1 - Loon 2 s 3
P21 a1321)

BR HLH Lz

MLXPL

MLXIP

Promote cell
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Figure 2, A. Schematic representation of the MYC and MAX protein regions. Figure adapted from
Beaulieu et al., 2020". B. Representation of the extended MYC network and the potential
heterodimerization formation among them.

1.2. The physiological activity of MYC

The myc gene can be found in the genome of virtually all vertebrates®® and
plays a crucial role in a broad range of cellular processes encompassing
metabolism, protein synthesis, cell cycle progression, chromatin
modulation or ribosomal synthesis, among others®. Its activity, strongly
supporting cell proliferation, is critical during embryogenesis and in
processes such as wound healing or homeostatic tissue maintenance.
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Interestingly, MYC was seen to induce epidermal cells dedifferentiation
upon wounding or mechanical stimuli®®. Of note, c-myc is actually part of
the Yamanaka four genes, together with Oct3/4, Sox2 and Klf4, which, when
activated simultaneously, induce dedifferentiation of mouse fibroblasts
into a pluripotent state*'. Additionally, MYC and MYCN also play important
roles in pluripotency maintenance by downregulating differentiation-
inducing genes, such as the HOX genes*, lineage-specific genes, such as
GATA6%, or by inhibiting differentiation-promoting pathways like the
mitogen-activated protein kinase (MAPK) pathway**. Interestingly,
although it can have a clear upregulating effect on dedifferentiation, MYC
was also shown to have the opposite activity and support stem cell
differentiation in specific contexts*647,

Rapidly upregulated after injuries*®, MYC orchestrates cell proliferation by
directly inducing the expression of cyclins and cyclin-dependent kinases
(CDKs), particularly cyclins A, B, D, and E, as well as CDK-4 and CDK-6%9%°,
These components are essential for driving cells through the different
phases of the cell cycle, particularly the G1/S and G2/M transitions**%3,
Transcription of these cyclins and CDKs facilitates the phosphorylation of
the retinoblastoma protein (Rb), which releases E2F transcription factors
that activate genes necessary for DNA replication®®%, Additionally, MYC
represses cyclin-dependent kinase inhibitors (CDKIs) such as p15, p21, and
p27 through various mechanisms, including direct transcriptional
repression via its interaction with MIZ-1°%%8 induction of mMiRNAs®®,
chromatin remodeling® or DNA methylation®’, among others**®. This
repression of CDKIs ensures that cyclin/CDK complexes remain active,
driving the cell cycle forward. In addition to their direct regulation, MYC also
enhances the cyclin/CDK complexes activity by indirectly promoting their
activating phosphorylation patterns through the upregulation of the Cdc25
phosphatases and of the of Cdk-activating kinase (CAK)%3¢2,

For what refers to DNA replication, MYC supports it by upregulating key
components of the DNA replication machinery, including the origin
recognition complex (ORC), Cdc6, and MCM proteins, which are necessary
for initiating and progressing through DNA synthesis*®6465,

Moreover, MYC promotes ribosome biogenesis by upregulating
components of the RNA polymerase | and Ill apparatus, enhancing the
production of rRNA and tRNA, which support protein synthesis required for
cell growth and division388¢7,
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Through these combined actions, MYC acts as a central regulator of cell
cycle progression, coordinating the expression of genes involved in
proliferation, DNA replication, and ribosome biogenesis, while
simultaneously suppressing cell cycle inhibitors to ensure robust cellular
proliferation.
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Figure 3, MYC is a key regulator of the cell cycle and promote its progression at all stages through
its transcription activity as activator of cyclins and CDKs, ribosome biogenesis and DNA replication,
or as a CDK inhibitors repressor. Figure reproduced from Ascanelli et al. 2024.%8
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At the metabolic level, MYC activation supports protein and DNA synthesis
by both enhancing rapid adenosine triphosphate (ATP) production through
the induction of glycolysis and lactic fermentation, and the upregulation of
amino acids and nucleotides synthesis pathways. Moreover, MYC can
induce both fatty acid synthesis and lipid catabolism. Therefore, MYC
supports the generation of the energy and the building blocks necessary for
cellular growth and division*®®®°, This aspect of MYC biology needs to be
however considered with caution since it was mainly studied in pathological
settings and might therefore not be completely relevant in physiological
contexts where MYC is subject to tighter regulations.

Overall, MYC was shown to be important in the maintenance of the
physiological homeostasis of organs that need constant cell renewal, such
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as the intestine (maintenance of intestinal crypts' stemness and
regeneration)’®’", or the skin (keratinocyte proliferation, dermal stem cells
maintenance, hair growth)*¢72,

In the context of tissue regeneration processes, through the induction of the
mir-9 microRNA expression, MYC and MYCN downregulate the translation
of E-cadherin, resulting in increased cell motility and invasion’®74, which in
turn enables efficient wound closure’. In addition, during the development
or a wound healing process, MYC plays a crucial role in promoting
angiogenesis mainly through enhancing the expression of vascular
endothelial growth factor (VEGF). In this context, MYC also represses
thrombospondin-1 (TSP-1), an inhibitor of angiogenesis, tipping the balance
in favor of vessel growth’®,

Interestingly, although the expression of MYC and MYCN was shown to be
indispensable  during the embryogenic development””’, MYC
overexpression in embryos endothelial cells led to their death due to
multiple hemorrhagic lesions’®. These experiments, suggesting that MYC
not only induces angiogenesis but also regulates the vascular
permeability’®, illustrate that the MYC family’s broad functions are highly
context-specific® and require to be tightly controlled to avoid any
pathological development™. In fact, the MYC family proteins are strictly
repressed in most of the cells of a healthy adult and punctual expression is
only allowed in a few highly dividing cells or during tissue repairs.

1.3. Mechanisms of MYC regulation and loss of them in
cancer

In physiological conditions, MYC levels are tightly regulated to enable its
broad transcriptional activity only when it is needed.

At the transcriptional level, the regulation of MYC involves a multitude of
signaling pathways such as Wnt, Notch, TGF- or BMP, which can
upregulate and/or downregulate MYC in a context-specific manner®. The
MYC-coding mRNA transcription through activation of its main promoter,
p2, requires the interaction with various transcription factors, such as
CNBP®', FBP®2, and TCF®?, as well as the Bromodomain-containing protein 4
(BRD4), a BET domain protein that facilitates transcriptional elongation
through the promotion of the RNA polymerase Il activity®. Several BET
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inhibitors were shown to decrease MYC expression level, proving the
importance of MYC regulation by BRD4%%%, Interestingly, the c-myc gene is
rather isolated from other coding sequences within the genome®, and the
induction of non-conventional DNA structures, including Z-DNA¥, G-
guadruplexes®, and single-strand bubbles in the MYC promoter region are
employed to regulate c-myc transcription®.

After its transcription, MYC mRNA is then subject to stringent post-
transcriptional/translational control. Notably, the 5' untranslated region
(UTR) of MYC mRNA contains internal ribosome entry sites (IRES), which
interact with RNA-binding proteins (RBPs) such as hnRNPA1, hnRNPK,
PCBP1, among others®®. These RBPs influence the initiation and efficiency
of MYC translation. MYC mRNA includes a coding region instability
determinant (CRD) that contributes to mRNA destabilization under
conditions of tRNA shortage, leading to ribosomal stalling and subsequent
degradation. This process s prevented if the CRD is bound by a CRD-binding
protein, which is highly expressed in fetal tissues but significantly reduced
in adults, allowing for more rapid MYC mRNA turnover®°-°2, Furthermore,
RBPs such as CELF1 and HuR compete for binding to the MYC mRNA 3’ UTR
sequence. These two RBPs have opposite effects over the MYC mRNA
stability: while HuR stabilizes the mRNA and promotes translation, CELF1 3’
UTR binding downregulates MYC translational output®®. Additionally, several
miRNAs, namely let-7a, miR-34b/c, or miR-145, and ribosomal proteins,
such as S14, L5 or L11, promote MYC mRNA degradation through binding to
its 3’ UTR region®°+%_ Altogether, these regulations result in a very short
half-life of MYC mRNA, estimated to be between 10 to 20 min®°.

Finally, the MYC protein itself is subject to intense regulation through post-
translational modifications, ensuring that its presence within the cell is
short-lived, with a half-life of approximately 15 to 30 minutes®. The primary
mechanism for MYC protein degradation involves a series of
phosphorylation events that label it for recognition by E3 ubiquitin ligases,
leading to its degradation via the ubiquitin-proteasome pathway.
Phosphorylation of MYC at serine 62 stabilizes the protein during cell cycle
re-entry, particularly in response to mitogen signals, and is mediated by
kinases like ERK as part of the RAS/RAF/MAPK signaling cascade'®'",
However, this phosphorylation was seen to stabilize MYC only temporarily,
as it also serves as a prerequisite for subsequent phosphorylation at
threonine 58 (T58) by glycogen synthase kinase 3B (GSK3B). These two
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phosphorylations (S62 and T58) induce MYC degradation through its binding
by the E3 ubiquitin ligase FBW?7. Interestingly, these phosphorylations
occurs at different times during the cell cycle, with S62 phosphorylation
predominating during early G1 phase, and T58 phosphorylation occurring
later®,

The recognition of MYC by FBW7 can also involve additional
phosphorylation sites at T244 and T248'%?. These sites are particularly
relevant when MYC is overexpressed, and provide alternative recognition
motifs for FBW?7, leading to MYC's ubiquitination and subsequent
proteasomaldegradation. Of note, many other E3 ligases, such as Skp2, can
also target MYC for ubiquitination'®. Finally, additional MYC b-HLH-LZ
phosphorylation at residues T358, S373 and T400 by the PAK2 kinase were
shown to destabilize the MYC/MAX association and decrease MYC affinity
for DNA'™,
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Figure 4, Schematic summary of the mechanism of MYC regulation in physiological conditions at
(A) the transcriptional level, (B) the post-transcriptional / translational level and (C) at the post-
translational level. Figure reproduced from Ascanelli et al. 2024.%®
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In cancer, c-myc is one of the most, if not the most, deregulated genes'%*%,
While other oncogenes or tumor suppressors like TP53 are typically
mutated in cancer, MYC deregulation was shown to occur mainly through
the alteration of its expression levels, through different mechanisms'%4%,
Amplification of the c-myc, n-myc or [-myc genes was observed in numerous
cancer types and occurs through copy number amplification and
chromosomal translocation. These events result in an increase of the myc
gene copy number and/or place it under the regulation of other promoters,
driving its aberrant expression. MYC, MYCN or MYCL overexpression are
commonly observed in breast cancers (notably in triple negative breast
cancer), ovarian cancers, prostate cancers or neuroblastoma, among many
others, and correlate with poor prognosis'®. A pan-cancer analysis revealed
that MYC and/or its paralogs were amplified in 28% of all considered
samples encompassing a total of 33 cancer types'’. Interestingly, several
studies have shown that elevated MYC levels are, however, not always
essential for supporting tumor growth and that, perhaps, sustained
expression even at relatively low MYC concentration, suffices to support
tumorigenesis'®. For example, mutations in the MYC sequence at residues
T58 and S62, key phosphorylation sites involved in MYC degradation, have
been observed to prolong MYC's half-life and contribute to tumorigenesis,
stabilizing its levels over time, though not necessarily increasing its
concentration®,

Although deregulated in the majority of cancers, MYC is not always the driver
oncogenic lesion. Indeed, MYC is positioned at a signaling bottleneck,
downstream of other important oncogenes, such as TGF-B'*°, EGFR, Wnt, or
Hippo''°. In cancer, their respective signaling pathways funnel through MYC
and tend to upregulate its activity''°. Consequently, even when c-myc is not
the driver oncogenic lesion, it still has an important role in the progression
of the disease. Its central position in oncogenic signaling contributes to
making many tumors “addicted” to MYC, and even short interruption of its
function have proven to be an efficient way to impair tumorigenesis®.

Several studies suggest that deregulated MYC levels increase its propensity
to bind non-canonical E-Boxes (CANNTG) or even “non-E-box” DNA
sequences. Increased invasion of these alternative sequences by MYC/MAX
dimers would promote the aberrant regulation of genes and contribute to
give MYC its oncogenic functions™'""3,
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1.4. MYC’srolein cancer

In a context where MYC is deregulated and constantly activated, one can
regard tumoral growth as an out-of-control and never-ending wound healing
process’'*. Through its broad transcriptional activity, MYC’s role in cancer is
essential during both tumor establishment and maintenance. Although
subject to scientific debate’®"'8, most of the related publications support
the idea that MYC also promotes metastasis, as illustrated in a recent study
published by our group, showing that MYC inhibition results in a reduction
of Triple-negative breast cancer (TNBC) metastatic colonization of the
lungs™®.

In a pathological context, MYC physiological transcriptional activity in cell
proliferation, dedifferentiation, metabolism or cell motility is amplified and
fully exploited for tumoral growth. Hence, the pathological deregulation of
MYC, potentially coupled with concomitant mutations commonly found in
cancer, further potentiates disease progression through its transcriptional
activity.

Interestingly, although MYC clearly induces cell proliferation, it was also
shown to promote apoptosis, notably mediated by p53, when highly
expressed in cells'. In this context, apoptosis is regarded as a safeguard
mechanism against this oncogene excessive expression'®'. Illustratively,
multiple studies of a MYC-induced murine lymphoma model (Eu-myc)
showed that most tumors developed by these mice displayed either a
disruption of the p19°-MDM2-p53 pro-apoptotic pathway or an
overexpression of the BCL-2 or BCL-xL anti-apoptotic proteins'?*'2®,

In normal conditions, MYC activity is repressed by the Hypoxia Induced
Factor 1a (HIF1a), which silences MYC mitogenic signals and improves cell
resilience in hypoxic conditions. In cancer, those conditions are frequent at
the center of non-vascularized and rapidly growing tumors. In contrast to
their physiological relationship, though, deregulated MYC and HIF1a can
also actively collaborate in tumorigenesis, where HIF1a enhances MYC-
dependent angiogenesis induction, notably through VEGF activation'?1%7,
and modulates cancer cells metabolism transformation by favoring
glycolysis and lactate fermentation (Warburg effect)'?. Therefore, akin to
some p53 mutations, HIF1a deregulation switches it from a repressor of
MYC activity in physiological conditions to a potential activator and partner
in cancer.
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Importantly, MYC also modulates tumor immunity, primarily by promoting
an immunosuppressive tumor microenvironment'®° Indeed, MYC
influences both innate and adaptive immunity through various
mechanisms™'. For instance, MYC supports the expression of
immunosuppressive molecules, such as PD-L1 and CD47'%>'3% that help
tumor cells evade immune detection and phagocytosis. Moreover, through
the upregulation of interleukin-8 (IL-8), IL-10, TNF-a, CCL9 and IL-23, in
cooperation with common mutations in KRAS™*, MYC contributes in
creating a pro-inflammatory environment, favoring the tumoral growth by
inducing the recruitment of regulatory T cells (Tregs) and tumor-associated
macrophages (TAMs)'31:134135

To summarize, the overwhelming reach of the MYC transcriptional activity
gives it an important role in almost all identified cancer hallmarks™®'’
(Figure 5). Moreover, several cases of resistance to immunotherapy, notably
of B-cell lymphoma™® (but not exclusively™®), and to chemotherapy'3'4°
were attributed to MYC, making this proto-oncogene a most-wanted target,
not only for the promises of its inhibition on tumor development on its own,
but also because of the potential of drastically improving the effectiveness
of already approved cancer therapies.
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Figure 5, MYC is involved in virtually all the identified hallmark of cancer. Figure reproduced from
Martinez-Martin and Soucek, 2021'%.
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1.5. MYC inhibition and its challenges

Over the last two decades, an astonishing variety of approaches, both direct
orindirect, were explored to achieve therapeutic MYC inhibition, considered
by many as one of the “Holy Grails” of cancer therapy™''44. The strategies
employed to inhibit MYC, thoroughly reviewed in 4447 "include, among
others, the use of small molecules™®'%?, antisense oligonucleotides and
siRNAs'3'% as well as synthetic peptides or recombinant proteins'®’-'62,
Most of the direct MYC inhibitors developed so far aim at inducing MYC
degradation, inhibiting its union to MAX and/or to E-Box DNA sequences by
interacting with its b-HLH-LZ domain. Moreover, other strategies involve
inhibiting the interaction between the various MYC box sequences and
proteins involved in the recruitment of the transcription machinery?” or
MYCN stability'®2.

Nevertheless, despite extensive efforts from the scientific community to
develop therapeutic MYC inhibitors, only a handful of molecules have
reached the clinical stage and no direct MYC inhibitor has ever received
approval for commercialization as a therapeutic agent. Indeed, inhibiting
MYC activity has proven to be challenging, to say the least. Three key factors
make it a prime example of a target seemingly impossible to tackle through
conventional strategies:

First of all, the MYC protein is intrinsically disordered, displaying a rather
featureless surface lacking binding pockets that would be suitable for
efficient and specific interaction with small molecules™*. Nevertheless,
many proof-of-concept MYC binding small molecules were tested over the
years. The peptide mimetic IIA6B17 developed by Berg and colleagues in
2002 was the first small molecule direct MYC inhibitor and was described as
an antagonist of MYC/MAX heterodimerization. Interestingly, this molecule
turned out to also inhibit the Jun/Fos dimerization™?, suggesting that I|1A6B17
might be inhibiting any similar b-HLH-LZ dimerization, to some degree.

Despite effectively disrupting MYC’s activity, other small molecules such as
10074-A4, 10058-F4 and 10074-G5'%, or JKY-2-169'% were also limited by
low binding specificity, often generating undesired off-target effects and/or
poor biodistribution.

Nevertheless, several independent studies conducted with the more
recently developed Myci975 suggest that this compound might be the most
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promising small molecule direct MYC inhibitor to date'?'%¢'%8  This
molecule is an improved analog of the previous Myci361, which was shown
to cause important off-target effects. Like its parent molecule, Myci975 was
shown to bind the Helix1 of the MYC b-HLH-LZ, inhibiting MYC/MAX
dimerization?,

Interestingly, most small molecules were actually reported to bind only
three distinct regions of the MYC protein, all located within the HLH domain
(Figure 6), whether they were originally directed against them or not''44,
These sequences encompass the most hydrophobic parts of the MYC b-
HLH-LZ and are located near some of the few MYC regions that display
significantfolding in the absence of MAX, even in the presence of chaotropic
agents, as evidenced by nuclear magnetic resonance (NMR)'4. The presence
of persistent secondary structure elements organized around long, loose,
and disordered stretches in the MYC protein might however not be enough
for a small molecule to bind this protein with sufficient specificity. In fact,
despite the existence of promising in vivo results for some of those
molecules, to date there is no ongoing clinical trial for small molecules
directly interacting with MYC, and we may be yet to discover one with the
appropriate specificity and pharmacokinetics (PK) to be considered a
serious clinically viable drug candidate.

The nuclear localization of MYC represents the second major obstacle to its
inhibition. Indeed, developing a potent and selective MYC binder may not be
sufficient if the molecule cannot reach cancer cells’ nuclei appropriately.
Typically, while antibodies excel in recognizing virtually any target protein
with high affinity and specificity, they are not well-suited for cell penetration,
let alone nuclear localization. Therefore, unless major advances in drug
delivery are made, the development of an anti-MYC therapeutic antibody
would not constitute a realistic path to MYC inhibition.

Finally, the MYC’s central role in vertebrates’ biology, illustrated by the fact
that c-myc and n-myc (but not [-myc) knockout mice are not viable”””'®,
suggested that its inhibition would cause severe side effects in patients.
Research conducted by Dr. Soucek, though, strongly contributed to change
this paradigm when she demonstrated that MYC systemic inhibition by a
MYC dominant negative, called Omomyc, would cause only mild and
reversible side effects in adult mice."”®
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Figure 6, A. Top, Protein sequence alignment of MYC, MYCN, MYCL and MAX. The three binding
sites in MYC’s sequence are colored in blue (site 1), green (site 2) and purple (site 3). Bottom,
hydrophobicity of MYC (red) and MAX (blue) respective b-HLH-LZ domain, calculated from the
online tool  ProtScale using the Kyte and  Doolittle  reference values
(https://web.expasy.org/protscale/pscale/Hphob.Doolittle.html). B. Two-dimensional structure of
small molecule MYC inhibitors grouped in function of their MYC binding site. C. Crystal structure of
the MYC-MAX b-HLH-LZ heterodimer bound to canonical E-Box DNA. The three small molecule
MYC inhibitor binding sites respective position was highlighted using the color code previously
described. Figure adapted from Beaulieu et al. 2020.™*
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2. Omomyec, a first-in-class MYC inhibitor

2.1. The use of the Omomyc transgene demonstrates the
viability of anti-MYC therapies to treat cancer

Originally designed and validated in 1998 by Laura Soucek et al., Omomyc
is a mini-protein of 91 amino acids corresponding to the MYC b-HLH-LZ
region'”" bearing four mutations that differentiate it from its parent protein:
E410T, E4171, R423Q and R424N. These mutations replace charged
residues that would otherwise destabilize MYC homodimerization through
electrostatic repulsion, with the corresponding residues from MAX. The
E63T substitution is the only exception from this MAX homology rationale,
since inserting a threonine residue at this position was found to be more
favorable for complementarity than the asparagine found in MAX. These
changes enable Omomyc to form stable homodimers as well as
heterodimers with MYC and MAX. While, as a homodimer and a heterodimer
with MAX, the translated Omomyc protein is capable of occupying MYC’s
DNA binding sequences efficiently, it curiously displays only marginal
affinity for DNA as a heterodimer with MYC"". Importantly, lacking MYC’s
TAD, Omomyc is unable to recruit any transcription-related complexes, but
instead has the ability to limit MYC transcriptional activity by sequestering it
away from DNA and competing with it for MAX and E-Box binding.

Omomyc was initially extensively studied as a transgene and was shown to
have anti-proliferative and pro-apoptotic effect in multiple models of
cancer, including cell lines, transgenic mice and patient-derived xenograft
models. Independent proofs of concept were collected in a broad range of
tumor types, such as pancreatic ductal adenocarcinoma (PDAC)'"?,
neuroblastoma'”?, glioblastoma'*, small cell lung cancer (SCLC)"5, or
melanoma'’®, among others. In SCLC, for example, Omomyc effectively
inhibited the growth of nine cell lines with genetic inactivation of TP53 and
RB1, most of which also had concurrent amplification of MYC, MYCL, or
MYCN. Regardless of which MYC family member was amplified, Omomyc
expression led to a reduction in cell number through induction of cell cycle
arrest and/or apoptosis. The cell cycle arrest occurred in either the G1 or
G2/M phases and was associated with the activation of cyclin-dependent
kinase inhibitors p21 and p27, as well as a reduction in p16. Interestingly,
treatment of various non-small cell lung carcinoma (NSCLC) cell lines with
shRNA targeting c-myc replicated their respective Omomyc-induced
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phenotype, proving that Omomyc therapeutic impact was based on MYC
inhibition. Importantly, a cell line lacking detectable MYC levels showed the
least response to Omomyc'’.

In a transgenic mouse model of KRAS-driven lung adenocarcinoma
conditionally expressing Omomyc in all tissues except in the bone marrow,
Omomyc caused tumor regression and eradication through decreased
proliferation, and increased apoptosis and senescence’’. In another study
with the same mouse model, Omomyc expression was shown to
significantly extend the animals’ survival by efficiently reducing their tumor
volume. New tumors arising after the end of a 4-week cycle of treatment
were observed to be still as sensitive to MYC inhibition as the first ones,
giving the opportunity for metronomic treatment. In fact, on and off
treatment cycles in those mice reduced the number of relapsing tumors
after each treatment round, until their complete eradication. Similar results
were obtained in an aggressive p53-deficient tumor model, where no
emergence of resistance to MYC-inhibition was observed. These results
effectively reinforced the promise of MYC inhibition by Omomyc as a
therapeutic approach in NSCLC"”?. They were later complemented by other
studies in vivo demonstrating efficacy of MYC inhibition by Omomyc in
breast cancer'®, melanoma'’® or glioblastoma, where the activation of the
Omomyc transgene, for example, was shown to reduce the tumor
vascularization, induce remodeling of the stroma or decrease the number of
migrating cells'*'7°,

Most importantly, all these models confirmed that Omomyc expression did
not significantly affect body weight, blood biochemistry, or the general
animal well-being. Moreover, histological examination of low proliferative
tissues such as the pancreas, kidney, liver, heart, and lung did not reveal any
phenotypic change'®. Only highly proliferative tissues were shown to be
mildly affected by Omomyc expression. In the testis, Omomyc induced
atrophy of spermatogonia and a decrease in spermatocyte counts, and in
the small intestine, villi were shortened, although this effect was not
accompanied by an increase in apoptosis or any alteration in nutrient
absorption or blood chemistry. Slightly more evident effects, although just
transient, were observed in the bone marrow, where after 1 week of
transgene induction a 50% reduction in proliferation leading to anemia and
leukopenia onset were observed. Nevertheless, extramedullary
hematopoiesis immediately ensued in the spleen, quickly restoring blood
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counts to near normal levels after only one more week of Omomyc
activation'°,

Despite all these results and the clear therapeutic potential of the Omomyc
transgene, this molecule was still mainly considered an experimental tool
to study MYC activity rather than a way to inhibit it in patients'. For context,
atthe time of most of the previously mentioned discoveries, no gene therapy
had been ever approved, the first one being KYMRIAH® (tisagenlecleucel),
which received the United States of America Food and Drug Administration
(FDA) approval for commercialization in 2017 to treat acute lymphoblastic
leukemia in pediatric and young adult patients™’.

2.2. The MAX b-HLH-LZ displays intrinsic cell penetration
properties

An important breakthrough happened in 2012, when Montagne and
colleagues demonstrated that the b-HLH-LZ domain of MAX displayed
intrinsic cell penetrating properties™®. This study was inspired by the
identification of a putative nuclear localization signal in the MAX basic
region sequence, and by an early study published by Noguchi and
colleagues in 2005, which demonstrated that the b-HLH BETA2/NeuroD
protein could efficiently translocate into cells'®. Montagne and colleagues
demonstrated that, upon treatment with micromolar concentrations of the
MAX-derived mini-protein Max*, Hela cells proliferation was inhibited, as a
consequence of cell cycle arrest in GO/G1 phase and an increase in
apoptosis.

The cell penetration ability of Max* was observed to be inhibited at 4 °C,
suggesting that its translocation into cells happened through ATP-
dependent mechanisms. Moreover, in the same cells, the expression of
CyclinD1, upregulated by MYC, was repressed upon 72h of Max* treatment,
while the expression of p21, downregulated by MYC, was restored in a dose-
dependent manner'®. Even though these studies were limited to an in vitro
setting, and despite the claim within them that the MYC b-HLH-LZ domain
could not penetrate cells spontaneously, the strong homology between
Omomyc and MAX constructs motivated our group to test the cell
penetrating ability of Omomyc as a purified mini-protein.
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2.3. The Omomyc mini-protein is a viable anti-cancer drug
candidate

As a consequence, in 2019, our group published for the first time the
antitumoral activity of Omomyc as a purified mini-protein displaying cell-
penetrating ability'®®, which led to the foundation of Peptomyc S.L. in 2014
by Dr. Soucek and Dr. Beaulieu, the two co-directors of this doctoral thesis.
In this study, Omomyc was successfully overexpressed in E. coli and
purified by cation exchange chromatography (CEX). Similarly to what had
been described for the BETA2/NeuroD and Max* b-HLH-LZ proteins,
Omomyc displayed intrinsic cell penetration properties in a panel of NSCLC
and various other cancer cell lines. In fact, an Alexa Fluor® 488 (AF488)-
labelled Omomyc penetrated cells in a dose-dependent manner after a few
minutes of exposure to low micromolar concentrations (Figure 7). The mini-
protein was found in both endosomes and cell nuclei. Similarly to Max*,
Omomyc cell penetration was inhibited when the incubation was carried out
at 4 °C. Comparing Omomyc cell penetration properties in the presence of
various endocytosis inhibitors revealed that the mini-protein does not rely
on a single entrance mechanism, but enters cells through multiple
pathways, including clathrin-dependent endocytosis, macropinocytosis,
and, to a lesser extent, caveolin-dependent entrance. Interestingly, the
contribution of the different endocytosis pathways varied from one NSCLC
cell line to another.
H1299 H1975 A549

Omomyc-AF488

Hoechst

Figure 7, Omomyc conjugated to AF488 displayed intrinsic cell penetration properties, as observed
in three NSCLC cell lines: H1299, H1975 and A5409. Figure adapted from Beaulieu et al. 2019.7%°
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Furthermore, Omomyc was shown to lose its ability to penetrate cells when
the arginines of its basic region were substituted with alanine residues,
confirming their critical role and charge during the transduction processes.

The Omomyc mini-protein recapitulated all the main features of its
transgenic counterpart:

Biophysical characterization of the Omomyc mini-protein by circular
dichroism (CD) and nuclear magnetic resonance (NMR) confirmed its ability
to bind MYC and MAX b-HLH-LZ regions. In contrast with MYC b-HLH-LZ
sequence, Omomyc displays a high a-helix content which gets further
stabilized upon DNA binding. The Omomyc crystal structure, solved and
published by Jung and colleagues, further confirms the dimeric nature of
Omomyc, as well as its high helicity both in the apo form and bound to DNA
(accessible on the Protein Data Bank (PDB) with the codes 514Z and 5150,
respectively)’”?.  Moreover, electro-mobility shift assay (EMSA)
demonstrated high affinity of the Omomyc mini-protein for the canonical E-
Box DNA sequence (CACGTG). Interestingly, when the assay was performed
at 12 °C, Omomyc homodimers displayed a higher affinity for DNA than
Omomyc/MAX dimers, whereas the opposite was observed at physiological
temperature. In contrast, Omomyc/MYC heterodimers only displayed
intermediate DNA affinity at 12 °C and were not seen to significantly shift
DNA’s migration at 37 °C. As a whole, this set of experiments confirmed the
mode of action of Omomyc hypothesized when studied as a transgene
(Figure 8).

MYC
,c’ e
| 2 3
Omomyc \ 1
(OMO-103) '~£ ‘ . . .

Figure 8. The Omomyc mini-protein inhibits MYC transcriptional activity by preventing it from
binding to its target DNA sequences through three modes of action: (1) it binds the MYC protein and
the resulting heterodimer displays very poor DNA binding, (2) the Omomyc mini-protein
homodimerize and efficiently compete with the MYC/MAX dimers for E-box sequences, (3) through
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dimerization with MAX, it both depletes MAX amount available for dimerization with MYC and
competes with MYC/MAX dimers for the MYC target DNA binding sites.

Treatment of NSCLC cells with micromolar concentrations of the Omomyc
mini-protein led to a significant reduction in cell proliferation, mirroring the
effects seen with the Omomyc transgene. In H1299, A549, and H1975 cells,
Omomyc induced a dose-dependent decrease in cell number, with IC50
values in the low micromolar range, and caused cell cycle arrest
predominantly in the GO/G1 phase (similar effects were also confirmed
recently in breast cancer cell lines™®).

Through  microarray, = Chromatin  Immunoprecipitation-quantitative
Polymerase Chain Reaction (ChIP-gPCR), and ChlIP-seq analyses, the
Omomyc mini-protein was confirmed to selectively inhibit MYC-driven
transcriptional activity and downregulate gene signatures associated with
poor prognosis in lung cancer. Importantly, the transcriptional programs of
other b-HLH-LZ transcription factors were unaffected.

Omomyc exerted its effects by displacing MYC from its promoter sites,
altering H3K27 acetylation, and reducing MYC's overall genomic
occupancy, particularly at superenhancers. Remarkably, the study showed
that MYC was at least partially displaced from 97.3% of its active promoter
regions. Gene Set Enrichment Analysis (GSEA) further confirmed that
Omomyc effectively disrupted MYC-regulated gene expression in NSCLC
cells. As prominent examples, Omomyc downregulated the nucleolin (Ncl)
and nucleophosmin 1 (Npm1) genes, which are typically upregulated by
MYC and play roles in angiogenesis and cell division, respectively'.
Furthermore, in breast cancer cells, a Proximity Ligation Assay (PLA)
confirmed Omomyc's ability to heterodimerize with MYC and MAX, reducing
the number of MYC/MAX dimers, consistently with previous biophysical
findings™®.

An additional study was conducted independently from ours by Merck Sharp
& Dohme (MSD) to further study Omomyc therapeutic potential'®. In this
study, Demma and colleagues could recapitulate most of our results and
revealed that chemically synthesized Omomyc displayed a very similar
activity than the recombinantly expressed counterpart. Interestingly, their
PLA results revealed that both Omomyc homodimers and Omomyc/MAX
heterodimers were detected in the nuclei, whereas Omomyc/MYC dimers
were exclusively observed in the cytoplasm. By E-Box DNA pull down
coupled to mass spectrometry (MS), they noticed that Omomyc was not
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only competing for MYC binding sites with MYC/MAX dimers but also with
other members of the PMN, such as MGA, MXI1 and MXD3. In a MYC, MAX
and biotinylated Omomyc co-immunoprecipitation assay carried out in
HCT116 lysate spiked with 10 pM of biotin-Omomyc, Omomyc was seen to
co-precipitate with MYC but not MAX. The authors then hypothesized that
MYC/MAX dimerization may occur co-translationally and that MAX would
become unavailable. To further challenge this hypothesis, they performed a
modified translating ribosome affinity purification as well as a ribonucleic
acid (RNA) immunoprecipitation. In those assays, Omomyc treatment was
found to interfere with the ability of MYC but not MAX, to bind MAX-coding
RNA and the ribosomal machinery, observed in untreated cells.
Interestingly, the union of MYC, MAX and Omomyc to MAX-coding RNA was
lost when the ribosomes were disrupted with a puromycin treatment, or the
addition of ethylenediaminetetraacetic acid (EDTA) after cell lysis.
Altogether, these data provide convincing indications that MYC and
Omomyc binding to MAX could be mediated by the union with intact
ribosomes’®. In the same study, the Omomyc treatments of HCT116 cells
were observed to decrease cellular MYC levels, likely by inhibiting its
interaction with MAX, thus promoting MYC's proteolytic degradation®,

Work by our lab also showed that Omomyc intra-nasal’®® and intra-
venous''®'% gdministrations in mice were well tolerated by the animals and
no significant loss of weight was ever observed upon Omomyc treatment.
The intracellular presence of Omomyc in lung tissues was confirmed by
immunofluorescence 4 hours after intra-nasal administration, and %Zr-
radiolabelled Omomyc could be observed in tumor tissues for at least 48h.
In NSCLC and TNBC cell line-derived xenograft (CDX) models, tumors
growth was inhibited upon Omomyc administration, which conferred a
survival advantage to the treated mice. Moreover, in highly metastatic TNBC
models, Omomyc was seen to interfere with metastatic lung colonization
and reduce the total number of tumors per mouse, suggesting that MYC
plays an active role in metastasis establishment.

In 2023, our group published the results obtained during an Omomyc PK
study in tumor-baring BALB/c-nude mice, using a liquid chromatography-
tandem mass spectrometry-based (LC-MS/MS) method'. In contrastto the
methods employed in other PK studies previously published'®'8 this
technique does not rely on the use of fluorescently or radioactively labelled
Omomyc, whose results may be impacted by the intrinsic labels’ properties
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that can affect the stability or biodistribution of the fused protein, and/or by
the fact that the monitored signal may not correlate with the integrity of the
studied protein. In this recent study, the presence of full length Omomyc in
tumor tissues and serum could be asserted for the first time by determining
the concentration of four Omomyc-corresponding proteolytic peptides
encompassing the full-length protein. Two of them contain at least one of
the 4 mutations differentiating Omomyc from the MYC’s sequence. The last
two correspond instead to a part of the basic region and loop common to
both Omomyc and MYC. At every time point, the relative concentration of
the 4 peptides were consistent among themselves.

In serum, the Omomyc concentration declined in two phases. First, a rapid
decrease in concentration was observed, and about 5% of the amount
detected at 5 min after injection was measured after 2 hours. After the 24
hours timepoint, the Omomyc concentration slowly decreases in the days
following the injection; and after 72h, the last timepoint of the study, about
0.4% of the Omomyc concentration detected at 5 min was still present.

In contrast, in tumor tissues, significant Omomyc concentration was
detected as early as 5 minutes post-injection, with little variability among
samples. This observation indicates a quick and homogenous
accumulation of the mini-protein within the tumor tissues, which persists
for at least 2 hours following the injection. Interestingly, the subsequent
decrease of Omomyc in tumors was much slower than the one observed in
serum. Notably, from the 24-hours timepoint on, the mini-protein
concentrations detected in tumor tissues become significantly higher than
in serum, highlighting a long-lasting stability. Interestingly, this method did
not allow us to detect any significant concentrations of MYC-derived
peptides’*, which suggests that Omomyc concentrations may have also
been underestimated due to an incomplete protein extraction and/or
digestion during sample preparation.

In May 2021, the Omomyc mini-protein (a.k.a. OMO-103 for its clinical
name) became the first direct mini-protein MYC inhibitor to reach the clinic
in a phase | clinical trial in cancer patients with advanced solid tumors®®.
The results of this study conducted in a total of 22 patients demonstrated
the excellent safety profile of Omomyc in human. OMO-103 was indeed
well-tolerated, with most patients experiencing only grade 1 side effects,
primarily mild infusion-related reactions commonly associated with
biologic treatments. In agreement with previous studies, the mini-protein
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also exhibited favorable pharmacokinetic properties up to the
recommended dose, and little to no immunogenicity was detected even
after long term treatment’®®. Moreover, although no objective response was
obtained by RECIST criteria, the study revealed promising signs of OMO-
103's effectiveness, with evidence of target engagement and biomarker
response. Indeed, half of the patients, all with advanced cancers resistant
to all previous lines of therapies, showed disease stabilization. Among
those, there were two important notable cases: an advanced PDAC patient,
who showed a 49% total tumor burden reduction after a first 2-month
treatment cycle, and another patient with salivary adenocarcinoma, whose
disease stayed stable for about 26 consecutive months. Importantly, this
study was the first to demonstrate the suppression of MYC-driven
transcriptional signatures in patient biopsies, underscoring the drug's
activity and target engagement'®,

At the time of this thesis writing, OMO-103 is being tested in a new clinical
trial phase Ib (Clinical trial ID NCT06059001) in PDAC patients as first line
treatment in combination with standard of care chemotherapy.

From a drug development perspective, the publication of the OMO-103
phase | clinical trial results also indirectly demonstrated that a viable Good
Manufacturing Practices (GMP)-compliant production process could be
developed at industrial scale, and that this mini-protein displays sufficient
solubility and stability for long-term storage and subsequent intravenous
injections in patients.

As a whole, the thorough characterization of Omomyc so far has illustrated
the potential of the b-HLH-LZ proteins for the inhibition of hard-to-reach
transcription factors and demonstrated a capacity to bind specific DNA
sequences and protein targets with an affinity in the nM range, rarely seen
for short peptides or small molecules.

34



Introduction

3. The emergence of the b-HLH format as a new
class of therapeutic protein

3.1. Omomyc, a benchmark to surpass?

Before the publication of Montagne and colleagues demonstrating the
intrinsic cell penetration ability of the MAX b-HLH-LZ'®, these protein
domains were expressed recombinantly for in vitro mechanistic studies
aiming to gain insight into their complex structures and biology, but never to
study their potential therapeutic activity. However, the attention generated
by the characterization of Omomyc and its MYC-inhibiting effects over the
years undoubtedly raised the interest of the scientific community for b-HLH-
LZ proteins.

For instance, Omomyc inhibitory effect over cancer cell growth was
compared to the one displayed by ME47 (or Max-E47), a b-HLH construct
shown to tightly interact with E-box sequences, displacing MYC/MAX
dimers''®”_ ME47 is a fusion protein displaying the MAX basic region and
the HLH domain of the E47 transcription factor that enables it to form
homodimers, ME47 was found to bind the canonical E-box with high affinity
and specificity in a fluorescence polarization assay'®®. As a transgene and
fused to a NLS sequence at its N-terminus, ME47 inhibited cell proliferation
in vitro and tumor growth in a TNBC CDX model'®. Although the authors
reported a comparable effect on cell proliferation compared to Omomyc, it
is not clear whether this was directly related to MYC downregulation. This
type of analysis would have been of great value since ME47 only
recapitulates one of Omomyc’s three modes of action (occupancy of DNA).
A ME47-derived variant with improved DNA binding and structural stability,
named MEF, was described in a subsequent study published in 2021.
Interestingly, in this work, Inamoto and colleagues achieved the
optimization of ME47 through phage-assisted continuous evolution'® and
fusion of the resulting b-HLH to the FosW LZ domain, resulting in what the
authors appropriately defined as a “franken-protein”', Unfortunately, no
efficacy data was shown in this publication, and it is therefore unclear
whether the MEF enhanced DNA binding ability would correlate with
improved cell proliferation inhibition. Hopefully, such data will be published
in the future.
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Inamore complete publication, Wang et al. suggested that Omomyc activity
could benefit from an improvement of its cell penetration and endosomal
escape properties, which could be achieved by its fusion to a functional
penetrating Phylomer sequence (FPP) at Omomyc’s N-terminus. The
resulting molecule, named FPPa-Omomyc, probably obtained through the
ligation of recombinant Omomyc and synthetic FPPa moieties, induced
convincing tumor growth inhibition and significant survival advantage in a
murine T11 cell-based TNBC allograft model. Moreover, MYC targets
inhibition was confirmed by histo-immunochemistry staining of the
allografts tissues in FPPa-Omomyc-treated mice'°. This research program,
partially sponsored by the start-up company Phylogica (now renamed PYC
Therapeutics), seems however to have been discontinued, judging by the
information available in the PYC Therapeutics website, which appears now

focused on RNA delivery™'.

Through a series of three publications originating from the same
team'83192798 the pharmaceutical giant MSD also demonstrated its interest
in Omomyc and MYC inhibition via b-HLH-LZ proteins. After a detailed
characterization of Omomyc'8, Demma et al. studied the capacity of a
MXD1-derived mini-protein, named Mad, to inhibit cancer cell proliferation
by antagonizing MYC’s activity'®>. Mad’s sequence comprises the first 146
amino acids of MXD1, including its N-terminal mSIN3a binding domain and
b-HLH-LZ. In this construct, the authors mutated the two MXD1 Cys
residues to Ser to avoid any undesired disulfide bridge formation, and
substituted the Ser145 with an Ala to improve protein stability, since Ser145
is a known MXD1 phosphodegron. Also, Mad displayed intrinsic cell
penetration properties, and colocalized with Hoechst and histone 3 staining
in HCT116 cells. In Ramos cells, Mad displayed superior growth inhibition
when compared to Omomyc, as well as the capacity to efficiently bind MXD1
and UBF (a MXD1 interactor and repressor of rRNA transcription), by co-
immunoprecipitation. Finally, Mad’s ability to downregulate some of MYC
target genes was demonstrated by ChiP-gPCR'2. Surprisingly, despite
showing very promising data in vitro, this study did not include any results
obtained with in vivo models, and no follow up study was published yet.
Although incomplete, Demma et al. demonstrated the intrinsic cell
penetration properties of the MXD1 b-HLH-LZ, despite the fact that Mad is a
significantly larger construct than Omomyc or Max*.
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In a third publication, Brown and colleagues detailed the synthetic routes
for Omomyc synthesis through solid-phase peptide synthesis (SPPS) and
native chemical ligation strategies. Moreover, the authors explored the
effects of LZ truncation on the Omomyc activity and performed a FRET-
based high-throughput (HTP) mutagenesis study to identify sequences with
optimized DNA binding affinity and specificity. The best variants identified
through the HTP study mainly displayed point mutations in Omomyc’s BR.
Surprisingly, the Omomyc impact on cell proliferation was recapitulated
and even seemingly improved by a LZ-truncated Omomyc variant whose
sequence corresponds essentially to the MYC’s b-HLH (A60-90, Q58C).
Altogether the results of this publication suggest that the Omomyc inhibitory
effect is mediated mainly through competitive binding to E-box sequences
as a homodimer'™. The authors’ claims rely, however, on the sole
observation of in vitro cell growth inhibition in two cell lines and should
therefore be considered with caution. Infact, the improved variant’s stability
and in vivo PK characterization data promised by the authors in this 2020
publication are yet to be accessible, 4 years later.

In 2021, two novel studies conducted by the Massachusetts Institute of
Technology group of B. Pentelute and partially financed by Bristol Myers
Squibb™, presented some results obtained with synthetic Omomyc and MAX
b-HLH-LZ homo- and heterodimers. Interestingly, this group is known for
having developed a performant automated SPPS system enabling the rapid
and efficient synthesis of large peptides and mini-proteins, a reference in
the field of SPPS'“. The work presented in Jbara et al., 2021"°° and Pomplun
etal., 2021 is focused on the stabilization of b-HLH-LZ dimers through the
substitution of the labile, spontaneously-forming disulfide bridge near the
C-terminus of Omomyc and Max* by a synthetic permanent linker obtained
through S-arylation™® or parallel synthesis'® approaches. In accordance
with previous studies, both synthetic Omomyc and Max* homodimers could
penetrate HelLa cells in a dose-dependent manner, partially colocalizing
with the nucleus and inhibiting their proliferation in vitro. Also, the Omomyc
oligomeric state was not seen to significantly impact its cell penetration
properties'®. In addition, they ligated the Omomyc dimer to a NLS peptide
called Mach3, successfully improving its nuclear localization but not its
overall cellular uptake. Nevertheless, the Omomyc-Omomyc-Mach3
construct displayed more potent cell proliferation inhibition in 3 cell lines,
compared to the Omomyc and Max* homodimers'®. Unfortunately, again
no in vivo data are shown in those studies which would have been very
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valuable to estimate the impact of the dimer stabilization over its
pharmacokinetic properties and tissue distribution.

Recently, using an innovative chemical approach, Speltz and colleagues
simplified the MAX b-HLH domain into a peptide composed of two ligated
stapled helices, one corresponding to the MAX basic region / Helix 1 (termed
basic helix) and the other to its Helix 2 (called zipper helix), and got rid of
MAX’s loop by replacing it with a more rigid thiol-maleimide ligation. The
resulting constructs, called synthetic transcriptional repressors (or STR)
could homodimerize, mimicking the structure of a natural b-HLH domain.
Several variants of both moieties were independently associated to form a
library of approximately a hundred molecules. Screening the library for
optimal structural stability, resistance to tryptic degradation, DNA affinity
and capacity to displace MYC/MAX dimers from DNA, the authors could
identify two hits with significantly improved binding and stability. Both STRs
demonstrated efficient transduction into cancer cells and inhibited
proliferation in a MYC-level dependent manner. Perhaps more importantly,
Speltz and colleagues showed that the modular design of these STRs also
allows for the potential adaptation of these molecules to bind DNA
sequences other than E-boxes, therefore targeting other transcription
factors beyond MYC, offering a versatile platform for gene regulation’. This
approachiillustrates greatly the flexibility offered by synthetic peptides, both
in terms of sequences and strategies. Synthetic peptide approaches may
however suffer from technical challenges in later stages of development,
when high amounts of material are required'®. Nevertheless, those
approaches have proven to become major contributors to the emergence of
b-HLH and b-HLH-LZ as a new class of therapeutic molecules.
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Figure 9, lllustrative summary of the strategies employed to inhibit MYC through b-HLH / b-HLH-LZ
proteins. The Mad mini-protein representation was obtained by truncation of the full MXD1 structure
predicted by AlphaFold2 (PDB entry: AFQ05195F1), and its alignment on one of MAX b-HLH-LZ
monomer bound to DNA (PDB entry TAN2). All the representations were generated using PyMOL.
Figure adapted from Ellenbroek et al., Angew. Chem. Int. Ed., 2024.1%°

3.2. The lessons learned from decades of characterization
and discoveries

Decades of research and characterization of b-HLH-LZ proteins have
generated an important quantity of information, but what is truly of interest
for drug design and development processes?

As a start, some research groups have taught us the importance of studying
the structural plasticity proper to this class of proteins. For instance,
through multiple publications™ 2519200 the group of P. Lavigne
demonstrated that the conditional folding of the MYC and MAX b-HLH-LZ
was directly related to their oligomeric state, since their LZ domain would
only fold in the presence of a partner for dimerization, and that the folding of
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their BR is conditioned upon DNA binding. Of note, Lavigne’s group made
extensive use of CD experiments to demonstrate those points. CD methods
are based on the proteins property to differentially absorb right-handed and
left-handed circularly polarized light depending on their secondary structure
and itis particularly indicated to evaluate a protein’s a-helix content, which
makes it a valuable tool to study b-HLH-LZ constructs. In fact, this
technique not only can provide structuralinformation at a given time in given
conditions, but it can also be used to study the interactions of the b-HLH-LZ
proteins with their partners and DNA by following the increase of their a-
helix content, as well as their structural thermal stability. The fitting of CD
data to thermodynamics equations can also allow the determination of a
protein’s thermodynamic features, using appropriate models. To that end,
the same group developed a Microsoft Excel®-based workbook enabling the
meaningful data fitting of CD thermal denaturation experiments of MYC and
MAX-b-HLH-LZ derived proteins®®'. Moreover, CD experiments are relatively
easyto set up and only require little material, which makes them compatible
with early phases of molecular characterization. In contrast, NMR methods
or X-ray crystallography, even though they provide meaningful structural
data, require more material in a more concentrated form, as well as
particular expertise for experimental setup and data analysis.

It is also clear that DNA binding is one of the most, if not the most, critical
features of a b-HLH / b-HLH-LZ drug candidate, since its main mode of
action often consists in occupying the binding sites of its target transcription
factor(s). As reviewed previously, this feature was logically systematically
studied and several strategies employed to improve Omomyc’s efficacy
consisted in stabilizing its affinity for DNA, directly through optimization of
its BR, as in Brown et al.’®3, or indirectly through stabilization of the Omomyc
homodimer'®'%, To characterize DNA binding, researchers have typically
employed EMSAs or fluorescence polarization-based (FP) methods. Both
techniques employ fluorescently-labelled DNA probes of short size. In an
EMSA, formation of protein-DNA complexes is visualized by the difference
of migration distances between the bands corresponding to free DNA and
larger protein-DNA complexes through a native gel. In FP-based methods,
the complex size increase caused by the protein union to DNA induces the
slower tumbling of the latter (and of its fluorescent label, by extension),
increasing the polarization levels of the fluorescence re-emitted after being
excited with linearly polarized light (phenomenon called linear anisotropy).
Since FP can be read by some plate readers, FP methods can be adapted to
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384- or 1536-well plate formats and may therefore be the most indicated
method for early quantitative characterization of the b-HLH-LZ-DNA
interactions, if one can access such readers. Alternatively, surface plasmon
resonance (SPR) has been used to study MYC and MAX interactions to
DNA?4%2 and can provide the meaningful ko, and ke.# binding kinetic
parameters. However, this technique requires immobilizing at least one of
the complex members, which may complicate the experimental setup and
can limit the in vivo relevance of the findings.

Furthermore, intrinsic cell penetration appears to be a key and apparently
common feature to all the b-HLH-LZ constructs displaying the MYC, MAX or
MXD1 BR. Strategies that have improved Omomyc’s ability to penetrate cells
and reach their nucleus seemed to also correlate to a higher efficacy both in
Vitro'9%19%31% gand jn vivo'®. Historically, the most common ways to determine
the cell transduction capacity of a molecule relied on microscopy (detection
of a fluorescently-labeled protein, immunofluorescence or
immunohistochemistry) or flow cytometry. Those methods are limited by
their reliance on the labeling of the molecule of interest, carried out either
through chemicallligation of a fluorophore or recognition by antibodies. Both
detection methods can therefore represent significant pitfalls in early drug
development when resources are scarce and the labeling of a large panel of
molecules may be particularly resource-demanding, especially in studies
relying on recombinant expression. More importantly, the apparent
intracellular localization of a molecule does not ensure its biological
activity, since the protein can still be degraded or entrapped in endosomes.
For those reasons, functional cell-based reporting assays may represent
another meaningful approach to quantify cell penetration, although they
might require significant characterization?°®2%4,

3.3. Paths and tools to better understand and optimize b-
HLH-LZ drug candidates

The flexible and cooperative nature of b-HLH-LZ proteins, their complex
mode of action, as well as their recent consideration as potential drug
candidates are all factors contributing to our lack of full understanding of
this new class of therapeutic proteins with potential in many key areas of
drug development. Yet, paths and tools to explore aspects like cell
penetration and PK can be found in the work carried out on other well-
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established classes of therapeutic proteins. This last introductive section
will be dedicated to giving an overview of the tools and concepts that served
as a base for the work presented in this doctoral thesis.

3.3.1. The use of purification tags

Purification tags are powerful tools for the purification and detection of
recombinant proteins and their number and diversity is ever-growing since
the first use of the Staphylococcal protein A as a fusion partner for
purification recombinant proteins in Uhlén et al. in 1983205207,

Among these tags, the HisTag is, without a doubt, the most commonly used
purification tag. Its sequence typically consists of a 6 to 12 histidine tandem
repetition and has strong divalent metallic ions chelating properties. This
feature is exploited in HisTag affinity chromatography, where HisTagged
proteins are captured through the interaction of their histidines residues
with Nickel ions (Ni**) or less commonly Cobalt (Co?*), Copper (Cu®) or Zinc
ions (Zn*) immobilized on the stationary phase. The HisTag presents
important advantages compared to other purification tags. First, it is
relatively short, therefore its fusion to the Omomyc or the Max* sequences
would not result in significantly larger constructs. It was also described as
having a rather neutral effect on protein structure and solubility. Moreover,
since the HisTag first description in 1988 by Hochuli and colleagues®®, a
large selection of commercially available tools and reagents for purification
and detection were developed. In fact, the two main reagents for HisTag
affinity chromatography, the resin and pure imidazole for elution, are rather
inexpensive, making them especially convenient for preparative-scale
purifications of a large variant set.

Another prominent example of affinity tag is the Streptag-ll (hereafter
mentioned as StrepTag). In contrast to the monotonous composition of the
HisTag, the StrepTag has a more equilibrated sequence and is composed of
8 amino acids: WSHPQFEK. This tag’s sequence was obtained after
optimization of a natural peptide identified in Streptomyces avidinii
displaying good affinity for the biotin-binding pocket of the streptavidin
protein?®. A mutant of streptavidin called Streptactin was developed to bind
StrepTag-Il with even better affinity?’®. Its most optimized version, the
Streptactin XT, displays nM affinity to this tag?'. Immobilized on
chromatography resin, Streptactin XT enables the efficient purification of
StrepTag fusion proteins. The Streptactin XT-StrepTag complexes can be
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disrupted by the introduction of competitive biotin. Compared to its
parental protein streptavidin, Streptactin XT has the advantage of binding
biotin in a reversible manner, allowing a possible regeneration of the resin,
after elution of the protein of interest. Moreover, the Streptag has the
advantage of including a Trp residue, which facilitates the quantification of
StrepTag fusion protein by absorbance at 280 nm.

For their small size and extensive characterization, the HisTag and the
StrepTag have the potential to be valuable tools for rapid purification and
easy detection of a panel of protein, allowing for direct comparison.

Poly-Histidine tag

Streptavidin/Strep-tag Il
interaction (PDB: 1RSU)

Figure 10, A. Interaction of NTA resin functionalized with Ni?* interacting with a poly-histidine tag.
Figure adapted from Magdeldin et al., 2012.2'2 B. X-ray crystal structure of interacting Streptavidin
(blue) with StrepTag-Il (red) (PDB: 1RSU, for original publication, refer to Schmidt et al., 1996.)>*°

3.3.2. The use of cell penetrating peptide and NLS as tags

As previously discussed, it was suggested that Omomyc may benefit from
further improvement of its intrinsic cell penetration properties. A large body
of literature has shown that this could be achieved through the fusion of the
molecule of interest to an identified cell penetrating peptide (CPP)2'3-2"7,

SynB3, Penetratin, and R9 are three short CPPs extensively described in the
literature for their intrinsic cell penetration properties. Like many other well-
described CPPs, they all share the common feature to have a sequence
enriched in basic amino acids?'®?'°, SynB3is a 10-amino acid-long truncated
version of its parent peptide SynB1 originating from the antimicrobial
peptide protegrin 12222, Like the other members of the SynB peptide family,
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SynB3 was described as a vector for both intracellular and brain delivery. In
the early 2000’s, Jamal Temsamami and his team published a series of
articles demonstrating that the SynB CPPs could be used as carrier for small
molecules, such as doxorubicin, to cross the blood brain barrier (BBB)?2%-225,
While conjugated to the endomorphin-1 peptide (EM-1) via a labile disulfide
linkage, SynB3 enabled BBB passage and intracellular delivery of an EM-1
active form, after physiological reduction of the disulfide??®. Another recent
proof of concept was published describing the fusion of SynB3 to the
polyglutamine-binding peptide 1 (or QBP1). The fusion protein was shown to
be efficiently delivered across an artificial BBB model into Huntington
protein-expressing cells, where it prevented poly-Q induced protein
aggregation?’,

Penetratin, also called pAntp-(43-58), was one of the first CPPs identified as
such??, little after the TAT peptide?®. It is a 16 amino acid peptide and was
isolated from the homeodomain of a Drosophila Antennapedia transcription
factor. Several studies demonstrated Penetratin’s ability to carry a broad
spectrum of molecules into human cells cytoplasm, including siRNA and
PNAs??, or proteins such as the Green Fluorescent Protein (GFP)?', Bovine
Serum Albumin (BSA)?*? or INF-y*3. Like SynB3, the Penetratin CPP was
shown to efficiently carry doxorubicin across the BBB2?%,

The use of polyarginine peptides, such as R9, as cell penetrating peptides
started to be formally studied in the year 2000, with a publication of Mitchell
and colleagues, from Stanford University?**. Building on research from the
previous decade that saw the identification of various CPP, the authors
hypothesized that the high cationic amino acid content of the CPP
discovered so far was the molecular base for their cell penetration abilities.
Comparison of polyhistidine (H9), polyarginine (R9) and polylysine (K9)
showed that the polyarginine peptides had indeed intrinsic cell penetration
properties, far superior that the ones displayed by H9 or K924, Since then,
polyarginine tags have been extensively studied as CPPs and conjugated to
different molecules. For instance, an early study demonstrated the capacity
of the R9-RNase A fusion protein to cross the human cells membrane?®. In
another study, R9 peptide decoration of nanoparticle enhanced drug
accumulation in tumors and permeation in metastatic lymph nodes?®.
Interestingly, the co-administration of polyarginine peptides with insulin
was shown to increase its intestinal absorption in rats?®. Of note, negatively
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charged PNAs could also be delivered intracellularly when conjugated to an
R9 tag?®,

3.3.3. Net charge modulation can affect pharmacokinetics
properties

A growing body of research in the field of monoclonal antibodies (mAb)
suggest that a modulation of their net charge at physiological pH could
significantly influences their PK, affecting factors such as systemic
exposure, clearance, and tissue distribution. By adjusting the isoelectric
point (pl) and net charge in the complementarity-determining regions
(CDRs), it was observed that increasing positive charges led to higher tissue
retention, particularly in well-perfused organs, and faster plasma
clearance. Moreover, a bell-shaped relationship was identified between
charge and clearance, with extreme charges (both negative and positive)
resulting in rapid clearance?®. This phenomenon was also shown in another
study when selecting different antibody frameworks. Variations in the pl of
therapeutic antibodies showed that higher pl values, which results from a
higher content in basic residues, led to faster clearance due to increased
catabolism in the liver and spleen40-242,

Interestingly, another study used heparin chromatography, which is
analogous to glycosaminoglycans found in tissues, as an in vitro predictor
for antibody clearance rates through pinocytosis. Indeed, the authors could
establish a correlation between heparin binding affinity and mAb clearance:
the antibodies with higher positive charges showed stronger binding to
heparin but also faster clearance from plasma?*,
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Il. Hypotheses and Objectives

The results of this thesis are divided into two different sections. In addition
to partially addressing overarching questions, each section was conceived
to pursue specific hypotheses and objectives.

General considerations:

Motivated by the therapeutic promises represented by MYC inhibition and
following the Omomyc example, several proof-of-concept b-HLH-/b-HLH-
LZ-based MYC inhibitors were described over the last decade. Yet, the most
efficient path for b-HLH-LZ drug candidate characterization and
development remains unclear. Thus, the development of a systematic
approach to efficiently evaluate the potential of a b-HLH-LZ-based MYC
inhibitor drug candidate could support and enable the discovery of a second
generation of MYC inhibitors after Omomyc.

Hypothesis:

We hypothesize that the fusion of purification tags to candidate sequences
will enable a straightforward purification and direct comparable detection
of multiple constructs. In addition, we predict that a purification tag’s
impact on a construct biological and biochemical features will be
independent of the b-HLH-LZ protein sequence.

Objectives:

- Evaluating the viability of the use of the HisTag and the StrepTag to
streamline the purification and characterization of Omomyc-derived
variants.

- Studying the impact of the HisTag and the StrepTag on Omomyc-
derived constructs’ biological and biochemical features.

- Exploring the use of relevant assays for the assessment of a peptidic
direct MYC inhibitor key biochemical and biological features.

Section 1: Modulation of the cell penetration activity and nuclear
localization of b-HLH-LZ proteins using short-stretch mutations and cell
penetration tags.

Several publications suggested that Omomyc therapeutic activity could
benefit from the improvement of its intrinsic cell penetrating properties and
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nuclear localization. Moreover, three decades of research have enabled the
discovery and thorough characterization of several short cell-penetrating
peptides and nuclear localization signal sequences.

Hypothesis:

We hypothesize that constructs resulting from the fusion of Omomyc to CPP
and short-stretch substitution to NLS will display improved intrinsic cell
penetration properties.

Objectives:

- Express and purify a panel of Omomyc-derived variants displaying
the SynB3, Penetratin or R9 sequences as an N-terminal tag.

- Investigate the impact of the CPP fusion and Omomyc sequence
short stretch mutations over a construct secondary structure, as
well as over its ability to dimerize with the MAX b-HLH-LZ domain
and to bind DNA.

- Characterize the cell penetrating properties of the purified
Omomyc-derived variant panel

Section 2: Impact of the net charge on the Omomyc-derived mini-proteins
mode of action.

A growing body of research in the field of therapeutic mAb shows that
modulation of their net charge can be a successful strategy to improve an
antibody pharmacokinetic profile in vivo. Exploring a similar strategy for the
b-HLH-LZ format will deepen our understanding of the role of the basic
amino acids (including those not involved in DNA binding) in the underlying
dynamics determining a b-HLH-LZ protein's solubility, stability and
pharmacokinetic profile.

Hypothesis

We hypothesize that the impact of net charge modulation on PK profile
observed in mAb can be recapitulated in b-HLH-LZ proteins. Moreover, we
predict that this modulation can be implemented without significantly
impairing the Omomyc charge variants’ ability to bind MYC, MAX and
cognate DNA sequences or their cell penetration properties.

Objectives

- Express and purify a panel of Omomyc charge variants
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Study the impact of net charge modulation over solubility in different
conditions

Explore the effect of basic residues mutation over structural stability
as well as binding to MYC, MAX and cognate DNA

Develop an assay for the determination of the charge variants PK
profile in vivo.
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[ll. Material and Methods

1. Bacterial transformation and protein expression

Competent E. coli BL21 (DE3) arabinose-inducible (Invitrogen®, Waltham,
U.S.A.) bacteria were thawed from a glycerol stock and left on ice for 15 min
prior to mixing with a pET3-a (Novagen) expression vector containing the
protein of interest coding sequence, in sterile conditions. All the expression
plasmids were purchased from Genscript (Genscript Biotech B.V., Rijswijk,
Netherlands). The solution was then left on ice for 30 min, before being
heated to 42 °C for 45 seconds, using a thermoblock. The cells were placed
back onice for 5 min. 500 pL of Super Optimal Broth were then added to the
mix, and was leftincubating at 37 °C, shaking at 300 rpm for 1 h. The solution
was then centrifuged for 5 min at 10,000 rpm and 450 pL of the supernatant
were discarded. The 50 pL left were re-suspended and plated on a Lysogeny
Broth (LB)-agarose plate, supplemented with carbenicillin for transformed
bacteria selection. The plates were then left overnight at 37 °C and kept
sealed at 4 °C afterwards for a maximum of 1 month.

To start bacterial pre-cultures, 500 mL of sterile LB supplemented with
carbenicillin were inoculated with a single colony of transformed E. coli. The
shake flask was left incubating overnight at 37 °C, under agitation. The next
day, bacterial culture was started by addition of 20 mL of pre-cultured
bacteria material per liter of 2x Yeast Extract Tryptone (2YT) culture medium,
supplemented with carbenicillin. The resulting mixture is left incubating at
37 °C, under 200 rpm agitation. When the ODsoo Of the solution reaches a
value greater than 0.6, the recombinant protein expression was induced
through the addition of 15 mM of arabinose in the bacteria culture medium.
Bacteria were then leftincubating overnight in the same conditions. The next
day, after approximately 14 hours of expression, the cells were collected by
centrifugation (10,000 x g for 10 min) and the cell pellet was resuspended
with 3 mL/ g of pellet of resuspension buffer (700 mM NaCl, 5 mM MgCl,, 50
mM KH:PO,, pH 7) and kept frozen until purification.
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2. Omomyc and Max* mini-proteins purification

The frozen resuspended cell paste was first thawed in a water bath at 37 °C.
The cell paste was then supplemented with 0.4% Triton X-100 and DNase |,
left 60 min at 37 °C with gentle shaking for incubation, and centrifuged at
19,000 rpm for 40 min at 4 °C. Afterward, the supernatant was collected and
diluted with two volumes of H,Odd. The Omomyc or Max* mini-protein
present in the diluted supernatant were captured by CEX, using prepacked
columns of Capto S resin (Cytiva, Marlborough, U.S.A.) operated by an Akta
pure system (Cytiva). Fractions with sufficient purity were pooled and
further purified by hydrophobic interactions chromatography (HIC). Traces
of host DNA were eliminated by anion exchange chromatography (Capto Q,
Cytiva) and traces of endotoxins were removed from the pure protein pool
using a commercial kit (QIAGEN). Finally, buffer was exchanged to 25 mM
sodium acetate, pH 4.8 (Omomyc) or 100 mM KH,PO4, 100 mM KCL, pH 4.8
(Max*), each pool was then concentrated using Amicon® centrifugal filter
(ACF) tubes with a 3 kDa molecular weight cut-off (MWCO), sterile filtered,
aliquoted and conserved at -80 °C.

3. HisTag purification

The frozen resuspended cell paste was first thawed in a water bath at 37 °C.
The cell paste was then supplemented with 0.4% Triton X-100 and DNase |
and left 60 min at 37 °C with gentle shaking for incubation. The cell paste
was then diluted 1:1 with a lysis solution (8 M urea, 20 mM imidazole) and
sonicated onice for 4 min (4 intermittent rounds of 1 min). Cells debris were
pelleted after a 20 min centrifugation at 18,000 x g, at 4°C. The supernatant
was then filtered using 0.22 um polyethersulfone (PES) filters and loaded on
prepacked HisTrap® columns (Cytiva), operated by an Akta pure system, for
capture of the protein of interest. Fractions with sufficient purity were
pooled together and concentrated using ACF tubes. Using prepacked HiTrap
Desalting columns (Cytiva), the buffer of the concentrated pool of protein
was exchanged to a storage buffer (100 mM KH,PO4, 100 mM KCl, pH 4.8).
In a final step, the desalted pool of pure protein was concentrated again,
filtered, aliquoted and conserved at -80 °C.
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4. StrepTag purification

After being thawed, the cell paste was diluted with two volumes of a lysis
buffer (2 mM EDTA, 165 mM NaH,PO,, 20 mM MgCl,, 8M urea, pH 7) and
solid urea was added to reach a final urea concentration of 8 M, together
with 0.2% of pPDADMAC flocculating agent. The solution was left agitating at
room temperature (RT, about 25 °C) for 2 h and was subsequently diluted
with 1 volume of a dilution solution (2 mM EDTA, 165 mM NaH,PO,, 20 mM
MgCl,, pH 7). The solution was then centrifuged for 30 min at 18,533 x g, at4
OC. The pellet was discarded, and the supernatant filtered with 0.22 ym PES
filters before being loaded to StrepTrap XT prepacked columns (Cytiva) for
the capture of the protein of interest. Fractions with sufficient purity were
pooled together and diluted with 1 volume of a denaturing and reducing
solution (8 M urea, 100 mM NaH;PO,4, 20 mM dithiothreitol (DTT), pH 7). The
diluted pool was then loaded in 30 kDa-MWCO ACF tubes to filter out high
molecular weight contaminants. Permeate was collected and concentrated
with 3 kDa-MWCO ACF tubes prior to final buffer exchange using prepacked
HiTrap Desalting columns (Cytiva) to 50 mM sodium acetate, pH 5 (Omomyc
variants SO, OLS, SLO, V108, V109, V110, V111 and V112) or 50 mM
NaH.PO4, pH 7 (V113). Finally, the desalted pool was concentrated again,
sterile-filtered, aliquoted and conserved at -80 °C.

5. Mini-protein solubility assay

30 mg of pure peptide samples were diluted in a denaturing buffer (8 M urea,
100 mM NaH,PO., pH 7) to a concentration of 2 g.L". The diluted solutions
were then loaded in a 50 mL Superloop® (Cytiva), integrated to an Akta pure
system, to allow precise injections of 6 mg (3 mL) into 5 HiTrap® Desalting
columns of 5 mL installed in a series. Each protein solution injection was
preceded by a column equilibration step carried out with the buffer to be
tested. Elution was allowed by injection of buffer of interest into the
columns, after each peptide injection. Injection and elution steps were
performed with a flow rate of 2.5 mL.min"", whereas the equilibration steps
were carried out with a flow rate of 5 mL.min™. Protein stocks whose buffer
was successfully exchanged were collected in a separate tube than the
protein fraction eluting with the salts of its loading buffer. Both fractions
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were then visually inspected regularly for signs of protein precipitation for 1
h following their elution.

6. Circular dichroism

All the CD data were acquired with a J-1500 CD spectrometer (JASCO,
Tokyo, Japan) equipped with a multi-cell holder and a Peltier system
coupled to a reflux water bath for temperature control. Unless indicated
otherwise, all the samples were prepared in 50 mM KH2PO4, 50 mM KCl, 2
mM tris(2-carboxyethyl)phosphine (TCEP), pH 6.7 (CD 1x buffer), and placed
in quartz cells of 1 mm optical path length for measurements. To perform
DNA binding experiments, the double-stranded canonical E-box DNA probe
was prepared by mixing equimolarly and heating the following single strand
oligonucleotides: 5-GCG CGG GCA CGT GGG CCG GGG-3' and its
complementary reverse sequence at 95 °C for 5 minutes followed by a slow
cooling to room temperature. The double stranded non-specific DNA probe
(forward sequence: 5-GCG CGG GGG ATC CGG CCG GGG-3’) was
purchased already annealed. Both DNA probes were ordered from
Integrated DNA Technologies (IDT, Coralville, U.S.A.).

Prior to analysis, oxidized Omomyc, Max* and variants stocks were
systematically diluted to an appropriate concentration and reduced by
incubation at 37 °C in the presence of 2 mM of TCEP for 2 h. For
heterodimerization assays, the reduced protein stocks were mixed 1:1 to
allow the formation of heterodimers and left incubating for 15 min at RT. For
DNA binding assays, the DNA probe was first diluted in ddH,O, mixed to the
reduced stocks of putative homodimers or heterodimers and incubated for
1 h at 37 °C prior to analysis. For the optimization path leading to the
determination of the sample preparation protocol for CD-based DNA
binding assays, please refer to section IV.1.4.

6.1. Far-UV spectrum measurement

Samples were placed at least 15 min in the temperature-regulated holder,
prior to analysis. Spectra were recorded with the following parameters: data
pitch: 1 nm, D.L.T.: 1 sec, bandwidth: 1 nm, scanning speed: 100 nm/min.
Each spectrum representation corresponds to the average of a 3-scan
accumulation.
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6.2. Thermal denaturation and protein melting temperature
determination

Following a far-ultraviolet (UV) spectrum measurement at initial
temperature, the protein unfolding was recorded following CD values at 222
nm, with a heating rate of 1 °C/min, D.I.T. of 1 sec and bandwidth of 1 nm.
Temperature control sensor was set to holder and monitor sensor to cell.

After acquisition, thermal denaturation data were formatted to be manually
fitted using the Microsoft Excel®-based solution for b-HLH-LZ thermal
denaturation data fitting, developed and kindly shared by the laboratory of
P. Lavigne®' (example shown in Figure 11). Melting temperature (Tm) was
obtained by determining the highest point of the fitted data 1° derivative.
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Figure 11, Example of manual thermal denaturation data fitting using the Excel® spreadsheet
“CD_F”. The fitting curve function was derived from the Gibbs-Helmholtz equations. Optimal fitting
curves were obtained by incremental modification and visual determination of the transition
thermodynamic parameters values. Those parameters include the denaturation enthalpy,
temperature, or difference of heat capacity resulting from the structural transition. The Tm
corresponds to the abscissa of the fitting data first derivative highest point. Back crosses:
experimental data, green line: data fitting.
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7. Cell lines and cell culture

The A549 NSCLC cell line was purchased from the American Type Culture
Collection (ATCC), the EFO-27 and A2780 ovarian cancer cell lines were
provided by the laboratory of Manel Esteller (Josep Carreras Leukaemia
Research Institute, Barcelona, Spain), the Normal Human Dermal
Fibroblast (NHDF) cell line was provided by the laboratory of Gerard Evan
(The Francis Crick Institute, London, United Kingdom) and the BZ1 mouse
fibroblast was provided by the laboratory of Bruno Amati (European Institute
of Oncology, Milan, Italy). The A549, EFO-27 and A2780 cells were grown in
Roswell Park Memorial Institute (RPMI) medium (Life Technologies,
Carlsbad, U.S.A.) supplemented with 10% fetal bovine serum (FBS) and 1%
glutamine. NHDF and BZ1 cells were grown in Dulbecco's Modified Eagle
Medium (DMEM, Life Technologies) supplemented with 10 % FBS and 1%
glutamine.

Cells were cultured in a humidified incubator set at 37 °C with 5% CO.. For
cryopreservation, 10% dimethyl sulfoxide (DMSO) was added to the
complete medium, and the cell vials were placed in a Mr. Frosty® container
(Thermo Fisher Scientific, Waltham, U.S.A.) containing isopropanol and
stored at -80°C for a minimum of 48 hours. Afterward, the vials were
transferred to liquid nitrogen storage. When thawing cells, the vials were
briefly immersed in 37° C water for 2 minutes, and the contents were then
plated in a 10 cm dish with 20mL of complete medium. The next day, the
medium containing DMSO was replaced with fresh complete medium. All
cell lines were confirmed to be mycoplasma-free.

8. Endocytosis assay

For each condition tested, 200,000 A549 cells were first seeded in a well of
a 24-well plate. One day after, the cell culture media was replaced with fresh
media supplemented with 10 yM of Omomyc, Omomyc variant or a
corresponding volume of vehicle (for non-treated, negative control cells).
Prior to treating the cells, fresh supplemented media was pre-warmed to 37
OC or kept at 4 °C for control. Accordingly, cells were incubated for 15 min
with supplemented media at 37°C or 4 °C, orfor 1 h at 37 °C. The cells were
then harshly trypsinized to detach them from the plate and digest any
protein adhered to the membrane. After a 30 min incubation at 37 °C in
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presence of concentrated trypsin, the cells were collected in round bottom
poly-propylene test tubes and maintained on ice during all the subsequent
preparative steps until analysis, unless specified otherwise. After discarding
the trypsin solution and a series of RMPI media / Phosphate-buffered Saline
(PBS) washing steps, cells were incubated in the presence of the BD
Horizon™ FVS-700 viability stain (BD Biosciences, Franklin Lakes, U.S.A.) in
obscurity for 15 min at RT, labeling the cells with compromised cell
membrane. The cells’ membrane was then blocked for 10 min with a
blocking solution (PBS, 2.5 mM EDTA, 5% (v/v) horse serum, 1% (w/v) BSA).
Cells were then fixed and permeabilized using the BD Cytofix/Cytoperm™
Fixation/Permeabilization Kit (BD Biosciences) before being incubated again
in blocking solution for 10 min, for intracellular blocking. Finally,
intracellular mini-protein was detected using either the AF488-conjugated
anti-HisTag (D3110) XP® Rabbit mAb (Cell Signaling Technology, Danvers,
U.S.A.), or a combination of anti-Omomyc primary rabbit polyclonal
antibody (pAb) and AF488-conjugated goat anti-rabbit antibody (ref.
A11008, Invitrogen®). After washing the antibody excess, the cells were
resuspended and left in PBS supplemented with sodium azide, at 4 °C and
protected from ambient light until analysis.

Flow cytometry experiments were carried out with a BD FACS Celesta flow
cytometer (BD Biosciences). Data of 10,000 events (single living cells) were
collected per tested conditions and were analyzed with the FCS Express 7
software (De Novo Software, Pasadena, U.S.A.). An example of gating that
enables the selection of single living cells is shown in Figure 12.
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Figure 12, Example of gating to isolate single living cells, treated with 10 uM of V84 for 15 min at 37
OC. Top-left, plot of the side scatter (SSC) peak area (SSC-A) (y-axis) of all events in function of
forward scatter (FSC) peak area (FSC-A) (x-axis), events corresponding to cells were selected,
filtering out cell debris, foreign particles or cells aggregates. Top-right: FSC peak height (y-axis) of
cell-corresponding events in function of their respective FSC-A (x-axis), single cell events were
gated to filter out cell doublets. Bottom-left, FV viability stain 700 fluorescence intensity (Sulfo-
Cyanine 7 emission channel, y-axis) of single cell events in function of their respective FCS-A (x-
axis), only the single cells with a fluorescence below a certain threshold were considered as living.
Bottom-right, 1D histogram of single living cell events. Cell count (y-axis) is represented in function
of AF488 fluorescence intensity (FITC emission channel, x-axis). Histogram representations were
smoothed using the FCS express integrated data smoothing tool.

9. Electro-mobility shift assay

9.1. Native gel composition

6%-acrylamide native gels were casted from a solution composed of: 50 %
TA buffer 2x (80 mM Trizma® base, 40 mM sodium acetate, pH 8), 28.9 %
H,Odd, 20 % of 30% Acrylamide/Bis Solution, 37.5:1 (Bio-Rad), 1 % of a 10
% (w/v) ammonium persulfate solution, and 0.1% N,N,N',N'-
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Tetramethylethylenediamine (TEMED), mixed in this order. Once
polymerized, the gels were stored at least 1 day at 4 °C before being used in
an EMSA. Gels were casted and run with Mini-PROTEAN® Tetra Handcast
Systems (Bio-Rad, Hercules, U.S.A.).

9.2. Samples preparation and assay conditions

Protein samples were first diluted to 12 pM (Omomyc variants) or 8 uM
(Max*) in PBS + 1 mM DTT and left at 37 °C for 2h for reduction. Reduced
Omomyc variants sample were then mixed 1:1 with reduced Max* or with
PBS + 1 mM DTT and left 15 min at RT for incubation. Homodimers and
heterodimers samples were then mixed 3:1 with a 4 yM IRDye® 700-
conjugated canonical E-Box dsDNA probes (forward: 5’-IRD700- GCG CGG
GCA CGT GGG CCG GGG-3', purchased annealed from IDT) diluted in
binding buffer 4x (80 mM Tris-HCl, 40 mM sodium acetate, 300 mM KClL, 10
mM DTT, 40 pg/mL poly dI-dC and 20% glycerol). Protein-DNA complexes
were incubated for 30 min at RT prior to loading on the gel. Meanwhile the
gels were run empty for 30 min at 100 V in TA buffer 1x, prior to loading. After
sample loading, gels were run for 40 min at 100 V and were read using an
Odyssey® imager (LI-COR Biosciences, Lincoln, U.S.A.).

10. Mini-proteins DNA-binding characterization by
Enzyme-Linked Immunosorbent Assay (ELISA)

This assay relies on the use of clear 96-well Pierce™ Streptavidin High
Binding Capacity Coated Plates (Thermo Fisher Scientific). First, the plate
was washed with a lysozyme blocking buffer (or LBB: PBS, 0.5 % w/v chicken
egg white lysozyme, 3 M urea). Biotinylated E-Box dsDNA probe (forward: 5’-
Biotin dT- GCG CGG GCA CGT GGG CCG GGG-3', purchased annealed from
IDT), diluted to 500 nM in LBB was then incubated on the plate for 3h at RT,
rocketing. After washing steps with PBS + 0.3% (v/v) Tween™20 (PBST), the
plate was then incubated with decreasing concentrations of variant (11
points, 2-fold serial dilution (500 nM to 0.5 nM homodimer)) for 2 h at RT,
rocketing. The plate was then washed with PBST and subsequently
incubated with a horseradish peroxidase (HRP) conjugated anti-StrepTag
rabbit pAb (ref. AO0875, Genscript Biotech B.V.), diluted in SuperBlock™
blocking buffer (or SBB, Thermo Fisher Scientific). Finally, after a last series
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of washing steps with SBB, HRP activity was revealed using BD OptEIA™ TMB
Substrate Reagent Set (BD Biosciences), and the reaction was killed by
addition of 100 pL of a 0.18 M H,SO, solution after 5 min. Absorbance at 450
nm was determined using a Spark® plate reader (TECAN, Mannedorf,
Switzerland).

11. Co-immunoprecipitation (co-IP)

11.1. Cell lysate preparation

NHDF cells were cultured until 70% confluency, were trypsinized to be
collected and lysed on ice for 30 min with a mild lysis buffer (HEPES 20 mM,
180 mM NaCl, 10 mM MgCl2, 0,2% NP-40, 10% Glycerol, 1 mM EDTA, 1T mM
ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA),
pH 7.4) supplemented with Halt™ Protease and Phosphatase Inhibitor
Cocktail (Thermo Fisher Scientific). The lysate was then centrifuged, and the
resulting pellet was discarded. The supernatant protein content was
quantified by DC protein assay (Bio-Rad). The lysate was then aliquoted and
frozen at -80 °C until the day of the co-IP assay.

11.2. Co-IP protocol

300 pg of total protein was used per conditions. The lysate was diluted with
1.25 volume of co-IP dilution buffer (HEPES 20 mM, 180 mM NaCl, 10 mM
MgCl2, 1 mM EDTA, 1 mM EGTA, pH 7.4) and 50 pM or 10 pM final
concentration of reduced Omomyc variant or a corresponding buffer
volume was added and incubated at 4 °C on a rotating mixer for 30 min. 7 pL
of each sample were separated and frozen for future analysis of the whole
spiked lysate. After being conditioned in co-IP dilution buffer, 20 pyL of
MagStrep® Strep-Tactin®XT (IBA Life Sciences, Gottingen, Germany) slurry
were mixed to each sample and incubated for 30 min at 4 °C. Using a
magnetic tube rack, the beads were separated from the depleted lysate
which was kept frozen until analysis. The beads were extensively washed
with PBS buffer before being incubated with a StrepTag elution buffer (100
mM NaH,PO,, 75 mM NaCl, 4M urea, 50 mM biotin, 1 mM EDTA, pH 7). The
elution fraction was kept frozen until analysis.
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11.3. Western Blot analysis

Prior to gel loading, each of the three fractions generated for each tested
condition were boiled in presence of reducing Laemmli buffer for 5 min at 95
OC. All the fractions were then loaded on NuPAGE™ precast bis-tris 12%
acrylamide gels (Invitrogen™, input: 10% of the spiked lysate, 10% of the
depleted lysate and 50% of the beads elution fraction). Gels were run for 2h
at 120 V and proteins were transferred to a PVDF membrane using the iBlot
3 Dry Blotting System (Life Technologies). The protein transfer was
confirmed after staining the membrane with Ponceau red. After washing
with PBS + 0.1% Tween and blocking with 5% milk, membranes were
incubated overnight at 4°C with a 1:1,000 diluted solution of the following
primary antibodies: Anti-pan-myc rabbit antibody [EPR18863] (ref.
ab195207, Abcam, Cambridge, United Kingdom), Anti-MAX rabbit antibody
[EPR19352] (ref. ab199489, Abcam) and NWSHPQFEK Rabbit pAb (ref.
A00626, Genscript). Membranes were washed with PBS-Tween® and
incubated for 1 hour at room temperature with a 1:5,000 diluted solution of
HRP-conjugated anti-rabbit 1gG (ref. NA934, GE Healthcare, Chicago,
U.S.A.). Membranes were washed twice with PBS-Tween and once with PBS,
and then incubated for 5 minutes with SuperSignal West™ Pico
Chemiluminescent Substrate (Thermo Fisher Scientific) before revealing.
Enhanced chemiluminescence images were acquired using iBright™ CL1500
imaging system (Thermo Fisher Scientific).

12. Cell viability and proliferation assay

1,000 EFO-27, A2780 or BZ1 cells were initially seeded in each well of a 96-
well cell culture plate. After 24 h, their respective culture media was
replaced by fresh media supplemented with 20 uM of Omomyc, variants or
a corresponding vehicle volume for control. After 5 days of treatment, 100
pL of alamarBlue™ Cell Viability Reagent (Thermo Fisher Scientific) was
added to each well. After 3 h of incubation, the fluorescence intensity at 590
nm was measured (excitation at 560 nm) using a Spark® plate reader
(TECAN).
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13. Immunofluorescence (IF)

For each tested condition, 50,000 cells were seeded in a Millicell EZ slide 8-
well glass well (Millipore, Burlington, U.S.A.). 24 h after seeding, the cell
culture media was replaced by fresh media supplemented with 20 yM of
Omomyc variants or an equivalent vehicle volume for control. After a 1-day
treatment, the supplemented media was aspirated, and the cells were
gently washed twice with PBS. A 4% perfluoroalkoxy alkane (PFA) solution in
PBS was then used to fix the cells (15 min incubation at RT, rocketing), prior
to their permeabilization with a 5 min incubation with 0.5% Triton™ X-100 in
PBS, at RT. Subsequently, cells were incubated 40 min at RT with a blocking
buffer (PBS, 2 % BSA, 0.2 % Triton™ X-100, 1% goat serum). Cells were then
exposed to a primary antibody mix composed of m2 anti-Omomyc mouse
mAb (1:100 dilution) and NWSHPQFEK Rabbit pAb (Genscript, 1:100
dilution), for 1 h at RT. Excess of antibody was washed, and cells were then
incubated for 40 min at RT with a secondary antibody mix composed as
follow: AlexaFluor 488-conjugated goat anti-rabbit 1IgG (H+L) (ref. 926-
68020, LI-COR, 1:500 dilution) and AlexaFluor 568-conjugated goat anti-
mouse IgG (H+L) (ref. A11004, Invitrogen®, 1:500 dilution). After washing of
the secondary antibody excess, the chambers were removed, and a cover
slip installed, using 4',6-diamidino-2-phenylindole (DAPI)-containing
mounting media (ProLong™ Gold antifade reagent with DAPI, Invitrogen). The
slides were left at least 24h at 4 ©°C, in the dark, prior to analysis. IF images
were acquired using a THUNDER Imaging System epi-fluorescence
microscope (Leica Microsystems, Wetzlar, Germany). Images were
analyzed and treated using the ImagelJ Fiji package.

14. Competition assay for StrepTag concentration
determination in blood-derived matrices

14.1. Blood-derived samples

All the work involving research animals was carried out strictly following all
the ethical guidelines in force for the accommodation and care of animal
used for scientific experimentation established by the Animal Research
Ethics Committee of the Vall d’Hebron Institute of Research (VHIR)?*,
following regional, national and European guidelines.
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Human blood was collected from two healthy donors by the medical team
of the Multiple Sclerosis Center of Catalonia (Cemcat). Ratblood derivatives
were obtained through donation of blood left-overs, collected intracardially,
from the Advanced Chronic Liver Disease Group (VHIR). Mice blood was
collected through intracardiac punction by our group. Blood of either origin
was collected in EDTA plasma tubes or in serum tubes and was processed
through centrifugation at 10,000 x g for 10 min at 4 °C. Supernatant
corresponding to either plasma or serum was collected and supplemented
with Omomyc variants or left untreated. All the frozen plasma or serum
samples were conserved at -80 °C until use.

14.2. Competition assay

Goat anti-rabbit IgG-coated black 96-well plates with non-proteic blocking
(Biomat Srl, Ala, Italy) were used in this assay. Plates were washed with SB
buffer, prior to incubation with a 1:1,000 dilution NWSHPQFEK Rabbit pAb
(ref. AO0626, Genscript) solution for 2 h, at RT. Meanwhile, a 70 nM GFP-
StrepTag (purchased from IBA Life Sciences) solution was prepared in PBST
and mixed 1:1 with the samples of interest, standard curve samples or
control samples. After washing off the excess of NWSHPQFEK Rabbit pAb
with PBST, the GFP-StrepTag-spiked samples were added to the plate and
incubated for 1 h at RT. Plates were then washed with PBST and 100 pL of
PBS added ineach wellfor fluorescence reading. GFP fluorescence intensity
at 535 nm (excitation at 485 nm) was determined using a Spark® plate reader
(TECAN).

For the optimization path leading to the determination of the protocol of this
assay, please refer to section IV.2.7.
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V. Results

Section 1:

Modulation of the cell penetration activity
and nuclear localization of b-HLH-LZ
proteins using short-stretch mutations and
cell penetration tags
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1.1. Design of the constructs

The work presented in this section aimed at understanding the effect of the
fusion of CPP tags and short-stretch mutations on the Omomyc main
biological features and stability.

The CPPs SynB3, Penetratin, and R9 were fused to the N-terminus of the
original Omomyc sequence, the Max* sequence and 5 distinct mutated
Omomyc sequences, namely OmoT3, OmoCrot, OmoNLS2, OmoEGFR and
OmoNLS4. In the first result part of this thesis, | will describe the impact of
the fusion of these three CPPs with the Omomyc sequence. Moreover, | will
describe their association to 5 alternative Omomyc-derived constructs,
namely OmoT3, OmoCrot, OmoEGFR, OmoNLS2 and OmoNLS4.

OmoT3 is a C-terminus truncated Omomyc-derived sequence. Its design
was, in part, motivated by the claim of Brown and colleagues that shorter
forms of Omomyc, conserving the MYC b-HLH domain but truncating its
leucine zipper, could recapitulate Omomyc activity on 2D cell
proliferation®, although intriguingly, the MYC b-HLH-LZ domain alone did
not display any cell penetrating activity when tested®**. The OmoT3 deleted
sequence corresponds to 11 amino acids or 3 complete a-helix turns,
conserving the 2 last Omomyc amino acids, including the cysteine residue.
The main goal of the OmoT3-based variants design in this study is to
challenge the hypothesis that shorter Omomyc-based sequences could
penetrate cells more easily.

OmoCrot comprises the first 7 amino acids of the Crotamine protein in its
loop. Crotamine is a cell-penetrating protein found to be one of the main
constituents of rattlesnake venom?*-2%8_ Interestingly, crotamine was found
to specifically target rapidly dividing cells®*, giving it the potential to make it
a good carrier to target tumoral cells. The additional substitution S51T
carried by the OmoCrot sequence was made to prevent this threonine
phosphorylation, since it was shown to be linked to MYC degradation™.
Finally, with the same rationale than for the OmoT3 sequence, OmoCrot C-
terminus was truncated to lose the 4 amino acids preceding the Omomyc
cysteine residue.

The OmoEGFR sequence was obtained by the fusion of Omomyc C-
terminus with an EGFR-targeting peptide sequence. This peptide was
discovered by phage display and was shown to efficiently enter A431
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squamous cell carcinoma cancer cells through EGFR interaction and
clathrin-dependent endocytosis®°,

To design OmoNLS2, a large portion of the Omomyc loop region was
substituted by a NLS sequence isolated from the SV40 large T antigen
protein. Interestingly, this lysine-rich sequence was historically the first one
to be defined as NLS by Kalderon and Colleagues in a key publication of
1984%7, OmoNLS4 displays the NLS isolated from the Oct-6 protein on its C-
terminus. In a study comparing the cellular uptake and localization of
various NLS sequences (isolated from NF-«kB, TFIIE-B, or SV-40, among
others) the Oct-6 NLS was shown to be the most efficient at penetrating the
MCF-7 breast cancer cells and was found to colocalize with both the
cytoplasm and nuclei within the cells®2.

Omomyc
TEENVKRRTHNVLERQRRNELKRSFFALRDQIPELENNEKAPKVVILKKATAYILSVQAETQKLISEIDLLRKQNEQLKHKLEQLRNSCA-------~

OmoT3

OmoCrot
TEENVKRRTHNVLERQRRNELKRSFFALRDQIPYKQSHKKAPKVVILKKASAYILSVQAETQKLISEIDLLRKQNEQLKHKLEQ====CA-------~

OmoEGFR
TEENVKRRTHNVLERQRRNELKRSFFALRDQIPELENNEKAPKVVILKKATAYILSVQAETQKLISEIDLLRKQNEQLKHKLEQLRNDSAQFWLHHCA

OmoNLS2
TEENVKRRTHNVLERQRRNELKRSFFALRDQIPKKKRKVKAPKVVILKKATAYILSVQAETQKLISEIDLLRKQNEQLKHKLEQLRNSCA--~-----~

OmoNLS4
TEENVKRRTHNVLERQRRNELKRSFFALRDQIPELENNEKAPKVVILKKATAYILSVQAETQKLISEIDLLRKQNEQLKHGRKRKKRTCA------~-~

Figure 13, alignment of the Omomyc amino acid sequence with the sequences of 5 Omomyc-
derived mini-protein: OmoT3, OmoCrot, OmoNLS2, OmoEGFR and OmoNLS4. Each respective
mutation is highlighted with colored, bold and underlined characters.

Additionally, a HisTag was added to the N-terminus of each construct to
facilitate their purification and detection for direct cell penetration
properties comparison (Figure 14). Each variant was given a unique
numerical identifier to facilitate referencing, and a specific color
designation for the representation of the corresponding results (cf. table 1).
In addition to the variants described in Figure 14, another pair of variants,
namely H8-Omo-R9 (or V90) and H8-Max*-R9 (or V91), was designed to
study the effect of the RO tag position over the variants properties by
comparing them to their respective counterparts H8-R9-Omo (V88) and H8-
R9-Max* (V89).

67



Results — Section 1
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Figure 14, From top to bottom: MYC/MAX/Omomyc b-HLH-LZ region alignment; schematic
description of the Omomyc regions and position of the variants substitutions/insertions; adapted X-
ray crystallography structure of Omomyc (burgundy) bound to an E-Box DNA sequence (pink) (PDB:
5150), the amino acids substituted in one or more Omomyc variants are colored in blue (loop) and
turquoise (C-terminus).
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This Omomyc and Max*-derived variants set was originally designed and
studied to support a patent application protecting the use of Omomyc-
derived variants®®, crucial for the IP protection of Peptomyc’s main asset
and paving the way for the design of an Omomyc-based second generation
of MYC inhibitors with improved properties. Having this large variant panel
at hand, even though incomplete for a formal, publication-aimed study,
represented a great opportunity to learn more about our main asset, and the
effect of short stretch-mutations over its main features and stability. Hence,
the characterization work presented in this thesis was carried out after the
successful filing of this patent.
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During this study, the work was divided into several steps. In order to get
familiar with HisTag affinity chromatography as well as with the effects
induced by the fusion of Omomyc with CPP sequences over stability,
although for practical reasons the whole variants set was expressed at the
same time, the variants with the simpler designs, namely V84 to V91, were
studied first.

Table 1, variants set number identifier, description sequence length (amino acids) and theoretical
average mass (Da).

Name Description Sequence length Mass (Da)
vs4 8xHis-SynB3-Omomyc 109 13286.08
V85 8xHis-SynB3-Max* 107 12978.56
V86 8xHis-Penetratin-Omomyc 113 13895.02
v87 8xHis-Penetratin-Max* 111 13587.36
Va8 8xHis-R9-Omomyc 108 13313.3
V89 8xHis-R9-Max* 106 13005.64
Vo0 8xHis-Omomyc-R9 108 13313.3
Vo1 8xHis-Max*-R9 106 13005.64
Vo3 8xHis-SynB3-OmoTl3 98 11938.64
Vo4 8xHis-Penetratin-OmoT3 102 12547.44
V95 8xHis-R9-OmoT3 97 11965.72
Vo6 8xHis-SynB3-OmoCrot 105 12844.83
V97 8xHis-Penetratin-OmoCrot 109 13453.63
Vo8 8xHis-R9-OmoCrot 104 12871.91
Va9 8xHis-SynB3-OmoEGFR 117 14321.35
V100 8xHis-Penetratin-OmoEGFR 121 14930.15
V101 8xHis-R9-OmoEGFR 116 14348.43
V102 | 8xHis-SynB3-OmoNLS2 109 13325.53
V103 | 8xHis-Penetratin-OmoNLS2 113 13934.32
V104 | 8xHis-R9-OmoNLS2 108 13352.61
V105 | 8xHis-SynB3-OmoNLS4 109 13328.36
V106 | 8xHis-Penetratin-OmoNLS4 113 13937.15
V107 | 8xHis-R9-OmoNLS4 108 13355.44
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1.2. Asimple, HisTag affinity chromatography-based
process enabled the purification of V84 to V89

Expression of the variants was obtained transforming E. coli BL21 with a
pET3a vector containing the sequence of interest, and culturing single
coloniesin LB medium supplemented with carbenicillin in shake flasks. This
process was straightforward since excellent expression levels were
obtained for almost all Omomyc variants without the need of any
optimization of the standard expression protocol (Figure 15).

Figure 15, SDS-PAGE (Coomassie blue staining) of full
protein extracts of E. coli cells after expression of their
respective variant. The bands expected to correspond
each of the protein of interest in each lane are circled in
red.

Erzearen

Interestingly, Omomyc-derived constructs seemed expressed at higher
levels than each corresponding Max* variant. Similar expression levels were
obtained for both V88 and V90, as well as for V89 and V91, suggesting that
the His-tag position did not affect their capacity to accumulate within the
cells.

After overnight expression, E. coli cells were centrifuged and resuspended
in a hypertonic buffer before being frozen at -80 °C. After being thawed, the
resuspended cell pastes were incubated with Triton 100X and DNase | at 37
OC. Cells were further lysed by going through several cycles of sonication on
ice. Lysates were then centrifuged, and the supernatant collected, and the
cells debris pellet was discarded.

A first purification attempt was carried out using the nickel-functionalized
Bio-Rad IMAC resin at small scale, using a gravity column format. In this
case, the HisTag position at the C-terminus seemed to be detrimental for
V90 and V91 extractability and affecting their purification yields. On the

70



Results — Section 1

other hand, good binding to the resin was observed for all tested variants,
since each respective flow-through fraction was depleted of the variant-
corresponding band compared to the load-in lane. However, exceptions to
this observation were noted for V84 and V90. In the case of V84, its presence
in the FT fraction is likely due to a saturation of the resin, judging by its
important concentration in the load-in fraction. As for V90, a strong band is
observed in the FT fraction while no bands can safely be attributed to this
variant in the elution fractions. These observations suggest that the
purification of this variant may have failed due to poor extractability,
solubility and/or degradation issues. Apart from the V90 construct, all
variants could be successfully purified to some extent (Figure 16). These
results proved the viability of the use of HisTag affinity chromatography for
construct purification.
vaa V85 vae va7
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Figure 16, Sodium Dodecy!l Sulfate—Polyacrylamide Gel Electrophoresis SDS-PAGE (Coomassie
blue staining) of the HisTag affinity chromatography purification fraction for variants V84 to V91. 5
fractions were collected for both the washing and elution steps: washing step fractions 1 and 5 were
loaded (leftmost and rightmost, respectively), elution fractions 1, 3 and 5 were loaded (in this
respective order, from left to right). Li: Load-in; FT: Flow-through. The V91 flow-through fraction was
lost, the washing step fraction 3 was loaded instead for this variant. The same volume of every
fraction was loaded per well, the difference of band intensity observed is therefore directly
proportional to a difference of concentration. Bands suspected to correspond to the protein of
interest are circled in red. The 4 gels presented in this Figure were all run and stained in parallel.
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Even if the gravity column format has the benefit of representing a faster
approach to purify a large number of proteins simultaneously, we decided
to move away from it and switched to HisTrap® HP prepacked columns
operated by an Akta Pure system. The reason for this choice was that,
compared to gravity columns, this system allows for a tighter control over
the purification process parameters, improving the variants-containing
elution fractions purity and optimizing the recovery yields. Indeed,
considering the high number of variants, developing an extraction and
purification protocol compatible for all constructs appeared as a necessity
to limit the time spent on troubleshooting to a minimum. Moreover, protein
stocks obtained through the same process are likely to present similar
impurities, therefore ensuring better comparability during the subsequent
characterization steps.

The use of urea was then considered to enhance the extraction step, but
also to improve the variants solubility in the conditions suitable for His-tag
affinity chromatography. Moreover, according to the manufacturer, the
HisTrap® HP columns are compatible with urea concentrations of up to 8 M.

The first V84 purification attempt demonstrated a relatively efficient binding,
even in presence of 4 M urea, but ended with a long tailing peak indicative of
a lack of solubility in the elution condition which did not include urea
initially. In subsequent purification attempts, urea was progressively
incorporated in the elution buffer until determining an optimal
concentration of 4 M, allowing for more efficient elution steps. For each
variant, the elution fractions with sufficient purity were pooled together and
concentrated using 3 kDa molecular weight cut-off (MWCQO) Amicon® Ultra
Centrifugal Filters tubes. This step, although not crucial, was carried out to
facilitate the following desalting / buffer exchange step.

Buffer was then exchanged to get rid of urea and imidazole, whose presence
is unsuitable for biophysical characterization, also to be able to store each
protein stock in conditions more adequate for long term stability. In fact, our
extensive experience with MYC, MAX and Omomyc-derived variants has
shown that those proteins all exhibit optimal solubility in acidic buffers. In
addition, in prevision of the following characterization experiments, the
elution buffer was exchanged for a storage buffer (100 mM monobasic
potassium phosphate, 100 mM potassium chloride, pH 4.3), compatible
with the subsequent characterization by circular dichroism. This buffer
exchange step from a neutral pH buffer to an acidic buffer also has the
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advantage of eliminating an important part of residual host DNA
contamination, highlighted by an improvement of the Axs/Azso ratio of the
purified protein pools.

Eventually, the variants V84 to V91 could be successfully expressed and
purified following the workflow recapitulated in Figure 17D. However, yields
obtained for variants V90 and V91 were very low, originating from much
poorer extraction efficiency when compared to the other 6 constructs. Since
the variants V90 and V91 did not seem to hold any advantage compared to
their V88 and V89 counterparts, they were discontinued at this stage and
were not further studied.
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Figure 17, Representative example of the purification steps monitoring results obtained with V86.
(A) Chromatogram of the HisTag affinity chromatography capture step. Absorbance at 280 nm is
represented in blue, conductivity in brown, pH in pink and the proportion of elution buffer in the
mobile phase in green. (B) Chromatogram of a buffer exchange step from the capture step elution
buffer to storage buffer (100 mM monobasic potassium phosphate, 100 mM potassium chloride,
pH 4.8). (C) SDS-PAGE (Coomassie blue staining) of the chromatography capture step fractions.
(D) Variants downstream processing workflow.
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1.3. CPP-Omomyc fusion proteins have comparable
secondary structures and retain the ability to bind
Max*, but show signs of impaired DNA binding by CD

Circular dichroism (CD) was used to study the effect of the fusion of the
different CPP tags with Omomyc or Max* on their secondary structure and
Tm. All 6 constructs spectra displayed negative bands at 208 nm and 222
nm, sign of a rich a-helix content, similarly to their respective parent
peptide. Interestingly, while the Omomyc variants presented a similar Tm
than the one of Omomyc, the Max* variants displayed a slightly higher Tm
than their parental sequence. Overall, though, these results show that the
addition of none of the studied CPP tags has a dramatic effect on the
secondary structure or Tm of the Omomyc or Max* b-HLH-LZ (Figure 18).
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Figure 18, Overlay of the far-UV CD spectra at 20 °C (A) and thermal denaturation by CD at 222 nm
(B) of Omomyc (black), Max* (grey) and the variants V84 (dark green), V85 (purple), V86 (green), V87
(magenta), V88 (light green) and V89 (pink) at 16 uM in CD buffer.

CD was also used to control whether the Omomyc variants’ ability to form
heterodimers with the Max b-HLH-LZ was conserved (Figure 19). In these
experiments, the curve obtained for the Max b-HLH-LZ - here represented
by the Max* construct - is arithmetically summed to the curve obtained for
Omomyc and Omomyc variants. This arithmetic sum can then be compared
to an experimental sum curve obtained by performing the measurements of
samples containing both proteins. An overlap of both curves would be either
indicative that both proteins do not interact with each other or that their
interaction does not induce any change in secondary structure or thermal
stability.
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CD spectra of Omomyc, V84, V86 and V88 in the presence of Max* show only
a modest increase of molar ellipticy, when compared to their respective
arithmetic sum curve, at 5 °C. In contrast, a more pronounced difference
was observed during thermal denaturation of the putative heterodimers. In
fact, the characteristic Max* transition visible between 15 °C to 35 °C is
attenuated in each of the experimental sum data sets suggesting that the
formation of putative heterodimers has a stabilizing effect on the Max*
secondary structure. Despite non-optimal concentration conditions (in
these experiments, 3 pM of either Omomyc or Omomyc variants were
incubated with 8 puM of Max*), the CD results show convincing signs of
heterodimeriation between Omomyc or Omomyc variants with the Max b-
HLH-LZ. Moreover, unshown repetition of this experiment, carried outin the
presence of a slight relative molar excess of the Omomyc variants, showed
an even clearer disappearance of the Max* transition from each respective
thermal denaturation curve. These results indicate that the Max*-
corresponding transition disapearance is variant-concentration dependent
and therefore most likely relates to Max* heterodimerization state. Since
very similar results were obtained for all the Omomyc-related constructs
during this experimental set, it was concluded that none of the CPP tag
interfered significantly with the Omomyc variants ability to heterodimerize
with Max.

The final step of this preliminary characterization aimed to understand the
effects of the CPP tags on DNA binding. CD was once again used, following
the same experimental rationale than for the Max-binding experiments.
When bound to DNA, the helical secondary structure of b-HLH-LZ proteins
such as Max* or Omomyc, is typically stabilized. This phenomenon,
presentated in Figure 20A-B, can be seen in both the far-UV CD spectum in
the shape of an amplification of the a-helix-corresponding minima at 208
nm and 222 nm, as well as in thermal denaturation experiments, during
which significant increases in Tm (from 10 to 25 °C) are observed. In this
context, results obtained for the variants V84 to V89 suggest that DNA
binding has a different effect on their structure compared to their parent
peptide. Indeed, as presented in Figure 20C, the spectra shape at 10 °C in
the presence of DNA illustrates a destabilization of the helitpicity of all
variants. Complex thermal denaturation curves observed for all variants are
indicative of multiple transitions in secondary structure as a result of
solution heating. These data, together with an overall reduction of signal
monitored by an increase of the photomultiplicator (PMT) voltage, suggest
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thatthe presence of DNA induced the precipitation of all Omomyc and Max*
derived variants. Hence, considering that all His-Tag and CPP-tag bearing
variants seem to display significant precipitation in the presence of DNA, it
was unclear at this stage whether the precipitation was induced by either
one of the tags or both of them. Of course, non-specific interactions
between positively charged CPP-tags and negatively charged DNA could
explain a certain aggregation leading to precipitation of the complexes.
However, the role of the His-tag present on the N-terminus of each variant
could not be discarded either, since histidine is known to play an important
role in protein-DNA interactions®®. As a consequence, the characterization
of the Max*-derived variants was deprioritized at this point, and they were
therefore not further studied, while we decided to continue only with the
characterization of the Omomyc variants.

In order to individually characterize the effects of the His-tag on the
Omomyc structure and on its interaction with DNA, we generated the His-
Tag-Omomyc construct (or H8-Omo), an Omomyc derived fusion protein
harboring an 8xHis-Tag at its N-terminus. Comparing H8-Omo to the
Omomyc-derived variants would also allow us to clarify the individual role
of each tag during variant-DNA aggregation events.
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Figure 19, (A) Overlay of far-UV CD spectra and (B) thermal denaturation curves of Omomyc (3 uM,
black), Max* (8 uM, grey), a mix of Omomyc (3 uM) and Max* (8 uM, red) and the arithmetic sum of
the black and grey curves (blue). (C) Overlay of far-UV CD spectra and (D) thermal denaturation
curves of V84 (3 uM, dark green), Max* (8 uM, grey), a mix of V84 (3 uM) and Max* (8 uM, red) and
the arithmetic sum of the black and grey curves (blue). (E) Overlay of far-UV CD spectra and (F)
thermal denaturation curves of V86 (3 uM, green), Max* (8 uM, grey), a mix of V86 (3 uM) and Max*
(8 UM, red) and the arithmetic sum of the black and grey curves (blue). (G) Overlay of far-UV CD
spectra and (H) thermal denaturation curves of V88 (3 uM, light green), Max* (8 uM, grey), a mix of
V88 (3 uM) and Max* (8 uM, red) and the arithmetic sum of the black and grey curves (blue) in the
presence of 50 mM potassium phosphate, 50 mM potassium chloride, 2 mM TCEP, pH 6.7.
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Figure 20, Overlay of (A) far-UV CD spectra and (B) thermal denaturation curves of Omomyc
(black), Omomyc in presence of an E-Box containing DNA sequence (black dashed line / white
rounded dot), V88 (light green) and V88 in presence of an E-Box containing DNA sequence (green
dashed line / green rounded dots). Overlay of (C) far-UV CD spectra and (D) thermal denaturation
curves of Omomyc (black) and the Omomyc-derived variants V84 (dark green), V86 (green), V88
(light green) in presence of an E-Box containing DNA sequence. Overlay of (E) far-UV CD spectra
and (F) thermal denaturation curves of Max* (grey) and the Max*-derived variants V85 (purple), V87
(magenta), V89 (pink) in presence of an E-Box containing DNA sequence (8 uM). All experiments
were carried out in CD buffer (50 mM KCl, 2 mM TCEP, 50 mM potassium phosphate, pH 6,7), in
presence of 16 M Omomyc or Max*-derived variants and 8 uM of DNA probe, when applicable.
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1.4. Boththe HisTag and CPPs tag impair the variants DNA
binding ability

Thanks to our previous experience with the other variants, the expression
and purification of H8-Omo was straightforward and about 100 mg of pure
protein could be obtained at the first attempt, following the same expression
and purification protocol that were used for the obtention of the V84 to V89
variants.

By CD, almost identical spectra and thermal denaturation curves were
obtained for both H8-Omo and Omomyc (Figure 21A-B). Our results show
that the His-tag in the H8-Omo protein has little to no effect on the
secondary structure of the rest of the construct or its thermal stability. They
also indicate that the HisTag in H8-Omo has a similar propensity to form a-
helices as the Omomyc sequence. Moreover, the Max*-corresponding
transition disappearance from the H8-Omo + Max* denaturation curve
presented in Figure 21C suggests that H8-Omo retains the ability to bind the
Max b-HLH-LZ, as expected.

Wavelength (nm) B Temperature (°C) c Temperature (°C)
200 210 220 230 240 250 20 30 40 50 60 70 80 90 s 15 25 35 45 55 65 75 85
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e 8

2000 5 Pad
so00 \ pe

—=—HE-Omo alone « H8-Omo « H8-Omo + Max*

Figure 21, A. Overlay of the far-UV CD spectra of H8-Omo (red) and Omomyc (black), at 20 °C; B.
Overlay of the thermal denaturation curves of H8-Omo (red) and Omomyc (black) followed by CD
at 222 nm. C. Overlay of the thermal denaturation curves of H8-Omo (black), Max* (gray), the
arithmetic sum of the black and gray curves (blue), the experimental sum of H8-Omo and Max* (red)
followed by CD at 222 nm. All the data sets presented in this Figure were obtained in CD1x buffer,
in presence of 16 yM H8-Omo, 16 uM Omomyc, and 8 UM Max* when applicable.

Perhaps surprisingly, though, a significant loss of ellipticity was observed at
10 °C when H8-Omo was placed in the presence of either an E-Box-
containing double stranded DNA sequence (referred to as E-Box DNA probe)
or anon-specific DNA sequence probe, in the usual CD buffer conditions (or
CD1x: 50 mM potassium phosphate, 50 mM potassium chloride, 2 mM
TCEP, pH 6.7). In fact, thermal denaturation of H8-Omo in the presence of
either DNA seems to depict a certain refolding occurring in the first place,
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reaching a minimal CDa2nm value at 40 °C in both cases. Interestingly, this
putative refolding seems deeper in the presence of a canonical E-Box
sequence than in the presence of the non-specific sequence (Figure 22B).
These unusual denaturation curves, contrasting with the results typically
obtained with Omomyc, share a strong resemblance to the denaturation
curves obtained in the same conditions with the Omomyc variants V84, V86
and V88, depicted in Figure 20D. These observations led us to believe that
the His-tag was at least partially responsible for the complex structural
events that were observed with these variants in the presence of DNA, and
thatthe experimental conditions used so far in allCD experiments would not
be adequate to study the effect of Omomyc sequence mutations on DNA
binding. Efforts were then dedicated to screening for conditions that could
prevent non-specific HisTag / DNA interactions.

Since elevated temperatures seemed to allow for a certain refolding, the
impact of the starting temperature on secondary structure was explored, as
well as the effect of a short pre-incubation at 35 ©C. In the results depicted
in Figure 22C, samples of H8-Omo in the presence of DNA were first cooled
to 20 ©°C, instead of 10 °C as done previously. Incubation of 5 min at 35°C
led to a deepening of the 208 nm and 222 nm minima. Spectrum recorded
after the subsequent cooling to 20 °C showed a similar behavior as at 35 °C,
revealing a higher a-helix content than during the first read at 20 °C. The
thermal denaturation curve obtained from this sample showed decreasing
CD values at 222 nm from 20 °C to 40 °C, reminiscent of the refolding
observed in the previous experiment, but occurring to a lesser magnitude.
Above 40 °C, the denaturation curves of both Omomyc and H8-Omo in the
presence of the E-Box DNA probe were found to be quite similar to each
other, showing in both cases a more cooperative transition with a Tm higher
than the one observed for each respective protein alone. It could also be
noted that, in the presence of DNA, both proteins show an apparent lower
residual ellipticity than when they are denatured in the absence of DNA. This
result is likely to be explained by the tendency of Omomyc and H8-Omo to
precipitate when being thermally denatured in the presence of DNA, since
large amorphous aggregates are visible in the samples cuvette after
denaturation.
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Figure 22, A. Overlay of the far-UV CD spectra of H8-Omo (black continuous line), H8-Omo in
presence of an E-Box-containing DNA sequence (dark gray continuous line), H8-Omo in presence
of a non-specific DNA sequence (light gray continuous line), the E-Box containing DNA sequence
(dark gray dotted line) and a non-specific DNA sequence (light gray dotted line). All those spectra
were recorded at 10 °C, B. Overlay of the thermal denaturation curves of H8-Omo (black dots), H8-
Omo in presence of an E-box-containing DNA sequence (circled dark gray dots) and H8-Omo in
presence of a non-specific DNA sequence (circled light gray dots). C. Overlay of far-UV CD spectra
of the same sample of H8-Omo in presence of the E-Box DNA probe at 20 °C before incubation at
35 OC (light blue), after 5 min at 35 °C (red) and at 20 °C after the incubation at 35 °C (dark blue),
each sample were maintained 5 min at the specified temperature before recording. D. Overlay of
thermal denaturation curves monitored by CD at 222 nm of Omomyc (black), Omomyc in presence
of the E-Box DNA probe (grey), H8-Omo (red) and H8-Omo in presence of the E-Box DNA probe. All
results presented in this Figure were obtained in CD1x buffer, in presence of 16 uM of Omomyc or
H8-Omo, 8 uM of DNA probe, when applicable.
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Since those experiments were carried out at a pH close enough to the
histidine side chain theoretical pKa (~ 6.8)%%4, the H8-Omo His-tag would be
expected to be positively charged in the chosen experimental conditions. To
test whether unspecific electrostatic interactions between the His-tag and
DNA could be at the origin of the structural events observed below 40 °C, we
studied the effect of increased potassium phosphate and potassium
chloride concentrations upon H8-Omo DNA binding.

In the next experimental set, H8-Omo thermal stability was studied in two
additional buffer conditions: in the presence of 125 mM potassium
phosphate and 125 mM potassium chloride (or CD2.5x) and in the presence
of 200 mM potassium phosphate, 200 mM potassium chloride (or CD4x)
(Figure 23). ApH of 6.7 and 2 mM of TCEP to ensure a reductive environment
were maintained in all three buffer conditions. At 20 °C, H8-Omo ellipticity
was found to be unaffected by the increases in phosphate and potassium
chloride concentration. In contrast, its thermal stability seemed to correlate
with the CD buffer concentration. In fact, compared to the Tm obtained for
H8-Omo in CD1x, the protein Tm was found to be 4.3 °C higher in CD2.5x
and 5.3 °C in CD4x. In the presence of the E-Box DNA probe, the H8-Omo
refolding events observable in CD1x below 40 °C was no longer visible at
increased salts concentrations. Interestingly, the thermal denaturation
curves of H8-Omo in the presence of DNA in CD2.5x and CD4x were found
to be almostidentical (Figure 22B).
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Figure 23, Overlay of the thermal denaturation curves of H8-Omo A. alone and B. in the presence
of the E-Box DNA probe in different buffer concentration: 50 mM potassium phosphate, 50 mM
potassium chloride, 2 mM TCEP, pH 6,7 (or CD1x, red); 125 mM potassium phosphate, 125 mM
potassium chloride, 2 mM TCEP, pH 6,7 (or CD2.5x, yellow); 200 mM potassium phosphate, 200
mM potassium chloride, 2 mM TCEP, pH 6,7 (or CD4x, blue). All the data sets presented in this
Figure were recorded in presence of 16 uM of H8-Omo and 8 uM of DNA probe when applicable. C.
Table summarizing the melting temperature of H8-Omo in the different presented conditions. *This
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Tm could not be determined due to an incapacity to achieve a satisfactory fitting of the
corresponding thermal denaturation curve.

Furthermore, a strong resemblance was found between the denaturation
curves of Omomyc and H8-Omo in CD2.5x either in the absence or in the
presence of the E-Box DNA probe, displaying transitions of very similar
cooperativity and Tm. In contrast, when exposed to the non-specific DNA
probe, H8-Omo exhibited a thermal denaturation that was slightly more
cooperative and had a lower Tm compared to Omomyc (Figure 24).
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Figure 24, Overlay of the thermal denaturation curves followed by CD at 222 nm of Omomyc (black)
and H8-Omo (red) in: A. the absence of DNA; B. the presence of the E-Box DNA probe; C. the
presence of the non-specific DNA probe. All the data sets presented in this Figure were recorded in
CD2.5x buffer, and in the presence of 16 M of Omomyc or H8-Omo and 12 uM of DNA probe when
applicable.

While this high phosphates / high salt concentrations conditions seemed
sufficient to prevent most of the His-tag non-specific interactions with DNA,
new characterization of the Omomyc variants V84 and V86 in CD2.5x buffer
in the presence of the E-Box DNA probe showed similar CD spectra at 20 °C
than the ones obtained previously in CD1x buffer (Figure 25), suggesting that
both the SynB3 and the Penetratin tag interfere with the specific union of the
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Omomyc basic region and DNA. The secondary structure of the two variants
was then followed through successive far-UV CD spectra recording at
increasing temperatures between 20 °C to 55 °C degrees, with one scan
carried out every 5 °C after a 2-min temperature stabilization. In the case of
V84, a negative band at 227 nm is visible at 20 °C, violet-shifting as the
temperature increases, reaching 222 nm at 40 °C. Concurrently, a negative
band at 208 nm becomes apparent at the same temperature intervals,
reaching its minimum (or maximum intensity) at 40 °C, forming a typical a-
helix spectrum together with the band at 222 nm. Beyond 45 °C, the spectra
of V84 indicate a progressive decline in a-helix content alongside an
increase in random coil content, as evidenced by a reduction of CD signal at
both 208 nm and 222 nm, a decreasing CD222nm/CD2osnm ratio, and decreasing
CD values at 200 nm. Although displaying a seemingly higher a-helix content
than V84 at 20 °C, V86 thermal denaturation resulted in a spectral shift
between 20 °C and 40 °C similar to the shift previously described for V84
(Figure 25C-D).
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Figure 25, A-B. Overlay of the far-UV CD spectra of Omomyc (black), H8-Omo (red), V84 (dark
green) and V86 (green): A. in the absence of DNA, and B. in the presence of the E-Box DNA probe at
20 °C. C-D. Overlay of the far-UV CD spectra of /84 (C) and V86 (D) in the presence of the E-Box
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DNA probe recorded at increasing temperatures from 20 °C (blue) to 55 °C (yellow). All the data
sets presented in this Figure were recorded in CD2.5x buffer, and in the presence of 16 uM of
Omomyc, H8-Omo, V84 or V86 and 12 uM of DNA probe when applicable.

Since all previous results suggested that incubation at elevated
temperature may help to limit non-specific tags-DNA interactions, the effect
of along incubation at 37 °C of V84/V86-DNA samples prior to analysis was
studied. Figure 26A highlights the effect of such incubation on the secondary
structure of those variants in the presence of the E-Box DNA probe. At 25 °C,
samples that were incubated at 37 °C prior to their analysis (referred to as
incubated samples) showed a much higher helical content than the
samples that were left incubating at room temperature (referred as non-
incubated samples). In those conditions, the thermal denaturation curves
of V84 and V86 in the absence of DNA showed similar mean residual
ellipticity (MRE) at 222 nm and at 25 °C than H8-Omo and seemingly
identical Tm. In the presence of the E-Box DNA probe, V84 and V86 showed
slightly lower MRE at 222 nm at 25 °C compared to H8-Omo. However, they
displayed very similar Tm values and exhibited no apparent refolding
between 25 °C and 40 °C. Those results show that these specific
experimental conditions enabled to study the DNA-binding abilities of V84
and V86, while preventing most of complex structural events caused by the
His-tag, SynB3 tag, and Penetratin tag non-specific DNA interactions. In
other words, considering that in those conditions H8-Omo, V84 and V86
gave very similar results in the presence of DNA, the tags effect can be
neglected compared to the importance of the rest of the sequence. This
experimental process, summarized in Figure 26D, can therefore be used to
study the effects of the short stretch mutations introduced within the
Omomyc sequence to design the variants V93 to V107.
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Figure 26, A. Overlay of the far-UV CD spectra at 25 °C of V84 (dark green) and V86 (green) in the
presence of the E-Box DNA probe, without prior incubation at elevated temperature (dotted lines);
and analyzed after incubation of 1h at 37 °C (continuous lines). B-C: Overlay of the thermal
denaturation curves of H8-Omo (black), V84 (dark green) and /86 (green): B. in the absence of DNA,
and C. in the presence of the E-Box DNA probe, after incubation for 1h at 37 °C. All data set
presented in this Figure panel were recorded in CD2.5x buffer, in the presence of 16 uM of H8-Omo,
V84 or V86 and 12 uM of DNA probe when applicable. D. Workflow chart of the optimized sample
preparation for CD analysis of protein-DNA interaction.

1.5. The R9tag and Omomyc LZ truncation affect solubility
and stability

All tested E. coli colonies transformed with the variants V93- or V94-
expressing plasmids displayed poor expression levels. This significantly
limited the amount of each protein that could be recovered after the
purification capture step. Indeed, for both constructs, the recovered protein
amounts after capture were too little to consider further characterization.
For this reason, and since poor expression often correlates with poor
stability, these variants were discontinued and not further studied.
Interestingly, colonies expressing V95, displaying the same truncated
Omomyc moiety as V93 and V94, showed instead good expression levels,
and satisfactory expression levels were obtained for the rest of the variant
set too (Figure 27).
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Figure 27, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of full protein
extracts of transformed E. coli cells, collected and lysed after induction of the expression of each
respective variant (V93 to V107). The bands expected to correspond to the protein of interestin each
lane are circled in red. Both gels presented in this Figure were run and stained in parallel and in the
same conditions.

When ran on an SDS-PAGE, the R9-displaying variants consistently
appeared as long bands, migrating to distances corresponding to
significantly higher molecular weight than their respective theoretical size
spanning from 12 to 15 kDa. This unusual migration pattern was particularly
observed when concentrated solutions were loaded for analysis, and the
length of the band was proportional to the loaded amount of R9-variant.

The R9-variant family showed an overall reduced solubility while compared
to their respective SynB3 or Penetratin-conjugated counterparts. This low
solubility was observed at both pH 8, since a long peak tail was observed
during their elution after capture, even in presence of 4 M urea, and at acid
pH, in potassium phosphate-based storage buffer in which most R9-
variants could not be concentrated to satisfactory levels. Similar
observations were made for the variant V106 (H8-Penet-OmoNLS4), which
displayed a limiting solubility of about 25 uM in storage buffer. For this
reason, all R9-conjugated variants and V106 were excluded from
subsequent studies (the status of all the variants at this point of the project
is recapitulated in Table 2).

Using the previously described purification process, variants V96, V97, V99,
V100, V102, V103 and V105 could be successfully purified, buffer
exchanged and concentrated to concentrations over 100 uM. Since signs of
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degradation were observed in both V84 and V86 variants stocks, new
batches of both variants were produced at the same time. A representative
example of key V99 purification and quality control steps adopted are
represented in Figure 28.

Table 2, Status of each Omomyc-derived variants after purification and concentration attempts.

Name Description Status

H8-Omo | 8xHis-Omomyc Purified / concentrated
va4 8xHis-SynB3-Omomyc Purified / concentrated
V86 8xHis-Penetratin-Omomyc Purified / concentrated
vas 8xHis-R9-Omomyc Discontinued
Vo3 8xHis-SynB3-T30mo Discontinued - Very poor expression levels
Vo4 8xHis-Penetratin-T30mo Discontinued - Very poor expression levels
Vo5 8xHis-R9-T30mo Discontinued - Poor solubility
Vo6 8xHis-SynB3-OmoCrot Purified / concentrated
vo7 8xHis-Penetratin-OmoCrot Purified / concentrated
ves 8xHis-R9-OmoCrot Discontinued - Poor solubility
Va9 8xHis-SynB3-OmoEGFR Purified / concentrated
V100 8xHis-Penetratin-OmoEGFR Purified / concentrated
V101 8xHis-R9-OmoEGFR Discontinued - Poor solubility
V102 8xHis-SynB3-OmoNLS2 Purified / concentrated
V103 8xHis-Penetratin-OmoNLS2 Purified / concentrated
V104 8xHis-R9-OmoNLS2 Discontinued - Poor solubility
V105 8xHis-SynB3-OmoNLS4 Purified / concentrated
V106 8xHis-Penetratin-OmoNLS4 Discontinued - Poor solubility
V107 8xHis-R9-OmoNLS4 Discontinued - Poor solubility
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Figure 28, A. Capture step chromatogram of variant V99 (absorbance at 280 nm: blue, conductivity:
brown, pressure: orange, proportion of elution in buffer in mobile phase: green); B. SDS-PAGE in
reducing conditions of the V99 capture step chromatography main fractions; C. Matrix-Assisted
Laser Desorption/lonization mass spectrometry (MALDI-TOF) results of the V99 pure fractions after
buffer exchange, concentration and final filtration.
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1.6. Short stretch mutations may strongly affect Omomyc
structure and its ability to bind DNA and MAX

CD was used to study the effect of the various mutations on the CPP-fused
variants secondary structure. Far-UV CD spectra recorded at 25 °C showed
that all variants had reduced ellipticity compared to their respective parent
peptides, V84 or V86. More in detail, despite suggesting a certain a-helix
content, the spectra of the loop-mutated variants show a particularly higher
random coil content, highlighted by a violet shift of their respective 208 nm
negative band to 206 nm and 205 nm for V102/V103 and V96/V97,
respectively.
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Figure 29, A-B: Far-UV CD spectra at 25 °C of (A) the SynB3-tagged variants and (B) Penetratin-
tagged variants with H8-Omo. C-G: Overlay of the thermal denaturation curves, followed by CD at
222 nm of (C) V84 and V86, (D) the “Crot” variants: V96 and V97, (E) the “EGFR-targeting”: variants
V99 and V100, (F) the “NLS2” variants: V102 and V103, and (G) the “NLS4” variant: V105. All data
set presented in this Figure were obtained in presence of 16 uM of each respective construct diluted
in CD1x buffer.
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In this dataset, the thermal denaturation of V84 and V86 were apparently
composed of two overlapping transitions with Tm of about 42°C for the first
one, and 59 °C for the second. This two-transitions thermal denaturation
was also visible in the H8-Omo curve, yet they were too overlapping for
accurate independent Tm determination and were therefore considered as
a single one. The presence of two transitions could suggest the independent
denaturation of the basic region, followed by denaturation of the LZ at higher
temperatures.

Thermal denaturation analysis of the variant set by CD at 222 nm highlighted
a significant reduction of Tm in variants V96, V97 and V105, while the other
variants conserved a Tm very similar to the one observed for their parent
peptide (Figure 29, Table 3). The OmoCrot-derived variants displayed a
particularly reduced Tm (lower than 25 °C in both cases), which is probably
caused by their LZ truncation, considering that OmoNLS2 variants, that also
display a basic amino acid-rich loop region, conserved a Tm similar to H8-
Omo.

Once again, pairs of identical sequences fused to either the SynB3 or
Penetratin CPP tag exhibited remarkably similar secondary structure
content and stability. These observations further reinforce the hypothesis
that both tags have little effect over the structure of Omomyc-derived
variants.

Table 3, Descriptive name, mutation position, and melting temperature in CD1x for each Omomyc-
derived variant characterized. *The lack of lower plateau at 5 °C did not enable an accurate
determination of the melting temperature for these variants.

Name Description Mutation Position Tmin CD1x
H8-Omo | 8xHis-Omomyc - 53.3°C
ved 8xHis-SynB3-Omomyc - 42,8°C /59.7 °C
Vv8e 8xHis-Penetratin-Omomyc - 41,9°C/58.5 °C
Vo6 8xHis-SynB3-OmoCrot Loop substitution / C-terminus truncation <25 °C*
Vo7 8xHis-Penetratin-OmoCrot Loop substitution / C-terminus truncation <25 °C*
Vo9 8xHis-SynB3-OmoEGFR C-terminus end substitution / elongation 53.1°C
V100 8xHis-Penetratin-OmoEGFR C-terminus end substitution / elongation 55.2°C
V102 8xHis-SynB3-OmoNLS2 Loop substitution 51.7 °C
V103 8xHis-Penetratin-OmoNLS2 Loop substitution 50.5 °C
V105 8xHis-SynB3-OmoNLS4 C-terminus end substitution 31.5°C

The next experimental set focused on determining whether those variants
conserved the ability to bind the Max b-HLH-LZ region, following the same
experimental strategy previously used for V84, V86 and H8-Omo
characterization (Figure 30). Among all the studied variants, the EGFR-
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targeting variants exhibited the most stabilizing effect on the Max*
secondary structure: comparison between the arithmetic and experimental
sum curves shows a complete shift of the Max-corresponding transition.

Results obtained with the NLS2 variants suggest incomplete
heterodimerization, as the Max-corresponding transition remains visible in
the experimental sum curves obtained with these variants. Another possible
explanation is that the heterodimer formation has only a minimal stabilizing
effect on the Max* melting temperature.

The interaction between V105 and Max* appears to resultin a slightincrease
in Max* stability.

The arithmetic and experimental sums obtained for each respective “Crot”
variant largely overlapped, indicating that these variants have likely lost their
ability to bind the Max* protein efficiently.

Finally, the binding capacity of these variants to the E-Box and a non-
specific DNA probe was studied under optimized conditions previously
determined with H8-Omo (Figure 31). The behavior of the variants in the
presence of DNA appeared to be influenced differently depending on the site
of their respective mutations. As described earlier, binding of variants V84
and V86 to the E-Box DNA probe has a stabilizing effect on their melting
temperature. Interestingly, interactions with the non-specific DNA probe
seem to have the opposite effect, destabilizing the melting temperature and
secondary structure of both variants at room temperature. Loop-mutated
variants were observed to precipitate heavily in the presence of both DNA
probes. Similarly, aggregation of the C-terminus-mutated variants occurred
with both DNA probes, but the presence of the canonical E-Box sequence
seemed to allow partial refolding, whereas no such refolding was observed
with the non-specific probe. In the presence of the E-Box, an initial transition
from 40 °C to 50 °C toward more negative CD values at 222 nm was
observed, followed by a second transition to a denatured state ending at
about 60 °C for V105 and 65 °C for V99 and V100.
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Figure 30, Overlays of the thermal denaturation of Max* (grey) with (A) V96 (red) and the
experimental mix of V96 and Max* (dark red), (B) V97 (light red) and the experimental mix of V97 and
Max* (red), (C) V99 (blue) and the experimental mix of V99 and Max* (navy blue), (D) V100 (light
blue) and the experimental mix of V100 and Max* (electric blue), (E) V102 (gold yellow) and the
experimental mix of V102 and Max* (orange), (F) V103 (yellow) and the experimental mix of V103
and Max* (dark yellow), (G) V105 (brown) and the experimental mix of V105 and Max* (dark brown),
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together with the arithmetic sum of the Max* and each respective variant thermal denaturation curve
(black-circled white dot). All data set presented in this Figure were obtained in presence of 16 uM
of variant, and 8 uM of Max* diluted in CD1x buffer.
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Figure 31, Thermal denaturation curves of Omomyc-derived variants in the presence or absence of
DNA, overlaid with the curves obtained for Omomyc and H8-Omo under the same conditions to
facilitate comparison. Top row, variants in the absence of DNA; Middle row, variants in the presence
of the E-Box DNA probe; Bottom row, variants in the presence of the non-specific DNA probe; Left
column, data sets obtained with the variants V84 (green) and V86 (light green); Center column, data
sets obtained with the loop-mutated variants (V96: red, V97: light red, V102: gold yellow, V103:
yellow); Right column data sets obtained with the C-terminus-mutated variants (V99: blue, V100:
light blue, V105: brown). All data were obtained following the protocol summarized in Figure 26D,
in presence of 16 uM of variant and 12 uM DNA probe, when applicable, in CD2.5x buffer.
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1.7. Allvariants display the capacity to penetrate cells
through ATP-dependent routes and the CPP might
affect their cell penetration kinetics

To study whether the cell penetration tags and mutations could affect the
intracellular localization of the variants, anti-HisTag immunofluorescence
was performed on A549 non-small cell lung cancer cells after treatment
with 10 pM of Omomyc-derived variants for 4h. While results indicated that
all variants could penetrate the cells, they were mainly located in the
cytoplasm (Figure 32). Precipitation patches were also observed for all
variants, indicating their limited solubility in cell culture media.

In any case, these results did not clarify whether the various mutations
could in any way improve Omomyc intrinsic cell penetration properties. It
was therefore decided to develop a flow cytometry-based assay to gain a
more quantitative notion of the cell penetration abilities of each variant.

Non-treated

Figure 32, Immunofluorescence staining of A549 non-small cell lung cancer cells. Cells were
treated with 10 uM of either V84, V96, V99 or V102 for 4h prior to slide preparation and staining.
Cells nuclei was stained by DAPI (blue) and an AlexaFluor® 488-conjugated anti-HisTag antibody
was used to label the Omomyc variants (green). Images were captured by confocal microscopy and
obtained through the merge of both blue and green channels. Each image is a representative section
of each respective slide.
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The first step in the assay development was to determine whether the His-
Tagdisplayed by each variant could affectits cell penetration ability. Results
obtained following the protocol described in Figure 33 suggested that H8-
Omo exhibits similar, or even slight superior cell penetration capabilities
compared to Omomyc after a 10 yM treatment for 15 minutes at 37 °C. The
detection of intracellular Omomyc and H8-Omo was characterized by an
increase in the median fluorescence intensity per cell, which is proportional
to the concentration of intracellular mini-protein. Additionally, a higher
fluorescence heterogeneity was observed in the treated cells, resulting in
broader histogram peaks compared to the non-treated cells (Figure 34A).

® . ® ©

1 Cells trypsination and - L
Cells treatment P collection Cell viability staining

N ¥

a-HisTag / a-Omomyc Fixation and
Staining permeabilization

\ -— . -— .
@ o o .
Flusreacence

Figure 33, Schematic representation of the flow cytometry-based cell penetration assay protocol.
Cells were initially cultured in a 24-well plate before being treated with 10 uM of an Omomyc variant.
The cells were then harshly trypsinized to detach them from the plate and digest any protein adhered
to the membrane. To filter out dead cells that could uptake variants passively, a viability dye was
used for staining. Following this, the cells were fixed and their membranes permeabilized to allow
the staining of intracellular variants by anti-HisTag or anti-Omomyc antibodies. After the final
washing steps, the fluorescence distribution of each sample was measured by flow cytometry. In
this experiment, the fluorescence intensity is therefore proportional to the concentration of the
variant uptaken by the cells.

Flow cytometry
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No significant cell death was detected upon either of these two short
treatments.

The cell penetration properties of the variants were then compared to H8-
Omo and each other. To ensure comparable labelling across all variants, we
opted to use an AlexaFluor® 488-labelled, anti-HisTag antibody. Despite
some optimization attempts, the difference of signal between non-treated
and H8-Omo obtained using anti-Omomyc antibody could not be
reproduced using an anti-HisTag detection, probably illustrating a poorer
selectivity of the anti-HisTag antibody when compared to the anti-Omomyc.

After a 15 min incubation at 37 °C, V84 and V86 presented a slightly higher,
yet not significant, fluorescence median than H8-Omo. Very similar results
were obtained with the variants V96, V97, V102, V103 and V105.

The EGFR-targeting V99 and V100 variants displayed statistically significant
increases in cell penetration, compared to H8-Omo. This increase seemed
particularly pronounced for the variant V99 and was also found to be
statistically significant when compared to results obtained with its parent
peptide V84. Overall, the increase of fluorescence found in variants-treated
cells compared to the non-treated group was much more profound when
the cells were incubated at 37 °C, compared to 4 °C (Figure 34C-D). This
difference suggests that the A549 cells variants uptake is done mainly
through active and ATP-dependent processes. Interestingly, a significant
increase of median fluorescence was observed for H8-Omo comparing the
effect of 15 min-treatments to 1 h-treatment, while little to no increase was
observed for variants V84 and V99. Hence, in this protein model, cell
penetration tags may improve uptake kinetics, improving cell penetration of
Omomyc-derived proteins upon short exposure, but they do not seem to
make any difference at later time points (Figure 34E).
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Figure 34, A. Overlay of 1D histograms obtained for A549 cell pools treated for 15 min with 10 uM
Omomyc (red), 10 uM H8-Omo and non-treated cells (black). The x-axis represents the AlexaFluor®
488 fluorescence intensity (logarithmic scale), and the y-axis shows the cell count. Cells were
processed following the protocol described in Figure 33 prior to analysis and 30,000 events (single
cells) were analyzed per condition. A combination of a mouse anti-Omomyc primary antibody and
a goat AlexaFluor® 488-labelled anti-mouse secondary antibody was used for Omomyc and H8-
Omo detection. B. Overlay of representative 1D histograms obtained for A549 cell pools non-
treated or treated with 10 uM of Omomyc-derived variants for 15 min, incubated at 37 °C. C-D:
Quantification of the intra-cellular uptake of the variants by A549 cells after a 10 uM treatment for
15 min at (C) 37 °C (average median of biological duplicates are represented, the bars representing
the standard deviation across replicate) and (D) 4 °C. Each median fluorescence intensity was
normalized against the median fluorescence value obtained for the non-treated sample. (* p-value
< 0.05; ** p-value < 0.01). E. Overlays of 1D histograms obtained for A549 cell pools treated with 10
uM of H8-Omo, V84 or V99 for 15 min or 1h at 37 °C.
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Impact of the net charge on the Omomyc-
derived mini-proteins mode of action
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2.1. Design of the constructs

As described in the introduction, a growing body of studies with monoclonal
antibodies suggests that high net charge in physiological conditions favors
their rapid clearance, whereas antibodies displaying a neutral net charge
are prone to display better pharmacokinetics. The main objective of the
work presented here is to study whether those observations, made in
monoclonal antibodies, would be valid in a completely different protein
model such as Omomyc.

The Omomyc mini-protein is characterized by a high isoelectric point of 9.8,
originating from its high basic amino acid content, which represents more
than 20% of its sequence. Approximately one tier of those residues is
concentrated in the Omomyc BR, which confers to this mini-protein the
ability to bind DNA with high affinity, to penetrate cells and reach their
nuclei. 9 lysines, 4 arginines and one histidine residues are spread
throughout the rest of the Omomyc sequence, helping to stabilize its
secondary structure as well as allowing the formation of a homodimer.
While the basic residues of MYC’s BR are highly conserved throughout the
PMN, only a few are well conserved in the Helix-2 and Leucine zipper
regions, suggesting a higher sequence flexibility in terms of charge
repartition in those regions.

6 Omomyc charge variants were designed through 3 different approaches
(Table 4).

The first pair, namely V108 and V109, were designed after examination of the
two Omomyc crystal structures available (PDB: 5150, homodimer bound to
DNA; 514Z, apo form'?). First, two positively-charged residues were
identified as non-interacting with any residues of the same monomer or the
other chain in the homodimer. Hence, in the V108 variant, both residues
were substituted with acidic amino acids. In the V109 variant, instead, the
two basic amino acids were replaced by residues with uncharged, polar side
chains, and two original polar amino acids with side chains pointing outward
from the dimer were substituted with negatively charged residues.

The next variant pair sequences were obtained after alignment of the
members of the PMN: basic residues that were not conserved among them
were systematically substituted by polar amino acids in V110, and
negatively charged amino acids in V111.
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A similar strategy was used to obtain the last variant pair, V112 and V113,
but substitutions were inspired solely by the MAX b-HLH-LZ sequence. With
the primary objective of decreasing Omomyc’s net charge, non-conserved
basic amino acids were this time substituted with their respective
counterparts in the MAX sequence. While only point mutations were made
to design variants V108 to V112, a short stretch mutation was made to
create the V113 sequence. Following their respective design strategy, only a
single amino acid was mutated in the MYC basic region in V110 to V113,
while the basic region of V108 and V109 remained unchanged. The residues
that were seen to directly contribute to DNA binding were left untouched in
all 6 sequences.

As summarized in Table 5, the design of these charge variant sequences
allowed to lower Omomyc’s pl (and, by extension, its net charge at
physiological pH) to different extent and through different substitutions,
both in terms of nature and position in the sequence.

Table 4, Aligned sequences of the Omomyc moiety of each charge variant. The substitutions in each
variant are represented in bold, underlined and red characters.

Basic region Helix1 | Loop [ Helix2 Leucine zipper
Omomyc MTEENVEKRRTHNVLERQRRN ELKRSFFALRDQI PELENNEKAP KVVILKKATAYILSVQ AETQKLISEIDLLRKONEQLKHKLEQLRNSCA
v108 MTEENVKRRTHNVLERQRRN ELKRSFFALRDQI PELENNEKAP KVVILKKATAYILSVQ AETQELISEIDLLEKQNEQLKHKLEQLRNSCA
V109 MTEENVEKRRTHNVLERQRREN ELKRSFEFALRDQI PELENNEKAP KVVILKKATAY IESVQ AETQQLIEE IDLLQKQNEQLKHKLEQLRNSCA
v110 MTEENVKRETHNVLERQRRN ELKRSFFALRDQI PELENNEKAP KVVILKKATAY IQSVQ AETQQLISE IDLLQKQNEQLKHQLEQLRNSCA
V111 MTEENVKRETHNVLERQRRN ELKRSFFALRDQT PELENNEKAP KVVILKKATAYIESVQ AETQELISEIDLLEKQNEQLKHELEQLRNSCA
V112 MTEENVKR&THNVLERQRRN ELKES FFALRDQI PELENNEKAP KVVILEKATAYILSVQ AETQZLISE IDLLRKQNEQLKHQLEQLRNSCA
V113 MTEENVKR&THNVLERQRRN ELKES FFALRDQI PELENNEKAP KVVILEKATAYILSVQ AETQZLISE IDLLRKQNEQL@LEQLENSCA

Table 5, Omomyc and Omomyc-derived charge variants design description and charge
characteristics. *Theoretical values of pl and net charge calculated using the online tool Prot pi
(www.protpi.ch).

Net charge Net charge pI* Number of Design h::j:,usrt«?tzfﬁt::

at pH 5.5* at pH 7.4* mutation inspiration amino acids
Omomyc +8.4 +5.2 9.77 - - -
v108 +5.6 +1.2 8.79 2 Structural Acidic
V109 +5.5 +1.2 8.79 4 Structural Polar / Acidic
V110 +5.4 +1.2 8.82 5 PMN homology Polar
V111 +0.8 -3.7 5.67 5 PMN homology Acidic
V112 +2.5 -1.7 6.30 5 MAX homology Miscellaneous
V113 -0.2 -3.8 5.41 &) MAX homology Miscellaneous
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2.2. The StrepTag-llis a viable replacement for the HisTag

Previously, we saw that the presence of a HisTag on the N-terminus of the
Omomyc sequence could affect its DNA binding. Moreover, since we ought
to study the effect of change in net charge over the Omomyc characteristics,
using a tag made of basic amino acids may complicate the interpretation of
the results. Therefore, the use of HisTag was considered inadequate in this
new study. StrepTag was therefore considered as a possible replacement,
since only three charged amino acids are present in its sequence (one His,
one Lys and one Glu), so that its impact on the net charge of a fusion-protein
at physiological pH would be relatively low.

Our previous experience with HisTag showed that its position could have an
effect over the structure of a protein. Hence, we decided at this point to
conduct a short study to determine the viability of StrepTag for protein
purification and characterize its effect over the Omomyc main features. Two
constructs were designed bearing a StrepTag on their N-terminus,
separated or not from their sequence by a glycine - serine linker
(respectively Strep-Linker-Omomyc or SLO, and Strep-Omomyc or SO). A
third construct was designed to display a StrepTag on its C-terminus,
separated by a glycine — serine linker (Omomyc-Linker-Strep or OLS) (Figure
35).

Figure 35, Graphic representation of the three StrepTag control constructs. The effect of the
StrepTag-Il sequence on the Omomyc mini-protein properties was studied at its N-terminus (SLO
and SO) or at its C-terminus (OLS), separated by a short glycine-serine linker or not.

The three fusion proteins were successfully overexpressed in E. coli BL21
transformed with pET3a vectors containing each sequence of interest. After
overnight expression, the bacteria were collected and lysed in a high
concentration urea buffer. All three proteins could be captured and purified
using Streptactin XT pre-packed columns (Figure 36A). After a short
condition screening phase, the use of phosphate and magnesium chloride
in the lysis buffer was judged optimal to limit the presence of host DNA, co-
eluting with the Omomyc variants. Although the variants seemed relatively
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pure after a simple capture step, the presence of high-molecular weight
host cell proteins (HCPs) was identified by SDS-PAGE in each elution pool
(Figure 36B). These HCPs were filtered out using centrifugal filter tubes with
a MWCO of 30 kDa (Figure 36C). This operation was found to be much more
efficient when carried out in reducing conditions and in the presence of a
high urea concentration. Finally, the three control variants underwent a
buffer exchange step to a sodium acetate buffer, suitable for long-term
storage of Omomyc (Figure 36D). No significant difference was noted
between the three constructs in terms of expression or purification.

The secondary structure, the capacity to bind the Max* protein, and the
ability to bind DNA were then studied by CD. While OLS and SO displayed a
very similar ellipticity, the presence of a glycine - serine linker on the N-
terminus of SLO seemed to decrease its a-helix content at 25 °C, as
deduced from its lower MRE at both 222 nm and 208 nm, as well as a lower
CD222nm / CD208nm ratio. Tm of the three fusion proteins were however
found to be almost identical. In the presence of DNA, all three proteins
displayed an increased a-helix content and Tm, signs of DNA binding.
Interestingly, the Tm of OLS in the presence of the E-Box DNA probe was
found to be about 4 °C superior to the one obtained for the two constructs
displaying a StrepTag on their N-terminus. Lastly, all three constructs
demonstrated the ability to bind the MAX b-HLH-LZ domain (Figure 37).

Subsequently, the respective cell penetration capabilities of the variants
were studied using the flow cytometry protocol previously described, in
Figure 33. All 3 variants were seen to penetrate the A549 cells after a 20 uM
treatmentfor 15 min, as evidenced by a statistically significant fluorescence
increase compared to the vehicle-treated cells. However, the fluorescence
level observed for the original Omomyc was always seen as superior
compared to the one obtained with the streptag fusion proteins, indicating
that the streptag may impair the cell penetration properties of its carrier
(Figure 38).
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Figure 36, A. Chromatogram of OLS capture by StrepTag affinity chromatography. B. SDS-PAGE
(Coomassie blue staining) of the chromatography fractions obtained during the run depicted in (A).
C. SDS-PAGE (Coomassie blue staining) of the OLS 30-kDa filtration step and subsequent
concentration using 3-kDa MWCO centrifugal filtration tube. The same volume of each fraction was
loaded. L: load; R: retentate; P: permeate. D. Chromatogram example of the buffer exchange from
acidified capture step elution buffer to 50 mM sodium acetate, pH 5. E. Downstream processing
workflow for the obtention of pure stocks of Omomyc variants fused to a StrepTag.
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Figure 37, A. Overlay of the far-UV CD spectra of OLS (red), SLO (green) and SO (brown) at 25 °C.
B-C: Overlay of the thermal denaturation curve by CD at 222 nm of OLS (red), SLO (green) and SO
(brown) (B) in the absence of DNA and (C) in the presence of 12 uM of the E-Box DNA probe. D-F:
Overlay of the thermal denaturation curve of Max* (grey) with (D) OLS (red) and the experimental
mix of OLS and Max* (dark red), (E) SLO (green) and the experimental mix of SLO and Max* (dark
green), (F) SO (yellow) and the experimental mix of SO and Max* (brown), together with the
arithmetic sum of the Max* and each respective variant thermal denaturation curve (black-circled
white dot). All data set presented in this Figure were obtained in the presence of 8 uM of variant and
8 uM of Max* when applicable, in CD1x buffer.
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Figure 38, Left, overlay of the 1D histograms obtained for A549 cell pools treated for 15 min with 20
UM Omomyc (blue), 20 uM OLS (red), 20 uM SO (brown), 20 uM SLO (green) or with vehicle (black).
30,000 events (single cells) were analyzed per condition. A combination of a mouse anti-Omomyc
primary antibody and a goat AlexaFluor® 488-labelled anti-mouse secondary antibody was used for
Omomyc and Omomyc variant detection. Right, Quantification of the intra-cellular uptake of the
variants by A549 cells after a 20 uM treatment for 15 min at 37 °C (average median of a technical
triplicate is represented, the error bars representing the standard deviation across replicate). * p-
value < 0.05.
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In conclusion, this short study enabled us to confirm the viability of the use
of StrepTag for purification purposes. We observed that the glycine — serine
linker placed on the protein N-terminus affected its folding. Also, both the
N-terminus StrepTag-displaying constructs had a slightly less stable
interaction with the E-Box DNA probe (Table 6). In light of these
observations, we determined that placing a StrepTag on the C-terminus of
the Omomyc charge variants, following the OLS model, would be the most
adequate strategy to follow for subsequent studies.

Table 6, StrepTag control variant comparison summary table.

Tmin Cell
Folding Max* binding | presence of enetration
DNA P
Omo-GGGS-Strep (OLS) OK oK 73.9°C Worse
Strep-GGGS-Omo (SLO) OK
Strep-Omo (SO) 0K OK Worse

2.3. Net charge modifications may impact the variants
solubility profile

E. coli BL21 cells were transformed with pET3a vectors containing each of
the Omomyc charge variant coding sequence. Excellent expression levels
were obtained for all 6 charge variants. The purification process developed
previously (Figure 36E) was successfully employed to purify the whole
variant panel. Before proceeding to the final buffer exchange step, the effect
of the charge variants mutations over their solubility in different buffers at
various pHs was studied. To that end, a controlled amount of mini-protein
formulated in an 8 M urea, phosphate-based buffer was injected into
prepacked desalting columns installed in an Akta Pure system. Importantly,
our experience with protein buffer exchange has shown that the efficiency
of this step is predictive of protein solubility in the target buffer. 10 mg of the
6 variants and OLS were therefore sequentially injected into desalting
columns equilibrated with 5 different buffers:

e 50 mM sodium acetate, pH 5

e 100 mM potassium phosphate, 100 mM KCL, pH 4.8
e 50 mM sodium phosphate, pH 7

e 50 mMTrisHCL, pH 6.5
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e 50 mMTrisHCL, pH 8.3

The efficiency of the buffer transfer was evaluated according to the shape
and symmetry of the protein elution peak in the stable conductivity phase,
and according to the proportion of protein eluting with the salts of its former
buffer. Each fraction was then collected and inspected visually for signs of
precipitation. As illustrated in Figure 39, each variant buffer exchange was
empirically categorized as 1. efficient (symmetrical peak, all the injected
protein elutes in the new buffer), 2. inefficient and predictive of limited
solubility (the elution peak is tailing, a small proportion of the injected
protein elutes with the salts of its former buffer), or 3. ineffective and
predictive of very low solubility in the target buffer (most of the injected
protein elutes with its former buffer salts).

As expected, OLS and the charge variants displayed the best solubility in the
two buffers with acidic pHs. The only exception was found for V113, the
variant with the lowest pl, which showed sighs of limited solubility in both
the acetate and phosphate-based buffers. Solubility in the alkaline buffer
was improved for the three variants with the lowest pl: V111,V112and V113.
Interestingly, OLS, the protein with the highest pl of the set, in basic
conditions displayed better solubility than V108, V109 and V110. Solubility
at neutral pHs seemed more sequence- and buffer-dependent.
Interestingly, V108, whose sequence differs from OLS’s by only 2 residues,
displayed very poor solubility in all buffers that did not have an acidic pH,
whereas OLS displayed good solubility in both neutral phosphate and tris
HCl-based buffers. Overall, the neutral pH phosphate-based buffer allowed
a better solubility than the Tris HCL buffer, despite having a slightly higher
pH, typically unfavorable for Omomyc-derived variants. Although V111
buffer exchange chromatograms suggested a good solubility in all tested
buffers, visual inspection of the collected fraction after buffer exchange in
neutral pH buffers revealed a certain cloudiness after a few minutes. This
result illustrates well the main limitation of this assay: a change of the
elution profiles is only seen in case of fast aggregation events within the
desalting column, whereas slower aggregation events are not detected
without further studies. The results of this assay are summarized in Table 7.
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Learning from the results of this study, the sodium acetate buffer was
chosen as storage buffer for the variants V108 to V112, whereas V113 was
formulated in 50 mM sodium phosphate, pH 7. In those conditions, the
charge variants could be concentrated to over 600 pM in their respective
storage buffer and could be stored at — 80 °C for at least 1 year without
showing signs of precipitation or degradation after a single freeze/thaw

cycle.
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Figure 39, The buffer exchange efficiency is indicative of the protein solubility in the target buffer.
Examples of chromatogram obtained during three distinct buffer exchange steps representative of
an efficient buffer exchange (left): all the protein injected is eluted in the new buffer, during the stable
conductivity phase. In this case the elution peak is relatively symmetric; an intermediate situation
(middle) where the elution peak is tailing, and a small portion of the injected protein elutes during
the salt elution phase; a completely inefficient buffer transfer (right) during which most of the
injected protein elutes in the salt elution phase, results indicative of a very low solubility of the
protein in the target buffer.

Table 7, summary table of the results obtained during the formulation assay. The charge variants
solubility in various buffer conditions was categorized as good (green tick mark), limited (yellow
tilde) or very low (red cross).

oLs v’ v/ v’ v

V108 v’ v/ X X X
V109 v v ) 4
V110 v v v ) 4
V111 v v v
V112 v v v v
V113 v v v
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After the final 0.22 pm filtration step, pure stocks of 50 mg to 140 mg could
be obtained for each variant (Figure 40), their respective concentration was
determined by UV spectrophotometry and confirmed by amino acid
analysis. Their identity was confirmed by mass spectrometry (MALDI-TOF).

250 Figure 40, SDS-PAGE (Coomassie blue staining)
138: - of OLS and each charge variant pure stock after
75 - final sterile filtration. 500 ng of each stock were
50— W loaded after being boiled for 5 min in Laemmli
- - buffer.

25— .

20- -

15— .

2.4. The charge variants retained the ability to bind MYC
and MAX, despite a destabilized structure

After ensuring the quality of each protein stock, their secondary structure
was investigated by CD. As previously predicted, V108 solubility was found
to be very low in the standard CD experimental conditions (pH 6.7) and clear
signs of aggregation were observed as soon as it was diluted in CD buffer
(pH 6.7). After an incubation of 2h at 37 °C in reducing conditions for
disulfide bridge reduction, there was no sufficient soluble V108 left that
would allow the gain of an interpretable CD signal. Nevertheless, all the CD
characterization experiments were carried out with the whole variant set,
including V108, keeping in mind this caveat.

The spectra recorded at 5 °C for each charge variant suggested that their
secondary structure retained a high proportion of a-helix, yet in those
conditions, all of them displayed a lower ellipticity than OLS, judging by the
lower intensity of the characteristic negative bands at 222 nm and 208 nm
(Figure 41A). Of all the charge variant set, V110 retained most of the a-helix
content of OLS but displayed a Tm about 12 °C lower. Interestingly, the basic
to acidic residues substitution seemed to further destabilize V111 structure
and Tm. Of note, despite different Tm, the transitions of OLS, V110 and V111
displayed similar cooperativity. On the other hand, V109, V112 and V113
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transitions were observed to be much less cooperative. Among all variants,
V112 and V113 formed the pair with the most altered secondary structure.
Both displayed a significantly reduced ellipticity and very long transitions,
with a low Tm, suggesting that those variants are less prone to form
homodimers in these experimental conditions. For what refers to V109, its
thermal denaturation curve starts with a long monotonous transition,
followed by another more cooperative one starting at about 42 °C (Figure
41B).

Clear signs of heterodimerization with Max* were observed by CD for V109,
V110, V112 and V113 (Figure 41D-F, H). Not surprisingly, precipitated V108
was not resolubilized by the presence of Max* (Figure 41A-C). In the case of
V111, only a mild increase of apparent Tm was observed between the
arithmetic sum and the experimental sum curves. This may indicate that this
variant does not dimerize with the MAX b-HLH-LZ domain as efficiently as
the other variants, or that V111/Max* heterodimerization only has a limited
stabilizing effect on either of their secondary structures (Figure 41G).
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Figure 41, A-B: Overlay of (A) the far-UV CD spectra obtained at 5 °C and (B) the thermal
denaturation curves by CD at 222 nm of OLS (black), V108 (orange), V109 (purple), V110 (yellow),
V111 (green), V112 (blue) and V113 (red). C-H: Overlay of the thermal denaturation curve of Max*
(gray) with (C) V108 (orange) and the experimental mix of V108 and Max* (brown), (D) V110 (yellow)
and the experimental mix of V110 and Max* (dark yellow), (E) V112 (blue) and the experimental mix
of V112 and Max* (navy blue), (F) V109 (purple) and the experimental mix of V109 and Max* (dark
purple), (G) V111 (green) and the experimental mix of V111 and Max* (dark green), and (H) V113
(red) and the experimental mix of V113 and Max* (dark red) together with the arithmetic sum of the
Max* and each respective variant thermal denaturation curve (black-circled white dot). All data set
presented in this Figure were obtained in CD1x buffer, in the presence of 8 uM of variant and 8 uM
of Max* when applicable.

The variants’ ability to bind the MYC and MAX proteins was also studied in
more biologically-relevant conditions, through a co-immunoprecipitation
assay (co-IP). A summary of this assay’s protocol is depicted in Figure 42.
Two MAX-corresponding bands, likely to be the p21 and p22 MAX isoforms,
were shown to co-precipitate with OLS and every charge variant in the
presence of both 50 and 10 uM of each Omomyc variants in NHDF cell lysate
(cells expressing a MYCER fusion protein in addition to the endogenous
MYC). OLS, V110 and V113 seemed to be the most efficient variant at co-
precipitating MAX. Interestingly, the p21 isoform seemed to be captured
slightly more efficiently in some conditions (OLS - 50 and 10 pM, V108 - 50
MM, V110 - 10 uM, V111 - 50 yM), although additional repetition of this
experiment should be carried out to determine whether this observation is
significant or not. Although not as clear as MAX, at least two MYC-
corresponding bands were found in the elution fractions variant-spiked
lysates. Judging by their elution fraction content, OLS, V109 and V110
displayed the highest affinity for MYC. In contrast, only faint bands could be
observed in V111, V112 and V113-treated lysates. However, results
obtained with V108, and V111-treated lysates are to be considered with
caution, since clear signs of precipitation were observed after mixing the
pure protein solution with NHDF diluted lysate. Overall, those results
suggest that all variants conserved the ability to bind the MAX protein, even
in a complex matrix. In contrast, the ability to efficiently bind MYC may have
only been retained by the variants OLS, V109 and V110 (Figure 43).
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Figure 42, Graphic representation of the co-IP protocol. NHDF cells were cultured up to 70%
confluency, trypsinized to be collected, and lysed on ice. After separation from the cell debris, the
lysate was aliquoted, diluted, and spiked with 50 uM or 10 uM of OLS, either of the charge variants,
or an equivalent volume of sodium acetate vehicle. After incubation, magnetic streptactin XT-
coated beads were added to each spiked lysate. Following incubation, the beads were separated
from the depleted lysate, and the complexes bound to the beads were eluted using a biotin-
containing solution. A western blot of each spiked lysate, bead elution fraction, and depleted lysate
was carried out to detect the presence of MYC, MAX, and variant in those samples.
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Figure 43, Western blot of the MYC and MAX co-IP experiment fractions. Each membrane was
separated into 3 parts, enabling the detection of MYC (250 to 37 kDa), MAX (37 to 17 kDa) and Strep-
tagged proteins (mass lower than 17 kDa). Each of the 4 corresponding membrane parts were
revealed at the same time. MW: molecular weight ladder, Lysate (C+): non-diluted NHDF lysate
(positive control for MYC and MAX detection), S.L.: spiked lysate, EL.: beads elution fraction, D.L.:
depleted lysate after separation from beads.

2.5. The charge variants retained the abilities to bind DNA
and to discriminate specific from non-specific DNA
sequences, as homodimer or heterodimer with Max*

In the previous CD experiments, we observed that the substitution of basic
residues for polar amino acid could destabilize Omomyc secondary
structure. V112 and V113 even showed signs that they could behave as
independent monomers rather than homodimers.

Although the basic region of the charge variants was preserved during their
design, we hypothesized that their mutated Helix 2 and LZ domain may
affect their DNA binding abilities. Each variant was studied in the presence
of either the E-Box DNA probe or a non-specific DNA probe. All the charge
variants were shown to interact with DNA, as evidenced by systematic
increases of their ellipticity at 5 °C and by increased resistance to thermal
denaturation, as well as transition cooperativity. Interestingly, the extent of
the structure stabilization was, for each variant, more profound in the
presence of the E-Box DNA probe than in the presence of the non-specific
one. These results suggest that each variant conserved the ability to
properly discriminate specific DNA sequences despite having a destabilized
leucine zipper.

Binding to the non-specific DNA sequence stabilizes OLS and its variants to
a seemingly intermediate form in between their apo form and their
hypothetically most folded state when bound to E-Box DNA. Of note, a
relatively conserved and significant increase of about 20 °C in Tm was
observed in all variants upon binding to the E-Box DNA probe. However,
differences of Tm among the various variant homodimer/DNA complexes
remained significant, and followed the same trend observed in the absence
of DNA (Figure 44C). Therefore, we may conclude that the basic region
stabilization through DNA binding has also a stabilizing effect on the rest of
the sequence. We also demonstrate here that the LZ domain stability
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affects the variants DNA binding, so that both protein domains stabilize
each other in a bi-directional and cooperative manner.

This same DNA-binding experiment was repeated with each variant/Max*
heterodimer (Figure 45). The Max* protein homodimer as well as each
variant/Max* heterodimer showed very similar, sequence-specific, DNA
binding-induced structure stabilization than the Omomyc variants
homodimers. In contrast, Max* heterodimerization had a different effect
over the variant DNA-binding stability: on the one hand, the interaction with
E-Box DNA of the Max* heterodimers containing OLS and V110 was less
stable than with their respective homodimers; on the other hand, the Max*
heterodimers containing V109, V111, V112 and V113 showed more stable
DNA binding than each respective homodimer. This effect was particularly
striking for variants V112 and V113, which were observed to have the lowest
Tm, even in the presence of DNA.

Table 8, apparent Tm (in °C) determined for OLS and the charge variants alone (8 uM monomer) or
in the presence of Max* (8 uM) and/or in the presence of the E-Box / non-specific DNA probe (12
uM) by CD at 222 nm. *Estimations made considering the end-point temperature of the respective
related curve and the fact that their respective onset temperature cannot be clearly determined at
50C.

Variant alone + Max*

No DNA +NS + E-Box No DNA +NS +E-Box
OoLS 52.7 60.9 71.5 48 60.9 63.2/70.8
V108 - - - = = =
V109 49.8 53.9 62.3 38.3 53.3 65.8
V110 40.8 58.4 65.4 39.9 55 63.6
V111 32.5 40.8 52.9 30.6 47.6 56.2
V112 < 30* 37.4 46.6 37 49.4 57.4
V113 <30* 31.6 42.0 33.2 48.5 53.9
Max* - - - 26.2 45.5 53.1
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Figure 44, A-C: Overlay of the thermal denaturation curves of OLS and the charge variants (A) in the
absence of DNA, (B) in the presence of the non-specific DNA probe, (C) in the presence of the E-
Box DNA probe. D-I: Overlay of the thermal denaturation curves, in the absence or presence of DNA;
(D) OLS, (E) V110, (F) V112, (G) V109, (H) V111, and (I) V113. In each Figure the OLS datasets are
represented in gray or black, V109 in purple, V110 in yellow, V111 in green, V112 in blue, and V113
in red. Light color: absence of DNA; medium color: presence of the non-specific probe; dark color:
presence of the E-Box probe. All data sets were recorded in CD 1x buffer in the presence of 8 uM of
variant and 12 uM of DNA probe when applicable.
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Figure 45, A-F: Overlay of the thermal denaturation curve of Max* (gray) with (A) OLS (black-circled
gray dots) and the experimental mix of OLS and Max* (black), (B) V110 (yellow) and the experimental
mix of V110 and Max* (dark yellow), (C) V112 (blue) and the experimental mix of V112 and Max*
(navy blue), (D) V109 (purple) and the experimental mix of V109 and Max* (dark purple), (E) V111
(green) and the experimental mix of V111 and Max* (dark green), and (F) V113 (red) and the
experimental mix of V113 and Max* (dark red), all in the presence of the E-Box DNA probe together
with the arithmetic sum of the Max* and each respective variant thermal denaturation curve (black-
circled white dot). G-I: Overlay of the thermal denaturation curves of OLS and the charge variants in
the presence of an equimolar concentration of Max* (G) in the absence of DNA, (H) in the presence
of the non-specific DNA probe, or (l) in the presence of the E-Box DNA probe. The same color code
used in Figure 44A-C is used here. All data set presented in this Figure were obtained in CD1x buffer,
in the presence of 8 uM of variant, 8 uM of Max* and 12 uM of DNA probe when applicable.
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A subsequent EMSA carried out in the presence of 500 nM of fluorescently
labelled IRD700-E-Box DNA probe further illustrated this affinity gain for
DNA. In the absence of Max*, V112 and V113 were shown to only have a
marginal effect on DNA mobility, whereas V112/Max* and V113/Max*
heterodimers complexed efficiently with DNA. This experiment also
confirmed that all 5 other variants could bind DNA as both homodimers and
heterodimers with Max* (although the results obtained with the V111 + Max*
sample could also be generated by the independent binding of V111 and
Max* homodimers to DNA, since both proteins/DNA complexes migrate to
very similar distances).

Interestingly, despite the presence of both variant homodimers and
heterodimers, resulting from 3:2 molar excess of variant in the variant +
Max* samples, no homodimer-DNA band was visible in the corresponding
lanes. Although in some cases this could be due to a lack of DNA-mobility
shift difference between homodimers and heterodimer, this observation
suggests that the variants preferentially form heterodimers binding to DNA
with similar or higher affinity than the corresponding homodimers.

Variant - OLS V108 V109 V110 - V111 V112 V113

Max* B T S e T T e S S

Well ——

Shifted [
band

Free DNA ——

Figure 46, EMSA of OLS and the charge variants alone (at 3 uM) or in the presence of Max* (at 2 uM).
The proteins were incubated in the presence of 1 uM of a fluorescently labeled IRD700-E-Box DNA
probe and the complexes separated on a native polyacrylamide gel. Two white dashed-lines were
added as visual reference for the lowest DNA shifted band position (upper line) and lowest free DNA
band position (lower line). Both gels represented in this Figure were cast, loaded, run and read
simultaneously.
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We have also generated some preliminary data through an enzyme-linked
immunosorbent assay (ELISA) (Figure 47) and a fluorescence polarization-
based assay (unshown data). These data further illustrate the loss of
affinity for DNA of the variants V112 and V113.

The affinity of the variants for immobilized, biotinylated DNA was measured
in the ELISA. Kds of about 10 nM were determined for the OLS, V109 and
V110 homodimers. In contrast, V111, V112 and V113, which displayed the
lowest Tmin presence of the E-Box by CD, also seem to display lower affinity
by ELISA.

Of note, apparent differences of DNA saturation levels and important result
variability were observed in these results, so that both assays are currently
under further development and need optimization.

v Apparent K4 (Homodimer)
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0.0

1.010%7 2.0x10%7 3.0x10%7 4.0x10°7 5.0x10%7
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Figure 47, Left: representation of the normalized absorbance at 450 nm (y-axis) in function of the
Omomyc variants concentration (x-axis). In this experiment, a biotinylated E-Box DNA probe was
immobilized on a streptavidin-coated plate. The plate was then incubated with decreasing
concentrations of variant (11 points, 2-fold serial dilution (500 nM to 0.5 nM homodimer)). The
variants bound to DNA were detected using an HRP-conjugated anti-StrepTag polyclonal antibody.
In this representation, the highest concentration point of the OLS, V109 and V110 series was
excluded to achieve better fitting. Results obtained with OLS are represented in black, V109 in
purple, V110 in yellow, V111 in green, V112 in blue and V113 in red (error bars: SD across technical
triplicate). Right: Apparent Kaobtained through each variant dataset fitting (Graphpad Prism 6, One
site total binding fitting model).
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2.6. The charge variant ability to inhibit cell growth does not
correlate with their ability to penetrate cells

The charge variants’ ability to inhibit cancer cell proliferation in vitro was
then studied in two ovarian cancer cell lines, EFO-27 and A2780, as well as
in a control BZ1 mouse fibroblast cell line (Figure 48A). The three cell lines
were treated with 20 yM of either Omomyc, OLS, V109, V110, V112 or V113
for 5 days. V108 and V111 were not considered in this study due to limiting
solubility in cell culture medium. At the end of the 5" day of treatment, the
cells fitness was assessed using an Alamar blue-based metabolic assay.
Overall, the A2780 cell growth was significantly more impacted by Omomyc
and variants treatment than the EFO-27 cells. Indeed, while the Omomyc
treatment caused a 75% reduction in the A2780 metabolic activity, a modest
30% inhibition was observed with EFO-27 cells. OLS had a very similar, yet
slightly stronger inhibition effect on the metabolic activity of both cancer
lines. However, this difference may be explained by OLS aggregation
observed in cell culture media after a few treatment days (clearly visible in
Figure 48B), more than by a better therapeutic effect, since such aggregation
could be toxic for cells and most likely affect their proliferation. In A2780
cells, V109 and V110 seemed to retain most of the Omomyc therapeutic
effect, since both mini-proteins caused a 60% reduction in metabolic
activity. In contrast, they had little to no effect over the EFO-27 cells
proliferation. Finally, variants V112 and V113 did not have any significant
effect over either cell line.

Notably, despite only being mildly affected by Omomyc and OLS treatment,
the EFO-27 cells displayed significant phenotypic changes upon treatment
with some mini-proteins: instead of growing as a spread monolayer, the
EFO-27 cells treated with Omomyc and OLS formed compact, spheroid-like
structures. This behavior might be indicative of some response to treatment,
since such structures seem to be forming also in the presence of V109
(although to a lesser extent), the only charge variant that caused a reduction
in metabolic activity. (Figure 48B).

As a sign of aggregation-induced toxicity, OLS treatments were observed to
cause a dramatic drop in BZ1-cells proliferation, unlike any of the other
treatments which did not cause any significant effect over this cell line
proliferation and metabolic activity. These results suggest that this mouse
fibroblast cell line could be particularly sensitive to protein precipitation.
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Notably, despite the presence of a StrepTag on the C-terminus of each
charge variant, no significant aggregation was observed for any of the four
charge variants tested in this experiment. This finding suggests that these
sequences exhibitimproved solubility in cell culture media compared to the
original Omomyc sequence.

A. A2780 EFO-27 BZ1
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Figure 48, A, Metabolic activity of A2780, EFO-27 or BZ1 cells treated with 20 uM of Omomyc, OLS,
V109, V110, V112 or V113 for 5 days, relative to results obtained with vehicle-treated cells. The
metabolic activity of each cell pool was assessed by Alamar blue degradation. Error bars: SD across
technical triplicate. B, Bright field microscopy images of A2780 and EFO-27 cells after a 5-day
treatment with 20 uM of Omomyc, OLS, V109 or V113. Scale bar: 200 um
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Given that the design of the charge variants implied a significant alteration
in the distribution of basic amino acids compared to the original Omomyc
sequence, we decided to test whether differences in cell penetration and/or
intracellular localization could account for the loss of activity observed in
the previous experiment. To this end, we performed an
immunofluorescence of A2780 and EFO-27 cells treated with 20 pM of
Omomyc, OLS or the variants for 24 h (Figure 49). Those results, although
hardly quantitative, demonstrated that the variants V109, V110 and V112
could penetrate cells efficiently, regardless of the cell line. Only V113, the
variant with the lowest net charge, did not display convincing signs of cell
penetration. Furthermore, no significant differences in intracellular
localization between Omomyc, OLS or the variants was observed: all of
them were seen to be mainly cytoplasmic, but also co-localized with the
DAPI-stained nuclei. Altogether, these results tend to disprove the
hypothesis that the lack of variants activity could be due to impaired cell
penetration properties, given that no clear correlation could be established
between these results and the efficacy results described previously. A more
quantitative assay should be developed to further confirm this conclusion.

EFO-27 - Merged images

Vehicle
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A2780 - Merged images

Vehicle

Figure 49, immunofluorescence of (A) EFO-27 and (B) A2780 cells treated with 20 uM of Omomyc,
OLS, V109, V110, V112 or V113 for 24h. Each image was obtained through the merge of three
distinct color channels: blue channel, DAPI staining; red channel, anti-Omomyc staining; green
channel: anti-StrepTag staining. Images were captured by epifluorescence microscopy.

2.7. Anewly developed assay highlights the charge variants
different behavior in plasma

One of the main goals of this study was to identify whether a change of net
charge at physiological pH could benefit the PK properties of Omomyc. To
this end, an assay capable of determining low variant concentrations in
biological matrices, such as plasma or serum, needed to be developed. To
have an assay compatible with a broad array of sequences, and to allow a
direct comparison of the results obtained for the different Omomyc-derived
variants, a competition assay was designed. In this assay, the variant
quantification is based on the competitive binding of the StrepTag-
displaying variants against a known amount of StrepTag-GFP fusion protein
foran anti-StrepTag antibody-coated plate. After the final washing steps, the
GFP fluorescence intensity is inversely proportional to the concentration of
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variant originally present in the sample to be analyzed, regardless of the
variant sequence. The rationale of this assay is summarized in Figure 50.
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Figure 50, Graphic representation of the ELISA protocol for Streptagged protein concentration
determination. (1) This assay requires black 96-well plates, functionalized with anti-rabbit
antibodies. (2) The serum / plasma sample is spiked with a known amount of GFP-StrepTag while
the plate is functionalized with rabbit anti-StrepTag antibodies. (3) The spiked sample is then
incubated onto the plate where the GFP-StrepTag and variant compete for binding. (4) After the final
washing step, the GFP fluorescence intensity is read and is inversely proportional to the
concentration of Streptagged variant originally present in the sample.

The first step of this assay development aimed to determine the optimal
concentrations of both the anti-Streptag antibody and GFP-StrepTag to be
spiked into the samples of interest (Figure 51A). The highest GFP signal was
obtained after functionalizing the plate with a 1:1000 antibody stock dilution
and the subsequent incubation of concentrations higher than 35 nM of GFP,
diluted in PBS + 0.1% polysorbate (PBST). No GFP-StrepTag plate binding
was detected in the absence of anti-StrepTag antibody. In PBST, OLS was
shown to compete efficiently with 12 nM, 35 nM or 100 nM of GFP-StrepTag
for plate binding, in a concentration-dependent manner. IC50s of about 6
nM were determined in the three conditions. In this experiment, OLS
concentrations as low as 1.4 nM were shown to cause a significant decrease
in GFP fluorescence intensity and was a first confirmation of the viability of
this approach for the determination of low OLS concentrations. Despite
being comparable, the dataset obtained in the presence of 12 nM GFP-
StrepTag showed more variability across technical triplicates and a slightly
lower signal variation range. Also, as one could expect, OLS competed
slightly more efficiently for the plate in the presence of 35 nM GFP than of
100 nM. 35 nM was therefore considered to be an optimal concentration of
competing GFP to spike and was used to obtain all subsequent results.

123



Results — Section 2

After determining the basic experimental conditions, the effect of biological
matrices over the assay was studied. Although the assay was designed to
eventually determine the PK properties of each charge variant in mice after
intravenous injections, the use of blood-derived matrices from human origin
was preferred during most of the assay development work, due to easier
accessibility to human blood-derived products. In the experiment, the same
OLS serial dilution was prepared in PBST, human serum and human plasma.
These samples were then mixed 1:1 with a 70 nM GFP-Streptag solution,
prepared in PBST, to achieve a constant 35 nM final GFP concentration.
Interestingly, the ability of OLS to compete for the plate decreased in serum
and, to an even higher extent, in plasma. In contrast, the GFP fluorescence
intensity in the absence of competitor was comparable in the three
conditions, suggesting that this matrix effect is unlikely to originate from the
introduction of a new competing molecule. A higher OLS lower limit of
detection in serum and plasma was therefore determined as a direct
consequence of this effect: the first statistically significant decrease in GFP
fluorescence was observed in the presence of 12.3 nM of OLS in serum and
37.0 nM in plasma, against 1.4 nM in PBST (Figure 51C). Additional
characterization steps carried out with human serum and plasma
demonstrated a good reproducibility for this assay. Different incubation
times of OLS or GFP-StrepTag in the blood-derived matrices between 30 min
and 2 h did not have a significant and consistent effect over the assay results
quality. Finally, a single freeze/thaw cycle of OLS standard curves in
serum/plasma was shown to slightly diminish the proteins’ capacity to
compete for the plate binding, although it was only observed if the non-
treated plasma or serum used to make the serial dilution was freshly
processed and had not undergone a freeze / thaw cycle before.

Surprisingly, when mouse and human sera were compared, radically
different results were obtained. First, the maximum GFP fluorescence
intensity detected in mouse serum was about half of what was usually
obtained in human serum. Importantly, this comparative experiment was
carried out on a single plate excluding a plate effect. Furthermore, the OLS
standard curve in mouse serum was characterized by a very low Hill slope:
the differences of fluorescence between each consecutive standard point
were very little, and the baseline could not be reached even in presence of
the highest OLS concentration point. In other words, 10 uM of OLS could not
completely displace the 35 nM of GFP-StrepTag in these conditions.
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The experiment was then repeated, adding rat serum into the comparison
(Figure 51D). Interestingly, the results obtained in rat serum were halfway
between the ones observed in mouse and human sera, both in terms of
maximum GFP fluorescence and OLS competitiveness. In contrast, when
the same comparison was made between the three species plasma, nearly
identical standard curves were obtained (Figure 51E). Therefore, since the
results obtained in mouse plasma showed greater sensitivity than in serum,
this blood fraction was selected to perform the following experiments.

Then, the ability of OLS, V109, V110, V112 and V113 to competitively bind
anti-StrepTag-functionalized plates was analyzed. V108 and V111 were
again excluded from this study, since theirtendency to heavily precipitate in
neutral pH conditions would be a source of major technical concerns.
Interestingly, all the tested charge variants competed more efficiently for the
plate binding than OLS in mouse plasma, although not in an equal manner
(Figure 51F). As competitive inhibitors of the anti-StrepTag antibody/GFP-
StrepTag interaction, OLS displayed an IC50 of 245 + 60 nM, V109 showed
an IC50 of 146 = 31.0 nM, and V110 had an IC50 of 82 + 12 nM. V112 and
V113 were the best competitors, with apparent IC50 values of 32 + 8 nM and
14 = 2 nM, respectively. These significant differences in apparent IC50
values highlight the fact that this assay displays different sensitivity for the
different variants and that future variant concentration interpolation can
only be made with the corresponding variant standard curve.

In a last set of assay characterization experiments, we aimed at evaluating
the variant separation into the different blood fractions and to determine the
portion of variant spiked into whole blood that would be detectable after
plasma processing. This set of experiments will be referred to as
fractionation experiments. To emulate the conditions of an actual PK
determining experiment, mouse blood was spiked with pure variant only a
few seconds after collection. For each variant, the blood of three mice was
spiked with three differentvariant concentrations, each representing a value
expected at different timings during a PK time-course experiment. The
highest concentration, 50 uM, would be expected at t, after an intra-venous
injection of 50 mg/kg dose to a mouse weighing about 25 g. The medium
concentration, 1 uM, would be expected to be measured a few hours later.
Finally, the low concentration of 50 nM would be expected after several
hours to several days following the same dose injection. The assay lower
limit of detection for OLS was determined to be close to this value. After
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blood processing, a part of the plasma derived from 50 puM and 1 pM-spiked
blood was further diluted with an untreated mouse plasma pool (those
samples will be referred to as 50 uM series, 1 UM series and 50 nM series
sample; Figure 52A).
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Figure 51, A, Plate saturation experiment, representation of the GFP fluorescence intensity (y-axis)
in function of the GFP-StrepTag concentration plated (x-axis). The plate was first incubated with
three different a-StrepTag Ab stock dilution (1:10,000, green; 1:5,000, yellow; 1:1,000, blue) and
with buffer only (brown). The plate was then incubated with decreasing concentrations of GFP-
StrepTag diluted in PBST (10 points, 3-fold serial dilution (1 uM to 0.05 nM)). B, OLS competes with
the GFP-StrepTag for binding to the plate in PBST, representation of the GFP fluorescence intensity
(v-axis) in function of competing OLS concentration (logarithmic values, x-axis). Three different
competiting GFP-StrepTag concentrations (final concentration: 100 nM, green; 35 nM, yellow, 12
nM, blue) were spiked in an OLS standard curve (10 points, 3-fold serial dilution (3 uM to 0.15 nM).
C, OLS is less efficient at competing for plate-binding in human serum and human plasma than in
PBST. Representation of the normalized GFP fluorescence intensity (y-axis) in function of the GFP-
StrepTag concentration plated (x-axis). OLS standard curves (10 points, 3-fold serial dilution (3 uM
to 0.15 nM)) were prepared in PBST (blue), human serum (red) and human plasma (brown). All
points were spiked with 35 nM (final concentration) of GFP-StrepTag prior to incubation on the plate.
The fluorescence intensity values were normalized with values obtained for the samples containing
35 nM of GFP-StrepTag without competing OLS. D-E, OLS standard curves (10 points, 3-fold serial
dilution (9 uM to 0.46 nM)) prepared in (D) serum or (E) plasma of rat (blue), mouse (green) and
human (purple) origin. F, Standard curves in mouse plasma of OLS (9 uM to 0.46 nM, black), V109
(9 uM to 0.46 nM, purple), V110 (9 uM to 0.46 nM, yellow), V112 (3 uM to 0.15 nM, blue) and V113
(83 uM to 0.15 nM, red) competing with 35 nM of GFP-StrepTag. The background signal was rested in
all data points presented in this panel, each point representing the average value obtained from a
technical triplicate (error bars: SD across triplicate).
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To our surprise, only a small fraction of the protein spiked in whole blood
could be detected in the resulting plasma (Figure 52). A significant
difference between observed and expected signal was found for all variants.
Considering only the data points with a fluorescence intensity falling in the
linear part of each respective standard curve, OLS and V109 were found to
be the variants with the lowest detected fraction of theoretical
concentration, with signal corresponding on average to only 3.5% and 1.2%
of the theoretical concentration, respectively. V110 and V112 gave slightly
better results, with 6.2% and 10.4%, respectively. V113 was the most
detected variant, since the interpolated concentration values corresponded
to an average of 22.9% of the theoretical concentrations. However, overall
good reproducibility was observed, and the samples of same theoretical
concentration from different series were seen to give very similar results,
with the exception of V110.

These observations imply that most of any variant originally presentin whole
blood is lost or becomes unavailable to bind the plate in the resulting
plasma, further decreasing the sensitivity of the assay. As consequence,
only concentrations of OLS, V109 or V110 originally present in the whole
blood inthe micromolar range would be detected with this assay, most likely
rendering it unsuitable to monitor the variants concentration in blood a few
hours after an intravenous injection.

At this point, the use of detergent was considered as an attempt to free
variants potentially entrapped in complexes. The results of a short condition
screening demonstrated that the presence of SDS inhibited the
StrepTag/antibody union, even at low concentrations. In contrast, very high
polysorbate concentrations affected neither the GFP fluorescence nor the
StrepTag/antibody interaction. Therefore, in parallel to a simple repeat of
the 1°* fractionation experiment, a final concentration of 5% Tween®20, 50
mM sodium phosphate, 10 mM of potassium chloride and 550 mM of
sodium chloride were added into the blood, 5 min after collection and
spiking with pure variant in a second set of samples. The results obtained
through the 2" fractionation experiment are shown in Figure 53. As
expected, the detergent-containing blood samples hemolyzed.
Consequently, after centrifugation, the supernatant corresponding to
plasma in a normal blood sample conserved an intense red color. Of note,
the Buffy coat was not visible, and the red blood cell fraction was smaller
than in the absence of detergent. In the absence of detergent, the results of
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the 1° fractionation experiment were largely recapitulated. Interestingly,
despite increased variability, in detergent-spiked samples we observed
variant concentrations overall closer to their theoretical concentrations,
particularly in the case of V109, V110 and V112. Although preliminary, these
results demonstrate that there is probably enough room to improve this
assay’s sensitivity in order to make it viable to accurately determine the PK

of virtually any StrepTag-displaying protein.
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Figure 52, A. Schematic representation of the fractionation experiment sample generation. For each
variant, the blood of three mice was collected intracardiacally and placed in three corresponding,
EDTA-containing tubes. After 30 sec, the three blood samples were spiked with 50 uM, 1 uM or 50
nM of variant, final concentration. Each tube is then processed, and the plasma fraction saved in a
distinct tube. The plasma originating from the 50 uM-spiked blood is then divided into five tubes,
where it was either left undiluted, or diluted 5, 50, 250 or 1000-fold with an untreated mouse plasma
pool. The plasma originating from the 1 uM-spiked blood was split into three tubes where it was
either left undiluted or diluted 5 or 20-fold. The plasma originating from the 50 nM-spiked blood was
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left undiluted. B-F, Results of the fractionation experiment obtained with (B) OLS, (C) V109, (D)
V110, (E) V112 and (F) V113. In each Figure, the results obtained with samples from the 50 uM
series are represented in blue, from the 1 uM series in red and from the 50 nM series in green. The
GFP fluorescence resulting from each of those samples was plotted at their respective theoretical
variant concentration after dilution in untreated plasma. Each respective standard curve is
represented in black. Each data point represents the average GFP fluorescence intensity obtained
from a technical triplicate (error bars: SD across technical triplicate).
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Figure 53, Overlay of the results obtained in the experiment 1% replicate (dark green, empty
squares), and 2" replicate in the absence (green squares) or the presence of detergent (blue
triangles) with (A) OLS, (B) V109, (C) V110, (D) V112 and, (E) V113. Each respective standard is
represented in black. In this Figure, each data point represents the mean fluorescence value
obtained with every sample of equal theoretical variant concentration, regardless of its original
sample series (50 uM, 1 uM or 50 nM). Error bars: SD across replicate.
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V. Discussion

It is common knowledge that an ideal drug candidate should possess high
affinity and specificity for its target(s), as well as appropriate tissue exposure
to exert its activity. As a consequence, the characteristics and early steps of
a drug development process are profoundly linked to the nature of both the
molecular target and the drug candidate model. Due to the strong
relationship between structure and activity in proteins, during the
development of protein-based therapeutics, careful consideration must be
given to structural aspects, as these are likely to influence the protein's
affinity and specificity for its target. Interestingly, while most proteins are
required to be correctly folded prior to exerting their biological activity, the
b-HLH-LZ proteins tend to fold at the same time as they exert it. The capacity
of b-HLH-LZ to properly fold in the presence of their binding partner
originates from protein-protein or protein-DNA sequences complementarity
and is therefore indicative of affinity and specificity for their binding partner,
making structural studies particularly relevant at early stages of a b-HLH-LZ-
based MYC inhibitor screening/development process.

Moreover, while most published studies focus exclusively on target binding
efficiency, adequate PK or tissue exposure turns out to be as important. In
fact, a recent review analyzing the clinical trial data of the past decade
estimated that up to 15% of clinical trial failure originated from the drug’s
poor PK profiles®®. However, in the case of MYC, effective exposure
depends not only on a favorable PK but also on the drug's ability to penetrate
cells and localize within the nucleus. Indeed, unlike small molecules that
can passively cross the cell membrane due to their small size and rather
hydrophobic nature, proteins typically require active mechanisms to
penetrate cells. Since the discovery of the first cell penetrating peptides,
penetration mechanistic studies have demonstrated that protein cell
penetration is achieved through endocytosis, followed by endosomal
escape or by direct translocation to the plasma membrane?®. Based on all
these notions, early discovery processes of protein-based MYC inhibitors
should therefore be primarily focused on estimating the candidate’s binding
efficiency to MYC, MAX and E-Box DNA, as well as their cell penetration
properties.

This was the general rationale of this thesis project.
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Section 1: Modulation of the cell penetration activity and nuclear
localization of b-HLH-LZ proteins using short-stretch mutation and cell
penetration tags

Intrinsic cell penetration is a fundamental aspect of the Omomyc mini-
protein activity, and its discovery led our group and the scientific community
to finally consider Omomyc as a viable cancer drug candidate, through its
MYC-inhibiting effect. A few years of development later, a historical
landmark was achieved by making Omomyc the first direct MYC protein
inhibitor to reach clinical phases, more than twenty years after its first
design.

The attention generated by the pre-clinical demonstration of the safety and
anti-tumoral Omomyc activity undoubtedly contributed to the recent
emergence of b-HLH(Z) proteins as a new class of therapeutic candidates
for the inhibition of hard-to-reach transcription factors. Incidentally, several
publications related to this topic use Omomyc as a benchmark to evaluate
the efficacy of new molecules, many being directly Omomyc-based.
Furthermore, among those studies, some suggest that the fusion of
Omomyc to a CPP or a NLS sequence could be a strategy to further
strengthen Omomyc’s activity'9'9,

Following a similar design strategy, we decided to fuse three well-
characterized short CPP sequences, namely SynB3, Penetratin and R9, to
the N-terminus of Omomyc, Max* and 5 Omomyc-derived sequences
presenting a truncated LZ domain and/or short stretch substitutions with
short sequences with a renown NLS or CPP activity. Moreover, we added a
HisTag to the N-terminus of all these fusion proteins for purification and
detection.

From the initial phases of this project, the use of HisTag has been most
valuable to streamline the purification of this panel composed of 23 different
constructs. Although all of them display a high content in basic amino acids
and would be expected to have a significant affinity for a CEX resin, the use
of HisTag affinity chromatography resins was particularly convenient, due to
its high tolerance to high concentrations of chaotropic agents, such as urea,
which can interfere with protein binding to CEX resins. Indeed, we
considered the use of urea at the early stages of this project because it
allowed for the development of an extraction protocol that would be
efficient and common for all variants. Results proved us right, since a
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significant amount of protein could be purified for almost all the variants
using a single extraction and purification protocol, which required very little
troubleshooting to be developed. Indeed, urea proved to be a valuable ally
during both the variants extraction step, and the purification step elution
phase, where it helped maintaining an acceptable solubility for some
variants in the seemingly unfavorable neutral pH conditions required for
HisTag affinity chromatography. Exception cases were observed with V93
(HisTag-SynB3-OmoT3) and V94 (HisTag-Penetratin-OmoT3) that were
curiously under-expressed by all the tested colonies of transformed E. coli
and therefore could not be purified with high yields. However, these results
did not completely surprise us since past attempts to purify other Omomyc
truncated LZ variants were not successful, notably due to poor expression
levels. Therefore, we could hypothesize that Omomyc-derived variants with
large LZ truncations exhibit different expression and stability behaviors in E.
coli cells, such as changes in oligomeric state, interactions with cellular
components, and subcellular distribution. These changes may affect the
stability of the variants and, as a result, hinder their intracellular
accumulation. From that perspective, V95 (HisTag-R9-OmoT3) becomes an
exception, since it was seen to be well-expressed by E. coli, in contrast to
the other two OmoT3-based variants. V95, however, later displayed very
poor solubility in the absence of urea, even in acidic conditions, which were
observed to be the most favorable for all the MYC or MAX b-HLH-LZ-derived
constructs studied by our group. Altogether, these observations may
provide clues as to why the truncated variants with improved activity
described in Brown et al.’®® have not yet been the subject of a follow-up
publication.

Infact, V95’s lack of solubility is illustrative of the rest of the R9 variants sub-
group, which showed a tendency to have a lower solubility than their
respective SynB3 and Penetratin counterparts, with the exception of V88 (or
H8-R9-Omo), that displayed comparable solubility as V84 and V86 in the few
conditions where they were tested together. This difference remains rather
mysterious, since all three CPP tested have a high content in basic residues
and a similar size. In this context, though, one could imagine that the
monotonous sequence of the R9 tag might be involved in stronger non-
specific interactions with contaminant traces present in the protein pool
(such as nucleic acids or phospholipids), further destabilizing their
structure fragilized by their respective short stretch mutations and leading
to aggregation events during concentration attempts.
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The execution of CD experiments provided valuable insights into the
complex structural behavior of this variant panel:

First of all, through the characterization of the H8-Omo control variant we
could demonstrate that the addition of a HisTag on the Omomyc N-terminus
does not significantly impact its secondary structure or its ability to bind
Max*. As a matter of fact, both Omomyc and H8-Omo showed an almost
perfectly over-lapping far-UV CD spectra and thermal denaturation curves,
even represented as mean residual ellipticity (which is normalized to the
number of amino acids of each protein sequence), suggesting that the
HisTag may adopt a certain a-helical content and/or induce itin Omomyc’s
BR.

Similarly, none of the 3 CPPs were seen to significantly impact Omomyc
structure or its ability to bind Max*. Supporting this idea, the pairs of variants
with the same Omomyc moiety displayed very similar CD spectra and
thermal denaturation. Interestingly, within each pair, the SynB3 variants
displayed a slightly superior a-helix content compared to their respective
Penetratin-displaying counterpart, suggesting that the SynB3 tag has a
higher propensity to fold into a -helices than Penetratin. Another plausible
explanation for this observation could be a systematic deviation during the
variants stock concentration determination by spectrophotometry at 280
nm. This deviation could originate from the fact that the Penetratin
sequence comprises two Trp while the SynB3 only displays a single Tyr and
no Trp (like the Omomyc sequence).

Compared to the fusion of Omomyc to CPP tags, the short stretch mutations
in the Omomyc’s loop or C-terminus, creating the OmoCrot, OmoEGFR,
OmoNLS2 and OmoNLS4 sequences, caused more profound changes in the
variants structure. Indeed, each of them displayed a significantly lower a-
helix content than H8-Omo at RT. These results suggest that mutations
located at the loop or C-terminus of the Omomyc sequence can significantly
impact its structural integrity. Additionally, the OmoCrot and OmoNLS4
variants have significantly lower Tm. The OmoCrot-derived sequences,
presenting both a mutated loop and a truncated LZ, were affected the most.
Their monotonous, non-cooperative transition strongly suggests that these
mini-proteins exist primarily in a monomeric state.

In contrast, although displaying a lower Tm in comparison to H8-Omo, V105
(HisTag-SynB3-OmoNLS4) presented a relatively cooperative transition.
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This could be due to the fact that the NLS4 insertion substituted a part of
Omomyc’s LZ domain, and its high content in basic residues may create
destabilizing electrostatic repulsions at the dimer interface. However, the
presence of a glycine at the beginning of the NLS4 stretch mutation might
allow enough structural flexibility to avoid forcing a close proximity of the
basic patch in each monomer, therefore allowing a partial LZ formation,
resulting in an overall lower a-helix content and Tm, but not a loss in
transition cooperativity, which would support an intact HLH domains
interaction.

Similarly, an explanation for the destabilization of the V99 and V100
structures (the OmoEGFR variants) may also reside in the composition of
the EGFR-targeting sequence (DSAQFWLHH). This sequence of 9 amino
acids contains 1 Ala, 1 Phe, 1 Trp, 1 Leu, and 2 His residues, which would
give it a predominantly hydrophobic nature, particularly at neutral pH (or
near neutral pH, as in the case of the CD experiments), where the His
residues are likely to be mostly deprotonated. Since this tag is at a position
relatively exposed to the solvent, its hydrophobic side chains have no
putative hydrophobic pocket to “hide” from the aqueous environment, and
could form aberrant but favorable structures, which in turn would
destabilize the rest of the structure and/or lead to aggregation. In fact, V99
and V100 were the variants with the lowest residual ellipticity at high
temperatures compared to H8-Omo, which could be simply explained by a
tendency to precipitate in the CD experimental conditions, reducing the
protein soluble concentration and therefore the signal acquired. Following
this hypothesis, Omo-EGFR variants would therefore have an overall
structure thatis very similar to the one of V84 or V86 (their parent sequence)
but with a higher tendency to aggregate at RT, which would explain their
thermal denaturation curve similarity in terms of Tm and cooperativity, as
well as their differences in signal intensity.

Finally, rather than a higher tendency to aggregate, the observed OmoNLS2
folding destabilization is more likely to originate from an intramolecular
destabilization of their respective HLH domain. Indeed, the MYC loop
central region, mainly constituted by polar and acidic residues (ELENNE)
was replaced by a highly basic sequence (KKKRKV) in those variants. The
first Glu residue of the original loop replaced sequence is shown to form an
attractive electrostatic interaction with a Lys residue in the Helix-2 domain
(cf. 5150 and 5l4Z PDB entries) which probably contributes to the
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stabilization of the HLH domain folding. Its substitution with another Lys in
the Omo-NLS2 sequence therefore changes the nature of this electrostatic
interaction to a repulsive one, destabilizing the HLH folding. As a
consequence, whereas the apparent lack of cooperativity from the
OmoEGFR-derived variants during thermally-induced structural transitions
could be explained by a higher tendency to aggregate, the lack of
cooperativity observed in V102 and V1083 transitions is more likely to reflect
their monomeric nature.

For what refers to the results obtained in the Max*-binding CD experiments,
they are in line with the hypotheses previously made to explain each
variant’s folding destabilization. Indeed, the OmoCrot and OmoNLS2
variants, with a mutated loop most likely affecting their respective HLH
domain stability and therefore the stability of their dimeric state, also
seemed to be impaired in their ability to bind the MAX b-HLH-LZ domain.
Indeed, no clear signs of Max* binding were observed for the OmoCrot
variants and only partial Max* heterodimerization occurred with OmoNLS2
variants, even if present in 2:1 molar excess and at micromolar
concentrations. These findings support the idea that a correctly folding MYC
HLH is particularly important for efficient binding of the MAX b-HLH-LZ, and
that LZ complementarities would not be sufficient by itself to stabilize the
putative heterodimer.

In contrast, the three C-terminus-mutated variants display an efficient Max*
binding. The Tm of the V99/Max* and V100/Max* heterodimers are increased
of about 20 °C compared to Max*’s Tm, similarly to what was observed when
Max* was placed in the presence of Omomyc or H8-Omo. Although notable,
V105 heterodimerization with Max* resulted in a less pronounced structural
stabilization, both in terms of a-helix content at low temperatures and Tm.
This can be probably explained by the fact that the Max* LZ cannot fold
completely while interacting with V105, due to the OmoNLS4 C-terminal
stretch mutation. Altogether, these results indicate that the variants V99
and V100 may be the only variants of this series presenting a mutated
Omomyc moiety with the potential to bind MAX at physiological
temperatures.

While seemingly not causing any major change in the rest of the variants
structure, both the HisTag and the CPP tag present at each construct N-
terminus were observed to cause dramatic impairment in specific DNA
binding. Although we had originally hypothesized that the CPP tag would be
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the main responsible of the complex structural events observed in our initial
DNA binding experiments, the characterization of H8-Omo proved us wrong.
Indeed, in the usual CD experiment buffer conditions (50 mM potassium
phosphate, 50 mM KCl, 2 mM TCEP, pH 6.7), the introduction of DNA probes
in H8-Omo led to rapid sample precipitation suggesting that the HisTag
alone may bind non-specifically to DNA, leading to the precipitation of the
whole complex. These non-specific interactions are most likely of
electrostatic nature, since elevated salt concentrations were found to
rescue specific H8-Omo-E-Box interaction. Yet, since V84 and V86 were still
showing signs of aggregation followed by refolding in these elevated salts
condition, we could conclude that both SynB3 and Penetratin also
perturbed the variants specific binding to DNA, perhaps synergistically with
the HisTag, the basic nature of these CPP being undoubtedly at the source
of this observation. The refolding observed at around 35 °C for both V84 and
V86 in the presence of DNA suggests that the CPP/HisTag interactions with
DNA are relatively weak in comparison to Omomyc-DNA specific
interactions, but sufficient to potentially impair the initial contact of
Omomyc’s BR with DNA, that would precede an induced fit process leading
to the folding stabilization of this domain. Interestingly, temperatures below
30 °C were also found to stabilize these non-specific interactions, while
incubation at 37 °C for 1h allowed the E-Box DNA probe to interact
specifically with the Omomyc BR. These findings suggest that these non-
specific DNA interactions are enthalpically favorable but do not particularly
benefit from a strong entropic contribution. The two CPPs of opposed
monomer could interact with two distant DNA sequence backbone creating
a structural constraint that would lead to an overall destabilization of the
homodimer structure. In contrast, specific DNA binding leading to a
structurally tighter interaction of the Omomyc variant BR would benefit from
a strong entropic contribution, naturally favored by an increase in
temperature.

While in these newly defined conditions the presence of the canonical E-box
sequence has a stabilizing effect on V84 and V86 structures, we found that
the presence of a non-specific DNA sequence had the opposite effect,
inducing the aggregation of those variants as well as a slightly lower Tm than
in the absence of DNA. One can imagine that, when sequence specific
induced fit DNA binding events are not allowed, the Omomyc BR artificially
prolongated by the presence of the SynB3 and Penetratin sequences
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remains stuckin an unnatural conformation, destabilizing the adjacent HLH
and LZ by extension.

In contrast to their respective parent peptides, the four loop-mutated
variants were found to heavily precipitate in the presence of DNA, regardless
of the sequence. This phenomenon can probably be explained by the fact
that they have lost the ability to homodimerize efficiently, rendering specific
DNA binding impossible. Moreover, the introduction of basic residues in
both the OmoCrot and the OmoNLS2 loop sequence further strengthens the
chances of these constructs interacting non-specifically with DNA.

Finally, while the OmoEGFR- and OmoNLS4-derived variants were also
found to precipitate in the presence of the non-specific DNA probe, hints of
partial refolding and specific binding were observed in the presence of the
E-box DNA probe, as a sign that some structural integrity was conserved in
those variants, despite being made more fragile by their respective LZ
mutation.

Although we could determine conditions limiting the non-specific
interaction of the HisTag and CPP tags to DNA, the evaluation of the actual
contribution of each alternative Omomyc moiety to DNA binding events
remains challenging. To that end, the five Omomyc-derived sequences
should ideally be studied without any tag. Moreover, alternative techniques
should be used to complement this structural study solely relying on CD
data. Indeed, although powerful, CD methods do not allow for distinguishing
between signals from different molecular populations or identifying with
certainty the contributions of individual protein domains to the overall
signal. From that perspective, the characterization of these Omomyc
variants by NMR could be valuable to complete this dataset, although the
obtention of samples with sufficient concentration could be particularly
challenging for some variants.

Concomitantly to the characterization by CD, we studied the cell
penetration of the variant panel first by IF and then through a flow cytometry-
based assay. To ensure a certain comparability, we took full advantage of
the HisTag displayed by each construct by using anti-HisTag antibodies.

Anti-HisTag IF of A549 NSCLC cells treated with 10 uM of each variant was
informative at several levels. First, we could confirm that all the tested
variants conserved the ability to penetrate cells, and mainly localized within
the cytoplasm. Again, the SynB3 and Penetratin-fused variants were found
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toyield very similar results. In these experiments, OmoEGFR, OmoNLS2 and
OmoNLS4-derived variants seemed slightly more intra-cellular than V84 or
V86, whereas the OmoCrot variants (V96 and V97) displayed poorer cell
penetration properties than their parent peptide and were mainly detected
as concentrated dots within the cells, strongly suggesting that these
variants remained trapped within endosomes, after 4 hours of treatment.

Moreover, we could not observe clear enhancement of the nuclear
localization for any of the variants with a mutated Omomyc moiety. On the
contrary, the precipitation patches visible in all the slides with variant-
treated cells further supported our initial impression that the Omomyc
variants of this set displayed limited solubility at neutral pH. Precipitation
patches were particularly evident in OmoEGFR and OmoNLS2 variants-
treated samples, although we cannot exclude that the precipitated variants
in other slides might just have been more efficiently washed away
throughout the various washing steps of the immunostaining protocol.

Although some variants seemed to display slightly superior cell penetration
properties than others, a quantitative evaluation of their respective cell
transduction ability was lacking. That is why we decided to use a flow
cytometry-based assay.

Interestingly, in this assay, the HisTag of H8-Omo was shown to enhance the
cell penetration of Omomyc by itself. Although HisTags are not particularly
renowned for their cell penetration properties, this observation is not
entirely surprising, since a study demonstrated that His residues placed in
the vicinity of a natural Lys-rich cell penetrating peptide could enhance the
efficiency of its membrane translocation into cells?®’. In addition, other
studies suggested that the protonation of the imidazole group in His side
chain in endosome acidic conditions could lead to more efficient
endosomal escape®®?°, Finally, Histidine-rich motifs were identified as
nuclear localization signal in several human proteins®°. Our experience
further supported the latter point, in the development phases of this assay,
we had observed that using a harsh permeabilization buffer enabling the
labeling of both cytosolic and nuclear proteins would result in much higher
HisTag staining background signal than using a milder buffer, which mainly
limited HisTag detection to the cytosolic fraction. Of note, since little HisTag
nuclear staining was observed by IF in the non-treated conditions, we could
conclude that the cell permeabilization step in that assay might have not
allowed the efficient staining of intra-nuclear variants.
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In any case, our flow-cytometry assay confirmed the intracellular presence
of all variants after only 15 min incubation. As described in previous
characterization of Omomyc'® and other CPPs??22%¢ the variants’ cell
transduction ability rely on ATP-dependent mechanisms, abrogated by
incubations at 4 °C. This study also demonstrated that OmoEGFR variants
had significantly better cell penetration properties than H8-Omo and
accumulated more efficiently into A549 cells after a 15 min treatment,
although this difference was less marked after 1h-incubations. This
difference of accumulation kinetics observed between H8-Omo and the
variants V84 and V99 suggests that the fusion to SynB3 might change the
mini-proteins entrance route to the cells. Alternatively, the difference could
be explained by V84 and V99 altered solubility: during the first minute of
treatment, the SynB3 tag would allow more efficient cell transduction, but
after some minutes, the soluble fractions of V84 and V99 could have been
significantly reduced due to precipitation, explaining why we only observed
a marginal intracellular accumulation increase between the 15 min and 1h
time points.

Considering that both V99 and V100 displayed significantly improved cell
penetration, further investigation of the entry mechanisms of the OmoEGFR
variants should be considered. EGFR expression levels in A549 cells are
typically considered as intermediate?’. Repeating this study with cell lines
expressing high and low levels of EGFR would help understanding whether
the improvement in OmoEGFR-variants cell penetration is actually
mediated through the interaction with EGFR itself. Moreover, these
experiments could be repeated in the presence of different endocytosis
pathways inhibitors, to study whether the fusion of Omomyc to a CPP tag
could tilt its preference to a particular penetration pathway.

Overall, this short study demonstrated that the cell penetration of Omomyc
could indeed be modulated by its fusion to cell penetration and appropriate
short stretch mutations. Nevertheless, this enhancement came at the cost
of structural stability and solubility. From a therapeutic point of view,
improving the cell transduction kinetics of Omomyc-based proteins could
be a double-edge sword. On the one hand, improving its cell penetration
efficiency could increase its accumulation in the tumor cells and therefore
a higher anti-tumoral activity. On the other hand, it could enhance overall
non-tumor tissue absorption and possibly even lead to faster clearance,
rather than tumor accumulation. Unfortunately, we know very little about
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the “phylomer” peptide used as a fusion protein with Omomyc by Wang and
colleagues: establishing a link between higher efficacy and a particular cell
penetration path could be highly valuable.

It should be stated that assays testing cell penetration, and the cell
localization of a molecule may be most valuable when one needs to
understand a dramatic change of activity, good or bad, from one molecule
to another. Yet, since the b-HLH-LZ structure and functions are highly
intertwined, slight changes in cell penetration might not necessarily
translate into a change of activity and enhanced cell penetration could
come at the cost of target binding efficiency or stability within the cells.
Illustratively, neither IF nor flow cytometry give information about the
activity of a variant once found in the cell, where it could remain trapped in
non-intended complexes or could get partially degraded, still allowing its
detection but abrogating its biological activity. Therefore, as a means to an
end, cell penetration is probably not the best early criterion for the
determination of the potential of a drug candidate. Instead replacing cell
penetration assays with cell-based functional reporting assay may be the
best alternative for b-HLH-LZ-based drug screening, making the
development of such assays highly desirable. For instance, one can imagine
the development of a cancer cell line with a bicistronic expression of MYC
and MAX constructs each fused to a fluorescent protein which would allow
to obtain a FRET signal upon their heterodimerization. The evolution of this
signal could be monitored upon cell treatment with Omomyc-derived
variants. Therefore, a decrease in FRET signal would be indicative of the
disruption of the MYC-MAX heterodimers. Alternatively, the expression of a
reporting gene (i.e. coding for a luciferase or a fluorescent protein) could be
placed under the control of a minimal promoter located downstream of E-
Box sequences. In that case, the efficient invasion of E-Boxes by Omomyc-
derived proteins would reduce the expression of the reporter gene. A
decrease in signal in both strategies would be indicative of an intracellular
target engagement as well as efficient cell penetration.

As a tool for purification, the use of HisTag probably spared a significant
amount of troubleshooting for the obtention of pure stocks for multiple
constructs. In IF and flow cytometry-based assays, it enabled an equivalent
detection of all the variants without having to conjugate them individually
with fluorescent labels. This point is rather important, since labeling cost
and variable labeling efficiency and solubility can become serious pitfalls in
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the development of such assays. However, we demonstrated that fusing a
HisTag to the Omomyc N-terminus could greatly impair its capacity to bind
DNA in a sequence-specific manner. Moreover, unshown data suggested
that fusing a HisTag to the Max* C-terminus led to a significant drop in this
construct’s solubility compared to the rather soluble Max* mini-protein.
Therefore, the use of HisTag was judged to be incompatible with the
discovery of b-HLH-LZ-based MYC inhibitors deriving from Omomyc’s
modes of action.
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Section 2: Impact of the net charge on the Omomyc-derived mini-proteins
mode of action.

Perhaps due to lesser academic interest, the solubility of therapeutic
protein candidates is not often mentioned, let alone published. Yet,
appropriate solubility is of major importance during the development of a
drug candidate, especially for those that cannot be administered orally, as
is the case for most therapeutic proteins. Based on our group’s experience
with MYC and MAX b-HLH-LZ-derived molecules, the solubility of b-HLH-LZ
can be rather puzzling and sometimes counterintuitive. For instance, the b-
HLH-LZ domain of MYC is notoriously challenging to obtain recombinantly
and to work with, primarily because of its high tendency to aggregate,
whereas Omomyc, whose sequence shares more than 95% identity with the
MYC b-HLH-LZ domain, exhibits a much greater solubility profile and
stability, likely due to its ability to homodimerize. Also, Omomyc was found
to have the best solubility in acetate buffers, yet by CD analysis, we
observed a more folded structure in phosphate buffers. Thus, while
conformational stability seems important, it does not directly correlate with
colloidal stability.

The charges at a protein’s surface are well-known to be important factors in
their interaction with surrounding molecules and are consequently crucial
for their solubility. Although the significant role of basic residues in
Omomyc’s folding and DNA-binding capacity is well understood, their
impact on Omomyc’s solubility profile is yet to be studied. Moreover, a
neutral net charge at physiological pH has been shown to correlate with a
longer half-life of monoclonal antibodies (mAbs) in vivo, as discussed in
section 1.3.3.3. Because of its basic residue-rich sequence giving it an
estimated net charge of +5.2 at pH 7.4, we hypothesized that the Omomyc
mini-protein could be a good protein model to study whether net charge
modulation could impact the PK of a class of protein other than antibodies.
We therefore designed a total of six Omomyc-derived charge variants with
the primary goal of reducing their net charge and understanding the impact
of basic residue mutations on Omomyc’s mode of action.

To study these new sequences, the use of StrepTag was explored as an
alternative to HisTag using three Omomyc control variants displaying a
StrepTag at either their N-terminus (SLO and SO) or C-terminus (OLS). A Gly-
Ser linker (GGGS) was also inserted between the StrepTag and the Omomyc
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sequence in SLO and OLS, with the idea that its flexibility would allow the
two parts of the constructs to function independently. All three constructs
were rapidly purified using a urea-based extraction protocol and StrepTag
affinity chromatography, which showed similar performance to HisTag
affinity chromatography, though perhaps with a more limited binding
capacity. Moreover, all three control constructs demonstrated the ability to
bind the Max* protein as well as the canonical E-box DNA sequence.
However, in complex with DNA, the OLS variant exhibited slightly superior
thermal stability compared to the other two constructs, suggesting that the
StrepTag placed at Omomyc’s N-terminus may interfere with DNA binding,
albeit to a much lesser extent than the HisTag, as observed with H8-Omo.
Interestingly, the presence of a Gly-Ser linker at the N-terminus of Omomyc
was found to destabilize its structure: the SLO variant displayed a
significantly higher random coil content compared to the other two
constructs. Additionally, all three constructs retained the ability to
penetrate cells, although with slightly lower efficiency than Omomyec.
Altogether, these results suggest that any of the three tag positions could be
a viable option for further studies, since none of them critically affected
Omomyc’s mode of action. The model of OLS was chosen and applied to the
charge variants to avoid any potential interference during DNA binding
events.

Then, the six Omomyc charge variants were successfully expressedin E. coli
and purified, without further optimization of the protocols established for
the obtention of the StrepTag control variants.

Before completing the purification process, we used the denatured pool of
purified variants to perform a rapid formulation assay, evaluating the
viability of a panel of five simple buffers encompassing a broad range of pHs
and different buffering species. The solubility of a given protein under
specific conditions can be roughly assessed by the shape of its elution peak
during a buffer exchange experiment. Asmooth transfer of a protein to a new
buffer is typically indicative of good solubility under the new buffer
conditions, which is reflected in a narrow and symmetrical elution peak. In
contrast, limited solubility in the new conditions is characterized by a tailing
elution peak, caused by a series of partial protein precipitation in the new
buffer, and subsequent resolubilization by the advancing former buffer salts
front within the desalting column.
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Overall, the results obtained with the Omomyc charge variants in this assay
demonstrated that positive charge substitutions can significantly affect the
solubility profile of Omomyc-based proteins. The variants with a negative
net charge at pH 7.4, specifically V111,V112, and V113, displayed improved
solubility at basic pH compared to the other variants, including OLS. In fact,
the variant with the lowest pl (V113) exhibited poorer solubility in acidic
buffers than in neutral or alkaline conditions, regardless of the buffering
species or salt concentration. Notably, this particular variant is the first b-
HLH-LZ protein we have studied that displayed such a solubility profile. In
contrast, V108 showed very poor solubility in any buffer that was not acidic:
the two interfacial basic residues substituted in the V108 sequence likely
cause electrostatic repulsion, which may contribute to Omomyc's colloidal
stability and/or support the LZ structural stability through electrostatic
interactions. The solubility profile of this variant thus illustrates the
important stabilizing role of these residues in the Omomyc sequence. For
simplicity, and because V108 displayed a solubility too limiting to be studied
in most of the subsequent assays, any following general mention of the
charge variant panel will not refer to V108, unless specified otherwise.
Intriguingly, the variant V111, which shares the same mutations as V108
along with other similar substitutions, did not display such limited solubility
at neutral pH (judging by the results obtained in this assay and subsequent
CD characterization) and actually demonstrated improved solubility at
basic pH compared to OLS. The case of V111 highlights the limitations of
this assay: although it displayed symmetrical elution peaks in neutral pH
buffers, normally indicative of good solubility, the corresponding collected
fractions became cloudy after a few minutes, which is a clear signs of
protein precipitation. This phenomenon was not observed at basic or
alkaline pH suggesting that it is induced by the formation of aberrant salt
bridges leading to protein aggregation events.

Originally conceived and designed to facilitate the selection of optimal
storage and experimental conditions for studying this variant panel, the
results obtained from this assay demonstrated a certain predictive value
based on observations made during their subsequent characterization.
However, this predictive value was more limited when experiments were
conducted in more complex matrices such as cell culture media or blood-
derived samples. Indeed, this formulation assay only gives information on
solubility at “to” and RT, in simple buffers. Notably, in IF experiments, OLS
was seen to display a lower solubility than V109, V110 or V112 in cell culture
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media although the results obtained in this formulation assay with neutral
buffers suggested the contrary. Performing this experiment with buffers that
are more physiologically relevant, such as bicarbonate or HEPES-based
buffers, might help in thatregard. Also, in the current setup of this assay, the
elution fractions corresponding to protein successfully buffer-exchanged
are rather underexploited. For instance, these fractions could be incubated
at 37 °C and characterized by dynamic light scattering to follow their
respective polydispersity and detect the formation of aggregates over time.
Other parameters affecting protein solubility and stability in physiological
contexts, such as degradation or interaction with other proteins, would
however require a distinct setup to be studied.

As expected, substitutions of basic amino acids significantly impacted the
Omomyc structure, as demonstrated by CD. All the charge variants showed
a decrease in a-helix content at 5 °C, as well as lower thermal stability. In
general, the substitution of basic residues in the LZ of the variants likely
caused destabilization by eliminating stabilizing attractive electrostatic
interactions. Moreover, the introduction of acidic residues in some variants
(asitisthecaseinV109,V111,V112and V113) probably led to the formation
of electrostatic repulsions instead. Illustratively, although the same
residues were mutated to obtain both V110 and V111 sequences, V110
displayed higher a-helix content and Tm than V111, in which basic amino
acids were substituted with acidic ones. The MAX-like mutation present in
helix-2 of V112 and V113 (K49D) could be one of the main reasons for these
variants’ apparent behavior as monomers (judging by their monotonous
transition to a denatured state), since this Lys residue is observed in
Omomyc homodimer crystal structures to interact with the Glu 21 residue
of the opposite monomer, thereby enhancing dimer stability. Notably, this
study demonstrated that the highly cooperative structure of Omomyc can
be easily destabilized by a few ill-advised point mutations.

Interestingly, despite showing signs of structural alteration, all the variants
were observed to heterodimerize with Max* as well as full-length MAX. By
CD, the thermal stability of Max* increased when paired with each of the
charge variants, except for V111, where heterodimerization with Max* did
not significantly affect the secondary structure of either protein, making this
result somewhat ambiguous. The complementarity, and by extension the
affinity, of each charge variant for the Max* sequence was likely affected by
their respective charge substitutions, as the Tm determined for any of the
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variant/Max* heterodimers was significantly lower than that obtained for the
OLS/Max* heterodimer. In fact, the Tm of the heterodimers formed by Max*
with V109, V110, or V111 is very similar to that of their respective
homodimers. In contrast, the binding of Max* to V112 and V113 had a
stabilizing effect on both dimer moieties, further supporting the hypothesis
that these two charge variants are primarily monomeric under these
experimental conditions, in the absence of Max*.

Binding to full-length MAX was demonstrated for all the charge variants,
including V108 and V111, in a co-IP experiment performed in MYC-ER-
expressing NHDF cell lysate. Notably, both the p21 and p22 MAX isoforms
were co-precipitated by StrepTactin XT-functionalized beads in the
presence of any charge variant. Interestingly, the interaction of the charge
variants with full-length MYC was also demonstrated in the same
experiment, although it appeared more clearly for OLS, V109, and V110,
suggesting that these proteins might be the only ones having conserved
significant affinity for MYC. Two MYC-related protein bands were
systematically detected in the NHDF cell lysate. The band corresponding to
the highest molecular weight (about 90 kDa) is most likely related to the
MYC-ER construct exogenously expressed by this cell line. The origin of the
second band, corresponding to a lower molecular weight (about 42 kDa), is
more mysterious: the most common MYC isoforms have a theoretical
molecular weight of about 50 kDa but typically migrate to positions
corresponding to 65 kDa. Thus, the band observed in this assay could
correspond to an N-terminally truncated MYC isoform or degradation
product, which would have conserved its b-HLH-LZ domain and therefore
its ability to interact with Omomyc-derived variants. Despite using a large
theoretical bead excess, a significant amount of each variant was still found
in the depleted lysate fractions, particularly in lysates spiked with 50 uM of
Omomyc variant, which could indicate that the extent of MYC and MAX
binding is underestimated in this assay.

Through this Co-IP assay, we could confirm the ability of each variant to bind
both full length MYC and MAX in much more complex conditions than the
ones used in CD experiments. Now that the basic protocol parameters are
established, performing this assay with lysate obtained from treated cells
would be a natural step forward, since it could allow to determine whether
these variants can penetrate cells with sufficient efficiency to bind their
target molecules.
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We next focused our attention on the charge variants’ ability to bind DNA
and to discriminate cognate sequences from a non-specific one. First, all
the charge variants displayed a higher a-helix content and a higher thermal
stability in the presence of DNA, and this stabilizing effect was particularly
pronounced in the presence of the canonical E-Box, clearly suggesting that
these variants conserved the ability to bind DNA in a sequence specific
manner. These observations also suggest that interactions to a non-specific
DNA sequence would not allow the complete folding of the MYC BR, in
contrast to the canonical E-Box sequence, since in that case, DNA binding
would mainly rely on the electrostatic interactions established between
basic residues side chain and the DNA phosphodiester backbone. Of note,
no clear difference in DNA binding was observed between the variants
displaying a mutation in their BR (namely, V110 to V113) compared to V109,
which conserved the same BR as Omomyc/MYC. Interestingly, this Arg
residue is not conserved in MAX (substituted by an Ala), MNT (substituted by
a Glu) or the MXD protein family (substituted by a Ser), but the presence of a
basic residue at this position is conserved in both MYCL and MYCN. Looking
atthe crystal structure of the Omomyc dimer bound to DNA, this Arg residue
side chain does not seem to interact with DNA, unlike all the other basic
residues of the BR, suggesting that it could be involved in early contacts with
DNA but would not contribute to stabilizing an established interaction. By
CD and EMSA, the charge variants were also seen to interact with DNA as
heterodimers with Max*. In fact, the combined results of these assays
indicated that each variant preferentially bound DNA as a heterodimer, in
the presence of Max*.

Interestingly, the variants V112 and V113 exhibited marginal DNA binding
when assessed by EMSA. However, their affinity for DNA as heterodimers
with Max* is notably enhanced, as indicated by a significantly increased
melting temperature (Tm) observed in CD experiments and a more intense
shifted DNA band in EMSA. The discrepancy between the CD and EMSA
results regarding the DNA binding ability of V112 and V113 in the absence of
Max* can likely be attributed to differences in protein and DNA
concentrations used in the assays. The more transient nature of their DNA
binding as monomers may lead to their detachment from DNA during the gel
running phase of the EMSA assay, which would explain the DNA smear
visible above the free DNA band. Overall, the results obtained with this pair
of charge variant illustrate the apparent correlation between binding affinity
for DNA and Tm in the presence of DNA determined by CD. In fact, the

148



Discussion — Section 2

existence of such correlation was further supported by preliminary results
obtained by ELISA: the DNA binding Kd determined for each variant followed
the same trend as their respective Tm in the presence of DNA.

Following the assessment of the charge variants' ability to bind DNA, MYC,
and MAX, we tested their capacity to inhibit cell proliferation with two
ovarian cancer cell lines (A2780 and EFO-27) as well as with a control
murine fibroblast cell line, BZ1. Due to solubility issues, variants V108 and
V111 were excluded from this study. To our surprise, OLS also displayed a
certain tendency to precipitate in cell culture media, while Omomyc
remained soluble in the same conditions. Yet, in contrast to V111 that was
observed to precipitate rapidly after its dilution into cell culture media, OLS
aggregation became apparent only after a few days of treatment, suggesting
thattheir respective paths to aggregation differ in nature. Indeed, on the one
hand, the slow OLS aggregation could be induced by partial degradation,
chemical modifications and/or the formation of low affinity complexes with
FBS proteins. On the other hand, the rapid V111 precipitation in culture
media probably originates from the same structural defects as the ones
hypothesized earlier to explain its loss of solubility in neutral pH phosphate-
or Trizma®-based buffers. Notably, the proliferation of control BZ1 cells was
largely unaffected by Omomyc treatment and was only inhibited by OLS
treatment. This suggests that BZ1 cells are particularly sensitive to protein
precipitation, potentially due to their tendency to grow in a spread-out
manner, requiring a large surface contact area with the culture plate,
impaired in the presence of protein precipitates.

Both ovarian cancer celllines responded to Omomyc or OLS treatments, but
did not do so to the same extent. The A2780 cells proliferation was
significantly reduced by a 20 yM treatment of Omomyc, OLS, V109 and
V110. In contrast, Omomyc and OLS only had a modest 30% inhibitory effect
over the EFO-27 metabolic activity and treatment with any of the charge
variants yielded little to no inhibition of this cell line proliferation.
Intriguingly, these cells seemed to respond to the treatments inhibiting cell
proliferation by a significant change of phenotype: the cells treated with
Omomyc and OLS (and to a lesser extent, with V109) grew in spheroid-like
structures, in contrast to their usual growth as a spread monolayer. One can
hypothesize that the formation of such compact structures might be a
stress-response of the cells, which helps them to limit the diffusion of the
mini-proteins present in the medium, therefore limiting their therapeutic
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activity. However, a subsequent IF assay conducted with the two cancer cell
lines in similar conditions allowed to reject the hypothesis that the
difference of inhibitory effect observed across cell lines and treatments is
linked to a difference in mini-protein cell penetration. Indeed, with the
exception of V113, all the variants were observed to have conserved the
ability to penetrate cells, regardless of the cell line. Moreover, all the cell
penetrating charge variants, OLS and Omomyc displayed a similar cell
localization in both cell lines. Explaining the difference of response to
treatment between the A2780 and EFO-27 cell lines could therefore require
along and complex answer; MYC and MAX protein levels, mutational profile,
or addiction levels to the MYC transcriptional activity could all be factors
explaining this difference.

To summarize, we could demonstrate through a series of binding assays
that each of the Omomyc charge variants conserved the ability to bind MAX,
MYC and DNA in a sequence specific manner, despite having a destabilized
structure. In particular, V109 and V110 were found to retain an affinity for
DNA similar to the one of OLS, and the capacity to bind MYC and MAX
efficiently. Moreover, these two variants demonstrated to retain the ability
to penetrate cells by IF and seemed to be more soluble than OLS in cell
culture media. Yet, most of the data obtained through the assays employed
were mainly qualitative and subtle changes in affinity for MYC, MAX or DNA
may have been missed and could explain the significant decreases in
activity observed for both variants compared to OLS and Omomyc,
particularly in inhibiting the growth of EFO-27 cells. Therefore, the further
development of assays capable of quantitatively assessing the interaction
with the Omomyc target molecules in conditions as physiologically relevant
as possible would be highly desirable. In that regard, fluorescence
polarization-based (FP) assays could be particularly relevant since
molecular interactions are monitored in solution (in contrast to assays like
EMSAs or ELISAs) and do not require the direct detection of the tested
protein. In fact, the validity of this approach has been already demonstrated
as several FP-based protein-DNA binding assays have been independently
developed over the years, including with Omomyc, and other b-HLH-LZ
constructs''%262_|n a drug screening process, the possibility of adapting
FP-based assay to a 384- and 1536-well plate format also constitutes a
major advantage of these methods over lower-throughput assays.

150



Discussion — Section 2

Determining the PK profile of therapeutic molecules early in the drug
discovery process can be critical for evaluating their viability as drug
candidates. The PK profile provides essential information on how a drug is
absorbed, distributed, metabolized, and excreted within the body.
Understanding these parameters helps predict clinically important
parameters such as the molecule’s bioavailability, optimal dosage, and
potential toxicity. Many pre-clinical PK studies rely on radiolabeled or
fluorescently labeled versions of the molecule of interest giving them a
distinct signal that can be easily detected and quantified. Yet the labeling
process of recombinant proteins with rather hydrophobic small molecules
can be troublesome, costly and can affect the protein’s properties and
distribution?®*-2%_ Importantly, differences in labeling efficiency as well asin
residual concentration of non-conjugated label can limit the comparison of
the results obtained for different molecules. Moreover, the detection of a
fluorescent or radioactivity signal would not account for the integrity of the
molecule of interest. Radioactive or fluorescent labeling could therefore
represent an important pitfall during the development of a PK study.
Alternatively, mass-spectrometry-based PK determination methods do not
rely on any labeling and can provide valuable information on the detected
protein sequence integrity. However, the development of such methods can
be long and costly, requiring specific expertise and devices. Furthermore,
the detection of distinct variants of a molecule can require specific
development and potential optimization. In contrast, competition binding
assays enable to determine the concentration of a molecule of interest by
measuring its ability to compete with a known labeled ligand for binding to a
common target. Therefore, the concentration of two distinct molecules can
be determined through the same assay, as long as they can bind to the same
target. Since a StrepTag was fused to each charge variant sequence, and its
ability to interact with binding partners is likely to be largely independent of
the fused sequence, we utilized this common feature to develop an assay
capable of determining the charge variant concentration in complex
biological samples. Through initial development steps, we could validate
our experimental approach as well as the chosen commercial material (anti-
StrepTag antibody, functionalized 96-well plate, GFP-StrepTag protein
stock) and determine an OLS lower limit of detection (LLOD) in the low
nanomolar range, in PBST. In these conditions, the employed anti-StrepTag
antibody affinity is probably the main limiting factor, and therefore largely
determines the observed LLOD. A determination of the wells binding
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capacity through a GFP-StrepTag titration could help to confirm this
hypothesis.

Although initially designed to enable PK studies in murine models, the
scarcity of mouse blood-derived matrices motivated the use of blood
samples derived from other species for several key assay development
steps. Rather surprisingly, the assay did not show similar performances
when done with mouse and rat sera compared to when OLS was spiked in
human serum. Indeed, both maximal GFP intensity and the ability of OLS to
compete for the plate were diminished in rat serum and even more evidently
in mouse serum. In contrast, when the assay’s performances were
compared with OLS spiked in each of the three species plasma, no
significant difference was observed. Therefore, the difference across the
serum of the three species could be caused by molecules generated or
activated during the blood clotting process and would interfere with the
assay by causing the degradation of the GFP-Strep and potentially OLS,
and/or by inhibiting their interaction with the anti-StrepTag antibodies in a
direct or indirect manner. One could even imagine that the partial
degradation of the GFP-StrepTag leads to the formation of a StrepTag-
containing digestion product efficiently competing with both full length GFP-
Strep and OLS for the plate. Overall, these results indicated that mouse
plasma interfered significantly less on the results obtained through this
assay compared to mouse serum. Moreover, human or rat plasma could be
an acceptable substitute for mouse plasma for assay development.

Importantly, whereas OLS and the charge variants equally competed with
GFP-StrepTag for binding to the functionalized plate when diluted in PBST
(unshown data), displaying an IC50 of about 5 nM, this assay had a lower
sensitivity for their detection when they were spiked in plasma. The loss of
sensitivity was however variant-dependent, with OLS displaying the worst
IC50 in plasma, 17.5-fold higher than the value determined for V113, the
variant for which the assay displayed the best sensitivity in these conditions,
and about 50-fold higher than the OLS IC50 value in PBST. Importantly, the
maximum GFP fluorescence intensity (in the absence of competitor) was
not impacted by its dilution in plasma, as compared to the results obtained
in PBST, suggesting that the observed matrix effect is mediated through an
alteration of the variants capacity to bind the plate. Moreover, changing the
variants incubation time in plasma before adding the sample to the plate did
not significantly and consistently change the results, disproving the
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hypothesis of a potential variant digestion or precipitation. Altogether, these
results allowed us to safely conclude that the observed plasma matrix effect
is most likely due to interactions between some of its components and the
Omomyc-derived variants.

The possible implications of these observations could be of importance to
better understand the different dynamics of these variants in plasma: if one
imagines a simple modelwhere OLS complexed to plasma macromolecules
cannot interact with the functionalized plate, these results would then
suggest that only 2% of the OLS mini-protein retain a free form when spiked
in plasma (in reality, some complexed OLS form could be expected to retain
a certain ability to bind the plate, making this number even lower). Following
this hypothesis and considering the fact that the extent of the observed loss
of sensitivity seems correlated to the variants pl (Figure 54), we could
assume that the putative complexes formation is stabilized through
attractive electrostatic interactions mediated by the Omomyc basic
residues.
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Figure 54, Omomyc-derived variants GFP fluorescence intensity IC50 value in mouse plasma (y-
axis, logarithmic scale) in function of their respective pl (x-axis).

To gain a better understanding of the variants’ detectability in conditions
close to the ones of an actual PK study, we then proceeded to analyze
mouse plasma samples obtained after processing whole blood samples
spiked with known concentrations of Omomyc variants. The results of this
new study showed that the difference in the variants detectability observed
in plasma were exacerbated when they were spiked in whole blood. Indeed,
OLS became detectable through this assay only when micromolar
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concentrations were added to whole blood samples, while the further loss
of signal was more modest for the charge variants, especially for V113. Of
course, the whole blood composition is more complex than plasma,
meaning that there are more opportunities for the variants to form
complexes with its different components. For example, interactions with
blood cells could explain their partial clearance from the plasma fraction
after processing. In these conditions, the LLOD for OLS would however be
too limiting for PK characterization, since, based on previous experiments,
we would not expect to detect micromolar concentrations for more than a
few hours after intravenous injections at therapeutically effective doses. In
those conditions, this assay is however informative on the state of the
variants in blood at a given moment, which is relevant since one could
expect them to have a higher propensity to perform their biological function
and transduce into cancer cells in a free form, rather than in complex with
large blood molecules. Nevertheless, transient complex formation could
also be beneficial for the activity of Omomyc and its derivatives in vivo by
reducing their renal clearance and limiting their degradation by circulating
proteases. The significant difference in results obtained through this assay
with the different charge variants is likely to illustrate a change of behavior
in blood, seemingly well correlated with their respective net charge in these
conditions. Determining whether this change of behavior could contribute
to improve their anti-tumoral activity or not would be highly valuable to
better characterize the PK/PD properties of b-HLH-LZ proteins, helping the
design of Omomyc-derived variants with improved activity.

Although causing a pronounced hemolytic effect on the samples, the
variants detection was overall improved by the presence of salts and
detergent, particularly at the highest concentration points, further
supporting the hypothesis that the variants inability to bind the plate is, at
least partially, caused by the formation of transient complexes with blood
components.

Overall, this assay proved to have the potential to quantify nhanomolar
concentration of StrepTag displaying proteins in complex matrices like
plasma. The scarcity of mouse blood-derived matrices was a major
limitation during the development of this assay and an adaptation of the
existing protocol to a 384-well plate format would help reducing the amount
of plasma needed in each assay, accelerating troubleshooting, and would
allow to further increase the results reliability, allowing the simultaneous
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analysis of more technical replicates with the same starting sample volume.
In the future, we will focus our efforts on optimizing the variants conditions
extractions, with the aim to abrogate their interaction with whole blood
components and perform a PK study which will hopefully help us to
understand the relationship between net charge and PK profile. A
subsequent adaptation of this assay to cell lysate or lysed tissue samples
would be also highly desirable.

Although the work presented in this section may have not led to the
discovery of an Omomyc variant with overall improved properties, it
contributed to develop methods and set the bases for systematic evaluation
of future designs. First, the use of StrepTag was key for rapid and
straightforward purification of a panel of variants but was also at the center
of the design of key assays allowing to evaluate the variants capacity to bind
full length MYC and MAX and penetrate cells, as well as to determine their
concentrations and study their dynamics in complex biological matrices.
Second, we determined a method to quickly evaluate protein solubility in
various conditions which allowed to identify a defective sequence at very
early stages of the project. Third, the variants’ secondary structure and
ability to bind Omomyc target molecules was assessed through a panel of
assays which underlined a certain correlation between structural stability
and DNA binding efficiency. Forth, contrasted efficacy results highlighted
the need for the development of quantitative assays to assess the variant
binding efficiency to Omomyc’s target as well as the need to correlate these
values with in vitro/in vivo efficacy data. Fifth, we established the bases of
an assay with the potential to determine the concentration of protein fused
to a StrepTag and this assay highlighted that net charge modulation could
significantly impact the variants dynamics in blood-derived matrices.

Yet, due to the intricate mode of action of Omomyc, largely resulting from
the overwhelming complexity of MYC biological activity, there is still much
that needs to be understood. The precise determination of the conditions
required for efficient MYC inhibition, the definition of acceptance criteria
and the systematic characterization of Omomyc-derived proteins through
quantitative assays are likely to be key concepts that will enable the design
of a potent second generation of MYC inhibitors.
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Conclusions

Section 1

1. Fused to the N-terminus, the HisTag enables easy purification and
detection of the Omomyc variants.

2. The fusion of SynB3 and Penetratin to Omomyc variants enhances
their cell penetration activity upon short treatments.

3. When fused to the Omomyc variants N-terminus, both the HisTag
and the CPPs impair the variants’ ability to bind DNA in a sequence
specific manner and limit their evaluation.

4. Short stretch mutations in Omomyc’s loop domain impair its
structural stability and ability to bind Max*.

5. The fusion of Omomyc to an EGFR-targeting sequence improves its
cell penetration properties.

Section 2

6. Fused to the C-terminus, the StrepTag enables efficient purification
and detection of the Omomyc charge variants and the development
of meaningful comparative assays, while having an acceptable
impact on their biological properties.

7. Charge mutation is an effective strategy to modulate the solubility
profile of Omomyc-based mini-proteins.

8. Although having a destabilized structure, the charge variants
conserve the ability to bind MYC, MAX and DNA in a sequence
specific manner.

9. The charge variant ability to inhibit cell growth does not correlate
with their ability to penetrate cells.

10. Basic residues substitution impacts the variants interactions with

plasma and whole blood components.
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