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Abstract

Abstract

Cancer is a leading cause of death world-wide. Though remarkable progress has been made in
the development of chemotherapeutics, therapy resistance in tumors still occurs on a regular
basis, leading to relapses and death. Thus, there is a need for novel anti-cancer drugs to
overcome therapy resistance and reduce adverse effects in patients. To rationally design and
improve lead compounds for anti-cancer therapy, it is pivotal to understand the molecular
interactions that drive the anti-cancer effect. Therefore, in this thesis computational and
experimental work is combined to provide insights on the molecular mode of action of the

investigated compounds.

In a first study, the natural product phomoxanthone A is investigated as a prospective anti-
cancer drug. It exhibits a strong apoptotic effect by depolarizing the mitochondrial membrane.
In umbrella sampling simulations, the energy barrier for PXA passing through the inner
mitochondrial membrane is computed, and rate constants are derived, which suggest that the

compound may act as a protonophoric decoupler.

In a second project, an inhibitor of the C-terminal dimerization of heat shock protein 90
(HSP90) is studied with respect to its binding site. HSP90 functions as a dimer and promotes
proliferation in various cancer types. By unbiased ligand diffusion molecular dynamics (MD)
simulations, we could show that the compound binds to the dimer interface and might thus

interfere with the HSP90 function by preventing the homodimerization.

Finally, a small molecule modulator of RUNX1-ETO that binds to the NHR2 domain is studied
by unbiased MD simulations. The RUNXI1-ETO fusion protein is associated with the onset of
a subtype of acute myeloid leukemia. By the simulations, a first binding model of the compound
to the NHR2 domain could be obtained. Moreover, a virtual screening was performed,
identifying structural analogues of the compound, enabling the deduction of first structure-

activity relations.

Taken together, these studies advance their respective projects by providing structural insights

on the molecular level on the mode of action of the investigated compounds.
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Zusammenfassung

Zusammenfassung

Krebs ist ein der filhrenden Todesursachen weltweit. Trotz zahlreicher Fortschritte in der
Behandlung mit Chemotherapeutika, ist Therapieresistenz bei Tumoren nach wie vor ein
haufiges Problem, dass zu Riickfdllen und zum Tod fiihren kann. Daher ist es wichtig, weiter
neue Chemotherapeutika zu entwickeln, um auch therapierefraktire Tumore behandeln zu
konnen. Um rational neue Wirkstoff fiir die Krebstherapie zu entwickeln, ist es entscheidend
die molekularen Interaktionen zu verstehen, auf denen der therapeutische Effekt beruht. Zu
diesem Zweck wurden in dieser Arbeit computergestiitzte und experimentelle Studien
zusammengefiihrt, um Einblicke in die molekulare Wirkweise der untersuchten Verbindungen

zu geben.

In einer ersten Studie wurde die Verbindung Phomoxanthon A (PXA) als potentielles Chemo-
therapeutikum untersucht. Die Verbindung iibt einen starken apoptotischen Effekt durch
Depolarisierung der mitochondriellen Membran aus. Uber Molekulardynamiksimulationen
wurde die Energiebarriere der Passage von PXA durch die innere mitochondriale Membran
berechnet. Davon abgeleitete Geschwindingkeitskonstanten unterstiitzen die These, dass PXA

als Protonophore das Membranpotential entkoppelt.

In einem weiteren Projekt wurde der Bindungsmodus eines C-terminalen Inhibitors des
Hitzeschockproteins 90 (HSP90) untersucht. HSP90 liegt als funktionales Dimer vor und
unterstiitzt die Proliferation verschiedener Tumore. In Simulationen der freien Diffusion des
Inhibitors konnten wir zeigen, wie dieser im C-terminalen Dimerisierungsinterface bindet und

so die Dimerisierung von HSP90 beeintrachtigen konnte.

Schliefllich wird ein niedermolekularer Modulator von RUNXI1-ETO, der an die NHR2-
Doméne bindet, durch MD-Simulationen untersucht. Das RUNX1-ETO-Fusionsprotein ist mit
dem Auftreten eines Subtyps der akuten myeloischen Leukdmie verbunden. In den
Simulationen konnte ein erstes Bindungsmodell der Verbindung an der NHR2-Doméne
erhalten werden. Dariiber hinaus wurde ein virtuelles Screening durchgefiihrt, bei dem
strukturelle Analoga der Verbindung identifiziert wurden, um die ersten Struktur-Aktivitéts-

beziehungen abzuleiten.

Zusammengenommen bringen diese Studien ihre jeweiligen Projekte voran, indem sie
strukturelle Einblicke auf molekularer Ebene in die Wirkungsweise der untersuchten

Verbindungen liefern.
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Introduction

1 Introduction

Cancer is a group term for diseases that involve unchecked proliferation of aberrant cells . The
term originates back to the Greek word xopxivoc that was firstly used in the Corpus
Hippocraticum attributed to the Ancient Greek physician HIPPOKRATES >*. However, cancerous
lesions were already described long before that, for instance in the Ebers Papyrus **. In our
industrialized society cancer has risen to be a leading cause of death. This increase in cancer
incidence and mortality is caused by several factors. For one, due to the overall increase in life
expectancy, people are more likely to reach older ages when cancer is more likely to occur .
Into this category also falls the progress in medical development that allows for better control
of other diseases like infectious diseases and cardiovascular diseases . Finally, changes in
lifestyle (e.g., diet, smoking, obesity) may also contribute to the increases in cancer incidence .
For 2020, it was estimated that there were more than 19 million new cases and about 10 million

% and

deaths due to cancer worldwide 7®. This amounts to one in six people dying from cancer
these numbers are still believed to rise over the next decade due to improved life expectancy
and changes in demographics °'!. Therefore, the World Health Organization (WHO) adopted
the improvement of cancer treatment and reduction of “premature death” (deaths between the

ages of 30 and 69) as Sustainable Development Goal target 3.4 °.

The manifestation of cancer varies widely, depending on which tissue is affected and if there is
a solid tumor or diffuse proliferations (e.g., in leukemia) *!2. All cancer cells, however, share
common biological traits that enable tumor growth and metastatic dissemination: sustaining
proliferative signaling, insensitivity to growth suppression, evasion of apoptosis, limitless
replicative potential, sustained angiogenesis, and tissue invasion '*. Furthermore, cancer cells
need to avoid immune destruction and to restructure their energy metabolism to maintain the
sustained proliferation '*. When Hanahan & Weinberg proposed these “Hallmarks of cancer”
they deliberately limited their description to functional characteristic, leaving open how these
capabilities may be achieved '°. In fact, different types of tumors may develop these traits via
distinct mechanisms and to varying degrees '»'%. During the transformation of normal cells
towards malignancies each of these hallmarks represents a barrier the cell needs to overcome
to become cancerous '*!4. Therefore, a certain degree of genomic instability is necessary, so
that the cell accumulates random mutations that, driven by selection, may eventually lead to

unlocking these capabilities >4,

For the longest time in history, surgery was the only effective treatment option for cancerous
growths, joined by radiotherapy in the 1960s '>-'7. However, both these treatment options

1
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Figure 1. Timeline of key developments in cancer therapy. The timeline shows key advances in the
pharmacological treatment of cancer. Classical chemotherapeutics and related advances are marked in
orange, the first hormonal agent is shown in violet, targeted therapies and related discoveries are shown
in green, and recent advances in immunotherapy are shown in blue. Figure is based on REFs 161°,

cannot treat metastatic disseminations, limiting their success rates !’. Starting in the mid-20"
century massive effort was undertaken to discover drugs to treat cancer (Figure 1). In 1942,
nitrogen mustard was discovered as a first compound that induces remission in tumors 7%,
This provided a first proof-of-principle that cancer could be treated with chemical compounds

and ultimately led to the wide variety of cancer chemotherapeutics available today.

Nowadays, chemotherapeutic agents are typically compounds that prevent the cancer from
further proliferation, either by damaging the DNA directly, or blocking cell reduplication (i.e.,
mitosis). The modes of action of these compounds include among others alkylation of the
nucleobases forming intra- (e.g., cisplatin ?') and inter-strand (e.g., cyclophosphamide >*%)
crosslinks, inhibition of DNA (e.g., cytarabine 2*) and nucleobase synthesis (e.g., methotrexate
2%), and by modulating the mitotic spindle apparatus (e.g., paclitaxel %%, vincristine 7). All have
in common that these compounds target cell components like the DNA or microtubule
apparatus, which are present in all living cells. This leads to toxic effects on physiologically

fast proliferating tissues (e.g., bone marrow or gastrointestinal epithelia), substantially limiting

the therapeutic window for these compounds 2%.

Some cancers are dependent on certain hormones to grow. These cancers typically exploit the
pathways of nuclear hormone receptors to sustain their growth. The aim of hormonal
oncotherapy is to deprive these tumors from their growth signals by either blocking the
hormone receptors (e.g., tamoxifen 2°) or reducing the hormone secretion (e.g., letrozole *°). In

comparison to the chemotherapeutics discussed above, hormonal drug therapy is less toxic.
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Figure 1. continued

However, the systemic alteration of hormone levels leads to adverse effects related to the
hormone system that is targeted *!. Still, hormonal oncotherapy provided a first way to target

specific proliferative pathways in tumors.

Building further on that concept in conjunction with the discovery of oncogenes, tumor
suppressor genes and overall molecular markers of cancer, targeted therapies were developed
with the focus on targeting specifically molecular targets unique to cancer cells, minimizing
toxic effects in healthy tissues *>°°. To this end, several strategies are employed including
targeted delivery systems, monoclonal antibodies, as well as small molecules >3, In the
following, I want to focus on small molecules which have been specifically designed to act on
targets in the proliferative pathways of tumors. A primary example for this group is the tyrosine
kinase inhibitor imatinib. This compound competitively inhibits the ATP binding site of the
kinase BCR-ABL **. This kinase is a fusion protein caused by the t(9;22) translocation, also
known as Philadelphia chromosome, which is found in roughly 90% of patients with chronic
myeloid leukemia 3**°. Although, imatinib also inhibits its target kinases” in non-cancer cells,
most cells can cope with this, while Philadelphia chromosome-positive cancer cells are highly
susceptible to imatinib treatment 337, Overall, imatinib did largely improve the clinical

outcome of Philadelphia chromosome-positive chronic myeloid leukemia 3437,

In other types of cancer, targeted therapies have not fulfilled the initial high expectations. In

many cases, mechanism-targeting drugs only show weak and transient responses before tumors

* Next to BCR-ABL, imatinib also blocks the non-fusion protein ABL1 kinase, as well as receptor tyrosine
kinases c-KIT and platelet-derived growth factor receptor o (PDGFRa). The latter two allowed for its
successful application in gastrointestinal stromal tumors.
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become resistant 2404l There are many ways for tumors to become resistant against
compounds. Typical modes of resistance include mutations in the target-site (e.g., acquired
imatinib-resistance in CML), activation of “parallel” pathways to replace a blocked mechanism,
but also changes and heterogenicity of the cellular environment throughout the cancerous tissue
12354042 "Thys, despite the great advances in cancer therapy over the last decades, our limited
understanding of the molecular changes that drive development of cancers as well as the
emergence of drug resistance limits the success of pharmacological cancer therapies. Thus,
there is a need for novel compounds that circumvent drug resistance by having novel modes of

action.

In this thesis, three independent projects that aim to develop anti-cancer drugs for the treatment
of therapy-resistant tumors will be presented. In all these projects, molecular simulation
techniques are applied to gain mechanistic insights on the mode of action of the investigated
compounds. In Publication II phomoxanthone A (PXA), a natural product with promising anti-
proliferative properties is studied, with respect to its ability to permeate through the inner
mitochondrial membrane. In Publication III a small molecule inhibitor of the C-terminal
dimerization of heat shock protein of 90 kDa (HSP90) is presented. Molecular dynamics (MD)
simulations are applied to study the association of the compound to the target protein, revealing
the preferred binding of the compound in the dimerization interface. Finally, inhibitors that
target the NHR2 domain of the AML1-ETO fusion protein are studied. In Publication IV, 7.44,
a compound binding to the NHR2 domain, is investigated regarding its biophysical properties.

Finally, structural analogues of 7.44 with improved activities against cells ex vivo are identified.

1.1 Drug design inspired by nature

In rational drug discovery the first steps are understanding the disease and its pathophysiology
on the level of biochemical pathways, genetics, and structural biology. This allows for the
selection of a target to focus the drug design on. The next step is to identify a preliminary lead

structure that elicits to some extend the desired effect on the target *°.

Natural products, i.e., secondary metabolites ~ extracted from plants, bacteria, or fungi,
comprise a primary source for bioactive lead compounds. Being produced by living organism,
these compounds “evolved” to exhibit relevant pharmacophores to trigger biological effects to
grant the producer an evolutionary advantage***. Therefore, it is not surprising, that many

blockbuster drugs can be traced back to natural product leads. In fact, out of 136 small-

* Compounds that do not have an explicit function in the cellular economy of the organism producing it.

4
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molecules approved for the treatment of cancer during 1981 and 2014, 113 were natural

products or compounds mimicking natural products in the broadest sense 6.

The chemical space covered by natural products is vast, and distinct from molecule libraries
based on building block assembly via combinatorial synthesis. They differ in the average
number of stereocenters, number of sp>-hybridized carbons, and content of heteroatoms 4748,
resulting in different outcomes in screening campaigns **°. Moreover, some natural products
have been categorized into the “dark chemical matter” , comprised of compounds for which no
bioactivity of any sort has been discovered yet, making them a promising screening set as highly
selective compounds for future targets >1>2. Thus, natural products represent a promising subset

of the chemical space, that has been guiding drug discovery in the past and is likely to continue

to do so in the future.

In section 3 the natural product PXA, which was extracted from the endophytic fungus
Phomopsis longicolla, is discussed >*. The compound exhibits promising activity against solid
and humoral tumors; however, its molecular mechanism of action is not fully understood >3-
To gain further knowledge about how the compound elicits its apoptotic effect, in section 3.2
(Publication II) a computational study is presented, in which the potential of PXA as a

protonophoric decoupler of the mitochondrial membrane potential is explored.

1.2 Drugs that modulate protein-protein interactions

Non-covalent associations of proteins, known as protein-protein interactions (PPI), are
fundamental to a multitude of physiological processes. Many signaling pathways and regulatory
processes in the cell depend on the formation of protein-protein complexes >*°. Being essential
to the regulation of the cellular function, PPIs are also involved in various diseases involving
various types of cancer *3%°. Thus, in the past decade increasing efforts were undertaken to
target PPIs. The development of drug-like molecules that can inhibit a PPI is considered a
challenging task, though. This is mainly due to the distinct structural characteristics that set

protein-protein interfaces apart from “classical” drug binding sites %761,

Unlike classical receptor-ligand interactions, which typically take place in a moderately sized
(less than 1,000 A?) and well-defined binding cavity, PPI interfaces tend to be larger and
relatively shallow (1,000 — 3,000 A? or even larger) %7263 Thus, when designing a small-
molecule PPI modulator, a challenge is to form enough interactions such that the ligand’s
binding free energy (AGoind.) is competitive with the AGyind. of the interacting proteins °’. Key

to making this possible at all was the finding that the binding affinity between the interaction
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partners in not distributed evenly across the interaction interface. Rather, few residues (known
as hot spots) contribute the bulk part of the AGpina. 4. Typically, such a hotspot is defined by
a change in binding energy of AAGhind. > 2 kcal mol! upon mutation to alanine, and are
enriched in tryptophane, tyrosine, and arginine, while leucine, serine, and valine are
disfavored ®’. This demonstrates that PPIs do not rely purely on hydrophobic contacts, opening

the possibility for the development of selective small molecule inhibitors.
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1.3 The heat shock protein of 90 kDa

This chapter is in most parts taken from Publication I (see page 71):

C-terminal modulators of heat shock protein of 90 kDa (HSP90):
State of development and modes of action

Bickel, D.? and Gohlke, H. "

@ Institute for Pharmaceutical and Medicinal Chemistry, Heinrich Heine University Diisseldorf,
Diisseldorf, Germany

b John von Neumann Institute for Computing (NIC), Jiilich Supercomputing Centre (JSC),
Institute of Biological Information Processing (IBI-7: Structural Biochemistry) & Institute of
Bio- and Geosciences (IBG-4: Bioinformatics), Forschungszentrum Jiillich GmbH, Jiilich,
Germany

Contribution:  80%
Published in:  Bioorganic & Medicinal Chemistry 2019; 27(21): 115080.

To survive cells must cope with challenging environmental conditions %%, In the 1960’s
RITOSSA first observed an overexpression of certain genes in Drosophila melanogaster after

7071 This observed response to heat stress (heat shock

exposure to elevated temperatures
response, HSR) includes the synthesis of highly conserved proteins, called heat shock proteins
(HSPs) ">7*. These HSPs assist cells in maintaining their living function in the presence of
proteotoxic stressors (e.g., hyperthermia, heavy metals, acidosis, and hypoxia) 7>’®. Thus, HSPs
were mostly recognized as a family of molecular chaperones '"-’8. However, they were also

found to be involved in a wide variety of cellular functions under normal conditions, including

78,79 80-83

the promotion of proper protein folding "*", signal transduction , and cellular translocation

processes 3%, The heat shock proteins are a structurally very diverse set of proteins 7>,
Based on their molecular weights they are categorized into six families: small HSPs, HSP40,

HSP60, HSP70, HSP90, and large HSPs 8687,

The heat shock protein of 90 kDa (HSP90) is the most abundant of the HSPs, constituting 1-2%
of the total cellular protein, which is increased to 3-5% upon exposure to external stressors 5.
In eukaryotes, it forms the heart of a complex machinery involving multiple cofactors and
cochaperones **°!. This “modular design” enables the HSP90 chaperoning complex to interact

with a wide variety of client proteins along important cellular signaling pathways, such as

steroid hormone receptors or protein kinases 8!
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1.3.1 Structure of HSP90 and function

In the cell, HSP90 exists as a homodimer °>3. Each monomer consists of three domains: a N-
terminal domain (NTD), followed by a middle (MiD) and C-terminal domain (CTD)
(Figure 2A) **. The NTD is the main ATPase domain of HSP90 and belongs to the GHKL
superfamily; it shares high structural similarity to histidine kinases, gyrases, and
topoisomerases (Figure 2B) *>?°. A highly charged linker region that varies in length and

composition between species and isoforms connects it to the MiD ?7°

, which appears to play
an important role in the ATP hydrolysis and client recognition *>!°°. The C-terminal domain
forms the main dimerization interface of HSP90 (Figure 2C) %192, The C-terminus also
contains the MEEVD motif, which is an important interaction site for a subset of co-chaperons

containing tetratricopeptide repeat (TPR) domains 1%

During the chaperone cycle, periodically transient interactions occur via the respective N- and
C-terminal domains of the dimer '°*. The two monomers thus interact in a flexible clamp-like
way (Figure 3). The opening and closing are associated to the hydrolysis of ATP and occurs at

slow time scales of 0.1 ATP min™' in humans °%1%,

A

N-terminal
domain

Middle
domain

C-terminal > ‘1{3‘“
domain N85

Figure 2. Surface representation of human HSP90f as resolved from cryo-electron microscopy
(PDB ID: 5fwk). A. For monomer A the N-terminal domain is represented in red, the middle domain
in beige, and the C-terminal domain in blue. The monomer B is shown in light grey. The charged linker
region and the C-terminal fragment that interacts with TPR domains are not resolved, and therefore not
shown in the graphic. B. Blow-up of the ATP binding site in the N-terminal domain with bound
Mg?*-ATP. C. Blow-up of the C-terminal domains of monomer A (blue) and monomer B (light). The
helix-bundle in the center formed by the C-terminal helices 4, 4°, 5, and 5’constitutes the primary
dimerization interface in the C-terminal domain.
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Figure 3. Opening and closing of E. coli HSP90-orthologue. The E. coli orthologue of HSP90, high
temperature protein G (HtpG), in its closed (PDB ID: 2iop) and open (PDB ID: 2ioq) conformation.
The N-terminal domain is represented in red, the middle domain in beige, and the C-terminal domain
in blue.

1.3.2 HSP90 isoforms

Higher eucaryotes generally have two cytoplasmic isoforms of HSP90: HSP90a which is
inducible by heat stress, and HSP90B which is constitutively expressed. In addition, there are
HSP90 homologues present in the mitochondria, chloroplasts, and endoplasmic reticula (ER).
In humans these would be the tumor necrosis factor receptor-associated protein 1 (TRAPI) in
mitochondria, and glucose-regulated protein 94 (GRP94) in the ER %1% All isoforms share a
conserved structure, consisting of a N-terminal ATPase domain, the MiD and the CTD.
However, TRAP1 is lacking the charged linker region between NTD and MiD; and both GRP94
and TRAP1 are missing the C-terminal MEEVD motif . The two major cytoplasmic isoforms

have a sequence identity of 86% %

, yet vary in their expression. HSP90p is constitutively
expressed at higher levels than HSP90a %819 The expression of HSP90a is highly stress-
inducible, though #1%_ Differences in regulation as well as isoform specificity observed for
some client proteins and co-chaperones suggest distinct cellular function between the two
isoforms 9112, Despite this fact, most of the functional assays are performed on cytoplasmic
HSPI0 (i.e., mixtures of HSP90 o and P). Therefore, except for a few cases, there is no

information on isoform selectivity.

In this thesis, I will focus entirely on the cytoplasmic HSP90 isoforms in humans. So, HSP90
in general refers to the cytosolic isoforms, while HSP90a and HSP90B will only be used, when

isoform specific experiments were performed.
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1.3.3 HSPI0 in cancer

While basal levels of HSP90 are needed for maintaining protein homeostasis under
physiological conditions, the HSP90 machinery can be exploited by cancer cells to cope with
proteotoxic stressors, such as a high mutation burden, hypoxia, and acidosis that are frequently
found in the tumor microenvironment '35 Accordingly, elevated levels of HSP90 are

114,116,117

observed in various types of malignancies , and correlate with poor prognosis in breast

118,119 120

cancer , gastric cancer ', and acute myeloid leukemia '?!. However, HSP90 is not
frequently found as a driver of cancerous transformation and aberrant proliferation, but as
enabling factor for a subset of the hallmarks of cancer 41415122 For instance, the secretion of
HSP90o. into the extracellular space was shown to promote tumor invasiveness 23124,
Consequently, the last decades have seen increasing efforts to develop drug-like HSP90

inhibitors for clinical use.

1.3.4 N-terminal inhibitors of HSP90

In 1994, the ansamycin antibiotic geldanamycin (1, Figure 4) was reported to elicit
antiproliferative effects by inhibiting HSP90, which subsequently led to depletion of tyrosine
kinases and cell death in cancer cell lines '>>!?°, In the following years, the natural product
radicicol (2, Figure 4) was shown to have the same effect but higher potency 27128, Both
compounds bind to the ATP binding site in the N-terminal domain of HSP90 %13, Subsequent
structure-activity relationship (SAR) studies in concert with the resolution of co-crystal
structures of ADP %°, geldanamycin '*°, and radicicol '?° with HSP90 led to the development of
a set of drug candidates with improved pharmacodynamic and pharmacokinetic properties
compared to the original natural products. For geldanamycin, particularly the semi-synthetic
modification of the 17-methoxy group was found to lead to active compounds with reduced
toxicity with respect to the natural compound 113, leading to the four ansamycins that entered

clinical trials so far (https://clinicaltrials.gov, accessed February 2019) (Figure 4).

Structure-based drug design, based on the unconventional conformation that ATP adopts in
GHKL-ATP binding sites, has furthermore led to the development of fully synthetic purine
analogues as inhibitors of HSP90 ATPase activity **'¥7, which could be administered orally
134136.138 "Of these, six entered clinical trials (Figure 4). In a high throughput screening against
yeast HSP90 ATPase activity, the substituted resorcinols were found to inhibit HSP90, of which
five entered clinical trials in the following years (Figure 4) 13142 Finally, a rather diverse class
of HSP90 inhibitors entered clinical trials, where all compounds feature a substituted
benzamide substructure (Figure 4). All compounds share a similar binding mode in the ATP
binding site 14314,
10
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Figure 4. N-terminal

HSP90 inhibitors that entered clinical trials. For the natural compound-

derived classes, we also show their predecessors (1, 2). Ansamycins: Four compounds derived from

geldanamycin (1) entered clinical trials so far (* the quinone moiety in retaspimycin is reduced to a

dihydroquinone moiety). Resorcinols: Five structurally distinct resorcinols derived from radicicol (2)

entered clinical trials. The compound PEN-866 is a special case because it is a drug conjugate of the

HSP90 inhibitor STA-9090 and an irinotecan metabolite that inhibits topoisomerase 1. Purines: Six

purine and purine analogues entered clinical trials. These compounds share similar binding modes

mimicking the bend conformation of ATP in the N-terminal ATP binding site. Benzamides: Three

compounds entered clinical trials. Despite their structural diversity, they exhibit similar binding modes

with a conserved placement of the benzamide motif in the ATP binding site.
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In summary, 19 structurally distinct HSP90 inhibitors that exert their activity by targeting the
N-terminal HSP90 binding site have entered in clinical trials (https://clinicaltrials.gov, accessed
February 2019) (Figure 4). Altogether, none of the classical HSP90 inhibitors was approved by
the FDA for therapeutic use yet. One reason is the induction of the heat shock response (HSR),

a well-known side effect of this class of inhibitors !!#146-151

, which was already described for
geldanamycin. According to a current model of HSR mechanism, the binding of N-terminal
HSP90 inhibitors releases heat shock factor-1 (HSF-1) %2153 The transcription factor becomes
phosphorylated, trimerizes, and translocates to the nucleus, leading to overexpression of
multiple heat shock proteins, including HSP70, HSP40, and HSP27 7%!3% As HSR is a pro-
survival mechanism, it can be detrimental in an anti-cancer therapy %1515 In addition, other

133,157-159

severe adverse effects, such as hepatotoxicity found for ansamycins and ocular toxicity

150.157.160 "have been hampering the clinical success of HSP90 inhibitors until now.

1.3.5 Non-N-terminal inhibitors of HSP90

In the meantime, many groups have started investigating alternative strategies to inhibit HSP90
without inducing HSR and/or ocular toxicity. The first compound to reach this goal was the
coumarin antibiotic novobiocin, an inhibitor binding to the CTD of HSP90 (Figure 5) 1162, A
first phase I clinical trial of a C-terminal HSP90 inhibitor (RTA 901) has been performed on
non-cancer patients (https://clinicaltrials.gov, identifier: NCT02666963). This compound has
been reported to be based on novobiocin 7, although the structure has not been released yet.
Similar to the molecular origins of N-terminal inhibitors, many of the non-N-terminal inhibitors
are natural products. In the context of this introduction, only a quick overview of the classes
and different modes of action shall be given. For a more in-depth discussion of these inhibitors,

please refer to the original publication (see page 71).

One of the primary molecular modes of action, proposed for various C-terminal HSP90
inhibitors, is the binding to the C-terminal ATP binding site. It was discovered when
investigating novobiocin (3, Figure 4), previously shown to interfere with nucleotide binding
in bacterial gyrase B. Yet, in HSP90, no binding to the NTD was observed, and pull-down
assays suggested a binding mode different from geldanamycin '6!:!2, Further studies revealed
a second ATP binding site in the CTD !62-164 This binding site is only accessible when the
N-terminal ATP binding site is occupied '®*. Furthermore, the C-terminal binding site is able to
bind purine as well as pyrimidine nucleotides, while the NTD is rather specific for adenine '®.
Up to this point, there is no experimentally validated crystal structure of a compound binding

to this binding site. Yet, there have been several approaches to predict the C-terminal ATP

12
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Figure 5. Non-N-terminal inhibitors of HSP90. On top, selected inhibitors the are proposed to bind
to the C-terminal ATP binding site of HSP90 are depicted: novobiocin (3), (-)-epigallocatechin gallate
(4), and deguelin (5). Below on the left side, two modulators of the HSP90-CDC37 interaction are
depicted: celastrol (6) and withaferin A (7). On the right gedunin (8) and dihydrocelastrol (9) are
depicted as modulators of the HSP90-p23 interaction. On the bottom modulators of the interactions
mediated by the C-terminal MEEVD motif are depicted: LB76 (10) and C9 (11).

binding site using molecular modelling (Figure 6) 961 Further compounds which are
described to be binding to that binding site, are the catechin (-)-epigallocatechin-3-gallate (4,

Figure 5) 17172 and deguelin (5, Figure 5) '7>!7* as well as derived compounds.

Other compounds were proposed to modulate the interaction between HSP90 and the cell
division cycle 37 protein (CDC37). The latter is a co-chaperone primarily associated with the
chaperoning of protein kinases and is essential for the stabilization of HSP90-kinase complexes

109175/ CD(C37 interacts with HSP90 via a large interaction surface, wrapping itself around the

13
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Figure 6. Overview over approaches to identify the C-terminal ATP binding site in HSP. The
results were mapped on the structure of human HSP90B. Corresponding residue numbers in human
HSP90a are given in brackets. The part of the C-terminal domain that was shown by Marcu et al. to
contain the ATP-binding motif is colored in blue '92. Sgobba et al. performed molecular simulations on
a homology model of human HSP90a and used binding site prediction tools to predict the C-terminal
ATP binding site '®. Morra et al. used molecular dynamics simulations and signal propagation analysis
to identify allosteric binding sites on the structure of yeast HSP90 and molecular docking to obtain
binding poses of novobiocin and analogues '%8. Matts et al. used an azide-analogue of novobiocin as a
probe to identify the C-terminal ATP binding site. They found that this probe binds covalently to K560
(HSP90q) and built an putative open-conformation HSP90 model based on SAXS data that showed
direct interactions of novobiocin with K560, E537, and N686 '¢7. Khalid et al. used webserver-based
tools to predict the C-terminal HSP90 binding site ',

NTD and middle domain *°, which prevents the hydrolysis of ATP 75, CDC37 knockout was
shown to sensitize HSP90 for other inhibitors !7"!7® Thus, inhibiting the interaction between
HSP90 and CDC37 might lead to kinase-specific HSP90 inhibitors and could provide a
synergistic approach for combination with other inhibitors. Compounds belonging to this
category are the triterpenoid celastrol (6, Figure 5) !7*13% and the steroidal lactone Withaferin A

(7, Figure 5) 13!,

The small acidic protein p23 interacts with HSP90 via the NTD and MiD. This interaction halts
the HSP90 ATPase cycle and appears to facilitate HSP90 binding to client proteins '*2. While
not essential for the maturation of HSP90 kinase clients, such as Cdk4 and Akt, p23 is necessary
for the stabilization of steroid hormone receptors. The compounds gedunin (8, Figure 5) and
dihydrocelastrol (9, Figure 5) have been shown to disrupt the interaction between HSP90 and

its co-chaperone p23 '33. Even though it was shown that gedunin binds to p23, the disruption of

14
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this interaction halts the HSP90 machinery, leading to typical effects of HSP90 inhibitors, like

the degradation of steroid hormone receptors '*3.

The HSP90 C-terminal domain ends in a most likely unstructured loop that contains the highly
conserved MEEVD motif %%, This motif forms the key interaction with tetratricopeptide repeat
domains, which are present in various HSP90 co-chaperones *°. One of these is the
HSP70/HSP90-organizing protein (HOP), which mediates the interaction between the HSP70-
HSP40 complex and HSP90 !85. HOP contains three TPR domains, of which the domains
TPR2A and TPR2B bind to the MEEVD motifs in HSP90 and HSP70, respectively '*¢. Based
on the fungal depsipetide Sansalvamide A, McAlpine and co-workers developed LB76 (10,
Figure 5) which blocks interactions between HSP90 and TPR domain-containing co-
chaperones '71°, A second compound, C9 (11, Figure 5) binds to the TPR2A domain of HOP

preventing the interaction with HSP90 on the co-chaperone site 1192,

1.3.6 Conclusion

HSP90 has been a major target for drug discovery in academia and pharmaceutical industry for
several decades, and many inhibitors have been published and patented. Most of these inhibitors
target the N-terminal ATP binding site, and — except for RTA 901 — only compounds of this
class have undergone clinical trials so far. However, a major drawback of this compound class
is the induction of pro-survival HSR, which limits the compounds’ efficacy and/or may lead to
adverse effects. Inhibiting HSP90 via allosteric binding sites, including the secondary ATP
binding site in the CTD, or inhibiting PPIs between HSP90 monomers, or between HSP90 and
other interacting proteins essential for the function of the HSP90 machinery, are notable
alternatives. Novobiocin was the first compound reported to inhibit HSP90 by an alternative
mechanism, and by now a wide variety of compounds have been shown to elicit HSP90
inhibitory effects that way. Many of these newly identified compounds are natural products that
show activity in the micromolar range. However, as a result of the complexity of the HSP90

machinery, only few details are known about the molecular mode of action of these compounds.

For the further development and optimization of these compounds, understanding the molecular
mechanism behind their inhibitory effect will be essential. For many of the compounds, the
inhibition of interactions between HSP90 and co-chaperones are assumed to be the mode of
action. However, it is often not clear whether these compounds bind to HSP90 or to the
respective co-chaperone. Furthermore, due to the flexible nature of HSP90, ligands could bind
allosterically to the protein, thereby disrupting the co-chaperone interaction by imposing a

certain conformation on HSP90 without binding to the protein-protein interface itself.
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Resolving complex structures of HSP90 and the ligands would be the optimal way to obtain
structural information about the binding of such inhibitors. Alternatively, molecular modeling
techniques such as molecular docking and molecular dynamics simulations of free ligand

diffusion can provide valuable insights.

However, only few approaches have been presented, where structure-based de novo design was
applied to specifically induce particular effects on the HSP90 machinery. In section 4.1, I will
discuss one such approach which lead to the development of aminoxyrone, a peptidomimetic
inhibitor of the C-terminal dimerization of HSP90 '°3. This further led to the development of a
small molecule compound, LSK82, which is then further characterized with respect to its

binding properties towards HSP90 in section 4.2 (Publication III).
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1.4 The RUNX1-ETO fusion protein

The t(8;21) translocation is one of the most frequent chromosomal alterations found in acute
myeloid leukemia (AML) ', It results in the RUNXI-ETO fusion protein which then
suppresses the hematopoietic differentiation mediated by native RUNXI, leading to a pre-
leukemic condition !°>1%. In the following sections, the structural characteristics of the

RUNXI-ETO fusion protein as well as its role in the emergence of leukemia will be discussed.

1.4.1 Structure of the RUNX1-ETO fusion protein

The t(8;21)(q22;922) translocation fuses the RUNXI gene (Runt-related transcription factor-1,
also referred to as AML1) on chromosome 21 and the ETO gene (eight twenty-one, also referred
to as myeloid translocation gene on 8 (MTGS), or RUNXITI) on chromosome 8. In RUNX1 the
breakpoints cluster in intron 5, while for ETO two breakpoint cluster regions in the introns la
and 1b are described (Figure 7) 171, Regardless of the location of the breakpoints, they lead
to the same gene transcript 2%, The translated fusion protein contains 177 N-terminal residues

of RUNXI1 and 575 residues of ETO %7,

Wild-type RUNXI1 is a transcription factor in the core binding factor o protein family. It is
involved in cell cycle regulation and was found to be essential for hematopoietic differentiation
196.201.202 The protein contains a conserved DNA binding Runt homology domain (RHD, named
after Drosophila Runt protein). The RHD specifically recognizes 5’-YGPYGGTY-3’ (where Y
is C or T) 2°'22 Inhibitory domains N- and C-terminal of the RHD prevent direct DNA
interactions in the apo state though 2°*?*, To restore DNA binding RUNXI requires the
formation of a heterodimer with the non-DNA binding core binding factor B (CBF) 2%32%_ In
addition to the RHD, RUNXI contains a transactivation domain, a matrix attachment signal,
and an inhibitory domains 22, However, only the N-terminal RHD is transferred to the fusion

protein, while the functionalities of the remaining domains are replaced by ETO %,

The ETO protein has been discovered as the fusion partner of RUNX1 in t(8;21) translocation
%8 Tt is mainly responsible for the gene-repressive activity of RUNX1-ETO, by recruiting
transcriptional repressor proteins, like mSin3A, a silencing mediator for retinoid and thyroid
hormone receptor (SMRT), nuclear receptor co-repressor (NCOR), and histone deacetylases
(HDACs) 1-3 29729 1t contains three proline/serine/threonine-rich regions and four highly
conserved nervy homology domains (NHR1 to NHR4, named for homology to Drosophila
nervy protein) '°72%_ In particular, the NHR2 domain (Figure 8) was shown to contribute many

of the biochemical properties of ETO. It mediates PPIs with co-repressors as well as homo-
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Figure 7. The t(8;21)(q22;q22) translocation. A. Partial karyotype of t(8;21)(q22;q22) showing
chromosome pairs 8 and 21. The derivative chromosomes are on the left in each pair. The position of
the RUNXI-ETO fusion gene is indicated by a black arrow. B. Schematic representation of the genomic
structure of t(8;21). Translated and untranslated sequences of the exons are represented by white and

shaded boxes, respectively. The breakpoint cluster regions are denoted by crossing lines. Thus, the
fusion gene may include the £70 exon 1b. Still, all breakpoints result in the same gene transcript as
exon 1b does not contain a splice acceptor site. C. Schematic representation of full-length RUNX1-
ETO with the DNA-binding Runt homology domain (RHD), and the nervy homology domains (NHR)
1-4. PST indicates the proline/serine/threonine-rich regions 7. Overlapping with second PST is the
nuclear localization signal (NLS) 2!°. (A. taken from Atlas of Hematological Cytology. Masaryk

University, University Hospital Brno, http://www.leukemia-cell.org/atlas; B and C. adapted from REFS
195.200)

oligomerization 212, This oligomerization was shown to be crucial for the malignant

transformation 213-215,

Next to full-length RUNX1-ETO described above, alternative splicing can lead to two further
gene transcripts. The exons 9a and 11a in the E7O part of the gene provide stop codons, leading
to the C-terminally truncated isoforms RUNX1-ETO 2!%2!7. The RUNXI-ETO9a transcript is
lacking the NHR3 and NHR4 domain and was shown to have reduced repressive activity on the

translational gene activation mediated by RUNXI1 than the full-length fusion protein. However,
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Figure 8. The NHR2 domain forms a homo-tetramer complex. A. The NHR2 domain consists of an
amphiphilic a-helix (PDB ID: 1wq6). Two of the helices associate to form an anti-parallel dimer (A/B),
which can further associate with another dimer to form the tetramer (A/B//A’/B’). Parallel helices (e.g.,
A/A’) of the dimers are depicted in matching colors. On top the dimer-interface (A/B) is shown in plane,
with the opposing dimer below (A’/B’). On the bottom, the tetramer-interface (B/A’) is depicted. B.
Schematic representation of the NHR2 domain as a dimer of dimers. The composition of this homo-
tetramer leads to a highly symmetric complex. For any binding epitope formed by two anti-parallel
helices (A©)/B(), three congruent epitopes exist. The congruent binding epitopes can be transformed
into one another through rotation around three orthogonal C, axes. C. The tetrameric NHR2 interacting
with two identical fragments of transcription factor 12 (green and pink) (PDB ID: 40jl). The interface
lies on the surface formed by A/B’. Thus, tetramer formation is required for the interaction interface to
form. Two more identical interface would be available on the opposing side of the complex (A’/B).

mice transfected with the RUNXI-ETOYa showed rapid development of leukemia, in fact
stronger than for the fusion protein. 2'® The transcript of RUNXI-ETOI Ia only lacks the NHR4
domain. It was shown as well to exhibit a lower repressive activity against native RUNX1 gene
transactivation >!7. Though both isoforms were found in patient samples with RUNX1-ETO-
positive leukemia, their influence on the onset and progression of leukemia in humans remains

unclear %217,

1.4.2 RUNXT1-ETO fusion protein in leukemogenesis

The role of RUNXI-ETO in the emergence of leukemia is not fully understood. There are a
variety of different mechanisms discussed. The most prevalent one is the suppression of the
function of wild-type RUNX1 2% Physiologically, RUNXI acts as key regulator of
hematopoietic differentiation. After association with CBFp it binds to DNA through the RHD
and activates its target genes 2>. As RUNXI1-ETO inherits the DNA-binding RHD from
RUNXI the two proteins share 60-80% of their binding sites '°°. Thus, a first proposed
mechanism of action for the fusion protein was that it represses transactivation of RUNXI target

genes by the co-repressors recruited by the ETO domains 2°52°, However, RUNX1-ETO does
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not always act as a transcription repressor but can occasionally induce transcription of target
genes through epigenetic mechanisms 22!, Also, studies showed that in patients with RUNX1-
ETO-positive leukemia no inactivating mutations occur in the native RUNXI gene %?2. This
hints towards, that the cancer cells still depend on the function of wild-type RUNX1 and thus,
the relationship between RUNX1 and RUNXI1-ETO is likely more complex than initially

assumed %223,

Still, the epigenetic alterations induced by co-repressors recruited by the ETO part of the fusion
protein appear to be pivotal in the leukemogenesis 2**. The recruitment of co-repressors is
mostly mediated via the NHR1 and NHR2 domain 93208299225 The NHR2 domain, which
mediates the homo-oligomerization, was shown to represent an important interface for PPIs
(Figure 8C) ?!!. Several groups found that abrogation of the associations mediated by NHR2

lead to reduction in the leukemic phenotypes 23215,

1.4.3 Therapeutic strategies

Among AML, the t(8;21) leukemia is considered a rather favorable subtype, due to its low rate
of primary drug resistance and increased overall survival *?°2%7. The current therapeutic
intervention consists in anthracycline- and cytarabine-based induction chemotherapy. This
leads to complete remission in ~90% of the patients 23, Half of the patients will experience

22 and the median overall survival is less than five years 23°.

relapses though within 36 months
Post-remission high dose cytarabine treatment was shown to increase the disease-free and
overall survival. However, the continued chemotherapeutic cycles are associated with
considerable toxicities. Thus, older patients and patients with compromised health status may

not tolerate the intensive treatment 228,

Targeted therapeutics, with a decreased overall toxicity would present a promising treatment
approach for t(8;21) leukemia. A first approach in this direction is gemtuzumab ozogamizin, an
antibody directed against the CD33 antigen and coupled to the cytotoxic calicheamicin. In 2000,
drug was given accelerated approval by the FDA for patients > 60 years, who were not eligible
for standard chemotherapy. After a preliminary withdrawal from the market in 2010 !, the
drug was re-approved by the FDA and approved by the EMA. The admission is as an addition
to the established anthracycline- and cytarabine-based induction chemotherapy, though, as

gemtuzumab ozogamizin could not replace it.

1.4.4 Conclusion
As the t(8;21) leukemia is dependent on the RUNX1-ETO, the fusion protein would represent

a prime target for a targeted therapy approach. This would limit any drug effects to the cancer
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cells, reducing the toxic side effects on other cells. The RUNXI1-ETO fusion protein acts
principally as a repressor of wild-type RUNX1 with which it shares the DNA-binding RHD.
Thus, inhibiting DNA-binding through the RHD would likely cause off-target effects on wild-
type RUNX1. However, the transforming ability of RUNX1-ETO was shown to depend on the
oligomerization of the NHR2 domain of ETO. Thus, disrupting the protein interactions formed
by the ETO part of the fusion protein, or interfere with the NHR2-mediated homo-

tetramerization appears to be a viable approach.

In section 5, I will discuss 7.44, a compound that was specifically designed to interfere with
the oligomerization of the NHR2 domain of RUNX1-ETO. The associated Publication IV aims
to further characterize the biophysical properties of 7.44 on the NHR2 domain. In supporting
simulation studies, we could identify preferred binding epitopes of the compound in the
tetramer. Furthermore, in section 6, a virtual screening approach and molecular dynamics
simulations will be presented, which lead to analogues of 7.44 with stronger antiproliferative

properties than the original compound.
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1.5 Scope of the thesis

Throughout the previous chapters the importance of the development of novel compounds to
treat cancer was demonstrated. We explored two approaches, how structures already present in
nature can be used to guide the drug design. In section 1.1 we discussed, how natural
compounds can serve as leads in drug design. In section 1.2 we explored how protein-protein
interaction modulators can serve as anti-cancer drugs, and how the structures of the protein-
protein interface can serve as a template for the design of small molecule inhibitors.
Furthermore, we introduced two potential molecular targets in cancer therapy. In section 1.3
HSP90 was presented as a promotor of cell survival and facilitator of genetic alterations in a
variety of tumors, thus representing a promising target in pan-cancer therapy. In contrast, in
section 1.4 the RUNXI1-ETO fusion protein was presented, which is specifically associated
with a single type of AML induced by the t(8;21) translocation.

This thesis aims to explore novel approaches to overcome drug resistance in cancer. To this
end, computational methods in the field of molecular simulations are employed to provide

insights in the mechanism of action of the investigated compounds on the molecular level.

In the past, the development of anti-cancer drugs has benefitted enormously from natural
product leads (section 1.1). A potential future lead, phomoxanthone A (PXA), was shown to
selectively induce apoptosis in cancer cells. In Publication II the efficacy of PXA on cisplatin
resistant solid tumors was assessed. We further hypothesized, that the apoptotic effect of PXA
might in part be elicited by the decoupling of the proton gradient of the inner mitochondrial
membrane (IMM). To check this hypothesis, the energy barrier for different protonation states
of PXA is computed by umbrella sampling simulations (section 2.2). The calculations revealed
significant differences in the membrane partition of the PXA protomers. Overall, the energy
barriers suggest, that at least two of the investigated protonation states of PXA can permeate
through the membrane at biological relevant time scales. Though this does not explain the full
spectrum of effects PXA elicits in cells, it corroborates a first hypothesis on the action of PXA

on the mitochondrial membrane.

In the past decades, there has been an increased interest in the rational design of compounds
that target protein-protein interactions (PPIs) (section 1.2). PPIs are pivotal to many
physiological and pathophysiological cellular processes, including malignant transformation
and cancer. A popular anti-cancer target is the heat shock protein 90 (HSP90) which is involved
in a multitude of cellular signaling pathways and represents a hub for PPIs (section 1.3). Thus,

inhibitors of HSP90 have the potential to elicit anti-proliferative and anti-invasive effects in a
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wide variety of cancers. Based on prior studies providing a proof of concept, in Publication III,
LSKS8?2 is presented as a first-of-class small molecule inhibitor of HSP90. We performed large-
scale ligand diffusion simulations with LSK82 diffusing around HSP90a and HSP90p. These
simulations suggest a preferred binding to the C-terminal dimerization interface of HSP90.
Moreover, for both isoforms very similar distributions were obtained, suggesting that the novel

compound does not exhibit specificity for either isoform over the other.

In contrast to HSP90, which promotes proliferation in many cancers but is not intrinsically
oncogenic, some cancer types are directly linked to a single genomic alteration and the
associated gene transcripts. Such a case is the t(8;21) AML, whose etiology is directly
associated with the RUNXI1-ETO fusion protein (section 1.4). Essential to the transformative
function of the fusion protein is the NHR2 domain in the ETO part. By self-oligomerization,
this domain forms an interaction interface for transcriptional co-repressors, which alter the
transcription profile of the affected cell. Interfering with this self-organization would provide a
novel way to interfere with t(8;21)-related cancer genesis. With the compound 7.44 a first
inhibitor of the oligomerization of the NHR2 domain was identified. In Publication IV we
subjected this inhibitor to biophysical and simulation studies. By free ligand diffusion
simulations, preferred binding epitopes on the NHR2 tetramer as well as a preferred binding
mode for the encounter of 7.44 with the NHR2 tetramer is identified. This provided first insights
on the molecular level into the specific interactions formed between 7.44 and NHR2. Finally,
in section 6 close and remote structural analogues of 7.44 were identified, which showed
increased antiproliferative effects against RUNX1-ETO-positive leukemia cells. Unbiased
diffusion simulations of a selected subset of the compounds showed preferred binding areas.
However, the binding distributions of the compounds across the protein suggest different

binding classes.

In summary, the publications in this work represent different approaches in modern drug design.
The work regarding PXA represents a lead-based drug design, where a natural product serves
as an active lead, without having the molecular mode of action completely understood. In
contrast, in the HSP90- and RUNX1-ETO-related projects, a rational drug design approach was
applied to develop targeted drugs. In the case of compounds targeting HSP90, these could be
of therapeutic benefit against a wide variety of tumor types, while the ones targeting the
RUNXI1-ETO fusion protein would likely be limited to t(8;21) leukemia. In the following
sections, the computational work that was contributed to these studies and the new information

gained thereby will be presented.
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2 Methods

2.1 Molecular dynamics simulations

Molecular dynamics (MD) simulation is a technique to sample motions of atomistic systems
over time. In this method, the atomic interactions are described using mechanical potentials
(see chapter 2.1.1), which in their simplest form represent atoms and their covalent interactions
as masses connected by springs. In that way, even large biological systems (e.g., proteins) that
cannot be handled using quantum mechanics can be simulated 2**?33, In MD simulations, a
successive series of conformations of a system are calculated to generate a trajectory. Such a
trajectory and the motion of the conforming atoms are obtained by integrating equation 1 over

a given time step 2.

2x; F
dxl=ﬁ 0

dt? m;
Here, the motion of particle i along coordinate x; is described in dependence of the force (F,)

acting on the particle of mass m; along the coordinate 2**>. During one integration time step dt
the forces on a particle are not getting updated. Thus, choosing too large time-steps may lead
to high-energetic artifacts and instabilities during the simulation. On the other hand, reducing
the time step size increases the computational cost for obtaining comparable configurational
samplings and simulation lengths. As a rule, the integration time step has to be about one order
of magnitude smaller than the period of the highest-frequency motion 2**. These are typically
the translational vibrations of hydrogen-heavy atom bonds, which are in the range of 1:10'* s™!
(A= 10 fs), hence limiting the simulation time steps to ~1 fs 23, As these high-frequency
internal vibrations are usually decoupled from the conformational changes of a system,
algorithms like SHAKE %, SETTLE %%, and hydrogen mass repartitioning have been

introduced that constrain or slow these vibrations 2*%, so that the time step can be increased.

The use of mechanical potentials in molecular dynamics allows for fast and efficient calculation
of the energy terms. However, for a mechanical potential to model processes that are described
at the quantum theory level (e.g., molecular bond stretching), it needs to be parametrized to
accurately represent (free) energy profiles from quantum mechanical calculations. This

parametrization is typically performed for sets of similar molecules (e.g., amino acids, nucleic
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acids). However, also more general force fields exist. Some exemplary force fields used in the

works in this thesis are listed below with their application:

e ff14SB for proteins >’
e GAFF and GAFF?2 for organic small molecules 23423

e LIPID17 for phospholipids in biological membranes (updated version of LIPID14 [ref 240])

e TIP3P, three-point water model !

The potentials used in the AMBER force fields are shown in equation 2. Harmonic potentials
are used to describe the stretching of bonds between two atoms, as well as the bending of angles
between three bonded atoms. A cosine term is used to add torsion barriers to the rotation around
rotatable bonds. The same term is also used for out-of-plane bending potentials, referred to as
“improper dihedrals”. Finally, non-bonded interactions are represented by a 12-6 Leonnard-

Jones-Potential to describe van-der-Waals interactions and a Coulomb potential for electrostatic

interactions 239242243,
Etotar = ky(r —15)
bonds
+ Z ke (6 — 6,)
angles
(2)
+ z V,[1 + cos (ngp — p)]
dihedrals

Ajj Bij  qiq;
+ Z Z [R..lz B R;® * €R;;
2.2 Free energy calculations using umbrella sampling
The goal of sampling in MD simulations is to reach independence of the distribution of
observed properties from the initial configuration of the system. At this point the probability
densities of individual states follow the Boltzmann distribution 2**. Thus, the distribution of
states along a given reaction coordinate can be used to calculate free energy differences 2**. In
unbiased molecular dynamics simulations, however, the low energy regions close to the initial
configuration will be explored, while the regions behind large energy barriers (i.e., larger than
multiple kg7) will be likely undersampled. Moreover, for deriving the magnitude of the energy
barrier, high-energy transition states need to be sampled. Thus, unachievable long simulation

times would be required to obtain sufficient sampling for accurate free energy predictions 2%°.
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This can be countered by applying a biasing potential, that confines the sampling to a given
region or “window” along the reaction coordinate. Commonly, simple harmonic potentials are
used. By placing multiple overlapping sampling windows along the whole reaction coordinate,
individual states can be sampled more efficiently. Finally, these individual window samplings
can be recombined yielding an accurate sampling along the full reaction coordinate. However,
to calculate free energies along the pathway, it is necessary to account for the biasing potentials

applied during the sampling 24°-246,

The weighted histogram analysis method (WHAM) is an algorithm specifically designed to
unbias sampling data obtained from biased simulations 2*"->43, This method determines a weight
functional that minimizes the statistical error for the weighted sum of the data from all

simulations 246243,

An application of the umbrella sampling method in the field of biomedical research is
determining the membrane permeability for small molecules. Here, umbrella sampling is used
to sample a compound’s passage through the membrane 2**2°°, This was applied to estimate the

membrane permeability of phomoxanthone A (see section 3, Publication II).
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3 Simulation studies on the permeation of
Phomoxanthone A through the inner mitochondrial

membrane

Most parts of this chapter are taken from Publication II (see page 83):

The tetrahydroxanthone-dimer phomoxanthone A is a strong
inducer of apoptosis in cisplatin-resistant solid cancer cells

Wang, C.? Engelke, L.?, Bickel, D.? Hamacher, A.?, Frank, M. b Proksch, P.°,
Gohlke, H. *¢, and Kassack, M.U. ?

4 Institute for Pharmaceutical and Medicinal Chemistry, Heinrich Heine University Diisseldorf,
Diisseldorf, Germany

b Institute of Pharmaceutical Biology and Biotechnology, Heinrich Heine Universitit Diisseldorf,
Diisseldorf, Germany

¢ John von Neumann Institute for Computing (NIC), Jiilich Supercomputing Centre (JSC),
Institute of Biological Information Processing (IBI-7: Structural Biochemistry) & Institute of
Bio- and Geosciences (IBG-4: Bioinformatics), Forschungszentrum Jiillich GmbH, Jiilich,
Germany

Contribution:  15%
Published in:  Bioorganic & Medicinal Chemistry 2019; 27(19): 115044.

3.1 Background

Natural products have a long and ongoing history in drug discovery (see section 1.1) ¥*%_ In
the case of the dimeric tetrahydroxanthone phomoxanthone A (PXA), it was isolated from the
endophytic fungus Phomopsis longicolla, which lives in mangrove plants. Here, it is exposed
to challenging environmental condintions, like periodic changes in tidal submergence, water
salinity, and temperature. Such conditions have been suggested to promote the activation of
novel biosynthetic pathways that produce bioactive secondary metabolites 33°2! PXA is a
symmetric tetrahydroxanthone-dimer with a 4,4’-biaryl linkage and bulky substituents in
positions 5, 5°, 10a, and 10a’ (Figure 9). This results in atropisomerism between the two

tetrahydroxanthone moieties.

In prior studies the compound showed promising anti-proliferative effects on native and
cisplatin-resistant cancer cell lines. Interestingly, this effect was selective for cancer cells over

53,55

non-cancer cells (peripheral blood mononuclear cells) by two orders of magnitude , making

PXA a promising natural lead for the further development of anticancer drugs.
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Figure 9. Structure of PXA. The absolute configuration of PXA was determined by
X-ray analysis as aR, 55, 68, 10aS, 5°S, 6°S, 10a’S 3. A. Schematic representation of the
structure of PXA. B. X-ray crystal structure of PXA where the 4,4’-biaryl axis is rotated
by ~92°.

It has been shown, that in the cell, PXA induces fission in the mitochondrial network 4. This
effect is typically associated with compounds that deplete the membrane potential (A¥m) of the
inner mitochondrial membrane (IMM), like the protonophore carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) >*?*2, The membrane potential of the IMM is mostly maintained by the

proton gradient between the cytoplasm and the mitochondrial matrix, leading to the hypothesis

that PXA may act as a protonophoric decoupler similar to CCCP.

As described in section 2.2, energy barriers for molecular processes that would normally not
be observable with unbiased sampling can be obtained by applying umbrella sampling. With
this technique, we obtained potentials of mean force for the passive permeation of PXA in
various protonation states through the IMM. The obtained PMFs allow for a general estimation
of membrane partition of PXA, as well as for the time scales on which membrane permeation

may take place.

3.2 Potential of mean force calculation to estimate the membrane

permeability of phomoxanthone A
For PXA to act as a proton shuttle and deplete the proton gradient across the IMM, the
compound would need to satisfy two conditions: I) being able to exist in at least two protonation
states under physiological pH, and II) being able to permeate the IMM in those two protonation

states at timescales relevant for biological processes.

As for PXA, no experimental pK, values have been reported yet, sequential pK, values for PXA
in aqueous environment were computed using EPIK 2332%*, The computations indicate that the
hydroxyl groups in 8- and 8’-position are the most acidic functional groups with pK,=5.1 + 1.1

in both cases. Thus, the computations do not reveal a mutual influence due to deprotonation of
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one hydroxyl group onto the pKa value of the other group, which may be explained by the large
separation between the two groups. Therefore, the doubly deprotonated species of PXA is
predicted to be the predominant species under physiological conditions in aqueous solution.
However, in a low dielectric medium such as a lipid bilayer membrane, pK, values are known
to increase 2°°, which would shift the (de)protonation equilibrium to the side of the less charged

species.

To address the question if differently charged PXA species (PXA’, PXA!", and PXA?) can
permeate the IMM, I calculated a potential of mean force (PMF) for the transition of PXA
through the membrane by the means of umbrella sampling MD simulations and WHAM. The
lipid composition of the membrane in the simulations aimed to resemble the IMM in vivo >*°.
However, an overly realistic representation of the physiological system would increase the
complexity of the simulation, requiring exhaustive sampling times to reach convergence 2°’.
Therefore, the IMM composition was simplified to DOPC, DOPE and DOPG” in the ratios of
40:34:18. The umbrella sampling reference points along the membrane normal were generated
by steered MD simulations, dragging the PXA species along the membrane normal (z,
Figure 10A). The starting point was located at the membrane center and the end point in the
solvent phase at 35 A (Figure 10B). To exclude any influence of the potential applied during
the steered MD, all umbrella windows were simulated for 50 ns and only then sampling for
further 50 ns was started. The umbrella windows display considerable overlap regarding the
frequency distribution of values for the reaction coordinate (Figure 10C). Furthermore,
computing the PMFs with increasing sampling intervals showed that the PMFs appear
converged after 30-40 ns of sampling per window (Figure 10D). Accordingly, the statistical

error was estimated by computing individual PMFs for equally sized chunks of the sampled

data. That way a standard error of the mean of < 0.4 kcal mol™! along the PMFs was obtained.

For both PXA? and PXA'", the global minima of the PMFs are located at z=13 A with
~-2.8 kcal mol™! (Figure 11A), revealing that a partially immersed state (state I) of PXA within
the membrane (Figure 11B) is thermodynamically more favorable than a fully solvent-exposed
state. In this state, the hydrophobic part of PXA is located towards the interior of the membrane,
whereas the polar part is located close to the head group region, solvated by a shell of water

molecules. Performing unbiased MD simulations of 500 ns lengths as controls starting from

* The neutral lipid DOPG serves as a surrogate for the cardiolipins present in the mitochondrial membrane,
as at the time of this study no validated cardiolipin parameters were available for the Amber membrane force
fields.
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Figure 10. PMF computation for the permeation of PXA through the IMM. A. Simulation setup
for the generation of the umbrella windows. The PMFs were calculated from the membrane center
(Az=0 A) to a fully solvent exposed state (|Az| = 35 A). B. Normalized electron density distribution of
an unperturbed membrane used in the MD simulations, which shows the average location of the
hydrophilic and hydrophobic components. The polar headgroups are located at |Az|=19 A. C. The
distribution of values along the reaction coordinate obtained from the umbrella sampling. All windows
show good overlap to their adjacent windows. D. Convergence of the computed PMFs over the sampling
time. The PMFs appear to converge after 30-40 ns of sampling per window.

PXA located at the membrane center confirms this finding in that the most frequently sampled
distance of PXA from the center is at z = 12.5-13.0 A. A small energy barrier of ~1.5 kcal mol!
is observed at z =25 A (state II), separating the semi-immersed state from the solvent-exposed
one. Here, PXA is in proximity to the polar head groups of the lipids (Figure 11C), which form
a polar barrier before more favorable hydrophobic interactions can be formed. The height of

the energy barrier to pass the membrane is 3.8 and 6.4 kcal mol! with respect to the fully
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Figure 11. The energy profile of the permeation of PXA through the IMM. A. The computed PMFs
for transition of the uncharged, singly charged, and doubly deprotonated species of PXA from the
membrane center to solvent. All values are normalized with respect to the bulk solvent. The error bars
indicate the SEM at the respective positions. Interesting states in the potentials are marked with I and
II. B. The thermodynamically favorable state I (see panel A). Here, PXA is partially desolvated,
allowing for the hydrophobic 4,4’-biaryl-linkage to interact with the membrane lipids, while the polar
substituents are still solvated. C. State II indicates the transition of PXA from a fully solvent-exposed
state to a partial membrane immersion.

solvent-exposed state for PXA? and PXA'"", respectively, and 6.7 and 9.2 kcal mol! with respect
to state I, respectively. These barrier heights are markedly lower than those found for protein-
free phosphatidylcholine, -ethanol, and -glycin lipid flip-flop in respective membranes %%,
Employing Eyring theory %*° at =300 K, kinetic rates of 1.37-10% to 9.88-10° s are obtained,
although obtaining a barrier height pertinent to kinetics via a PMF has been debated *°. By
contrast, the doubly charged species is most favorable in water, and the barrier height with
respect to the fully solvent-exposed state for passage through the membrane is 9.5 kcal mol™,

which would result in a kinetic rate slower by ~2 orders of magnitude.

Taken together, the simulation results indicate that both the PXA® and PXA!" species, but less
so PXA?, show membrane partitioning and can penetrate the inner mitochondrial membrane
with a high rate, similar to what can be estimated from permeabilities for non-electrolyte
compounds like benzoic acid and codeine ?*. This would indicate, that PXA can act as a

protonophore across the IMM. In our simulations, the membrane potential was not considered,
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which would drive the passage of negatively charged deprotonated PXA towards the
intermembrane space, where they can take up a proton and penetrate back as neutral PXA across
the membrane. Overall, these processes might allow PXA to act as a proton shuttle and dissipate

the proton gradient along the IMM.

3.3 Conclusion and significance

The natural product PXA is a very potent inhibitor of cell proliferation and inducer of apoptosis
in cancer cells. In previous studies the effect of PXA on mitochondria, i.e., the depolarization
of the mitochondrial membrane potential, was described. Thus, we hypothesized, that PXA
depolarizes the membrane by depleting the proton gradient between the cytoplasm and the
mitochondrial matrix. In the context of this thesis, the ability of PXA to shuttle protons through

the IMM was assessed by computational methods.

The computation of pK, values identified the hydroxy groups in 8 and 8’-positon as the most
acidic functional groups in PXA, forming a vinylogous acid with the carbonyls in 9 and 9°-
position respectively. Moreover, the values show that in aqueous solution the double
deprotonated species of PXA is prevalent. Still, the computed pK.=5.1 £ 1.1 allows for a

fraction of PXA to exist in singly deprotonated, and neutral states.

The energy profiles for the membrane passage through the IMM of the three protomers of PXA
were computed based on umbrella sampling MD simulations. For the neutral, singly, and
doubly deprotonated species, barrier heights of 3.8 kcal mol™!, 6.4 kcal mol™!, and 9.5 kcal mol™!
were obtained with respect to the fully solvent-exposed state, respectively. Moreover, for both
the neutral and the singly deprotonated protomers a thermodynamically favorable state was

found along the membrane passage.

In conclusion the simulations indicate that the neutral and singly protonated state of PXA can
permeate through the IMM. This would allow PXA to act as a proton shuttle and depolarize the
membrane potential of mitochondria, corroborating the initial hypothesis. However, at this
point no experimental evidence for this mode of action of PXA is available. Also, unlike the
established protonophoric decoupler CCCP, PXA does not responsively increase cellular
respiration >*. That indicates, that in any case the effect of PXA on the mitochondria is not
exclusively triggered by protonophoric decoupling. In a recent study employing the drug
affinity responsive target stability (DARTS) approach the mitochondrial carbamoyl-phosphate
synthase 1 (CPS1) was identified as a protein target of PXA 2°!. According to the study, high

micromolar concentrations of PXA increase CPS1 activity in a concentration-dependent
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manner. Although this provides an alternative mode of action of PXA targeting an enzyme, the
observed increase in CPS1 activity in vitro does not explain the depolarization of the IMM.

Likely, PXA is pleiotropic eliciting its unique effect on the mitochondria through multiple
pathways.
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4 Full-atomistic simulations to predict binding epitopes of

a novel C-terminal HSP90 inhibitor

Most parts of this chapter are taken from Publication III (see page 99):

Development of a first-in-class small molecule inhibitor of the
C-terminal HSP90 dimerization
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4.1 Background

The heat shock protein 90 (HSP90) is known to promote cancer cell survival and proliferation.
The physiological function of HSP90 is to protect cells against proteotoxic stressors, like
elevated temperatures, hypoxia, and acidosis, but also high mutation burden can be exploited

by tumor cells to survive their tumor microenvironment ''4!13122262 (see section 1.3.3). Thus,
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many groups explore HSP90 inhibitors for the prospective use in cancer therapy. While the
main focus of the clinical development of HSP90 inhibitors has been focused on the N-terminal
ATP binding site (see section 1.3.4) '8, in recent years an increased interest in C-terminal

HSP90 inhibitors has been reported (see section 1.3.5) 314,

As HSP90 functions as a dimer, the inhibition of its dimerization provides a novel way to inhibit
this chaperone. Initially the dimerization interface in the CTD was believed to be in a permanent
dimerized state and thus inaccessible. FRET studies, however, revealed that the CTD undergoes
cycles of dissociation and association in a similar fashion as the NTD in the second time scale
104 In a study by Gohlke and co-workers, hot spot residues (section 1.2) in the HSP90
dimerization interface were identified, applying molecular dynamics and free energy
calculations 2%°. These hotspots are clustered in the interfacial helices H4 and H5. Peptides
designed on the basis of these helices were shown to bind to the CTD of HSP90 with apparent
Ka values around 1 uM 2%*, and inhibit dimerization in an autodisplay assay 252, Thus, these

peptides represented the first inhibitors of the C-terminal dimerization of HSP90 3.

Based on these results and the hotspot analysis, the peptidomimetic compound aminoxyrone
(Figure 12A) was designed, which binds to the CTD with a Kq of 27.4 uM 3% The compound
induces cell cycle arrest and growth inhibition in various leukemia cells cell lines, without
inducing the HSR typically associated with clinical inhibitors of HSP90 (section 1.3.4) %193,

Therefore, the compound is an attractive lead for further drug optimization.

HNT 0
Aminoxyrone

Figure 12. Aminoxyrone, a peptidomimetic inhibitor of the HSP90 dimerization. A. The a-
aminoxy peptide-based inhibitor aminoxyrone of HSP90. In solution this compound adopts a
conformation mimicking an a-helix. B. Binding-mode of aminoxyrone predicted by MD simulations
193 The compound binds to the C-terminal dimerization interface of HSP90, mimicking helix H5.
C. The novel a-helix mimetic inhibitor LSK82, based on a pyrimidoneamide backbone.
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In this study, we replaced the a-aminoxypeptide backbone of aminoxyrone by
pyrimidoneamides, which were shown before to function as a-helix mimetics, too 2’. This
yielded a set of compounds, of which LSK82 (Figure 12C) is the most potent inhibitor of the
HSP90 function. By unbiased molecular dynamics simulations, the binding of LSKS82 to
HSP90a was simulated to identify the most probable binding epitopes. Furthermore, the binding
of LSKS?2 to the cytosolic HSP90a and HSP90P was compared, to investigate on the structural

level, if the compound exhibits isoform specificity.

4.2 Unbiased ligand diffusion simulations

To provide structural insights into the binding of LSK82 to the CTD of HSP90, we performed
40 independent MD simulations” of free diffusion of LSK82 in the presence of truncated
monomeric HSP90a (residues 294-699) and HSP90 (residues 286-691). In order to accurately
represent the o-helix mimetic properties of the trispyrimidoneamides, the modified GAFF
parameters were used 2°’. The initial configurations of the simulation systems were generated
such that the ligand is at least at 10 A distance from the protein. To counteract the high
flexibility particularly of the C-terminal helix interface, we introduced positional restraints on
the backbone atoms, adjusting the reference coordinates every 100 ns to allow for moderate
protein movements. Simulations of 500 ns length in total were performed, leading to 20 pus

cumulative simulation time for each of the isoforms.

To analyze binding epitopes of LSK82, a criterium needs to be established, how binding can be
detected during the simulation. Based on the premise, that a stably bound ligand is restrained
in its movement with respect to the target protein, we defined the ligand as bound, if its
displacement with respect to the protein between two subsequent frames is < 1.5 A . Mapping
the probability density of occurrence of LSK82 onto the surface of Hsp90 revealed two main
binding regions of LSK82: one in the C-terminal helix interface (Figure 13A, green), where
binding occurred in 10 out of the 40 replicas, and another in a cleft between the CTD and MiD
(Figure 13A, blue), where binding occurred in 6 out of 40 replicas. In the latter case, an area of
high density with the shape of LSK82 is observed (Figure 13A, light blue), resulting from a
single trajectory. This indicates that the ligand was kinetically trapped in this one case, although

the position is thermodynamically unfavorable. By contrast, the densities in the C-terminal

* The MD simulations on HSP90a were set up by Dr. Benedikt Frieg.

T This was calculated as the no-fit RMSD of LSK82 towards the previous frame after superimposing on the
protein.
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Figure 13. MD simulations of LSK82 binding to HSP90a. A. The relative densities of the bound
poses of LSKS82 after 500 ns are mapped on the HSP90o monomer fragment used in the simulations
(PDB ID: 3q6m). The missing NTD is shown in red, based on the HSP90p structure (PDB ID: 5fwk).
Particularly high densities are observed in the region between H4 and HS (green circle). A second, less
preferred site is in the cleft between the CTD and middle domain (blue circles). B. Effective energy
calculations over a single trajectory that resulted in LSK82 binding in the C-terminal helix interface as
a function of the center-of-mass distance between LSK82 and H4 and the simulation time (see color
scale). The dashed line at 12.1 A corresponds to the H4-H5’ distance in the crystal structure of PDB ID
3q6m. C. Possible binding mode of LSK82 in the helix interface, where LSK82 mimics H5’. D. Blow-
up of the possible binding mode of LSK82 showing how its sidechains mimic side chains of H5’.

interface are more ambiguously shaped, indicating that, while binding there is favorable, the

ligand can still explore multiple binding modes, which are also seen to interchange.

To further study these binding modes, we clustered the bound frames of LSK82 mapped on the
protein surface with respect to their RMSD after superimposing HSP90. Among the clustered
binding modes were several that form interactions to the C-terminal helix interface, with LSK82

positioned such that it mimics interactions formed by H5’ in the dimer (Figure 13C and D). To
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corroborate that this binding mode is favorable, we computed the effective binding free energies
by the MM-GB/SA approach for the trajectory that led to it. Already first transient interactions
with the protein resulted in effective energies down to ~-30 kcal mol!. The effective energies
decreased further to ~-45 kcal mol™! once the ligand bound to the C-terminal interface, thereby
forming interactions with Hsp90 that remained stable even when the trajectory was extended to
1 us, indicating that such poses are particularly favorable (Figure 13B). With respect to the
magnitude of the effective energies, it is important to note that configurational entropy
contributions were not considered, since estimating such contributions by normal mode analysis

may introduce additional uncertainties 2526,

Overall, regarding the probability density of bound LSKS82 poses, the proportion of replicas,
and the results of the MM-GB/SA computations indicates that LSK82 preferentially binds to

the C-terminal helix interface, where it can adopt poses that mimic H5’.

We then set out to study if LSK82 exhibits isoform specific binding. The dimerization interface
between the cytosolic a- and B-isoform differ in three positions: S641 / P633, S658 / A650, and
A685/S677 (Figure 14A). Using the same setup as before, we performed MD simulations of

N-terminal
domain

C-terminal
domain

N

00 05 10 15 20 25
Occupany frequency density [%-A'3]

Figure 14. MD simulations of LSK82 binding to HSP90B. A. The structure shows an overlay of the
MiD and CTD of HSP90a (light orange, PDB ID: 3q6m) and HSP90p (light blue, PDB ID: 5fwk).
Substitutions are highlighted by purple spheres. The three substitutions in the C-terminal dimerization
interface are labeled with residue and sequence-position (HSP90o on top; HSP90B below). B. The
relative densities of the bound poses of LSK82 after 500 ns are mapped on the HSP90 monomer
fragment used in the simulations (PDB ID: 5fwk). The missing NTD is shown in red. The epitopes
exhibiting high densities correspond to the areas observed in HSP90a (see Figure 13)
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free ligand diffusion around HSP90B. The probability density of bound LSK82 revealed that
the C-terminal helix interface is the most preferred region, followed by the cleft between the
CTD and middle domain (Figure 14B). Notably, no high density in this cleft was found now,
in contrast to HSP90a, confirming that the observation there resulted from kinetic trapping.
Hence, despite the few sequence variations in the C-terminal helix interface between HSP90a

and HSP90p, the same preferred binding region of LSK82 was found.

4.3 Conclusion and significance

In this study, we present the HSP90 inhibitor LSK82, which is the first compound of a novel
class of C-terminal HSP90 inhibitors that does not induce the heat shock response. To study the
binding of the compound to the molecular chaperone, we performed extensive MD simulations
of the compound freely diffusing around the MiD-CTD of the cytosolic isoforms of HSP90.
Notably, over the course of these simulations after binding no complete dissociation was
observed. This limits the amount of sampling that could be obtained, so that no quantitative

estimates on the binding affinities to either side can be made.

In the binding simulations on HSP90a the compound was observed to preferably bind in the
area that comprises the dimerization interface of HSP90a. A second less populated area was
detected in a cleft between the MiD and CTD. This indicates that LSK82 preferably binds to

the C-terminal dimerization interface.

In the simulations performed on HSP90P very similar results to the simulations on HSP90a
were obtained. This aligns well with the overall high sequence identity between the two
isoforms. It further corroborates the conclusion that LSK82 preferably binds to the C-terminal

dimerization interface. Moreover, it indicates that LSK82 binds equally to both isoforms.

In conclusion though no quantitative estimates about the binding affinities could be obtained,
the simulations indicate, that the C-terminal dimerization interface is a preferred binding

epitope. Moreover, LSK82 appears to bind equally to both isoforms.
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5 Characterization of an inhibitor targeting the NHR2
domain of the RUNX1-ETO fusion protein

Most parts of this chapter are taken from Publication IV (see page 191):

Biophysical and pharmacokinetic characterization of a small-
molecule inhibitor of RUNX1/ETO tetramerization with anti-
leukemic effects

Gopalswamy, M.? Kroger, T.?, Bickel, D.? Frieg, B.°, Akter, S.?, Schott-Verdugo,
S.abe Viegas, A.9, Pauly, T.%¢ Mayer, M. ¢, Przibilla, J. ¢, Reiners, J. £ Nagel-Steger,
L.9, Smits, S.f, Groth, G. &, Etzkorn, M. ¢, and Gohlke, H. *>¢

4 Institute for Pharmaceutical and Medicinal Chemistry, Heinrich Heine University Diisseldorf,
Diisseldorf, Germany

Institute of Biological Information Processing (IBI-7: Structural Biochemistry),
Forschungszentrum Jiilich GmbH, Jiilich, Germany

¢ John von Neumann Institute for Computing (NIC), Jiilich Supercomputing Centre (JSC), and
Institute of Bio- and Geosciences (IBG-4: Bioinformatics), Jiilich, Germany

Institute for Physical Biology, Heinrich Heine University Diisseldorf, Diisseldorf, Germany
¢ Pharmacelsus GmbH, Saarbriicken, Germany
Institute of Biochemistry, Heinrich Heine University Diisseldorf, Diisseldorf, Germany

¢ Institute of Biochemical Plant Physiology, Heinrich Heine University Diisseldorf, Diisseldorf,
Germany

Contribution: 10%
Published in: bioRxiv 2021; 10.1101/2021.12.22.473911.

5.1 Background

The RUNX1-ETO fusion protein is the gene transcript associated with t(8;21) leukemia, found
in patients with acute myeloid leukemia (AML). The fusion protein is comprised by the DNA-
binding Runt homology domain (RHD) encoded in the RUNXI gene and four nervy homology
regions (NHR1-4) encoded in E7O. Particularly, the NHR2 domain contributes to various of
the biochemical properties of the RUNXI1-ETO fusion protein. It mediates its self-association
to dimers and tetramers, which in turn forms the interaction sites for transcriptional co-
repressors (section 1.4.1). Therefore, the NHR2 domain is essential for the function of the
RUNXI-ETO fusion protein in leukemogenesis, and preventing the homo-oligomerization of
the NHR2 domain would represent a promising approach to treat RUNXI1-ETO-positive

leukemia.
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In prior studies the tetramerization of the NHR2 domain was shown to be crucial for the
development of leukemic phenotypes and proliferation 2!3. Moreover, it was shown that the
homo-tetramerization can be inhibited by peptides mimicking the NHR2 domain which
provides a conceptual basis, that the homo-oligomerization of the NHR2 domain can be
competitively inhibited 2!*. With the release of the crystal structure of the tetrameric NHR2
complex 22, structural approaches became possible and lead to the identification of five hot
spot residues in the tetramerization interface 2'°: W498, W502, D533, E536, and W540

(Figure 15; sequence numbering according to the RUNXI-ETO gene sequence 7).

Based on these hot spot residues, a virtual screening for putative oligomerization inhibitors was
performed, yielding the compounds 7.18 and 7.44 which selectively inhibit tetramer-dependent
DNA binding of a RUNX1-NHR2 construct >”° (Figure 15) and reduce the tumor burden in a
xenograft mouse model ?’!. In the present study we further characterize the binding of 7.44 to
the isolated NHR2 domain. By saturation transfer distance NMR (STD-NMR) and
multidimensional NMR the binding of 7.44 to the NHR2 domain has been confirmed.
Furthermore, MD simulations of the tetrameric NHR2 domain and the compound 7.44 were
conducted and provide structural insight into the compound’s binding in context of the

quaternary structure.

B °%% 6 D ‘
<Oo> <o O O 0
© 7.44 ° ° 7.18 o~
O\

Figure 15. The tetrameric NHR2 domain (PDB ID: 1wq6). A. The homo-tetramer is a dimer of
dimers. One dimer is shown in surface representation, while for the other the helices are shown. The
monomers of the same color are in parallel. The hot spot residues are shown in red sticks and labeled.
B. The compounds 7.44 and 7.18 which were screened to mimic the hotspot residues in the
tetramerization interface of NHR2.
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5.2 Interactions of 7.44 with tetrameric NHR2

To study how 7.44 elicits its effect on the tetrameric NHR2 domain on a structural level, we
performed MD simulations of the tetrameric NHR2 domain (PDB ID: 1wq6) in the presence of
7.44 ", Overall, 35 replicate simulations of 1 us length were performed leading to a cumulative
simulation time of 35 us. In these simulations, no biasing force was applied to any of the

molecules. In all trajectories multiple events of 7.44 binding and unbinding were observed.

For a first inspection, we defined binding as the distance between any heavy atom of NHR2
and any heavy atom of 7.44 being less than 4 A. For those “bound poses” we then calculated
their respective occupancy, highlighting preferred binding epitopes of 7.44 on the NHR2
tetramer. In total, five densities > 0.5 % A~ are observed (Figure 16). Considering the rotational
symmetry of the NHR2 tetramer these correspond to three distinct binding epitopes. The most
densely populated binding epitope (I) is formed between W502 on A and R528 on B, and

1.4
[ 1.2
(1.0
0.8
0.6
0.4
111, L Lo2

Density [% A

Figure 16. Grid densities of 7.44 interacting with tetrameric NHR2. The three distinct binding
epitopes are labeled as I, II, and III. The indices are used to distinguish congruent epitopes and refer to
the main monomer, the epitope is associated with (vide infra). For epitopes where the labels are written
in parentheses, only low occupancy densities of < 0.5 % A- are observed.

* The simulations were set up and performed by Dr. Benedikt Frieg.
1 To refer to the monomers of the NHR2 tetramer and their relative location to each other, the nomenclature
introduced in section 1.4.1 is used. Accordingly, A/B and A’/B’ refer to the antiparallel monomers that form

the dimers. The tetramer is then formed by the primed and unprimed dimer A/B//B’/A’, where the same
letters denote monomers that are in parallel to each other.
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7.44 binding to this epitope is observed in all four of its congruent areas, though the grid
densities differ. The second binding epitope (II) is formed by the C-termini of the two parallel
monomers A and A’. Here, binding is observed for the identical site on B and B’ as well, though
the grid occupancy densities also differ between the two sites. Finally, a third epitope (III) is
observed between the unstructured N-terminus of a monomer A and the central part of monomer
B’. However, since the N-terminus is not completely resolved in the crystal structure 2'2, it is
unlikely that this interface would form and be accessible in the full-length fusion protein in

vivo. Thus, we further focused on studying the binding mode of 7.44 to the epitopes I and II.

To further characterize the binding mode of 7.44 to these epitopes binary interaction
fingerprints were calculated for each frame of the MD trajectories (Figure 17). These
fingerprints indicate which residues of NHR2 the compound forms contacts with (here again
an interaction was defined as heavy atom-heavy atom distance < 4.0 A between NHR2 and
7.44, respectively). We excluded all frames where 7.44 interacts with less than five different
residues of NHR2, as those are likely unbound or transiently bound states. To account for the
internal symmetry of NHR2, the fingerprints were then transformed to a canonical orientation
such that monomer A always forms the most N-terminal contact(s) (Figure 17B). Finally, the
resulting symmetry-normalized interaction fingerprints were clustered using a hierarchical
clustering algorithm and a Jaccard distance-cutoff of 0.35. The two largest clusters directly

correspond to the binding epitopes I and II containing 12,395 and 8,513 frames, respectively.

For each of the clusters, representative binding modes can be extracted, showing how 7.44
interacts with the NHR2 tetramer (e.g., Figure 17D-E). Interestingly, for both epitopes I and I,
the compound forms interactions with a hot spot tryptophane residue (I: W502; II: W540).
These interactions are primarily mediated by one of the 1,3-benzodioxole moieties, which

intercalates between the monomers A/B (I) and monomers A/A’ (II), respectively.

Still, the epitopes I and II differ considerably from the original model, 7.44 was screened on 7°.
This is mostly due to the fact, that the model was generated under the assumption of a complete
dissociation of the tetramer, which was not observed during the simulations. Considering the
experimentally determined Kp of the NHR2 tetramer of 11.3 £1.81 uM ?7? and assuming an

-1 213 the dissociation rate

association rate constant (kon) in the range 10° to 10’ M's
constant (kofr) for the tetramer would lie in the range of 1 to 100 s™!, which is at least four orders
of magnitude higher than the length of the performed simulations. However, the interaction of

7.44 and W540 observed in epitope II is similar to the interaction proposed by the original
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Figure 17. Clustering of the interaction fingerprints performed on the cluster corresponding to
the binding epitope 1. A. Due to the rotational symmetry of NHR2 the four binding sites shown,
constitute identical binding epitopes. For each site a representative binding pose (outline) and a set of
individual binding poses is shown. B. On top the binary contact fingerprints are depicted for all frames
of the cluster. Each line represents a single frame with black dots showing single-residue interactions.
Note, that those frames are not necessarily consecutive. By transforming the fingerprints to a canonical
representation (i.e., the complex will be “rotated” such that the most N-terminal contact is formed to
helix A) the similarities within the cluster become apparent. C. By averaging over the symmetry-
normalized fingerprints, the frequency of individual interactions in the cluster can be identified. D. A
representative binding pose for cluster 1, extracted from the most populated of the four congruent
epitopes. The 1,3-benzodioxole moiety enters in a hydrophobic grove formed by W502, L505, L509,
and L523°. At the same time, the carboxyl group interacts with R527 and R528. E. 2-dimensional
representation of the binding pose shown in D. The graphic was generated with MOE 274 and modified
to match the color scheme of the monomers throughout this chapter.

model. Thus, this state could represent an intermediary pose towards the originally proposed

pose, which can only be assumed following a spontaneous dissociation of the tetramer.
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5.3 Conclusion and significance
In this study, the compound 7.44 was characterized by biophysical assays with respect to its
effect on the NHR2 domain. Furthermore, we studied the binding of 7.44 to NHR2 tetramer by

large-scale unbiased ligand diffusion simulations.

By mapping occupancy densities of 7.44 on the NHR2 tetramer, preferred binding epitopes
were identified. Two of the three discussed epitopes are likely accessible in the full-length

RUNXI-ETO fusion protein, making them probable interaction sites for 7.44.

To further analyze the binding of 7.44 to NHR2, an algorithmic approach to cluster the bound
poses of 7.44 based on binary interaction fingerprints was developed and implemented. The use
of interaction fingerprints allowed us to account for the symmetry of NHR2. Thus, in the
established clustering approach identical interaction patters in congruent epitopes will be
identified and clustered together, regardless of in which congruent epitope the interact was

recorded.

This approach was applied to identify clusters, corresponding to the regions of high occupancy
density. For those regions, representative binding modes were extracted from the clusters.
Those binding modes suggested that the interactions between 7.44 and NHR2 are driven by
interaction between arginines and the compound’s carboxyl group, as well as between

tryptophanes and the 1,3-benzodioxole group.

Following the characterization of 7.44 we continued to search for structural analogues with
potentially improved biological properties. The results of this and a characterization of selected

hits is described in the following section 6.
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6 Identification and characterization of improved inhibitors
of RUNX1-ETO

6.1 Background

In the prior studies, the small molecule inhibitor 7.44 was identified as a PPI inhibitor that
targets the NHR2 domain of the RUNXI-ETO fusion protein 2’°. In Publication IV we
additionally characterized the compound with respect to its binding properties to the NHR2
domain. Based on these results we further set out to explore the chemical space around 7.44.
The MD simulations suggested a binding model in which the 1,3-benzodioxoles interact with

tryptophane residues and the carboxylic acid forms interactions with arginine residues.

To further our understanding of the importance of structural features, we performed a virtual
screening for structural analogues, exploring the chemical space around 7.44. These compounds

were further evaluated, by biophysical and biological assays, as well as simulation studies.

6.2 Identification and characterization of new compounds

To identify analogues of 7.44, we built a query from 7.44 in the conformation that was
originally overlayed with the hot spot residues in the NHR2 tetramerization interface 2’°. Based
on this query we screened a prepared version of the drug-like subset of ZINC15 with ROCS 27,

and ordered a manually selected subset of the top ranking compounds”.

The ordered compounds were subsequently screened for interactions with the isolated NHR2
domain by STD-NMR experiments’ (Table 1). As the virtual screening is limited to
commercially available compounds, the purchased and tested compounds in general differ from
7.44 in multiple positions. Thus, the changes in the binding affinity observed in the STD-NMR
can often not be linked to a single alteration. Still, by grouping compounds with common
structural features (Figure 18), even from the multivariate data presented here, a few SAR
claims can be deduced. The carboxyl group is not essential for binding and can be replaced by
small aliphatic substituents (e.g., M18, M22, M23). In the aliphatic linker, the CH» adjacent to
the 4-ketone group can be replaced by a nitrogen atom, forming an amide (e.g., M22, M23).
This may lead to a loss of affinity though, if combined with a carbonyl in 1-position, probably

* The virtual screening was performed by Dr. Mohanraj Gopalswamy. The preparation of the ZINC15
database and the implementation of the scripts was done by David Bickel. The screening software ROCS
was kindly provided free of charge for academic use from OpenEye.

T The STD-NMR experiments were performed by Dr. Mohanraj Gopalswamy.
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Table 1. Compounds ordered from the virtual screening and evaluated by STD-NMR. The
structures are shown in a 2D representation. Since the purchased compounds were racemic, the

stereocenters in the structures are not defined. The qualitative labels in the STD-NMR column refer to

the intensity changes of the 'H-signals of the compounds. Thus, “strong” changes indicate that the

compound is binding to NHR2, while compounds that do not show any changes in the signal intensity

(“none”) are likely not binding to NHR2. These experiments were performed by Dr. Mohanraj
Gopalswamy. Due to low solubility, no values for M26 could be obtained. The compounds labeled with
# are further studied by MD simulations.
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Table 1. continued

STD-NMR STD-NMR
. Compounds .
signal signal

M21 \QN )okN ESCF none M22 EO g% strong

M23# Qjﬁ)l\ﬁ@ strong M24 2 & o none

M25 CJ@ULL weak M26 O@**@ n.d.
H | 0

M27* F36\©\ b )Okc strong M28 Q}NH,)\ N 0 none
N J

strong M30 QNHE\A( :)ﬁoj none

due to the formation of an intramolecular hydrogen bond that stabilizes a conformation that is

Compounds

unfavorable for binding (e.g., M5, M13, M15). Between the 2- and 4-aryl substituents, no clear
distinguishing traits could be identified, suggesting that the compounds can bind in two
mirrored poses where the 2-aryl replaces the 4-aryl and vice versa. Still, one of the aryls should
be electron-rich (e.g., M11, M18, M19) or at least have a +M substituent like an alkoxy group
(e.g., M7, M10).

To study, if the compounds form similar interactions to the tetrameric NHR2 as compared to
7.44, unbiased ligand diffusion simulations were performed on seven compounds: M7, M8,
M9, and M 11 which show high structural analogy to 7.44; M10 and M23 which are lacking the
carboxyl group; and M27 which represents a novel urea-based scaffold. The MD simulations
were performed in analogy to the simulations on 7.44, presented in section 5 (Publication IV).
For each of the compounds twenty independent starting conformations were simulated for 1 ps,

accumulating 20 ps of MD simulations per compound (140 ps in total).

For all compounds, their bound states were mapped on the NHR2 tetramer, and the relative
occupancy was calculated (Figure 19A-G). Overall, the same binding epitopes — I, II, and 111
— as for 7.44 were detected. To quantify the binding to these areas, the fingerprint-based
clustering approach described before (section 5.2) was used. This showed that the negatively

charged compounds M7, M9, M11, and M27 preferably encounter the NHR2 tetramer in
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Figure 19. Grid density and clustering analysis of the compounds M7, M8, M9, M10, M11, M23,
and M27. Grid densities mapped on the structure of the tetrameric NHR2 domain (PDB ID: 1wq6).
The most prominent epitopes are indicated and labeled. A. M7. B. M8. C. M9. D. M10. E. M11. F.
M23. G. M27. H. The graphic shows the relative frequency of the largest cluster corresponding to the
epitopes I, II, and III, respectively. Results for 7.44 are taken from the simulations in section 5.

epitope I, where the compounds can form interactions with R527 and R528. In contrast, for the
neutral compounds M8, M10 and M23 the ratios between the epitopes I, II, and III are more
even, with II being the most frequented binding epitope. This suggests that negatively charged
and neutral compounds interact with the NHR2 domain differently, and thus, might elicit

different effects in the cell or differ in their potency.
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Finally, we tested the compounds that showed strong signals in the STD-NMR in a cell-based
proliferation assay *. The compounds M5 and M6 were included as negative controls. The
compounds were tested in three cell lines of which two cell lines express the RUNXI-ETO
fusion gene (Kasumi and SKNO-1), and one is a BCR-ABL-positive leukemia cell line (K562).
All compounds that were tested, except for the negative controls M5 and M6 showed higher
antiproliferative effects than 7.44 (Figure 20). Interestingly, the neutral compounds M23 and
M10 are the most potent compounds, while still having some selectivity for the RUNX1-ETO-
positive cells. This might indicate that compounds binding in epitope II elicit a higher

antiproliferative effect, than compounds that preferably bind to epitope 1.

6.3 Conclusion and significance

In prior studies the compound 7.44 was shown to interact with the NHR2 domain of the
RUNXI1-ETO fusion protein, and interfere with its (section 5, Publication I'V) oncogenic effect
270271 To further our understanding about which structural features of 7.44 enable this effect,

we started a virtual screening campaign.

On basis of a shape-based virtual screening, we identified a set of 30 analogues of 7.44. Among
these are compounds that share high structural analogy with 7.44, and compounds which can
assume a 7.44-like conformation and mimic its interactions, but do not share a common

molecular scaffold.
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Figure 20. Cell toxicity assay. K562 is a BCR-ABL-positive leukemia cell line, while
Kasumi and SKNO-1 are RUNX1-ETO-positive. The values correspond to the decadic
logarithm of the ICsp in pM. For the compounds labeled n.d., the ICso is > 1,000 pM.
For 7.44, two sources of compound were used.

* The CellTiter-Glo® experiments were performed by Niklas Dienstbier and Jia-Wey Tu in the research group of
Dr. Sanil Bhatia.
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In STD-NMR experiments 12 (18) of the 30 screened compounds show strong (strong or weak)
intensity shifts, indicating that these compounds bind to the NHR2 domain. This constitutes a
hit rate of 40% (60%) for the first batch of tested compounds. Based on the STD-NMR results,
a preliminary SAR study was performed. Though, this study is limited by the commercial
availability very close analogues of 7.44, still, structural determinants of the action of 7.44-like

compounds could be deduced and are to be tested by further studies.

In MD simulations of the unbiased diffusion, two distinct interaction patterns could be
identified. Negatively charged compounds preferably interact with the NHR2 tetramer in a site
formed by R527, R528, and W502. In contrast, the uncharged compounds we simulated

intercalated in the C-termini of the NHR2 monomers, forming interactions with W540.

Finally, the screening hits were evaluated for their anti-proliferative properties in a cell viability
assay. Here, for all screened compounds an improvement over the template compound 7.44 was
seen. The uncharged compounds M23 and M10 showed very promising antiproliferative

effects, while still maintaining moderate selectivity for RUNX1-ETO-positive cells.
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7 Summary and perspectives

Over the course of this thesis, studies to three independent projects were performed. The
common objective was to explore novel mechanisms of action to counter therapy resistance in
solid and humoral tumors. The first project was centered around the lead compound PXA, while
the other two projects were target-centered, focusing on HSP90, which is a promoter of
proliferation in many cancers, and the RUNXI1-ETO fusion protein, which is directly linked to
the etiology of a subset of AML.

The natural product PXA was described before to induce apoptosis in various cancer cells. This
was shown to be associated with the depolarization of the mitochondrial membrane potential
which in turn lead to fission of the mitochondrial network >**’®. Here, the hypothesis of PXA
acting as protonophoric decoupler across the IMM is explored. The computations suggest that
the natural product can cross the membrane in the neutral and singly deprotonated state,
carrying protons along the concentration gradient into the mitochondrial matrix
(Publication II). Thus, our calculations align with the hypothesis of PXA acting as a
protonophore across the IMM, though experimental evidence is yet to be provided. In a recent
publication, the mitochondrial enzyme CPS1 was identified as a target of PXA 2!, This
provides an alternative mode of action for the natural product. However, the demonstrated
effect on the CPS1 does not explain the observed depletion of the mitochondrial membrane
potential >*?7¢, Thus, PXA likely acts on multiple sites in the cell, leading to its unique activity.
To further the development of PXA or its derivatives as a new anticancer drug, its primary

mode of action as well as off-targets need to be elucidated.

The molecular chaperone HSP90 promotes proliferation and cell survival in cancer cells. Thus,
it was targeted by researchers in an attempt to develop new targeted anti-cancer drugs.
However, at this point virtually all clinical studies on HSP90 inhibitors have been performed
on competitive inhibitors of the N-terminal ATP binding site, which are potent anti-cancer
drugs, but elicit dose-limiting toxicities. Consequently, no HSP90 inhibitors have been
approved by the FDA or EMA so far. We reviewed the state of the art of HSP90 inhibitor
development, focusing on non-N-terminally acting compounds (Publication I). We further
studied LSKS82 on a molecular level. The compound is a novel, first-of-class C-terminal HSP90
inhibitor, which was designed to mimic the helix 5 in the C-terminal dimerization interface. In
the simulations LSK82 exhibited a preference for binding in the C-terminal dimerization
interface. Moreover, from the simulations a binding mode could be extracted, where LSK82

binds in a fashion similar to the helix 5 of the second dimer (Publication IIT). LSK82 however
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is still characterized by a poor solubility. Thus, further studies are being performed to explore
chemical scaffolds that can form identical interactions to LSK82, while exhibiting more
favorable physicochemical properties. Moreover, the bound pose of LSK82 will be used in a

virtual screening to identify new scaffolds that could replace the bulky trispyrimidone.

While an upregulation of HSP90 is found in many types of cancer as a mechanism that promotes
cancer proliferation, the RUNXI1-ETO fusion protein is only found in a subset of AML
associated with the t(8;21) translocation. The compound 7.44 was identified as a modulator of
NHR2-mediated tetramerization of the RUNXI-ETO fusion protein. In Publication IV, we
further characterized the interaction of 7.44 with NHR2 by biophysical studies and MD
simulations. In the MD simulations, two likely binding epitopes of 7.44 were identified. We
further performed a template-based virtual screening to explore the chemical space around 7.44.
This yielded a set of analogous structures, which were screened by STD-NMR with respect to
their binding to NHR2. About half of the screened compounds were confirmed binders and
were further analyzed with respect to their antiproliferative properties. This yielded compounds
with significantly improved anti-proliferative properties in comparison to 7.44. Furthermore, in
MD simulations, the compounds were shown to occupy similar binding epitopes. Moreover, a
preliminary SAR study gave first insights into structural features of 7.44 that are crucial to its
modulation of the NHR2. In the next steps, 7.44 will be replaced as a lead compound by one of
its more active derivatives. For this compound, it would be highly desirable to obtain
experimental structural information to validate the binding mode obtained from the MD
simulations. In addition, the established SAR will guide the screening for novel inhibitors of

the RUNXI-ETO fusion protein, while being iteratively expanded.
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ARTICLE INFO ABSTRACT

Keywords: Cells constantly need to adopt to changing environmental conditions, maintaining homeostasis and proteostasis.
HSP90 Heat shock proteins are a diverse class of molecular chaperones that assist proteins in folding to prevent stress-
C-terminal inhibitors induced misfolding and aggregation. The heat shock protein of 90 kDa (HSP90) is the most abundant heat shock
ggé‘.’:bi‘xi" protein. While basal expression of HSP90 is essential for cell survival, in many tumors elevated HSP90 levels are

found, which is often associated with bad prognosis. Therefore, HSP90 has emerged as a major target in tumor
therapy. The HSP90 machinery is very complex in that it involves large conformational changes during the
chaperoning cycle and a variety of co-chaperones. At the same time, this complexity offers a plethora of pos-
sibilities to interfere with HSP90 function. The best characterized class of HSP90 modulators are competitive
inhibitors targeting the N-terminal ATP-binding pocket. Nineteen compounds of this class entered elinical trials.
However, due to severe adverse effects, including induction of the heat shock response, no N-terminal inhibitor
has been approved by the FDA so far. As alternatives, compounds commonly referred to as “C-terminal in-
hibitors” have been developed, either as natural product-based analogues or by rational design, which employ
multiple mechanisms to modulate HSP90 function, including modulation of the interaction with co-chaperones,
induction of conformational changes that influence the chaperoning cycle, or inhibition of C-terminal dimer-
ization. In this review, we summarize the current development state of characteristic C-terminal inhibitors, with
an emphasis on their (proposed) molecular modes of action and binding sites.

Drug development

1. Introduction 1.1. HSP90 structure

Cells constantly need to adopt to changing environmental condi-
tions, maintaining homeostasis. The heat shock proteins are a diverse
class of molecular chaperones that serve this purpose. Originally dis-
covered, and named, with respect to their elevated expression upon cell
exposure to heat, they were also found to assist cellular function under
basal conditions. ® The heat shock protein of 90 kDa (HSP90) is the
most abundant heat shock protein, constituting 1-2% of the total cel-
lular protein, which is increased to 3-5% upon exposure to external
stressors.”” In eukaryotes, it forms the heart of a complex machinery
involving multiple cofactors and cochaperones.® This “modular de-
sign” enables the HSP90 chaperoning complex to interact with a wide
variety of client proteins along important cellular signaling pathways,
such as steroid hormone receptors or protein kinases.”

* Corresponding author.
E-mail address: gohlke@uni-duesseldorf.de (H. Gohlke).
' ORCID: 0000-0003-0332-8338.
2 ORCID: 0000-0001-8613-1447.
# present address: Universititsstr. 1, 40225 Diisseldorf, Germany.

https://doi.org/10.1016/j.bme.2019.115080

In the cell, HSP90 exists as a homodimer.*” Each monomer consists
of three domains: a N-terminal domain (NTD), followed by a middle
(MD) and C-terminal domain (CTD)'” (Fig. 1). The NTD is the main
ATPase domain of HSP90 and belongs to the GHKL superfamily; it
shares high structural similarity to histidine kinases, gyrases, and to-
poisomerases.' "' A highly charged linker region that varies in length
and composition between species and isoforms connects it to the middle
domain (MD),"*"'” which appears to play an important role in the ATP
hydrolysis and client recognition.'”'® The C-terminal domain forms the
main dimerization interface of HSP90.'”'® The C-terminus also con-
tains the MEEVD motif, which is an important interaction site for a
subset of co-chaperones containing tetratricopeptide repeat (TPR) do-
mains.'”
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A

N-terminal
domain

Middle
domain

C-terminal
domain

Fig. 1. Surface representation of human HSP90f as resolved from cryo-electron
microscopy (PDB ID: 5FWK). (A) For monomer A the N-terminal domain is
represented in red, the middle domain in beige, and the C-terminal domain in
blue. The monomer B is shown in light grey. The charged linker region and the
C-terminal fragment that interacts with TPR domains are not resolved, and
therefore not shown in the graphic. (B) Blow-up of the ATP binding site in the
N-terminal domain with bound Mg2 “-ATP. (C) Blow-up of the C-terminal do-
mains of monomer A (blue) and monomer B (light). The helix-bundle in the
center formed by the C-terminal helices 4, 4, 5, and 5 constitutes the primary
dimerization interface in the C-terminal domain.

During the chaperone cycle, periodically transient interactions
occur via the respective N- and C-terminal domains of the dimer.”” The
two monomers thus interact in a flexible clamp-like way, which is es-
sential for the ATP hydrolysis."*!

1.2. HSP90 isoforms

In humans four isoforms of HSP90 have been identified: cytosolic
HSP90a and HSP90[, mitochondrial TRAP1 (tumor necrosis factor-as-
sociated protein 1), and GRP94 (94 kDa glucose-related protein) in the
endoplasmic reticulum.”** All isoforms share a conserved structure,
consisting of a N-terminal ATPase domain (NTD), the MD, and the CTD.
However, TRAP1 is lacking the charged linker region between NTD and
MD, and both GRP94 and TRAP1 are missing the C-terminal MEEVD
motif.** A fifth isoform — HSP9ON (HSP89aAN) - lacking the N-
terminal ATP binding site was reported to be associated with tumor
formation.”"*® However, subsequent studies concluded that this iso-
form is most likely a chimeric translocation product of the HSP90AAI
gene, limited to very few cancer cell strains.”*”°

The two major cytoplasmic isoforms have a sequence identity of
86%"" but vary in their expression. HSP90P is constitutively expressed
at higher levels than HSP90c.”*” Yet, the expression of HSP90a is
highly stress-inducible.™** Differences in regulation as well as isoform
specificity observed for some client proteins and co-chaperones suggest
distinct cellular functions of the two isoforms.” *' Despite this fact,
most of the functional assays are performed on cytoplasmic HSP90 (i.e.,
mixtures of HSP90a and B). Therefore, except in a few cases, there is no
information on isoform selectivity of HSP90 modulators.

1.3. HSP90 in cancer

While basal levels of HSPO0 are needed for maintaining protein
homeostasis under physiological conditions, the HSP90 machinery can
be exploited by cancer cells to cope with proteotoxic stressors, such as a
high mutation burden, hypoxia, and acidosis that are frequently found
in the tumor microenvironment.”**? Accordingly, elevated levels of
HSP90 are observed in various types of malignancies**~ and correlate
with poor prognosis in breast cancer,””” gastric cancer,”” and acute
myeloid leukemia.”” Furthermore, secretion of HSP90a into the
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extracellular space was shown to promote tumor invasiveness.””"" As a
consequence, the last decades have seen increasing efforts to develop
drug-like HSP90 inhibitors for clinical use.

1.4. Inhibitors of HSP90 in clinical trials

In 1994, the ansamycin antibiotic geldanamycin (1 (Arabic numbers
in bold are only assigned to “first-in-class” molecules in this review),
Fig. 2) was reported to elicit antiproliferative effects by inhibiting
HSP90, which subsequently led to depletion of tyrosine kinases and cell
death in cancer cell lines.”*** In the following years, the natural pro-
duct radicicol (2, Fig. 2) was shown to have the same effect but higher
potency.’*"* Both compounds bind to the ATP-binding site in the N-
terminal domain of HSP90.""" Subsequent structure-activity re-
lationship (SAR) studies in concert with the resolution of co-crystal
structures of ADP,'' geldanamycin,”” and radicicol® with HSP90 led to
the development of a set of drug candidates with improved pharma-
codynamic and pharmacokinetic properties compared to the original
natural products. For geldanamycin, particularly the semi-synthetic
modification of the 17-methoxy group was found to lead to active
compounds that exhibited less toxicity with respect to the natural
compound,** ™" leading to the four ansamycins that entered clinical
trials so far (https://clinicaltrials.gov, accessed Feb 2019) (Fig. 2).

Structure-based drug design, based on the unconventional con-
formation that ATP adopts in GHKL-ATP binding sites, led to the de-
velopment of fully synthetic purine analogues” ™" as inhibitors of
HSP90 ATPase activity, which could be administered orally.”" "> Of
these, six entered clinical trials (Fig. 2). In a high throughput screening
against yeast HSPO0 ATPase activity, the first synthetic resorcinolic
HSP90 inhibitors were identified.”” Since then, a set of diversely sub-
stituted resorcinols was found to inhibit HSP90,”” " of which five en-
tered clinical trials in the following years (Fig. 2). Finally, a rather di-
verse class of HSP90 inhibitors entered clinical trials, where all
compounds feature a substituted benzamide substructure (Fig. 2). All
compounds share a similar binding mode in the ATP binding site.”'~**

In summary, nineteen structurally distinct HSP90 inhibitors that
exert their activity by targeting the N-terminal HSP90 binding site have
entered in clinical trials (https://clinicaltrials.gov, accessed Feb 2019)
(Fig. 2). Another putative N-terminal HSP90 inhibitor (DS-2248, Daiichi
Sankyo, structure undisclosed) was registered for phase I clinical trial,
but discontinued (https://clinicaltrials.gov, identifier: NCT01288430).
Altogether, none of the classical HSP90 inhibitors was approved by the
FDA for therapeutic use as yet. One reason is the induction of the heat
shock response (HSR), a well-known side effect of this class of in-
hibitors,”*"*"? which was already described for geldanamycin. Ac-
cording to current model of HSR mechanism, the binding of N-terminal
HSP90 inhibitors releases heat shock factor-1 (HSF-1).”%”! The tran-
scription factor becomes phosphorylated, trimerizes, and translocates to
the nucleus, leading to overexpression of multiple heat shock proteins,
including HSP70, HSP40, and HSP27.”>”" As HSR is a prosurvival me-
chanism, it can be detrimental in an anti-cancer therapy.” In addition,
other severe adverse effects, such as hepatotoxicity found for ansamy-
cins® 77" and ocular toxicity,”*”>”" have been hampering the clinical
success of HSP90 inhibitors until now. Further information on the clin-
ical development of N-terminal HSP90 inhibitors can be found in ex-
cellent reviews by Neckers and Workman,”” Avsar,’”® and Jhaveri
et al.”57?

In the meantime, many groups have started investigating alternative
strategies to inhibit HSP90 without inducing HSR and/or ocular toxi-
city. The first compound to reach that goal was novobiocin, an inhibitor
binding to the CTD of HSPQO (see also Chapter 2.1.1).*"*! A first phase
I clinical trial of a C-terminal HSP90 inhibitor (RTA 901) has been
performed on non-cancer patients (https://clinicaltrials.gov, identifier:
NCT02666963). This compound has been reported to be based on no-
vobiocin,”® although the structure has not been released yet (see
Chapter 2.1.1 for further details). Similar to the molecular origins of N-
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Fig. 2, N-terminal HSP90 inhibitors that entered clinical trials. For the natural comp

ound-derived classes, we also show their predecessors (1, 2). Ansamycins: Four

compounds derived from geldanamycin (1) entered clinical trials so far (** the quinone moiety in retaspimycin is reduced to a dihydroquinone moiety). Resorcinols:

Five structurally distinct resorcinols derived from radicicol (2) entered clinical trials.

The compound PEN-866 is a special case because it is a drug conjugate of the

HSP90 inhibitor STA-9090 and an irinotecan metabolite that inhibits topoisomerase I. Purines: Six purine and purine analogues entered clinical trials. These

compounds share similar binding modes mimicking the bend conformation of ATP in

the N-terminal ATP-binding site. Benzamides: Three compounds entered clinical

trials. Despite their structural diversity, they exhibit similar binding modes with a conserved placement of the benzamide motif in the ATP binding site.

terminal inhibitors, many of the non-N-terminal inhibitors are natural
products. In the following, we review some of the successes in the
discovery and development of non-N-terminal HSP90 inhibitors. In
doing so, we categorize the compounds according to their (proposed)
binding site and molecular mode of action.

74

2. Non-N-terminal inhibitors of HSP90
2.1. Inhibitors binding to the C-terminal nucleotide binding site
The discovery of the C-terminal ATP binding site is tightly linked to

the evaluation of novobiocin (3) as a HSP90 inhibitor. The coumarin
antibiotic was previously shown to interfere with nucleotide binding in
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Fig. 3. Overview over approaches to identify the C-terminal ATP binding site in
HSP90. The results were mapped on the structure of human HSP90.
Corresponding residue numbers in human HSP90a are given in brackets, The
part of the C-terminal domain that was shown by Marecu et al. to contain the
ATP-binding motif is colored in blue.”” Sgobba et al. performed molecular si-
mulations on a homology model of human HSP90a and used binding site
prediction tools to predict the C-terminal ATP binding site.”® Morra et al. used
MD simulations and signal propagation analysis to identify allosteric binding
sites on the structure of yeast HSP‘BO and molecular docking to obtain binding
poses of novobiocin and analogues.”” Matts et al. used an azide-analogue of
novobiocin as a probe to identify the C-terminal ATP binding site. They found
that this probe binds covalently to K560 (HSP90a) and built an putative open-
conformation HSP90 model based on SAXS data that showed direct interactions
of novobiocin with K560, E537, and N686.°" Khalid et al. used web-server
based tools to predict the C-terminal HSP90 binding site.””

bacterial gyrase B. Yet, in HSP90, no binding to the NTD was observed,
and pull-down assays suggested a binding mode different from gelda-
namycin.””*! Further studies revealed a second ATP binding site in the
CTD."" " This binding site is only accessible when the N-terminal ATP-
binding site is occupied.®* Furthermore, the C-terminal binding site is
able to bind purine as well as pyrimidine nucleotides, while the NTD is
rather specific for adenine.®

To our knowledge, to date, no experimentally validated structure of
an inhibitor binding to this site has been released. Yet, there have been
several approaches to predict the C-terminal ATP binding site using
molecular modeling (Fig. 3)." In the following, we will discuss
HSP90 inhibitors that are considered to bind to the C-terminal ATP
binding site.

2.1.1. Novobiocin and derivatives

The amino-coumarine novobiocin (3, Fig. 4) and the closely related
compounds chlorobiocin and coumermycin Al were the first C-terminal
HSP90 inhibitors to be reported. Like geldanamycin, novobiocin leads
to a depletion of HSP9O clients such as Raf-1 and HER2,*"*" although in
rather high concentrations compared to N-terminal inhibitors. Co-im-
munoprecipitation assays further revealed that novobiocin interferes
with the formation of HSP90-HSC70, HSP90-p23, and HSP90-CDC37
complexes.”!

In order to gain derivatives with improved activities, a series of SAR
studies were performed,” " where cytotoxicity and depletion of
HSP90 client proteins served as optimization criteria. Further efforts
were made to expand the chemical space by replacing the central
coumarine moiety,”* ®” e.g., by biphenyls or stilbenes. Several analo-
gues with improved activities were obtained, with some analogues
exhibiting a more than 1000-fold increase in cytotoxicity against the
human breast cancer cell line SkBr3. Interestingly, also compounds that
induce HSR were identified in these SAR studies, i.e., A4’ and KU-32.7"

Bioorganic & Medicinal Chemistry 27 (2019) 115080

As the upregulation of heat shock proteins associated with the HSR
might prevent protein aggregation and promote cell survival, the ap-
plication of HSR-inducing HSP90 inhibitors in neurodegenerative dis-
eases was investigated.”"*”'%" The first C-terminal HSP90 inhibitor
RTA 901 that has been evaluated in a phasel clinical trial was de-
scribed as an analogue of KU-32 and showed neuroprotective activity in
preclinical tests.”

No crystallographic complex structure is available for any of the
non-N-terminal inhibitors of HSP90. A cross-coupling experiment with
novobiocin-azide derivatives revealed the formation of a covalent bond
with K560 in the CTD.*® Since in the closed state crystal structure of
HSP90 no binding site is visible that would be able to accommodate
novobiocin in this position, the authors used SAXS data to generate a
putative open state model with bound novobiocin. Other groups used
computational methods, including binding site detection algorithms,
molecular dynamics simulations, and molecular docking to elucidate
the binding site of novobiocin.*” ™" In Fig. 3, we depict the corre-
sponding results on closed-state human HSP90p.

2.1.2. Epigallocatechin gallate

The antiproliferative effect of the green tea catechin (—)-epigallo-
catechin-3-gallate (4, EGCG, Fig. 4) is well described.'""'"* This ac-
tivity was suggested to be due to direct inhibition of AKT and ERK1/2.
By proteolytic footprints and pull-down assays with EGCG-conjugated
sepharose beads, EGCG was found to bind to a C-terminal fragment of
HSP90. 1% 1% Furthermore, EGCG inhibits luciferase refolding and
leads to dose-dependent depletion of HSP90 client proteins ErbB2, Raf-
1, and pAkt, which suggests that EGCG acts as a HSP90 inhibitor.'"*
However, in pull-down assays also binding of EGCG to HSP70 was
detected.'”" A set of SAR studies were performed leading to EGCG
derivatives with enhanced antiproliferative activity. """

To further specify the binding site of EGCG, pull-down assays with
ATP-agarose were performed. EGCG inhibited the binding of CTD-
HSP90 to ATP.'""'"% In turn, free ATP was able to compete with the
binding of HSP90 and HSP70 to EGCG-coupled sepharose.'”’ These
findings strongly indicate that the binding site of EGCG may overlap
with the CTD ATP binding site.

In total, these results indicate that EGCG inhibits HSP90 in a similar
way as novobiocin. The inhibition of HSP90 and subsequent depletion
of client kinases could also account for the activity of ECGC on various
tumor pathways.”” Still, for the further development of EGCG deriva-
tives, a potential promiscuity with respect to kinases and transcription
factors'"®'"” needs to be addressed.

2.1.3. Deguelin

The flavonoid deguelin (5, Fig. 4) exhibits potent antiproliferative
and antiangiogenic properties in various cancer cell lines, as well as in
xenograft mouse models."'” Oh and co-workers found that deguelin
downregulates the expression of hypoxia-inducible factor la. Sub-
sequent experiments showed that this is caused by an inhibition of
HSP90 via an ATP binding pocket.''" In rats, however, deguelin was
shown to induce a Parkinson’s disease-like syndrome.''” In order to
overcome this potential adverse effect, structural analogues of deguelin
were designed and tested. This resulted in the compound L80, which
induces apoptosis in cancer cells and leads to reduced phosphorylation
and degradation of HSP90 client proteins,'' ™'

The binding site of L80 was further characterized by a pull-down
assay with ATP-agarose, where L80 was shown to inhibit the adsorption
of the CTD and, partially, full-length HSP90, but not of the NTD."'* This
result suggests that L80 binds to a region overlapping the C-terminal
ATP binding site. A molecular docking study based on the results from
Sgobba et al.”® further suggested a binding mode in between the
homodimers, forming key interactions with K615, $677, and S677".

2.1.4. Dihydropyridines
Dihydropridines have demonstrated neuroprotective properties. As
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Fig. 5. Compounds considered to inhibit the HSP90-CDC37 interaction.

a possible mode of action, the upregulation of the expression of HSP27,
HSP40, and HSP70 upon heat shock in comparison to untreated control
was proposed.’'” In a subsequent study, the dihydropyridin LA1011 (6,
Fig. 4) was shown to bind to HSP90 and, at millimolar concentrations,
prevent refolding of thermally denatured luciferase. Unlike most other
inhibitors of HSP90, no inhibition of HSP90 ATPase activity was ob-
served, but an activation.''®

Using isothermal titration calorimetry, LA1011 was demonstrated
to bind to the HSP90 CTD. By molecular docking experiments and
molecular dynamics simulations followed by sidechain substitutions,
the authors suggested a binding site in between the C-terminal domains
that roughly overlays with the location of the C-terminal ATP-binding
site proposed independently by Sgobba et al.*® and Morra et al.*” for
ATP and novobiocin.''® However, to our knowledge, there is no ex-
perimental evidence that demonstrates that LA1011 inhibits the ATP
binding to the C-terminal domain. Thus, investigations in that direction
might be very interesting.
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2.2, Modulators of HSP90-CDC37 interaction

CDC37 (cell division cycle 37 protein) is a co-chaperone primarily
associated with the chaperoning of protein kinases. It is essential for the
stabilization of HSP90-kinase complexes.''”"'® The protein interacts
with HSP90 via a large interaction surface, wrapping itself around the
NTD and MD,'” which prevents the hydrolysis of ATP.''” CDC37
knockout was shown to sensitize HSP90 for other inhibitors.'*” Thus,
inhibiting the interaction between HSP90 and CDC37 might lead to
kinase-specific HSP90 inhibitors and could provide a synergistic ap-
proach for the combination with other inhibitors.

2.2.1. Celastrol

Already in 2004 an activation of HSF-1 by the triterpenoid celastrol
(7, Fig. 5) was reported, leading to the expression of heat shock pro-
teins, including HSP70, HSP40, and HSP27.'"”' Later, Hieronymus
and co-workers demonstrated properties of celastrol as an HSP90
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inhibitor in a gene expression signature-based screening.'”” Co-im-
munoprecipitation assays and HSQC NMR studies revealed that celas-
trol prevents the interaction of HSP90 with its co-chaperone CDC37,
leading to degradation of client kinases such as Akt and Cdk4.'*'%"
Another study showed that celastrol is also able to disrupt the inter-
action of HSP90 and p23, leading to the selective degradation of client
steroid receptors.'™

Celastrol prevents proteolytic degradation of the CTD by trypsin,
suggesting a binding site in the CTD.'** Likewise, in DSF and DSC
measurements, the stabilizing effect of celastrol on the CTD was con-
firmed.'*® By mass-spectrometric analysis of CDC37 after incubation
with celastrol, it was shown that the compound forms covalent Michael
adducts to CDC37-cysteins, which lead to the disruption of HSP90-
CDC37 interaction.'*’!

2.2.2. Withaferin A

The steroidal lactone withaferin A (8, Fig. 5) possesses anti-
proliferative and antiangiogenic activity,'””'** which at least partially
is due to an inhibition of HSP90.'*” In cells, the natural product leads to
degradation of client proteins (i.e., Akt, CDK4, and GR) in a dose-de-
pendent manner via the proteasome-dependent pathway. In a pull-
down assay with biotinylated withaferin A, binding to the C-terminal
domain of HSP90 was confirmed.'”” Since withaferin A was only able to
bind to the CTD when cysteine residues are present, the interaction of
withaferin A with HSP90 is most likely of covalent nature. Furthermore,
adding acetylcystein to the reaction buffer prevented client degradation
completely.'”’

A pull-down assay with ATP-sepharose revealed that withaferin A
does not inhibit ATP binding,'”® indicating a binding site different
from the ATP binding sites. In a co-immunoprecipitation assay, the
compound was shown to block the HSP90-CDC37 interaction. Two
molecular docking studies performed by Grover et al. explored possible
binding modes of withaferin A in the HSP90-CDC37 interface,'*" %!
though in these studies the possible covalent binding via a cysteine was
not addressed. The most likely covalent binding of withaferin A to its
target proteins might compromise its selectivity.

2.2.3. Curcubitacin D

The triterpenoid curcubitacin D (9, Fig. 5) has been known for its
antiproliferative properties since the 1960s and inhibits several cancer
cell lines at submicromolar concentrations.'”*'* These cytotoxic
properties can at least partially be attributed to an inhibition of HSP90.
Curcubitacin D prevents the interaction of HSP90 and its co-chaperones
CDC37 and p23, which leads to degradation of the HSP90 clients Her2,
Raf, Cdké, and pAkt in a concentration-dependent manner.'” Inhibi-
tion of the chaperone activity does not lead to increased levels of HSP27
expression.'*® This indicates that curcubitacinD is able to inhibit
HSP90 chaperone activity without inducing HSR.

However, the molecular mode of action of this compound remains
unknown. As such, it is not known yet whether the compound binds to
HSP90 or the co-chaperones in order to prevent their interaction. Both
CDC37 and p23 bind to the NTD and MD of HSP90, which might in-
dicate that curcubitacin D binds there as well. However, also com-
pounds binding to the CTD, such as novobiocin, inhibit interactions
between p23 or CDC37 with HSP90.*" "

2.3. Modulators of HSP90-p23 interaction

The small acidic protein p23 interacts with HSP90 via the NTD and
MD. The interaction halts the HSP90 ATPase cycle and appears to fa-
cilitate HSP90 binding to client proteins.'*>” While not essential for the
maturation of HSP90 kinase clients, such as Cdlk4 and Akt, p23 is ne-

cessary for the stabilization of steroid hormone receptors.

2.3.1. Gedunin
Gedunin (10, Fig. 6) was first identified as an inhibitor of HSP90 by
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Fig. 6. Compounds that modulate the HSP90-p23 interaction.

a connectivity map approach using gene expression patterns to identify

targets of compounds with unknown mode of action.'**'"* The com-
pound was shown to elicit insecticidal,’* antimalarial,'"® and anti-
proliferative effects against cancer cell lines.'"''*? In early studies,

degradation of HSP90 clients Raf and HER2 under gedunin treatment
were observed.'" Yet, a later study suggested that this degradation is
mostly specific for steroid hormone receptors, while changes in HSP90
client kinase levels are insignificant.'"®

In pull-down and co-immunoprecipitation assays with biotinylated
gedunin, it was shown that the compound binds to p23 and disrupts the
interaction between HSP90 and this co-chaperone. Since p23 is an es-
sential component of the HSP90 complex responsible for stabilization of
steroid hormone receptors, these results align very well with the se-
lective degradation of the stereoid hormone receptors. Interestingly,
free dihydrocelastrol (11, Fig. 6) inhibited the pull-down of p23 with
gedunin, which might be an indication for similar binding sites.’™

Like celastrol, gedunin has the potential to act as a Michael acceptor
via the a,ff-unsaturated ketone. However, SAR studies revealed that this
is not the primary mode of action of the compound, although chemical
modifications of the olefin generally resulted in less active deriva-
tives,' "

2.4, Inhibitors of HSP90-HOP interaction

The HSP90 C-terminal domain ends in a most likely unstructured
loop that contains the highly conserved MEEVD motif.'*® This motif
forms the key interaction with tetratricopeptide repeat (TPR) domains,
which are present in various HSP90 co-chaperones.’ One of these is the
HSP70/HSP90-organizing protein (HOP), which mediates the interac-
tion between the HSP70-HSP40 complex and HSP90.'*” HOP contains
three TPR domains, of which the domains TPR2A and TPR2B bind to
the MEEVD motifs in HSP90 and HSP70, respectively.''®

2.4.1. Sansalvamide A-amide and derivatives

The fungal depsipeptide sansalvamide A (12, Fig. 7) and its
derivatives have been investigated for their anticancer activity in
various types of cancer.”” A first mechanistic study performed with
the amide analogue sansalvamide A-amide attributed the cytotoxic
properties to the inhibition of the protein-protein interaction between
HSP90 and its co-chaperone FKBP52 as well as its client IP6K2,"""
which are both associated to apoptotic pathways.'*"'** In a pull-down
assay, sansalvamide A-amide was able to bind a NTD-MD construct
lacking the CTD. In contrast, it showed only marginal affinity
towards the individual domains and the CTD. This indicates that
sansalvamide A-amide binds to the intersecting region between NTD
and MD.'®" Since both FKBP52 and IP6K2 bind to the HSP90-CTD,
McAlpine and co-workers suggested an allosteric mechanism for the
modulation of this interaction.'®’ Further studies investigating the
properties of sansalvamide A-amide revealed that this compound and
analogues induce the expression of HSP70 in a similar fashion as the
N-terminal inhibitor 17-AAG.""* However, other similar compounds
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Fig. 7. Inhibitors of the HSP90-HOP interaction.

were reported, where no induction of HSR was observed.'®*'**

Kawakami and co-workers further designed peptides based on the
TPR sequence, to directly inhibit interactions of HSP90 via the MEEVD
motif.""'"" These peptides showed antiproliferative in vitro and in a
xenograft mouse model.'”” MeAlpine and co-workers combined this
approach with the macrocyclic peptide scaffold of the sansalva-
mides.'*® This effort led to the recently published compound LB76,"*”
which was shown to bind to the CTD of HSP90 in a pull-down assay and
inhibit the interactions of HSP90 with HOP, Cyp40, and, with lower
potency, FKBP38 and FKBP51. Since HOP and Cyp40 bind to HSP90 via
the MEEVD motif, while the interactions with the FKBPs are formed via
a larger surface, the authors interpreted their findings as an indication
for the specific binding of LB76 to the MEEVD motif.

2.4.2. Pyrimidotriazinediones

Regan and co-workers developed a high-throughput screening assay
based on Amplified Luminescence Proximity Homogeneous Assay
(AlphaScreen™) technology to identify small molecules that are able to
inhibit the HSP90-TPR interactions.'*” They used this assay to identify
a set of compounds featuring a common pyrimido[5,4-e][1,2,4]triazine-
5,7-dione scaffold including the compound C9 (13, Fig. 7). Subse-
quently, they showed that these compounds are able to decrease the
levels of the HSP90 client HER2. Cytotoxicity of the compound was
observed in various breast cancer cell lines. No overexpression of
HSP70 was observed upon treatment with C9.'°" Combinational treat-
ment with inhibitors of the N-terminal ATP-binding site 17-AAG or
AUY922 (resorcinole class) reduced the lethal-IC50 of C9 with respect
to the individually applied compound, and the HSR induced by the N-
terminal inhibitors was dampened by €9.'%*

Using ITC measurements C9 was identified to bind directly to the
TPR2A domain, while no interaction to a C-terminal HSP90-peptide was
observed.'®! Thus, C9 elicits its inhibitory effect on the HSP90 machinery
by binding to HOP and supposedly preventing the formation of the
HSP90 supercomplex, rather than directly binding and inhibiting HSP90.
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2.5, Inhibitors of the C-terminal dimerization of HSP90

2.5.1. Aminoxyrone

The C-terminal domain of HSP90 is known to constitute the primary
dimerization interface of HSP90, and HSP90 dimerization is essential
for its chaperoning function.'” Initially believed to be very stable, the
interaction between the CTDs was later shown to exhibit a dynamic
equilibrium of fast association and dissociation.”” This finding offered
the opportunity for small molecule compounds to bind to the dimer-
ization interface.

In order to rationally design inhibitors targeting this interface,
Gohlke and co-workers identified key residues (“hot spots™) in the di-
merization interface of HSP90, using a combination of molecular dy-
namics simulations and free energy calculations.'® The hot spots were
mostly located on helices H4 and H5 of the CTD, and substituting these
residues with alanine led to reduced thermostability of the protein with
respect to the wild type.'** Peptides resembling the sequences of H4 (aa
656-675) and a combined H4-H5 construct (aa 656—697) were shown
to bind to the CTD of HSP90 with apparent Ky values of 1.02 uM and
1.46 uM, respectively. Furthermore, the peptides were analyzed by an
Autodisplay assay,'®* where HSP90 was displayed on the surface of E.
coli, forms dimers there, and is able to bind FITC-labelled p53. The
peptides interfered with HSP90's capability to bind p53, most likely by
inhibiting HSP90's dimerization.'®® Hence, these peptides were the first
inhibitors of HSP90 C-terminal dimerization shown to bind to the CTD.

Based on these findings, a-aminoxy peptide-based inhibitors were
designed exploiting the knowledge of the orientation and type of the
hot spot residues.'®” a-Aminoxy peptides are a class of peptidomimetics
that form stable 2g-helical structures and are able to mimic certain side
chain orientations of a-helical peptides.'®® The resulting hexamer
aminoxyrone (14, Fig. 8) mimics the key interactions of H5 in the C-
terminal dimerization interface. To prove the ability of this compound
to functionally inhibit HSP90, a luciferase refolding assay'®” was per-
formed, where aminoxyrone inhibited refolding of firefly luciferase in a
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Fig. 8. Peptidomimetic dimerization inhibitor aminoxyrone. The blow-up on the left side shows aminoxyrone in its bound pose as predicted by molecular dynamics
simulations of free ligand diffusion.’”” The compound mimics helix 5 in the dimerization interface.

dose-dependent manner. Using microscale thermophoresis, the binding
of aminoxyrone to the CTD was shown (K; = 27.4puM).'"® The com-
pound showed antiproliferative activity against various cancer cell lines
in vitro as well as in a chronic myeloid leukemia xenograft mouse
model.'*® The low toxicity profile and lack of HSR'®* make his com-
pound an attractive lead for further drug optimization.

3. Conclusion

HSP90 has been a major target for drug discovery in academia and
pharmaceutical industry for several decades, and many inhibitors have
been published and patented. Most of these inhibitors target the N-
terminal ATP binding site, and - except for RTA 901 — only compounds
of this class have underwent clinical trials so far. However, a major
drawback of this compound class is the induction of prosurvival HSR,
which limits the compounds’ efficacy and/or may lead to adverse ef-
fects.

Inhibiting HSP90 via allosteric binding sites, including the sec-
ondary ATP binding site in the CTD, or inhibiting protein-protein in-
teractions between HSP90 domains, or HSP90 and interacting proteins
essential for the function of the HSP90 machinery, are notable alter-
natives. Novobiocin was the first compound reported to inhibit HSP90
by an alternative mechanism, and by now a wide variety of compounds
have been shown to elicit HSP90 inhibitory effects that way. Many of
these newly identified compounds are natural products that show ac-
tivity in the micromolar range. However, as a result of the complexity
of the HSP90 machinery, only few details are known about the mole-
cular mode of action of these compounds.

For the further development and optimization of these compounds,
understanding the molecular mechanism behind their inhibitory effect
will be essential. Given the complexity of the HSP90 chaperoning
system, multivalent systems may be used to simultaneously target
multiple binding epitopes.’®”'”" In particular, since for many of the
compounds, the inhibition of interactions between HSP90 and co-cha-
perones are assumed to be the mode of action. However, often it is not
clear whether these compounds bind to HSP90 or to the respective co-
chaperone. Furthermore, due to the flexible nature of HSP90, ligands
could bind allosterically to the protein disrupting the co-chaperone
interaction by imposing a certain conformation on HSP90 without
binding to the protein-protein interface itself. Resolving complex

structures of HSP90 and the ligands would be the optimal way to obtain
structural information about the binding of such inhibitors. Alter-
natively, molecular modeling techniques such as molecular docking and
molecular dynamics simulations of free ligand diffusion can provide
valuable insights. In fact, for many C-terminal HSP90 inhibitors pre-
sented here, computational approaches have been successfully em-
ployed to guide ligand optimization.

A few approaches have been presented, where structure-based de
novo design was applied to specifically induce particular effects on the
HSP90 machinery. As such, LB76 is a rationally designed peptide-mi-
metic to inhibit interactions of HSP90 with HOP via the MEEVD motif,
and aminoxyrone was developed as a peptidomimetic C-terminal
HSP90 dimerization inhibitor. Although further optimization is re-
quired for both compounds to become potential drug candidates, they
already now show that much can be gained by pursuing new routes
towards HSP90 inhibition.
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Platinum compounds are the first-line therapy for many types of cancer. However, drug resistance has frequently
been reported for and is a major limitation of platinum-based chemotherapy in the clinic. In the current study,
we examined the anti-tumor activity of phomoxanthone A (PXA), a tetrahydroxanthone dimer isolated from the
endophytic fungus Phomopsis longicolla, in several solid cancer cell lines and their cisplatin-resistant sub-cell
lines. PXA showed strong cytotoxic effects with ICs, values in the high nanomolar or low micromolar range in
MTT assays. ICsq values of PXA were lower than those of cisplatin. Remarkably, equipotent anti-cancer activity
was found in cisplatin-sensitive and respective cisplatin-resistant cells. Anticancer effects of PXA were studied in
further detail in ovarian cancer (A2780) and bladder cancer (J82) cell pairs. PXA led to rapid depolarization of
the mitochondrial membrane potential and strong activation of caspase 3 and 7, eventually resulting in strong
induction of apoptosis. These effects occurred again both in sensitive and resistant cell lines. ICs, values of PXA
from MTT and mitochondrial membrane depolarization assays were in good agreement. Configurational free
energy computations indicate that both the neutral and singly negatively charged PXA show membrane parti-
tioning and can penetrate the inner mitochondrial membrane. PXA treatment did not damage the plasma
membranes of cancer cells, thus excluding unspecific membrane effects. Further, PXA had neither an effect on
intracellular ROS nor on reduction of ROS after hydrogen peroxide treatment. In conclusion, our studies present
PXA as a natural compound with strong apoptotic anticancer effects against platinum-resistant solid cancers.
This may open new treatment options in clinically resistant malignancies.

1. Introduction

resistance is multifactorial, including pre-target mechanisms leading to
the reduction in intracellular drug accumulation, on-target mechanisms

Cancer is one of the major leading causes of death worldwide. It is
predicted that there are approximately 1.7 million new cases of cancer
and about 600,000 deaths from cancer are projected to occur in the US
in 2018, The treatment options of cancer generally include surgery,
radiation therapy, and chemotherapy. Cis- or carboplatin are among the
most potent chemotherapeutic drugs and used to treat many types of
cancers including ovarian, bladder, and head and neck cancers.' The
cytotoxicity of platinum compounds is mediated by the formation of
DNA adducts leading to apoptosis and cell cycle arrest.” The sensitivity
or resistance of cancer cells against cisplatin is an important factor for
treatment options.” " Acquisition of cisplatin resistance in patients has
been observed for many years. Generally, development of platinum
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increasing the rate of DNA damage repair, and post-target effects
leading to defects in apoptotic signal transduction pathways which are
normally activated in response to DNA damage. These processes will
then inhibit apoptosis and subsequently lead to drug resistance.”
Apoptosis is a vital component for many processes including embryonic
development and tissue homoeostasis.” Apoptosis mainly proceeds
through the activation of intrinsic and/or extrinsic signal transduction
pathways. The major characteristic features of apoptosis include cell
shrinkage, condensation of chromatin, and DNA fr:agmentatiom7 The
extrinsic apoptosis pathway is triggered by activation of death receptors
with recruitment of cytoplasmic adapter proteins followed by activation
of caspase-8 and finally activating caspase 3.” The intrinsic or
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Figure 1. Structure of the mycotoxin phomoxanthone A (PXA) isolated from
the fungus Phomopsis longicola.

mitochondrial pathway is initiated by a diverse array of stimuli causing
reduction in the mitochondrial membrane potential and eventually
leading to cellular apoptosis.” However, unlike healthy cells, the down
regulation or mutation of pro-apoptotic genes are associated with
dysregulation of apoptosis in cancer and leads to uncontrolled cell
proliferation.'” Therefore, promoting apoptosis is an important strategy
for novel anti-cancer drug discovery.

Natural products have been a great source for anti-cancer drugs. For
instance, paclitaxel, a plant-derived diterpenoid interacting with p-tu-
bulin, thus inhibiting the degradation of microtubules and inducing
apoptosis, is commonly used for the treatment of many types of
cancer.!' Phomoxanthone A (PXA), a tetrahydroxanthone dimer de-
rived from the mangrove-associated fungus Phomopsis longicolla, was
previously shown by our groups to exhibit potent cytotoxic and anti-
biotic activity (Figure 1).'? A review on the source, stereochemistry,
biosynthesis, structure-activity relationships, and anticancer activities
of PXA were summarized by Frank et al.'® PXA demonstrates low mi-
cromolar or even 3-digit nanomolar ICsy values (MTT assay) in solid
and lymphoma cancer cell lines, respectively. Interestingly, PXA retains
high selectivity (= 100) for cancer over non-cancer cells as estimated in
peripheral blood mononuclear cells (PBMCs).'? A recent report pro-
vided further insight into the mechanism of PXA in lymphoma cells.”
PXA leads to a rapid depolarization of the mitochondrial potential and
disruption of the inner mitochondrial membrane. The molecular target
however, is still unknown.”

Considering the severity of platinum resistance in clinical patient
cases, the findings about PXA encouraged us to study the effects of PXA
in models of cisplatin-sensitive and -resistant human cancers. Here, the
ovarian cancer cell line A2780 as well as the urinary bladder cancer cell
line J82 and their cisplatin resistant sublines were used. Clinically re-
levant cisplatin resistance was induced by intermittent treatment with
cisplatin over several weeks to mimic clinical treatment cycles.
Resistance developed after approximately 8 to 14 weeks.'*'” In con-
trast to cisplatin which gave clinically relevant resistance factors be-
tween sensitive and resistant cell lines of 2 to 4, the potency of PXA was
similar in sensitive and resistant cell lines. Furthermore, PXA turned out
as a strong depolarizer of mitochondrial membrane potential and strong
inductor of apoptosis with similar potency in cisplatin-sensitive and
—resistant cell lines whereas cisplatin was much less potent in apoptosis
induction in resistant cancer cell lines. PXA may thus serve as a new
natural compound to overcome the clinically highly relevant problem
of platinum resistance in cancer patients.

2. Results and discussion
2.1 Determination of the cytotoxic potential of PXA

The cytotoxic activity of PXA was tested against a panel of human
solid cancer cell lines and their cisplatin resistant sublines using the
MTT assay. Results from earlier tests and from this study are summar-
ized in Table 1. PXA showed potent cytotoxicity in all cell lines. ICsq
values of PXA were 2 to 10-fold lower than ICs, values of cisplatin
except for the bladder cancer cell line J82. Figure 2 compares the cy-
totoxicity of cisplatin and PXA in the various cell lines. The ratio of the
ICsy values of cisplatin and PXA is 2 to 10 (except for J82).

Bioorganic & Medicinal Chemistry 27 (2019) 115044

Table 1

Antiproliferative effects of PXA in different human cancer cell lines,
Cell line ICgq [uM]

Cisplatin PXA

A2780% 3.98 0.58
A2780CisR* 12.6 1.38
MDA-MB-231 24.5 3.7
MDA-MB-231CisR 44.7 4.37
Cal27* 10.2 5.25
Cal27CisR* 38.0 5.62
Kyse510% 251 0.76
Kyse510CisR* 8.51 0.79
Jg2 2.29 3.23
JB2CisR 7.76 2,04
K562 9.55 1.86
HCT116 16.2 1.82

Values are the mean of three independent experiments each carried out in
triplicates. *ICs, values were reported previously.'”
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Figure 2. Ratios of ICsq values of cisplatin and PXA in different cell lines,

Interestingly, in all resistant cell lines (termed ...CisR), the ratio of ICsq
values increases (e.g. J82, Kyse510). This indicates that PXA is acting
equipotent at cisplatin-resistant and cisplatin-sensitive cell lines and
may thus serve as a suitable cytotoxic agent to address cisplatin-re-
sistant cancers. In A2780 and A2780CisR cells, ICs5g values of PXA were
7-fold and 9-fold lower compared to cisplatin, respectively (Table 1).
The IC5q value of cisplatin was increased 4 times in the esophageal cell
line Kyse510CisR cells compared to Kyse510. However, PXA exhibited
similar cytotoxic effects in Kyse510 and Kyse510CisR cell lines (approx.
0.8 pM). Furthermore, the cytotoxicity of PXA was also investigated in
the chronic myelogenous leukemia cell line K562 displaying an ICsq
value of 1.86 uM which is 5 times lower than cisplatin (Table 1). PXA
exhibited equipotent cytotoxicity against several other pairs of cis-
platin-sensitive and cisplatin-resistant cell lines, such as the triple-ne-
gative breast cancer cell pair MDA-MB-231 and oral squamous cell
carcinoma cell line Cal27. Even though PXA is slightly less potent in
J82 cells (human bladder cancer) compared to cisplatin, the ICs;, value
of PXA is still in the low micromolar range and more importantly, PXA
showed an even lower [Csq value in J82CisR cells.

Since PXA had the highest potency in A2780 cells (0.58 uM) and
PXA was even more potent (1.6-fold) in J82CisR compared to J82,
further studies on anticancer effects were carried out in these two pairs
of cell lines. Remarkably, PXA has a rapid onset of its cytotoxic effect
compared to cisplatin. Figure 3 shows the time-dependent concentra-
tion-effect curves of PXA and cisplatin in A2780 and A2780CisR.
Whereas PXA showed only 2.5-fold (A2780) or 1.4-fold (A2780CisR)
differences in ICs, values between 24 h and 72 h incubation time (MTT
assay), cisplatin gave differences of 10.4-fold (A2780) and 6.9-fold
(A2780CisR). These data demonstrate a fast cytotoxic effect of PXA.
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Figure 3. Time-dependent concentration-effect-curves of PXA and cisplatin. A2780 and A2780CisR cells were treated with PXA (A, B) or cisplatin (C, D) for different

times. Data shown are average + SEM of at least three independent experiments.

2.2 PXA induces G1 cell cycle arrest in A2780 and A2780CisR

MTT assays demonstrated a strong inhibition of cell proliferation
upon PXA treatment. This prompted us to study cell eycle arrest after
PXA treatment. The cell eycle profiles of A2780/A2780CisR and J82/
J82CisR after PXA treatment are displayed in Figure 4. In A2780 and
A2780CisR, the fraction of cells in G1 phase significantly increased in a
dose-dependent manner after 24 h PXA treatment from 61.8% to 78.9%
(A2780) and 68.7% to 81.1% (A2780CisR). In J82 and J82CisR cells
however, no significant changes occurred in the cell cycle phases upon
PXA treatment. These data suggest that the G1 phase cell cycle arrest
induced by PXA is a cell type- and concentration-dependent effect.

2.3 PXA is a strong inducer of apoptosis in sensitive and cisplatin-resistant
A2780 and J82 cell lines

PXA was further investigated for its effects on induction of apop-
tosis. Apoptosis induces several morphological changes including
membrane blebbing, DNA degradation, and the formation of the
apoptosome. Among these events, degradation of DNA characterized by
an increased fraction of sub-G1 cells is a good marker for the detection
of apoptosis. Figure 5 displays the effects of 24 h PXA treatment on
apoptosis. In A2780, sub-G1 fraction increased (from 10% untreated
control) dose-dependently up to almost 70%. Approx. 2x ICs, of PXA
(1 uM) resulted already in 42% sub-G1 whereas 5x ICsp of cisplatin
(20 uM) was needed to obtain a similar sub-G1 rate (47%), demon-
strating the superior potency of PXA over cisplatin to induce apoptosis.
In A2780CisR, PXA was even more potent: 0.7x ICs, of PXA (1 uM)
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induced already almost 70% sub-G1 whereas 20 uM cisplatin (approx.
2x ICgp) did not significantly increase sub-G1 over untreated control.
J82 cells gave a similar result: 1.6x 1Cs PXA (5 uM) resulted in a similar
amount of apoptotic cells (53%) as 8.7x ICs, cisplatin (20 uM). J82CisR
cells seemed to be slightly more resistant to undergo apoptosis: 2.5x
ICsp PXA (5 pM) or 2.5x ICs, cisplatin (20 pM) resulted in approx. 35%
sub-G1 cells. Yet, considering 72 h MTT assay data (Table 1), it is clear
that PXA is almost 4-fold more potent than cisplatin in J82CisR.

2.4 PXA treatment leads to rapid depolarization of the mitochondrial
membrane potential

Mitochondria are cellular key players in the synthesis of ATP by
utilizing the electrochemical gradient under aerobic conditions or as
central regulators of apoptosis by maintenance of transmembrane po-
tential and release of apoptogenic proteins.’'*'”

The strong induction of apoptosis by PXA prompted us to examine
mitochondrial function by analyzing the mitochondrial membrane po-
tential (AWm) upon PXA treatment. The accumulation of tetra-
methylrhodamine ethyl ester (TMRE) in mitochondria as surrogate for
AWm’® was detected by flow cytometry or fluorescence microscopy. As
shown in Figure 6, PXA induced rapid and concentration-dependent
decreases in fluorescence intensity of TMRE (measured by flow cyto-
metry) in both pairs of A2780 and J82 cells after 1 h or 2h treatment
(Figure 6A, B, C, D). ICsq values of PXA in AWm breakdown (1 h or 2h)
were remarkably similar to ICsy values obtained by MTT (72h,
Table 1). Figure 6E and F show the concentration-dependent effect of
24 h treatment of PXA on A¥m in A2780 and A2780CisR, respectively.
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Further, Figure 6E and F (right part, respectively) show the time-de-
pendent effect of 1 pM PXA. 1 uM PXA for 1h significantly reduced
AWm to approx. 73%, and 2 h incubation reduced to approx. 50% of
untreated control, whereas 24 h incubation reduced AWm to positive
control (20 uM carbonyl cyanide m-chlorophenyl hydrazine, CCCP)."”
To confirm the approx. 3x lower potency of PXA in J82 and J82CisR
compared to A2780 and A2780CisR cells (Figure 6A, B, C, D: ICgy va-
lues for 2h incubation were around 1uM in A2780/A2780CisR and
around 3 uM in J82/J82CisR), fluorescence imaging was additionally
performed for 2h incubation in J82 (Figure6G) and J82CisR
(Figure 6H). It was confirmed that 1 uM PXA had no effect (not sig-
nificantly different from untreated control) whereas 5 and 10 uM PXA
led to complete AWm breakdown (not significantly different from CCCP
control). These results suggest that PXA is a compound targeting

mitochondria and inducing a rapid decrease of A¥m in both A2780 and
J82 cell lines as well as their cisplatin resistant subclones. Depolarized
mitochondrial membrane potential may then trigger the intrinsic
apoptotic pathway. These data are in full agreement with data recently
published using lymphoma cells.”

2.5 PXA increases intracellular Ca®* concentration

Rapid and strong breakdown of the mitochondrial membrane po-
tential may be associated with Ca®" release and increased cytoplasmic
Ca®" concentrations. This may in turn lead to the activation of Ca®*
sensitive enzymes, e.g. involved in the apoptotic cascade or activation
of caspases.”” Thus, intracellular Ca®" concentrations were determined
in A2780 and A2780CisR in the presence and absence of 1mM

A il B Figure 5. PXA mediates its antiproliferative effects
via apoptosis. 24 h incubation with the indicated
100- concentrations of PXA induced apoptosis in A2780
100- 90 R (A), A2780CisR (B), J82 (C), and J82CisR (D). As
- 90 ;‘E‘ 80 - e control, medium was used, and cisplatin served as
£ 80 ;. . ¥ 704 e positive control. Data are means = SEM.
= 70 5 60 #4p < 0,001, **P < 0.01, *P < 0.05, when
B4 607 - 50 compared with the untreated control group.
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Figure 6. PXA depolarized mitochondrial membrane potential. A2780 (A), A2780CisR. (B), J82 (C), and J82CisR (D) were treated for 1h or 2h with different
concentrations of PXA before the mitochondrial potential was measured by flow cytometry. Medium was used as negative control and 20 uyM CCCP was used as
positive control. Further, A2780 (E) and A2780CisR. cells (F) were treated with increasing concentrations of PXA for 24 h. In addition, Fig. 6E and F show the time-
dependent depolarization of the membrane potential (analysis by flow cytometry) at 1 uM PXA. Furthermore, mitochondrial membrane potential was measured by
fluorescence imaging in J82 (G) and J82CisR cells (H) after 2 h incubation. Data shown are mean + SEM. ***P < 0.001, **P < 0.01, *P < 0.05 in comparison to

the untreated control cells.

extracellular Ca®* over 30 min after addition of PXA. 10 and 30 uM
PXA led to a significant increase in intracellular Ca®* in absence or
presence of extracellular Ca®' (Figure 7) whereas the Ca®" increase
induced by 1M PXA was only significant in the absence of extra-
cellular Ca®*. Mitochondrial membrane damage and increase in in-
tracellular Ca®™* are thus hallmarks of the effects of PXA. Interestingly,
Bohler et al. have reported that Ca®* release upon PXA treatment is
likely to be originated from the mitochondria (in lymphoma cells). It
thus seems that mitochondrial damage by PXA results in Ca®™ release
thereof and depolarization of the mitochondrial membrane potential.”
The molecular target of PXA remains however elusive,

2.6 PXA leads to the activation of caspase 3/7 and reduces expression of
anti-apoptotic proteins

The collapse of AWm triggers the process of apoptosis soon after by
activation of caspases that among others inactivate negative regulators
of apoptosis such as Bel-2.*' Caspases are mainly divided into two sub-
groups known as “initiator caspases” and “executioner caspases” de-
pending on their functions in apoptosis. Caspase 3 and 7, sharing high
sequence similarities with each other, belong to the family of execu-
tioner caspases. The activation of these caspases is essential for the
terminal phase of apoptosis.” Because of the finding that PXA results in
the depolarization of A%m, we tested the influence of PXA treatment on
the activation of caspase 3 and 7 using fluorescence imaging. In un-
treated cells, basal activation of caspases 3/7 was 1.4%, 0.8%, 1.1%,
and 0.5% in A2780, A2780CisR, J82, and J82CisR, respectively (Figure
8). 10 uM PXA (17x ICsq in A2780; 7x ICs in A2780CisR) increased
caspase 3/7 positive cells to 83% in A2780 and 71% in A2780CisR
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whereas 100uM cisplatin gave only 37% (A2780) and 12%
(A2780CisR) even though the cisplatin concentration was relatively
higher: 25x ICsp in A2780 and 8x ICsy in A2780CisR (Figure 8F). Si-
milar data were obtained for J82 and J82CisR using 50 or 30 uM PXA,
respectively (Figurc 8G). Notably, the cisplatin-resistant cell line
J82CisR was more sensitive to PXA as can be seen by 90% caspase 3/7
positive cells with 30 uM PXA whereas in J82 cells, the use of 50 uM
PXA resulted in only 60% caspase 3/7 positive cells. These data are
consistent with our findings described above that PXA is more potent in
J82CisR in MTT assay (Table 1). Further, activation of caspase 3/7 was
accompanied by nuclear condensation showing reduced size and in-
creased intensity of nuclei (Figure 8A, B, C, D).

In addition to caspase 3/7 activation, we examined differences in
the expression of pro- and antiapoptotic proteins after PXA treatment
by means of a commercial proteome profiler in A2780 and A2780CisR
cell lines (Figure 9). The proteome profiler confirmed an increase in
cleaved caspase 3 upon PXA treatment. Additionally, PXA treatment
reduced the expression of cIAP-1 (cellular inhibitor of apoptosis protein
1), a member of the IAP family, and of claspin, another anti-apoptotic
protein involved in the checkpoint of the cell eycle. Taken together,
these results demonstrate that PXA induces apoptosis after collapse of
the mitochondrial membrane potential, activation of caspase 3/7 and
by suppressing the expression of anti-apoptotic proteins.

2.7 PXA treatment does not rupture the plasma membrane
Disruption of the plasma membrane is a hallmark feature to dis-

tinguish between apoptotic and necrotic cell death. It is commonly
accepted that cells undergoing apoptosis are phagocytized before
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membrane rupture and a release of intracellular components causing
inflammation is prevented. However, a disruption of the cell membrane
may occur in apoptotic cells due to secondary necrosis.” Therefore, we
examined cell membrane integrity after PXA treatment. A2780 and
A2780CisR cells were treated with different concentrations of PXA or
cisplatin or triton-X-100 as control for 24 h, a time point which has
shown an activation of caspase 3/7 and apoptosis induction. As Figure
10 shows, PXA had no effect on membrane integrity up to 10 uM. In
contrast, the positive control triton X-100 showed 87% and 92% PI
stained cells in A2780 and A2780CisR, respectively, indicating a rup-
ture of the cell membrane. Given the fact that the number of PI stained
cells did not raise with increasing concentrations of PXA, we suggest
that PXA induces apoptosis but no membrane damage and no secondary
necrosis.

2.8 PXA does not affect the generation of reactive oxidative species (ROS)

Many natural products are known to affect ROS levels, e.g. (poly)
phenolic compounds. Oxidative stress may play a role in the generation
and treatment of cancer cells.”’ We thus wanted to analyze if the tet-
rahydroxanthone derivative PXA has any impact on intracellular ROS
levels. A2780 and A2780CisR cells were treated with PXA for 18 h, then
labeled with HsDCF-DA (2°,7’-dichlorodihydrofluoresceine diacetate)
treated with or without 250 uM H,0; for 1h, and then analyzed for
ROS by flow cytometry (Figure 11). PXA had no effect on basal ROS
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levels and showed only a slight, but no significant reduction of ROS
induced by H,0,.

2.9 Potential of mean force computations indicate that PXA in neutral and
singly deprotonated states can penetrate the inner mitochondrial membrane

Due to the lack of experimental pK, values for PXA, we computed
these for PXA in aqueous environment.”””° The pK, values indicate that
the hydroxyl groups in 8- and 8’-position are the most acidic functional
groups (pK, = 5.1 = 1.1, respectively). Thus, the computations do not
reveal a mutual influence due to deprotonation of one hydroxyl group
onto the pK, value of the other group, which may be explained by the
large separation between the two groups. Therefore, the doubly de-
protonated species of PXA is predicted to be the predominant species
under physiological conditions in aqueous solution. However, in a low
dielectric medium such as a lipid bilayer membrane, pK, values are
known to increase,”’ which would shift the (de)protonation equilibrium
to the side of the less charged species.

To address the question if differently charged PXA species can pe-
netrate the inner mitochondrial membrane, which is a prerequisite for
transferring protons across the membrane, we performed potential of
mean force (PMF) computations of PXA penetration using umbrella
sampling™ and post-processing with the Weighted Histogram Analysis
Method.?” Prior to that, reference points of the sampling path were
generated by steered molecular dynamics simulations, starting from the
PXA species located at the membrane center and pulling it along the
membrane normal (Figure 12A). Note that we paid close attention that
the membrane composition in our simulations resembles that of the
inner mitochondrial membrane in vivo.”” As a reaction coordinate, the
distance along the z axis between the membrane center and the center
of mass of PXA was taken, with z = = 19A indicating the location of
the polar head group/solvent interface (Supplementary Fig. 1A). The
umbrella windows display considerable overlap regarding the fre-
quency distribution of values for the reaction coordinate
(Supplementary Fig. 24, C, E). Furthermore, computing the PMFs with
increasing sampling intervals show that the PMFs appear converged
after 30-40 ns of sampling per window (Supplementary Fig. 2B, D, F).
Accordingly, the statistical error was estimated by splitting the sampled
data into equally sized chunks of 5ns length, which exceeds the re-
laxation times in water or a membrane by at least two orders of mag-
nitude. Computing the PMF for each chunk independently, a standard
error of the mean of < 0.4 kcal mol ™' along the PMFs was obtained.

For both the uncharged and singly charged PXA, the global minima
of the PMFs are located at z = 13 A and ~-2.8 keal mol~' (Figure 12B
and C), revealing that a semi-immersed state of PXA within the mem-
brane (state I, Figure 12E) is thermodynamically more favorable than a
fully solvent-exposed state. In this state, the hydrophobic part of PXA is
located towards the interior of the membrane, whereas the polar part is
located close to the head group region, carrying a shell of water mo-
lecules. Performing unbiased MD simulations of 500ns lengths as
controls starting from PXA located at the membrane center confirm this
finding in that the most frequently sampled distance of PXA from the
center is at z = 12.5-13.0A (Supplementary Figure 1B, C). A small
energy barrier of ~1.5kcal mol ™' is observed at z = 25 A, separating
the semi-immersed state from the solvent-exposed one, Here, PXA is in
proximity to the polar head groups of the lipids (state II, Figure 12E).
The height of the energy barrier to pass the membrane is 3.8 and
6.4 keal mol ~ ! with respect to the fully solvent-exposed state for PXA®
and PXA™', respectively, and 6.7 and 9.2 kcalmol™' with respect to
state I, respectively. These barrier heights are markedly lower than
those found for protein-free phosphatidylcholine, -ethanol, and -glycin
lipid flip-flop in respective membranes.”’ Employing Eyring theory”” at
T = 300K, kinetic rates of 1.4-10°% t0 9.9-10° s~ ' are obtained, although
obtaining a barrier height pertinent to kinetics via a PMF has been
debated.”™ By contrast, the doubly charged species is most favorable in
water, and the barrier height with respect to the fully solvent-exposed

&9



Appendix — Publication II

C. Wang, et al.

A PXA

Cisplatin

Control 10 pM

10 pM+QVD

100 pM

- . -
o . .
o . -
C Cisplatin
: Control 100 pM
Nuclei

Caspase 3/7

Merged

E
2
Z 100
3
Z 80
=z
£ 60
£
T 40
H
o
Z 20
=
s
= s 4 2 = T <
E ¥ = E £ o~
E £ 5 2 : £
cz2id <3
= > 5 -
e
: — |
A2780 A2780CisR

Bioorganic & Medicinal Chemistry 27 (2019) 115044

B PXA Cisplatin
Control 10 M 10 pM + QVD 100 pMm
- .
Caspase 3/7 .
o .
D PXA Cisplatin
Control 30 pM+QVD 100 pM
Nuclei

Caspase 3/7

Merged

% of Caspase 3/7 Positive Cells
8 & 8 8 8

.

H

T —— T
T = e T % a &
E 7 z E ¥ =z 3
E -7 B E - %
¢ o= = = ¢ E o= 2
ER E 2 € =
23 Y
E- I
= - 3
7 E
| | '
J82 182CsR

Figure 8, PXA-induced apoptosis is mediated via caspase3/7 activation. A2780 (A), A2780CisR (B), J82 (C), and J82CisR (D) were treated for 24 h with the indicated
concentrations of PXA. Medium was used as control for untreated cells and cisplatin and staurosporine were used as positive control for caspase 3,7 activation. Cells
were stained with Hoechst 33,342 (blue) for cell nuclei and CellEvent Caspase-3,/7 green detection reagent for the activation of caspase 3/7. Quantification of caspase
3/7 positive cells of A2780, A2780CisR, J82, and J82CisR are displayed in (E) and (F). Data shown are mean = SEM from three experiments. ***P < 0.001 in
comparison to the untreated control cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

state for passage through the membrane is 9.5 kcal mol ™ (Figure 12D),
1.5- to 2.5-fold higher than for PXA® and PXA™', leading to a 100-fold
slower kinetic rate.

Taken together, our simulation results indicate that both the PXA"
and PXA!" species, but less so PXA?", show membrane partitioning and
can penetrate the inner mitochondrial membrane with a high rate, si-
milar to what can be estimated from membrane permeabilities of non-
electrolyte compounds such as benzoic acid and codeine.” These
properties of the differently protonated PXA species may contribute to
the transfer of protons across the mitochondrial membrane: In our si-
mulations, the membrane potential of the mitochondrial membrane was
not considered, which would drive the passage of negatively charged
deprotonated PXA towards the intermembrane space, where it can take
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up a proton and penetrate back as neutral PXA across the membrane.
Overall, these processes might allow PXA to act as a proton shuttle and
dissipate the proton gradient along the inner mitochondrial membrane.

3 Conclusion

PXA is a strong inducer of mitochondrial membrane potential
breakdown, subsequent caspase activation and apoptosis. Remarkably,
the effect of PXA is equipotent (or slightly more potent) in cisplatin-
resistant and cisplatin-sensitive cancer cell lines. Whereas the mode of
action is still not fully understood, PXA leads to an increase in cytosolic
Ca®" concentration released from intracellular stores within a time
scale that is comparable to the mitochondrial membrane potential
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Figure 9. PXA rises the level of pro-apoptotic proteins and inhibits anti-apop-
totic proteins. A2780 and A2780CisR cells were treated for 24 h with 5 uM PXA.

breakdown. These events then lead to caspase activation and apoptosis.
Potential of mean force computations of PXA in an inner mitochondrial
membrane environment suggest that PXA can act as a proton shuttle
along the inner mitochondrial membrane and thus degrade the proton
gradient and mitochondrial membrane potential. The remarkable effect
of PXA in cisplatin-resistant cell lines (three digit nanomolar or low
micromolar ICsy values) and previously shown selectivity for cancer
over non-cancer cell lines'? warrants further examination of PXA for
the treatment of chemoresistant malignancies. Perspectively, mode of
action studies need to be undertaken. This includes further studies of
PXA on mitochondrial physiology (fusion, fission, potential) and a
search for potential (sub)cellular binding proteins (e.g. by chemical
modification of PXA to allow crosslinking of PXA with its cellular or
subcellular (mitochondrial) binding partners followed by MS analysis).
Further, the efficacy of PXA needs to be verified in in vivo xenograft
models using chemoresistant cell lines such as those used in this study.

4. Experimental
4.1 Materials

Roswell Park Memorial Institute (RPMI) media 1640, Dulbecco’s
Modified Eagle Medium (DMEM), fetal bovine serum (FBS), penicillin/
streptomycin (pen/strep) [10.000 U/ml; 10 mg/ml] and trypsin-EDTA
(0.05% Trypsin, 0.02% EDTA in PBS) were purchased from PAN
Biotech (Aidenbach, Germany). Cisplatin (cDDP), Pluronic® F-127 and
Hoechst 33,342 were purchased from Sigma-Aldrich (Steinheim,
Germany). Cisplatin was dissolved and subsequently diluted in 0.9%
saline. 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) was purchased from Serva (Heidelberg, Germany) and was dis-
solved in PBS at a concentration of 5mg/ml. Oregon Green® 488
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Figure 11. PXA does not affect the concentration of reactive oxidative species.
A2780 (A) and A2780CisR (B) were treated for 18 h with a non-toxic con-
centration of PXA (IC;p: 316 nM). Then, cells were labeled with 10 pM H,DCF-
DA for 30 min, followed by 1h treatment with or without 250 pM H;O,. Data
shown are mean + SEM of three independent experiments. **P < 0.01 in
comparison to the untreated control cells.

BAPTA-1, AM was ordered from life technologies GmbH (Darmstadt,
Germany). Propidium iodide was purchased from Santa Cruz
Biotechnology (Heidelberg, Germany). Propidium iodide was dissolved
in sterile filtered water. 0.9% NaCl, obtained from Fresenius Kabi (Bad
Homburg, Germany) and supplemented with 0.01% sodium azide, was
used as sheath fluid for flow cytometry analysis. The natural compound
phomoxanthone A from fungus Phomopsis longicola was isolated in
house (Institute of Pharmaceutical Biology and Biotechnology,
Heinrich-Heine-University Duesseldorf, Germany). The compound was
dissolved in DMSO and subsequently diluted in medium.

B
A2780CisR

100+
90+
80+
70+
60
50-
40+
304
20+

13_.——;%‘ ﬁﬁ’l‘l'—'\

Membrane damage [%4]

Figure 10. PXA does not damage the plasma membrane. A2780 (A) and A2780CisR (B) were treated for 24 h with different concentrations of PXA, Medium was used
as negative control and 0.2% Triton-X was used as positive control. Data shown are mean = SEM from three experiments.
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Figure 12, Ability of PXA to penetrate the inner
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4.2 Cell lines

The human epithelial ovarian cancer cell line A2780 (ECACC,
Salisbury, Wiltshire/UK), the human esophageal cancer cell line
Kyse510 (German Collection of Microorganisms and Cell Cultures
(DSMZ, Germany)) and the human myeloid leukemia cell line K562
(DSMZ) were cultivated in RPMI-1640 medium supplemented with
10% fetal bovine serum, 120 pg/ml streptomycin and 120 U/ml peni-
cillin. The human tongue cancer cell line Cal27 and the human colon
carcinoma cell line HCT116 were purchased from DSMZ. The urothelial
bladder cancer cell line J82 was kindly provided by Prof. Wolfgang A.
Schulz (Department of Urology, Medical Faculty, Heinrich Heine
University). These cells were cultivated in DMEM supplemented with
10% fetal bovine serum, 120 pg/ml streptomycin and 120 U/ml peni-
cillin. Additionally, the human triple negative breast carcinoma cell line
MDA-MB-231 (ATCC, Manassas, USA) was used and cultivated in
DMEM supplemented with 15% fetal bovine serum, 120 pug/ml strep-
tomycin and 120 U/ml penicillin. The corresponding cisplatin-resistant
(CisR) cell lines were generated by exposing the parental cell lines to
weekly intermittent treatments with cisplatin in an ICs, concentration
over a period of 24 till 30 weeks as previously described.'” Cells were
grown at 37 °C in a humidified atmosphere containing 5% CO,. When
cells reached a confluence of 80-90%, the cells were washed with 1x
PBS and treated with Trypsin-EDTA before subculture.

4.3 MTT assay

MTT assays were performed as previously described.'” Briefly, cells
were seeded into 96 well plates (Sarstedt, Niimbrecht, Germany) and
incubated overnight. Then, cells were exposed to increasing con-
centrations of test compound. After 72 h incubation, 25 ul of MTT so-
lution (5mg/ml) was added into each well and incubated for 15 min.
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Thereafter, the mixture of medium and MTT solution was discarded and
75 ul of DMSO was added to dissolve formazan crystals. Absorbance of
each well was measured at 544nm (test wavelength) and 690 nm
(background) using the BMG FLUOstar (BMG Labtechnologies Offen-
burg, Germany). Background was subtracted from the absorbance of
each well.

4.4 Cell cycle analysis

Cell cycle was analysed using standard procedure as recently de-
scribed.” Briefly, after exposing to various concentrations of PXA, cells
were washed in ice-cold PBS and approximately 2 million cells were
fixed in cold ethanol 70% and stored for at least 24 h at — 20 °C. Then,
fixed cells were washed with ice-cold PBS and incubated in staining
solution (0.1% (v/v) Triton X-100 in PBS, 200 ug/ml DNAse-free RNAse
A (Fermentas/Thermo Fisher Scientific, Waltham, MA, USA), 20 pg/ml
propidium iodide) in the dark at 37 °C for 15 min. The DNA content was
measured by flow cytometry with the CyFlow® space of Partec (Miin-
ster, Germany). The doublet discrimination mode was used.

4.5 Apoptosis assay

To determine apoptosis, nuclei were labeled with propidium iodide
(PI). Fach cell line was plated out in 24-well plates (approximately
100,000 cells per well) and after one day, cells were exposed to the
respective treatments for 24 h. The caspase inhibitor Q-VD-OPh was
added 1h before apoptosis induction (20 uM). The plate was cen-
trifuged and the supernatant was carefully removed. Cells were lysed in
a hypotonic lysis buffer (sodium citrate tribasic dihydrate 0.1%, Triton
X-100 0.1%, propidium iodide 100 pug/ml) and stored at 4 °C in the dark
overnight. Sub-G1 fractions were detected by flow cytometry.
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4.6 Analysis of mitochondrial membrane potential

Cells were seeded overnight before compound treatment. Shortly
before compound treatment, the complete medium was replaced by FBS
free medium to avoid cleavage of the TMRE ester (Biotrend
Chemikalien GmbH, Kéln, Germany). Treated cells were then stained
with TMRE for 20 min and collected by trypsination. The cell suspen-
sion was centrifuged at 4° C and 8000 rpm for 4 min and the super-
natant was then removed. The samples were stored on ice and protected
from light until measurement. The cell pellet was resuspended in sheath
fluid and the intensity of accumulated TMRE in each cell was de-
termined using flow cytometry (CyFlow, Partec, Germany). For detec-
tion of mitochondrial membrane potential by ArrayScan XTI Live High
Content Platform (Thermo Fisher Scientific Inc., USA), cells were la-
belled with TMRE and Hoechst 33,342 for 20 min after the compound
treatment. Images were acquired using 10x magnification and data
were analysed using HCS Studio Cellomics Scan (Thermo Fisher
Scientific Inc., USA).

4.7 Calcium assay

Calcium assay was performed as previously described.” Briefly,
cells were seeded into 96 well plates and incubated overnight. On the
measurement day, medium was removed, and cells were washed with
Krebs-HEPES buffer (KHB) twice. A mixture of Oregon Green BAPTA-1
AM (final concentration of 3 uM) and Pluronic F-127 (3 pl of 20% so-
lution) was prepared in 2 ml of KHB, and 20 pl were added to each well.
After 1h incubation at 37 °C in the dark, the supernatant was removed
and replaced by 180 pl pre-warmed KHB. Increasing concentrations of
PXA were added (20 pl/well) and fluorescence intensity was measured
at 544 nm for 30 min by a NOVOstar plate reader (BMG Labtechnolo-
gies Offenburg, Germany).

4.8 Caspase 3/7 activation test

The activity of caspase 3/7 after PXA treatment in A2780 and J82
cells was analysed by fluorescence image analysis. After cells were
exposed to PXA for 24h, medium was aspirated, and the cells were
labelled with fluorescent staining solution containing CellEventTM
Caspase-3/7 Green Detection Reagent (Invitrogen, Carlsbad, CA, USA)
and Hoechst 33342, After 30 min incubation, images were acquired
using ArrayScan XTI Live High Content Platform using excitation filters
of 386 and 485nm for Hoechst 33,342 and Caspase-3/7 Green
Detection Reagent, respectively. The percentage of activated caspase 3/
7 cells was calculated using HCS Studio Cellomics Scan.

4.9 Plasma membrane integrity test

Cells exposed to PXA for 24h or triton X-100 for 20 min were
trypsinized and collected by centrifugation at 4°C and 266 rcf. The
supernatant was removed, and the cell pellet was stained with 100 pg/
ml propidium iodide. Samples were diluted with sheath fluid before
measurement by flow cytometry. A sample treated with 0.2% Triton X-
100 was used as positive control.

4.10 Reactive oxidative species

The measurement of reactive oxidative species was performed as
follows: A2780 and A2780CisR were plated in 24-well plates (ap-
proximately 150,000 cells/well) (Sarstedt) and pre-incubated with
growth medium overnight. Cells were exposed to PXA for 18 h. Cells
were washed with PBS and then cultivated in phenolred-free RPMI-
1640 (PAN) without FBS and antibiotics. Cells were then treated with
10 uM H2DCF-DA in the dark at 37 °C for 30 min. One aliquot of cells
was analysed directly, the other aliquot was first treated with 250 pM
H30; in the dark at 37 °C for 1 h and then analysed. Dichlorofluorescein
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(DCF) fluorescence was detected by flow cytometry (CyFlow® space,
Partec, Miinster, Germany).

4.11 Analysis of apoptotic pathway proteins

The functional status of signal pathways was determined by human
apoptosis array kit (Proteome ProfilerTM antibody array, biotechne,
Germany) according to the manufacturefs instructions. Relative levels
of expression were measured with streptavidin-HRP and chemilumi-
nescent detection reagents.

4.12 Statistical analysis

The statistical analysis was carried out with GraphPad Prism 6.0
(GraphPad Software Inc., San Diego, USA). Concentration-effect-curves
were generated by nonlinear regression curve fitting using the 4-para-
meter logistic equation with variable hill slope. The ICsq is the con-
centration of the eytotoxic agent that led to a decrease of 50% of the
recorded signal. pICs, values are —log ICs,. Assays were performed at
least in three independent experiments each carried out in triplicates.
Values shown are mean = SEM. The two-tailed Students t-test was
used and a p-value < 0.05 was considered as significant.

4.13 Preparation of the simulations

We used Maestro™ to prepare the X-ray structure of PXA described
in Rénsberg et al..'” Using the program Epik”® “°, the protonation states
at various pH values were evaluated. We generated structures for the
uncharged (PXA?), as well as the singly (PXA') and doubly deproto-
nated (PXA®) molecule and optimized them with Gaussian09°* at the
B3LYP/6-311G(d) level of theory. Subsequently, atomic charges were
calculated according to the RESP procedure™ by a single point calcu-
lation at the HF/6-31G(d) level of theory.

For the setup of the membrane system, the PACKMOL-Memgen
module (S. Schott, H. Gohlke, unpublished results) from AmberTools18
and tLEaP were used to generate a lipid bilayer system. LIPID17'"
parameters were used for the membrane lipids, while for the water
phase TIP3P water’' was used. The lipid composition was adjusted to
resemble the inner mitochondrial membrane with DOPC, DOPE and
DOPG as surrogates for cardiolipin in the ratios of 40:34:18." One
molecule of PXA®'/* was placed in the center of the membrane, re-
sulting in three individual systems. For the PXA species GAFF2'°
parameters were used. All following procedures were carried out on
each of the systems.

4.14 Thermalization and density adjustment

Thermalization and density adjustment were carried out using
pmemd from the Amber18 software package’” with a time step of 2 fs.
Langevin thermostat™ and Berendsen barostat™ were used for tem-
perature and pressure control, respectively. For treatment of long-range
electrostatic interactions the Particle Mesh Ewald method® was used
with a cutoff of 8.0 A. The SHAKE algorithm™ was used to constrain
bond lengths involving hydrogen atoms. Initial relaxation of the
membrane, solvent, and both parts were carried out for 3,000 steps
using the steepest decent algorithm, and further 2,000 steps with the
conjugate gradient algorithm. Other components of the system were
held fixed with positional restraints with a force constant of 5.0 kecal-
mol ™A% Then, the system was heated to 300 K at a constant heating
rate over 20 ps of NVT-MD and simulated for further 5 ps at 300 K. To
adjust the system density, 1 ns of NPT-MD was performed.

From here on, the GPU version of pmemd*®"” was used to further
equilibrate the system for 50 ns. During all these steps, PXA%"~* was
held in the center of the membrane, using or distance restraints with a
force constant of 5.0 kcal'mol ~“A~2
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4.15 Steered molecular dynamics simulations, umbrella sampling, and PMF
calculations

After equilibration, PXA%'* was gradually pulled out of the
membrane into the solvent at a rate of 1 Ans~ ' with a force constant of
2.5 keal mol ™" A~7. The same MD settings as during the last step of the
equilibration were applied. From the resulting trajectory, snapshots
along the reaction coordinate with 1 A spacing were extracted with
CPPTRAJ ', These were used as reference points in umbrella sampling,
further sampling each window for 100 ns while keeping PXA%'~* re-
strained at its respective reaction coordinate value with a harmonic
potential and a force constant of 2.5 keal mol~* A~2. The first 50 ns of
the sampling were discarded as equilibration time. Reaction coordinate
values from the last 50ns of each window were extracted in 500 fs
intervals and analyzed by weighted histogram analysis*”. The error was
estimated by performing the same calculation over ten individual
windows of 5ns each. Individual states were visually inspected and
figures prepared with PyMOL™"

4.16 Unbiased molecular dynamics simulations

In addition to the steered molecular dynamics simulations, we
started unbiased simulations from the equilibrated structures. In these
simulations the three protonation states of PXA were allowed to diffuse
freely, from the initial position in the center of the membrane. For each
of the systems 500 ns of NPT-MD were performed and analyzed with
CPPTRAJ*,
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Supplementary Figure 1. Unbiased MD simulations confirm the location of minima in the PMF.
(A) Normalized electron density distribution of an unperturbed membrane used in the MD simulations,
which shows the average location of the hydrophilic and hydrophobic components. Frequency
distributions of PXA (colored bar plots) from unbiased MD simulations confirm the location of minima
in the PMFs of PXA? (B), PXA'" (C), and PXA? (D). The PMFs are identical to those in Figure 12. The
frequency distributions were normalized for each simulation system separately; hence, they cannot be
compared between simulation systems. The unbiased MD simulations were started with PXA located at
the membrane center; thus, positions close to the center of the membrane may be oversampled, while
the transition of a membrane-bound to a solvated state was not observed.
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Supplementary Figure 2. Umbrella sampling simulations and convergence analysis of the
potentials of mean force. The window-wise representation of the sampled data from the umbrella
sampling simulations (PXA° A, PXA'!" C, PXA? E) shows good overlap of all windows for the range of
sampled reaction coordinate values. The convergence of the potential of mean force is shown by
calculating the free energy profiles from umbrella sampling simulations of increasing lengths (PXA’ B,
PXA"" D, PXA* F). After 30 — 40 ns of sampling per window, the potentials of mean force appear
converged.
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Abstract

Heat shock protein 90 (Hsp90) is a promising therapeutic target due to its involvement in stabilizing
several aberrantly expressed oncoproteins. In cancerous cells, Hsp90 expression is elevated, thereby
contributing in exerting anti-apoptotic effects, which is essential for the malignant transformation and
progression of several tumor types. Most of the Hsp90 inhibitors (Hsp90i) under investigation target the
ATP binding site in the N-terminal domain (NTD) of Hsp90. However, adverse effects, including
induction of the pro-survival resistance mechanism (heat shock response or HSR) and associated dose-
limiting toxicity, have so far precluded clinical approval of these Hsp90i. In contrast, modulators that
interfere with the C-terminal domain (CTD) of Hsp90 do not inflict HSR and, thus, emerge as a
promising alternative approach to target Hsp90. Since the CTD dimerization of Hsp90 is essential for
its chaperone activity, interfering with this essential dimerization process by small-molecule protein-
protein interaction (PPI) inhibitors is a promising strategy for anticancer drug research. We have
developed the first-in-class small molecule inhibitor (5b) targeting the Hsp90 CTD dimerization
interface, based on a tripyrimidonamide scaffold through structure-based molecular design, chemical
synthesis, binding mode model prediction, assessment of the biochemical affinity and efficacy against
therapy-resistant leukemia cells. Sb reduces xenotransplantation of leukemia cells in zebrafish models
and induces apoptosis in BCR-ABL 1+ (T3 15I) tyrosine kinase inhibitors (TKIs) resistant leukemia cells,

without inducing HSR.
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Introduction

The heat shock protein (Hsp90) is an abundant, cytosolic molecular chaperone that modulates the
folding, stabilization, and maturation of over 400 client proteins in eukaryotes.' It is involved in essential
processes such as signal transduction, cell cycle progression, and transcription rf:gulation.1 In cancer
cells, Hsp90 is overexpressed, involved in uncontrolled proliferation and anti-apoptotic effects, and, that
way, essential for the malignant transformation and progression of several cancer types.” Thus, cancer
cells are more dependent on Hsp90 activity than normal cells.** In various cancers, multiple signal
transduction-promoting oncoproteins are clients of Hsp90.> Hence, inhibiting the activity of Hsp90 is a
promising strategy for the development of anticancer therapy. Several Hsp90 inhibitors (Hsp90i) have
been developed recently, however adverse effects including dose-limiting ocular and cardiac toxicity
and poor patient stratification have precluded their clinical approval.* Most of the 19 Hsp90 inhibitors
(Hsp901) studied in clinical trials so far (except RTA 901) target the N-terminal ATP binding site (NTD)
and are termed N-terminal inhibitors.>*'> A common pitfall of Hsp90 NTD-targeting inhibitors is the
induction of a pro-survival heat shock response (HSR).>® The HSR is a stress response mechanism
mediated by heat-shock factor 1 (HSF-1), which leads to the expression of other heat shock proteins
(HSPs) including Hsp27, Hsp40 and Hsp70 as a rescue mechanism upon Hsp90 inhibition and
eventually weakens cytotoxic effects of Hsp90i.>*'"""* In addition, Hsp90 NTD-targeting inhibitors
potentially inflict cytotoxicity through mechanisms that involve targets other than Hsp90, (off-target
effects).*!® The off-target effect hypothesis is also supported by the drastic differences between
cytotoxicity concentrations of Hsp90 NTD-targeting inhibitors vs. their binding affinity to Hsp90.'®
Furthermore, there are two major cytosolic isoforms of Hsp90 (Hsp90a and Hsp90P) expressed in
humans. Hsp90a is an inducible isoform, overexpressed in several cancer types, whereas the Hsp90p
isoform is expressed constitutively. Thus, targeting Hsp90 with isoform-specific inhibitors can afford a
therapeutic window.'”'® Most of the previously studied Hsp90i exhibit pan-inhibitory activity (i.e.,
targeting all isoforms). However, the Hsp90a and Hsp90p isoforms share a high degree of similarity (SI

Figure S21), making it challenging to develop isoform-selective inhibitors."*
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Hsp90 is a flexible homodimer, and each monomer consists of three major functional domains: N-
terminal domain (NTD), middle domain, and C-terminal domain (CTD). Hsp90's activity depends on
the binding and hydrolysis of ATP at the NTD and on its dimerization via the CTD.? The middle domain
(MD) that connects the NTD and the CTD mediates the binding of clients and cochaperons. The CTD
is connected to the MEEVD motif, which interacts with the subset of tetratricopeptide repeat (TPR)
domain-containing cochaperones.” To our knowledge, inhibiting Hsp90 dimer formation by targeting
the CTD dimerization interface constitutes a so far unexplored mode of action (MOA) of small-molecule
Hsp90i. In contrast to Hsp90i targeting the N-terminal ATP binding site, C-terminal inhibitors do not
generally induce HSR.*'*!""2! The most important classes of C-terminal inhibitors are: (1) inhibitors
binding to the C-terminal ATP-binding site (e.g., novobiocin and analogs), (2) modulators of the Hsp90-
CD(C37 interaction (e.g., celastrol, induces HSR*), (3) modulators of the Hsp90-p23 interaction (e.g.,
gedunin), (4) modulators of the Hsp90-HOP interaction (e.g., LB76), and (5) aminoxyrone (AX), the

first non-peptidic inhibitor of the C-terminal dimerization of Hsp90.>

Following a strategy recently introduced by us to identify PPI inhibitors,*** we initially identified hot
spot residues in the CTD dimerization interface that accounted for most of the binding affinity*® and
identified the first peptidic inhibitors shown to bind to the CTD of Hsp90.?” Furthermore, we developed
AX, the first peptidomimetic Hsp90 CTD dimerization inhibitor,” which is a promising lead candidate
effective against BCR-ABL1+ TKI-resistant leukemic cells.”® Based on these experiences, here, we
report the rational design, chemical synthesis, binding mode model, biochemical affinity, and biological
in vitro evaluation of the first-in-class small molecule inhibitor (5b) of Hsp90 CTD dimerization based

on a tripyrimidonamide scaffold.

Results

Design of tripyrimidonamides as CTD Hsp90 inhibitors

Based on computational predictions and subsequent experimental validation, we identified the spatially
clustered hot spot residues 1688, Y689, 1692, and L696 in the Hsp90 CTD interface, which are located

on o-helix H5, form a functional epitope, and account for most of the protein dimerization energy.”®
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Furthermore, conformational analysis by 2D NMR and MD simulations revealed for the recently
introduced tripyrimidonamide scaffold that it can act as a potential a-helix mimetic, mimicking side
chains at positions i, i+4 (dimeric compound) or i, i+4, i+8 (trimeric compound). ***° This side chain

pattern is concordant with the succession of the hot spot residues in the Hsp90 CTD interface.

Together, this provided the incentive for us to design and synthesize the tripyrimidonamide Sa, which
mimics the hot spots 1688, 1692, and L696. In compound S5a, the side chain of V was used instead of |
to avoid diasteromeres. 6, which lacks the isopropyl side chain, was also designed to probe the influence
of the absence of the third side chain in a tripyrimidonamide. Next, we aimed to design compounds that
can also form polar interactions, as these should confer specificity of binding.”® In addition, the binding
to a well-defined cleft or groove in a PPI region has been described to yield a particularly etfective PP1
inhibitor.”® The Y689 side chain of 7a should be accommodated in an indentation in the binding epitope
of helix H4’ (Figure 1);*° we also designed the homolog 7b with a prolonged (4-hydroxy-phenyl)-ethyl
side chain. Although both compounds mimic the three hot spots Y689, 1692, L696, with the longer side
chain in 7b, we intended to accommodate for the apparent mismatch between the preferred side chain
orientations in tripyrimidonamides and the side chain pattern of the hot spots (i, i+3, i+4). The side chain
patterns of 5b and 7a are almost identical to that of the a-aminoxy-peptide AX, which was shown to

bind to the CTD.*®

Further analysis of the physicochemical properties of the CTD dimerization interface revealed a
particular hydrophobic patch there (Figure 1). Interestingly, the 4-methoxy-benzyl side chain of 5b
should act as a (weak) hydrogen bond acceptor for S673" and T669° on helix H4’, but at the same time
decrease the side chain’s hydrophilicity for a more favorable burial in the overall hydrophobic interface.
To probe this with a larger substituent, we also designed the benzyloxy derivatives 5S¢ and 5d,

respectively, which are also precursors of 7a and 7b.

Synthesis of tripyrimidonamides

The monomeric building blocks 1 and 2a-e were prepared according to our previously published
protocol.*” Subsequently, the designed tripyrimidonamides 5a-d were synthesized using a modular

approach. Briefly, a COMU-mediated amide coupling of the lithium carboxylate 2e with
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S-aminopyrimidone 1 afforded the benzoyl-protected dimer 3 in 75% yield. Deprotection of the benzoyl-
group by treatment of 3 with sodium hydroxide in methanol at 80 °C afforded the unprotected dimer 4
(77% yield). Additional coupling reactions of 4 with the respective lithium salts 2a-d in the presence of
COMU furnished the tripyrimidonamides 5a-d in 39-76% yield. Compound 6 with an N-unsubstituted
N-terminal pyrimidone ring was synthesized by treating the corresponding 4-methoxybenzyl-substituted
derivative Sb with BBr; in DCM (Scheme 1). Finally, the trispyrimidonamides 7a and 7b with free
phenolic groups were prepared by catalytic hydrogenation of their respective O-benzyl-protected

precursors Sc and 5d (40 and 87% yield).
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Figure 1: Rational design and synthesis of tripyrimidoneamides. a) Cryo-EM structure of the dimer of human
Hsp90p (PDB ID 5FWK),*! shown in surface and cartoon representation. For one of the Hsp90 monomers, the N-
terminal domain (NTD) is colored in red, the middle domain in beige, and the C-terminal domain (CTD) in blue.

Above and below the protein structure, the structures of Hsp90i and their potential binding sites (see ref.

32-36
s

color-coded according to the domains) are shown. b) Dimeric CTD of human Hsp90B with the two monomers in
blue and white. Helices H4, H4', H5, and HS' of the CTDs form the dimerization interface. ¢) Residues forming
the CTDs dimerization interface in human Hsp90a are primarily located on helices H4, H4’, H5, and H5’.2¢ d)
Trispyrimidones can adopt conformations resembling the side chain orientation of an a-helix in 7, i+4 and i+7
position.*® e) Synthesis of tripyrimidoneamides: a) COMU, DMF, r. t., 18 h; b) NaOH, MeOH, 80 °C, 6 h; a) 2 a-
d, COMU, DMF, 1. t., 18 h; ¢) 6 via 5b, BBr;, DCM, -78 °C, 1 h, r. t., 1 h; d) via 7a via 5¢ and 7b via 5d, H,,

Pd(C), MeOH, DCM, r. t., 1 h.
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Selection of 5b as a lead candidate

To evaluate the inhibition of Hsp90 dimerization, E. coli BL21 (DE3) pETSH-3 cells were used to
display Hsp90a on their surface (Figure 2a).”’ Passenger-driven dimer formation of Hsp90a. is
facilitated through the motility of the B-barrel domain within the outer membrane of E. coli, as reported
for other proteins.’” To demonstrate the functionality of dimerized Hsp90 on the surface of E. coli, the
transcription factor p53, a natural client protein of Hsp90, was labeled with fluorescein isothiocyanate
(FITC) and added to cells displaying Hsp90 on their surface. Subsequent flow cytometer analysis
revealed a high green fluorescence for cells displaying Hsp90, indicating dimerized and functional
Hsp90 (Figure 2b). Compounds Sa, 6, and 7a showed only weak inhibition of 3.27 %, 14.65 %, and
24.35 %, respectively, In contrast, Sb, 5S¢, 5d, and 7b showed moderate inhibition of 39.92 %, 41.83 %,

55.23 %, and 31.33 %, respectively (Figure 2b).

Later, the binding affinity of the compounds was determined with microscale thermophoresis (MST)
measurements, using NT-647-labeled recombinant CTD of Hsp90a protein.” A nonlinear regression
curve was fitted with the Kp formula, and, as expected, substances showing weak inhibition have high
dissociation constants (6: 249 uM, 7a: 286 pM; Figure 2c, e). The lowest Ky value was observed for
5b with 3.42 uM (Figure 2c, e). Next, the in vitro cytotoxicity assessment of compounds 5a-d, 6, 7a,
and 7b revealed 5b as a promising candidate (with low ICsp: 1.8 £ 0.3 uM) in a BCR-ABL1+ tested

leukemia cell line K562 (Figure 2d, 2e).

Based on the inhibition of Hsp90a CTD dimerization, low apparent K, value for the Hsp90a CTD, and

potent anti-leukemic activity, Sb was selected for further detailed affinity and efficacy assessments.
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Figure 2: Selection of 5b as a lead candidate. a) Schematic view of the Hsp90 dimerization assay using
Autodisplay. b) Flow cytometry measurements of the inhibition of dimerized Hsp90a displayed on E. coli cells.?®
E. coli BL21 (DE3) cells displaying Hsp90a incubated with 1 pM FITC-labeled p53 lead to a high cellular
fluorescence indicating dimerization of Hsp90a. The value obtained was set as 0 % inhibition. In contrast, E. coli
cells without displaying Hsp90a (control cells) show no cellular fluorescence. The value obtained here was set as
100 % inhibition. Preincubation of E. coli cells with surface-displayed Hsp90a with 50 uM of the respective
substance leads to a lowered cellular fluorescence intensity indicating a lowered binding affinity of FITC-labeled
p53 to surface-displayed Hsp90a. These values were set in relation to obtain the relative inhibition of dimerization.
¢) Apparent K values of purified CTD of Hsp90a and the respective substance measured via the MST method. A
constant amount of 50 nM labeled CTD of Hsp90 was used, and three independent measurements were performed.
The resulting mean values were determined and used in the Kp Fit formula. d) Cellular viability assessment of a
leukemic cell line (K562) measured by incubating with the indicated inhibitors for 72 h, followed by viability
measurement using ATP-based Celltitre Glo assay. e) Selection of 5b as a lead candidate on the basis high
inhibition of Hsp90a dimerization, low apparent K, and low ICsp (1M) in a tested leukemic cell line.
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5b binds specifically to CTD of Hsp90a and blocks it cochaperone function

One of the major limitations of NTD-targeting inhibitors is their off-target activity.*'® Hence, it is
important that the selected hit Sb has a high degree of selectivity against its target, the CTD of Hsp90.
To assess the selectivity of 5b, biochemical cell-free and cellular assays were performed. First, we
evaluated the affinity of 5b against Hsp90 in a cell-free assay, where Sb protected recombinant (full-
length) Hsp90a protein in a dose-dependent fashion from degradation against thermolysin enzyme
digestion, an assay commonly used to quantify drug affinity-responsive target stability (DARTS)"**
(Figure 3a). Next, we performed the cell-free thermal shift assay™ to determine the potential binding
affinity of 5b to recombinant Hsp90a CTD and NTD protein. Sb specifically destabilized the CTD of
Hsp90a protein Hsp90 CTD (ATm: -8.45 + 0.55 °C), whereas reference CTD targeting Hsp90i
coumermycin Al (CAl) stabilized Hsp90a CTD protein (Figure 3b, SI Figure 22 and SI Table 1).
NTD targeting Hsp90i Tanespimycin (TM) and PUH-71 served as positive (Hsp90a NTD) or negative
control (Hsp90o CTD) in this assay. The thermostabilizing effect of 5b to its target (total Hsp90) was
also assessed in a cellular setup, termed cellular thermal shift assay (CETSA)™, a biophysical method
based on the ligand-induced thermal stabilization of the protein to directly probe the target engagement
in the living cells (SI Table 1, SI Figure 23). The protein quantification for CETSA was performed
using a digital western blotter for sensitive and quantitative evaluation of the ligand-protected
intracellular Hsp90, whereas TM and PU-H71 served as controls. Next, the thermal stability of
intracellular Hsp90 in an increasing concentration of 5b (at a fixed temperature) was determined, a
method termed isothermal dose-response fingerprint ITDRFcersa.*” 5b induced thermal stability of

Hsp90 in a dose-dependent fashion, confirming its intracellular and specific target engagement (Figure

3¢, SI Table 1).

Next, to assess the ability of 5b to inhibit Hsp90 chaperone function, a cell-free luciferase-refolding
assay™™™ was performed using rabbit reticulocyte lysates as a source of Hsp90. Exposure of 5b
decreased the luciferase refolding capacity in a dose-dependent manner by blocking the chaperone
function of Hsp90 (Figure 3d). The known Hsp90 NTD inhibitors geldanamycin (GM) and TM served
as positive controls. Besides, to assess the specific effect of 5b in obstructing Hsp90 CTD-interacting

cochaperones, a time-resolved fluorescence resonance energy transfer (TR-FRET) assay was
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conducted.® Sb blocked the binding of PPID (or cyclophillin D, an Hsp90 CTD-interacting chaperone)
to recombinant Hsp90a or Hsp90p CTD protein comparable to CAl treatment, whereas PU-H71, TM,
and GM served as negative controls (Figure 3e, Table 1). To rule out the possible interaction of 5b with
the NTD of Hsp90a, a fluorescence polarization (FP) competitive assay was carried out using FITC-
labelled GM* (Figure 3f, SI Table 1). As expected, 5b did not show any interaction with the NTD of
Hsp90, whereas unlabeled Hsp90 NTD targeting inhibitors GM, Ganetespib (GP), TM, and PU-H71

served as positive controls,
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Figure 3: Specificity of 5b against Hsp90 CTD and its cochaperone function. a) Recombinant (full-length)
Hsp90a (1 pg) was incubated with Sb at indicated concentrations, followed by digestion with thermolysin. Treated
protein samples were electrophoresed (SDS-PAGE) and immunoblotted with anti-Hsp90a. for detecting protection
of Hsp90a protein by 5b (the upper band is protected from proteolysis). h) Cell-free thermal shift assay was
performed by incubating recombinant Hsp90a CTD protein with Sb, at an increasing temperature (up to 95 °C).
Melting temperature (7),,) without inhibitors (DMSO) was used as a control. ¢) The dose-dependent intracellular
(K562 cells) thermal stabilization (CETSArprr) of Hsp90 after 5b incubation (24 h) at its increasing concentration
(1.25 pM — 5 uM). d) 5b inhibits Hsp90a chaperone function, comparable to TM and GM, in cell-free luciferase
refolding assay, where the incubation of the inhibitors prevented the rabbit reticulocyte lysate (a source of Hsp90)
assisted refolding of denatured luciferase. e) Incubation of S5b blocked the binding of Hsp90 CTD-interacting
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cochaperone (PPID) in TR-FRET measurements. f) Sb did not reduce the amount of Hsp90-bound FITC-labelled
GM and, therefore, does not compete for the GM binding pocket of full-length Hsp90a. Unlabelled GM, GP,
PUH71, and TM served as positive controls and NB and CA1 as negative controls.

Binding mode prediction of 5b at Hsp90a

To provide structural insights how 5b binds to the CTD of human Hsp90, we performed 40 independent
molecular dynamics (MD) simulations of free diffusion of 5b in the presence of truncated monomeric
Hsp90a (aa 294-699), using the Amber 18 suite of molecular simulation programs*® and the ff14SB*’
and a modified GAFF**** force field for protein and ligand. Initially, we generated 40 individual starting
configurations by randomly placing 5b and the CTD structure, leaving at least 10 A between atoms in
5b and the CTD structure. After minimization, thermalization, and density adaptation, we performed
MD simulations of 500 ns length, in which the Sb molecule diffused freely. To counter the high
flexibility of the C-terminal helix interface, we introduced positional restraints on the backbone atoms,

adjusting the reference coordinates every 100 ns to allow for moderate protein movements.

From the trajectories, first, we extracted all frames where 5b is bound to Hsp90 (no-fit RMSD of 5b <
1.5 A to the previous frame after superimposing Hsp90). Mapping the probability density of occurrence
of 5b onto the surface of Hsp90 (Figure 4a) revealed two main binding regions: one in the C-terminal
helix interface (Figure 4a, green), where binding occurred in 10 out of the 40 replicas, and another in
a cleft between the CTD and middle domain (Figure 4a, blue), where binding occurred in 6 out of 40
replicas. In the latter case, an area of high density with the shape of 5b is observed (Figure 4a, light
blue), which resulted from a single trajectory. This indicates that the ligand was kinetically trapped in
this one case, although the position is thermodynamically not favorable. By contrast, the densities in the
C-terminal interface are more ambiguously shaped, indicating that, while binding there is favorable, the

ligand can still explore multiple binding modes, which are also seen to interchange.

To further study these binding modes, we clustered the bound frames of 5b mapped on the protein
surface with respect to their RMSD after superimposing Hsp90. Among the binding modes were several
that form interactions to the C-terminal helix interface, with Sb positioned such that it mimics
interactions formed by H5” in the dimer (Figure 4c and d). To corroborate that this binding mode is
favorable, we computed the effective binding free energies by the MM-GB/SA approach for the

trajectory that led to it. Already first transient interactions with the protein resulted in effective energies
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down to ~-30 kcal mol™. The effective energies decreased further to ~-45 kcal mol™ once the ligand
bound in the C-terminal interface, thereby forming interactions with Hsp90 that remained stable even
when the trajectory was extended to | ps, indicating that such poses are particularly favorable (Figure
4b). As to the magnitude of the effective energies, note that configurational entropy contributions were
not considered, since estimating such contributions by normal mode analysis may introduce additional

uncertainties.*>*

Overall, the probability density of bound 5b poses, the proportion of replicas, and the results of the MM-
GB/SA computations indicate that Sb preferentially binds to the C-terminal helix interface, where it can

adopt poses that mimic HS5’.

Comparison to 5b binding at Hsp90p

We then set out to study if there is an isoform specificity for the binding of Sb because the helical
interface regions differ in three positions: o: S641, B: P633; a: S658, B: A650; a: A685, B: S677 (SI
Figure 21). Using the same setup as before, we performed MD simulations of free ligand diffusion
around Hsp90p. The probability density of bound Sb again revealed that the C-terminal helix interface
is the most preferred region, followed by the cleft between the CTD and middle domain (SI Figure 24).
Notably, no high density in this cleft was found now, in contrast to Hsp90a, confirming that the
observation there resulted from kinetic trapping. Hence, despite the few sequence variations in the C-
terminal helix interface between Hsp90a and Hsp90p. the same preferred binding region of Sb was

found in both cases.
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Figure 4: MD simulations of 5b diffusion and effective binding energy calculations to predict the binding
mode.

a) The relative densities of the bound poses of 5b after 500 ns are mapped on the Hsp90a monomer fragment used
in the simulations (PDB ID 3q6m). The missing NTD is shown in red, based on the Hsp90p structure (PDB ID
5fwk). Particularly high densities are observed in the region between H4 and HS5 (green circle). A second, less
preferred site is in the cleft between the CTD and middle domain (blue circles). b) Effective binding energy
calculations over a single trajectory that resulted in 5b binding in the C-terminal helix interface as a function of
the center-of-mass distance between 5b and H4 and the simulation time (see color scale). The dashed line at 12.1 A
corresponds to the H4-HS” distance in the crystal structure of PDB ID 3g6m. ¢) Possible binding mode of 5b in
the helix interface, where 5b mimics H5’. d) Blow-up of the possible binding mode of 5b showing how its side
chains mimic side chains of H5’.

5b interferes with Hsp90a CTD dimers and disrupts intracellular Hsp90 multiprotein complexes

CTD dimerization of Hsp90 is necessary for its function.”"** To study the effect of 5b exposure on the
dissociation of Hsp90 dimers in a cell-free assay, we used Hsp90a CTD protein after incubation with

amine-reactive crosslinker BS?, as previously described.**** A dose-dependent reduction of Hsp90a

fh s
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CTD dimers along with an increase in the high order oligomeric species was noticed upon incubation
with Sb (Figure 5a). Next, we performed small-angle X-ray scattering (SAXS) with the Hsp90a CTD
protein, which was coupled to a size exclusion chromatography column (SEC-SAXS) at the ESRF
beamline BM29 in Grenoble.**** In the absence of 5b, a clear dimeric profile of the Hsp90a CTD protein
was visible on the chromatogram, with an additionally minor tetrameric species (SI Figure 25). We
used the program CHROMIXS™ to merge the frames containing the dimer from this SEC-SAXS profile.
Buffer frames were then subtracted using PRIMUS.”® From the SAXS data, a radius of gyration (Rg)
of 3.23 nm was calculated, which describes the average particle dimension in solution. The ab initio
model fit from DAMMIF>" shows a ¥’ of 1.127, indicating good agreement with the experimental data
(Figure Sb and SI Table 2). The corresponding dimeric envelope is highlighted in Figure Sec,
superimposed with the calculated dimeric model of Hsp90a CTD. Further, we tested the effect of 5b on
the Hsp90 CTD dimer using SAXS (Figure 5d). Due to the low solubility of Sb, we needed to measure
the sample as an ensemble of species in solution. First, we tested Hsp90a CTD without 5b on Xeuss 2.0
with Q-Xoom system and observed an increase of Rg to 3.40 nm. This increase is likely due to the small
amount of tetramer in solution in the ensemble. Theoretically, the Rg of a tetrameric Hsp90a CTD
species is 3.78 nm, using CRYSOL, indicating that even in batch mode SAXS measurements, the
Hsp90a CTD protein is predominantly in a dimeric state. We added Sb with an equimolar concentration
to Hsp90a CTD protein, and the Rg value slightly increased from 3.40 nm to 3.46 nm. However, with
an increasing concentration of Sb to 1 mM, the Rg value increased to 4.11 nm. Compared to the
theoretical Rg value of 3.78 nm for the tetramer, we observed that Sb induces oligomerization of Hsp90a
CTD to species even larger than the tetrameric form (Figure Se). It is unclear, however, if the oligomers
are formed from Hsp90a CTD monomers or dimers, as the single species could not be resolved in the

ensemble measurement.

In a cellular context, Hsp90 acts in multiprotein complexes.'” Therefore, interfering with Hsp90 function
may lead to the disruption of these complexes. In a cellular assay, western blotting was performed under
reducing (+dithiothreitol or +DTT) and non-reducing (-DTT) conditions after Sb incubation of the K562
cells.®® Similarly to AX,*® Sb inhibited the formation of Hsp90 higher-order multimeric species, in

contrast to novobiocin (NB), but in concordance with AUY922 (SI Figure 26). Next, to study the effect
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of Sb exposure on Hsp90 native multiprotein complexes, blue native (BN) PAGE analysis was carried
out with K562 cell lysates after 5b incubation.'”*® At cytotoxic concentrations of 5b, Hsp90a and
Hsp90B multiprotein complexes were disrupted, including monomers/dimers of Hsp40 and Hsp27;
Hsp60 (primarily in mitochondria) multiprotein complexes, serving as a loading control, were not

affected (Figure Se).

Taken together, these results confirm that Sb interferes with the Hsp90a CTD dimerization, induces

oligomerization, and disrupts intracellular Hsp90 multiprotein complexes.

Basic physicochemical properties and microsomal stability of 5b

Next, we assessed the aqueous solubility, chemical stability, and in vitro metabolic stability of Sb. The
thermodynamic solubility of 5b was determined in phosphate-buffered saline (PBS, 25 °C, pH 7.4) after
4 and 24 h incubation time (Supplementary Note 2). Ondansetron was used as a reference compound
with high solubility of 95 uM. The thermodynamic solubility of 5b was low, ranging from 4 uM after 4

hto 8 uM after 24 h (n = 2).

To study the chemical stability of Sb at physiological pH, the compound was dissolved in a mixture of
Tween20/cthanol/phosphate buffer pH 7.5 (7/3/90) and monitored over 24 h (Supplementary Note 2).
After 24 h, almost no decomposition was detected (0.7 % drug decomposition, n = 2). The chemical
stability of 5b at acidic pH was determined by dissolving 5b in a mixture of Tween20/ethanol/phosphate
buffer pH 2 (7/3/90) and monitoring over 24 h. After 24 h, only slight decomposition was detected

(1.3 % drug decomposition, n = 2).

Metabolic stability screening of Sb in human liver microsomes revealed 91 % stability after a 40 min
incubation at 37 C (Supplementary Note 2). Propanolol, a reference drug with medium to high
metabolic stability, showed 74 % of the parent compound remaining, and therefore demonstrated
slightly decreased stability compared with 5b."* Calculated results for the intrinsic clearance suggest

that 5b (6 plL/min/mg) is a low-clearance compound with estimated long half-life (n = 2).
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Figure 5: Effect of Sb on Hsp90 oligomeric species and CTD-mediated dimerization. a) Recombinant Hsp90a
CTD was incubated with 63 pM BS? crosslinker, with (at indicated concentration) or without 5b, followed by
immunoblotting with anti-Hsp90 (AC88) antibody. b) Scattering data of Hsp90a CTD is shown in black dots, with
grey error bars. The ab-initio DAMMIF model fit is shown as a red line. The intensity is displayed as a function
of momentum transfer s. ¢) The volumetric envelope, calculated from the scattering data using DAMMIF 7, is
shown as a blue surface. The monomers of the predicted Hsp90 CTD dimer model are shown in green and cyan.
Superimposing was done using SUPCOMB.?” d) The Radius of gyration (Rg) of the different Hsp90a CTD protein
samples was calculated using the Guinier approximation.>® The theoretical Rg of the tetramer was calculated using
CRYSOL based on the structure PDB ID 3q6m.>? e) Native Hsp90 complexes in K-562 (24h administration of Sb)
was identified by running Blue Native (BN) gels followed by immunoblotting analysis. The cytotoxic
concentration of 5b resulted in the potent disruption of Hsp90a, Hsp90p, Hsp40, and Hsp27 complexes and
monomers/dimers. AUY922 exposure elevated the expression of HSR associated protein complexes and
monomers/dimers (Hsp40 and Hsp27), whereas Hsp60 served as loading controls.

5b is effective against resistant leukemia cells and in the zebrafish xenotransplantation model

Elevated Hsp90 expression is reported in several resistant leukemia subtypes such as BCR-ABLI1"
CML/BCP-ALL, FLT3-ITD-driven AML, and Ph-like BCP-ALL.%"* Besides that, client proteins of
Hsp90 include several kinases (e.g., AKT, BCR-ABL1, BRAF, EGFR2, HER2, and JAK1/2), growth
and steroid receptors, and apoptotic factors (e.g., BCL-2 and mutant p53), which are often aberrantly
regulated in several malignancies.>* Therefore, we determined the efficacy of 5b on therapy-resistant
cell lines obtained from different leukemia subtypes (B-ALL, T-ALL, CML, and AML), including
imatinib (IM), multi TKI-resistant and bortezomib (BTZ)-resistant leukemic cell lines.”® Average 1Csy
values of 5b in these cell lines were determined using ATP-based viability assay and plotted in a
clustered heat map, indicating the superior efficacy against BCR-ABL1+ and AML leukemic cell lines,

when compared to T-ALL cell lines (Figure 6a).

As previously performed with AX*®, we next determined the destabilizing effect of 5b on BCR-ABLI
expression and associated downstream signaling. In K562 cells, 48 h exposure of Sb down-regulated
the phospho-BCR-ABLI1 and total-BCR-ABL1 levels, as well as the related downstream signaling
pathways, as evaluated by immunoblot analysis (Figure 6b). 5b additionally reduced the expression of
client proteins associated with Hsp90 chaperone activity, involving Akt, Stat5, and c-Myc (Figure 6b).
In contrast to AUY922, the exposure of 5b on the K562 cells did not induce the expression of Hsp70,
Hsp40, and Hsp27 involved in HSR (Figure 6¢). Exposure of 5b to the leukemic cell lines (K562,
KCL22 and HL60) inhibited their proliferation (SI Figure 27) and induced apoptosis in a caspase 3/7
enzyme-dependent assay, with induction of approximately two- to eight-fold increase of apoptotic cells,

in accordance to the reference Hsp90 CTD-targeting inhibitor, novobiocin (NB) (SI Figure 28).
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Besides, Sb facilitated early differentiation measured by expression of differentiation markers involving
CD14 vs. CD11b in HL60 cells, and CD133 vs. CD11b in Mutz-2 cells (SI Figure 29). In this line, 48 h
exposure of 5b to K562 cells significantly reduced the colony-forming capacity (SI Figure 30). To
further evaluate the efficacy of 5b on leukemic cells, we used the zebrafish xenotransplantation model®
(Figure 6d). MOLT-4 cells were transplanted into zebrafish embryos at 32 hours post-fertilization (hpf).
At this stage, the adaptive immune system is not yet developed, therefore, human cells can be tolerated
by the host. The transparency of zebrafish embryos also enabled us to monitor the distribution of human
cells, which were stained with a vital fluorescent dye. Xenotransplanted embryos were treated with
AUY922 (500 nM) and Sb (500 nM) for 48 h, whereas DMSO was used as a negative control. No
toxicity of drugs at the given concentration was noticed on the development of xenotransplanted
embryos. We then determined the number of MOLT4 cells in each treated group using flow cytometry.

Compared to the DMSO-treated group, the number of transplanted cells was significantly reduced in

AUY922- and 5b-treated embryos.

To conclude, this data confirms the anti-leukemic effect of b without inducing HSR.
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Figure 6: 5b is effective against human leukemic cell lines without inducing any HSR. a) Comparative
cytotoxicity assessment of different sub-groups of leukemic cell lines (K562, KCL22, SUPB15, HL60, MOLT4,
DND41, TALL1 and HPBALL), imatinib-resistant cell lines (K562-IMr, KCL22-IMr, SUPB15-IMr), and
bortezomib-resistant cell line (HL60-BTZr), after 72 h exposure to 5h. The ICsy data was plotted as a clustered
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heat map, followed by unsupervised hierarchical clustering. The vertical axis of the dendrogram exemplifies the
dissimilarity between clusters, whereas the color of the individual cell is related to its position along a log ICsp
(uM) gradient. b) Treatment of K562 cells with 5b and respective controls (AUY922 and NB) for 48 h resulted in
the downregulation of BCR-ABL1+ and subsequently downstream signaling pathways including phosphorylated
and unphosphorylated Stat5a, Crkl, Akt, S6 (mTOR), and cMye. ¢) K562 cells were treated with the indicated
(cytotoxic) concentration of 5b, NB, and AUY922 for 48 h, and later protein lysates were subjected to immunoblot
analysis. As expected, 5Sb and NB did not induce expression of Hsp70, Hsp40, and Hsp27, whereas AUY922 leads
to HSR induction. Hsp60 (primarily present in mitochondria) and PDI (endoplasmic reticulum) served as a control.
d) Upper panel describes the experimental rationale. (Middle panel) A representative image of xenotransplanted
zebrafish embryo at 32 hpf. Scale bar, 250um. Note human T-ALL cells (green) were distributed in the yolk, brain,
and hematopoietic tissue (arrows). (Lower panel) Fold-change of labeled cells normalized to the average
percentage of labeled cells in the DMSO-treated group. Each dot represents three embryos pooled as one biological
sample. Data are mean + standard deviation. The p-values were calculated with the Mann-Whitney test.

5b acts on TKI-resistant BCR-ABLI1+ leukemic cells

The integration of specific tyrosine kinase inhibitors (TKI) such as imatinib (Gleevec) into
polychemotherapy treatment protocols has significantly improved the response rate in BCR-ABL1+

).% However, stable remission cannot be

leukemia patients (initial remission went from 35% to 88%
sustained in many cases as the leukemic cells pursue several escape mechanisms against TKI treatment;
one of them is the occurrence of mutations in the ABL1 kinase domain. Especially, in the BCR-
ABL1™"" mutant, only ponatinib (TKI) is effective®’, albeit with severe cardiovascular side effects.®®
As Hsp90 facilitates the correct folding of several oncogenic newly synthesized or denatured proteins,
among them BCR-ABL1,”7' therefore targeting Hsp90 with small molecule inhibitors would
destabilize BCR-ABLI1 and can serve as a therapeutic target.*'" We, therefore, next tested the efficiency
of Sb in a murine BA/F3 cell line stably expressing clinically relevant mutants (BCR-ABL1""!, BCR-
ABL1%% "and BCR-ABLIM*'T) with prominent TKI resistance profiles.”® As expected, similar to
K562 cells, exposure of Sb significantly reduced proliferation (Figure 7a) and induced apoptosis
(Figure 7b) at 6 and 12 pM, comparable to NB (at 0.3 mM) in BA/F3 cells expressing BCR-ABL17'*"
E255K, or M3SIT mutants. Additionally, after the application of Sb, BCR-ABLI oncoprotein was
destabilized, and downstream signaling pathways (Akt and Stat5) were blocked with increasing
concentrations of 5b, comparable to the human leukemic cell lines (Figure 7¢). Furthermore, 24 h
exposure of 5b on BCR-ABL7!38 235K orM3SIT iy ants-expressing BA/F3 cells significantly inhibited
the colony formation ability (Figure 7d). [n addition, in our generated human BCR-ABL1+ [M-resistant

cell line models (K562-IMr and KCL22-TMr),* 5b did not differentiate in inducing apoptosis between

IM-resistant vs. IM-sensitive clones, proposing a superior effect of 5b in human IM-resistant BCR-
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ABLI-positive cells (Figure 7e and SI Figure 31). Encouraged by these results, we next tested Sb on
three primary CML“*** IM-resistant patient samples in the range of cytotoxic concentration (5-10 pM)
obtained from leukemic cell lines. Similar to BCR-ABLI+ leukemic cell lines, the exposure of Sb
reduced the proliferation, induced apoptosis, and reduced the colony-forming ability of CML"P*** IM-
resistant patient cells and also revealed a potent combinatorial inhibitory effect when used in

combination with [IM (Figure 7f — 7h).
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Figure 7: 5b as a potent inhibitor against TKI-resistant BCR-ABL1 mutant and a primary patient sample.
a) BA/F3 cells expressing BCR-ABL1 mutants (T315[, M351T & E255K) were treated with the indicated
concentration of Sb, and later the viable cells were counted after every 24 h interval for 3 days. b) Apoptosis
induction of the same cells after 48 h incubation of the compounds at indicated concentration, determined by
Caspase 3/7 dependent Glo assay. ¢) Exposure of 5b to these cells destabilizes BCR-ABLI1 and subsequently its
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associated downstream signaling pathways. d) BA/F3 BCR-ABL1 mutant-expressing cells were seeded in
methylcellulose-based semisolid medium, after 24 h treatment with 5b. Colonies were counted after 14 days. e)
K562-IMr cells were treated with the indicated concentration of 5b for 48 h, later dually stained with annexin
V/PI, and subsequently measured by FACS. f) Primary CML®P*** patient cells were treated with the indicated
concentration of Sb or IM alone or in combination, and later the viable cells were counted after every 24 h interval
for 6 days. g) Apoptosis induction in primary CMLP3** patient cells after exposure of 5b or IB alone or in
combination. g) Primary CML*** patient cells were seeded in methylcellulose medium after 24 h treatment with
5b, IM alone or both in combination. Colonies were counted after 14 days. Columns depict the mean of three
independent experiments (n = 3).

Discussion

The CTD of Hsp90 contains several binding areas: the C-terminal ATP binding site, the MEEVD motif
at the end of the CTD, and the primary dimerization interface of Hsp90.> The C-terminal ATP binding
site is only available upon occupation of the N-terminal ATP binding pocket and binds purine and
pyrimidine nucleotides, while the N-terminal ATP binding site (NTD) is more specific for adenine
derivatives.”” The MEEVD motif binds the TRP-domain of cochaperones such as Hop and
immunophilins, which is formed by a four-helix bundle and is crucial for Hsp90 dimerization.’ Protein-

protein interactions in the interface of the four-helix bundle maintain the dimeric state of Hsp90.”!

In this study, we present the development of the first-in-class small-molecule inhibitor of Hsp90, Sb,
which was rationally designed to target the C-terminal dimerization interface. Based on our prior hotspot
prediction’® and the prototype compound AX**, we successfully performed a scaffold-hopping from the
aminoxy peptide-backbone towards more drug-like tripyrimidones. Sb mimics a-helical side-chains that
form hotspot residues located on HS5 in the dimerization interface. To independently predict the binding
site and mode of Sb, we performed extensive MD simulations, in which the inhibitor was allowed to
diffuse freely around an MD-CTD construct of Hsp90a, similar to our analysis on AX binding”® and
related studies.”” The results revealed the C-terminal dimerization interface as the most likely binding
region of 5b, which was confirmed by effective binding energy computations, corroborating the
hypothesis underlying the design of Sb. Following the high sequence-identity in the interface region,

similar results were obtained for Hsp90p, suggesting that Sb does not exhibit isoform specificity.

Next, the selective binding of Sb to Hsp90 was validated in a variety of biochemical and cellular assays,

including DARTS, thermal and isothermal shift assays, whereas intracellular Hsp90 engagement and
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disruption of Hsp90 multiprotein complexes were established via CETSA and ITDRFcgrsa assays, and
immunoblotting under reducing conditions (+/- DTT) and non-denaturing (BN-PAGE) conditions.
Moreover, a crosslinker and auto display dimerization assay, as well as SEC-SAXS measurements,
repeatedly confirmed the destabilization of Hsp90o CTD dimers upon 5b incubation, whereas no
unspecific binding of 5b was reported on the Hsp90a NTD protein in an FP-based competitive assay.
However, during SAXS measurements, which were performed on an ensemble of species in solution,
we were unable to determine whether Sb-induced oligomers originated from Hsp90a CTD monomeric
or dimeric species. In addition, Sb blocks the chaperone function of Hsp90, as determined by TR-FRET
assay and in cell-free luciferase refolding assay. Markedly, even though there are differences in the
inhibitory concentrations against tested leukemia cells between 5b (ICsp in submicromolar range) and
reference Hsp90 NTD control inhibitors (ICsg in subnanomolar range), a comparative selectivity profile
(in cell-free or cell-based biochemical assays) toward Hsp90 was observed between 5b and Hsp90 NTD
reference inhibitors. This data indicate that the conventional Hsp90 NTD inhibitors induce cellular

inhibitory effects through their off-target activity, besides targeting Hsp90.*'¢

Moreover, 5b exhibited potent in vitro anticancer activity against a broad spectrum of therapy-resistant
leukemia cell lines (including TKI and proteasome inhibitor-resistant) and primary TKI-resistant (BCR-
ABLI+) leukemia patient cells. 5b significantly reduced the leukemia burden in the zebrafish

2
E255K or M351T mutant

xenotransplantation model and induced apoptosis in TKI-resistant BCR-ABL1™""
cells by destabilizing the BCR-ABL1 expression and, thereby, hampering related downstream signaling

cascades without HSR induction. These data collectively established Sb as a first-in-class small-

molecule inhibitor that targets the C-terminal dimerization interface.

Conclusion

Through structure-based molecular design, chemical synthesis, molecular simulations-based prediction
of the binding mode, and evaluation of biochemical affinity, we have developed the first low-molecular
weight compound interfering with the Hsp90 CTD dimerization. The C-terminal Hsp90 inhibitor S5b

contains a tripyrimidonamide scaffold and is active against therapy-resistant leukemia cells as well as
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in a zebrafish xenotransplantation model without exhibiting the pro-survival resistance mechanism

HSR.

Methods

Chemical synthesis: See Supplementary Note 1 for general methods, synthetic protocols, compound

characterization, and spectral data (SI Figure 1 - 20).

Expression and purification of recombinant Hsp90: Human Hsp90a CTD (563-732 amino acids)
recombinant protein purification was performed as previously described.® Human Hsp90a NTD (amino
acids 9-236; Addgene #22481) protein was expressed in E. coli BL21-DE3 cells.”® BL21-DE3
expression strains were grown overnight and used to inoculate LB medium at 37 °C supplemented with
100 pg/mL ampicillin to an (ODeowo = 0.5-0.8), followed by overnight induction of protein expression
with 0.5 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG) at 25 °C. After induction, cells were
harvested by centrifugation at 5000 x g and lysed using B-PER bacterial protein extraction reagent
(ThermoFisher Scientific, Wesel, Germany). GST-tagged Hsp90 CTD and NTD proteins were affinity
purified spin columns (ThermoFisher Scientific) and eluted using glutathione elution buffer. Protein

aliquots were made and supplemented with 5% glycerol and stored at —80 °C.

Microscale thermophoresis (MST): The labeling of the CTD of Hsp90 (Hsp90 CTD) was described
before.”*** For determination of the apparent Kp value of Hsp90 CTD and the respective inhibitor, 10 pl
of 50 nM labeled Hsp90 CTD in PBS containing 0.5 % BSA and 0.1 %Tween-20 were mixed with 10 pl
of the respective inhibitor in different concentrations ranging from 15 nM to 500 uM and incubated for
15 min at RT in the dark. Thermophoresis of each mixture was induced at 1475 nm+ 15 nm and
measured using the Monolith NT.115 (NanoTemper Technologies GmbH, Miinchen, Germany)””. The
measurement was repeated three times independently for each sample and each measurement was
performed at 25 °C for 255 at 70 % LED power and 40 % infrared laser power. The resulting
fluorescence values were plotted against the concentration of the titrant and the apparent Kp was

calculated using the KD FitformulaY=E +(A-E)/2*(T+x + Kp-sqrt((T + x + Kp)*2 -4 * T *
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x)) by GraphPad Prism software (GraphPad Software, Inc. La Jolla, USA). T, the concentration value

for the labeled Hsp90 CTD, was set to 50 nM.

Autodisplay dimerization assay: E. coli strain BL21 (DE3) [B, F', dem, ompT, lon, hsdS ({BmB"), gal,
MDE3)] pETSH-3 Hsp90 encoding CtxB signal peptide, AIDA-I autotransporter and Hsp90 was used
for the surface display of Hsp90.>"** E. coli strain BL21 (DE3)[B, F", dem, ompT, lon, hsdS (rB'mB’),
gal, MDE3)] pETSH-3 SDHO§ encoding CtxB signal peptide, AIDA-I autotransporter and sorbitol
dehydrogenase was used as control’’. Recombinant bacteria were routinely grown at 37 °C in lysogeny
broth (LB) containing carbenicillin (100 pg/ml). Cells were grown to the mid log phase (ODgo = 0.5)
and the protein expression was induced by adding 1 mM IPTG for 16 h at 30 °C. Cells were then washed
three times and suspended in PBS to an ODggo = 0.35 in a final volume of 100 pl. Prior to p53-FITC
incubation at a final concentration of 1 uM for 1 hour at RT in the dark, cells were incubated for
15 minutes either with or without inhibitor. Subsequently, cells were washed three times with PBS
containing 0.1 % Tween-20 to avoid unspecific binding. The cellular fluorescence was measured with
a FACS Aria [II (BD, Heidelberg, Germany), using 488 nm as excitation wavelength, 530 nm for
detection and the mean fluorescence value of at least 50,000 events for each measurement was

determined.

Drugs affinity responsive target stability (DARTS): DARTS assay was performed to assess protease
protection of Hsp90 protein from thermolysin digestion after incubation of Hsp90i, as described
previously."”** Briefly, 1 pg of recombinant Hsp90a was incubated on ice for 15 min with 25, 50 &
100 uM of 5b, NB, AUY922 and DMSO. After incubation the samples were treated with thermolysin
(1:50 of protein) for 5 min. The reaction was halted by addition of 50 mM EDTA and later examined by

immunoblot analysis.

Luciferase refolding assay: Luciferase refolding assay was performed using recombinant firefly
luciferase from Photinus pyralis (Sigma-Aldrich, St. Louis, MO, USA; 10x10'® Units/mg), which was
diluted (1:100) in denaturation buffer (25 mM Tricine, pH 7.8, 8 mM MgS04, 0.1 mM EDTA, 1%
Triton X-100, 10% glycerol, and 10 mg/mL BSA) at 38°C for 8 min.****™ Rabbit reticulocyte lysate
(Promega, Madison, WI, USA) was diluted 1:1 by the addition of cold mix buffer (100 mM Tris, pH

7.7, 75 mM Mg(OAc)2, 375 mM KCl, and 15 mM ATP), creatine phosphate (10 mM) and creatine
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phosphokinase (16 U/mL) and was pre-incubated at 30°C with the respective inhibitors and controls for
lh. Afterwards, 1uL denatured luciferase or active luciferase (as a control) was added to 20 pL rabbit
reticulocyte mixture. As a control, denatured or active luciferase was incubated without reticulocyte
lysate in buffer containing 20 mM Tris, pH 7.5, 150 mM NaCl, 1 % haemoglobin and 4 % BSA. At
desired time points, 1.5 L. samples were removed and added to 40 pL assay buffer (25 mM Tricine, pH
7.8, 8 mM MgS04, 0.1 mM EDTA, 33 uM DTT, 0.5 mM ATP, and 0.5 mM luciferin) and luminescence
was read using a Spark® microplate reader (Tecan). Percent luciferase refolding was determined using

luminescence of DMSO at 120 min as 100% and comparing all samples to this value.

Thermal shift assay: CTD or NTD of r-Hsp90a (5 uM) protein and the indicated concentrations of the
inhibitors were mixed together in the assay buffer (1X PBS, pH = 7.5) and were incubated for 2h. Then,
6X SYPRO Orange dye (Sigma-Aldrich) was added to the mixture (20 ul), which binds to the exposed
hydrophobic residues of unfolded protein (during thermal exposure) and thereby showing an increase
fluorescence.’”” 96-well polymerase chain reaction (PCR) plates, and a PCR system (BioRad, CFX
Connect™ Real-time system) were used to heat the samples from room temperature to 95 °C in
increments of 0.5 °C for 10 seconds, with excitation wavelength at 470 nm and emission wavelength at
570 nm. For determination of protein melting temperature values (7m), melting curve for each data set
was analysed by GraphPad Prism 8.0.2 and fitted with the sigmoidal Boltzmann fit. Melting

temperatures without the inhibitors were used as control.

Isothermal shift assay was performed following similar procedure as with thermal shift assay. However,
increasing indicated concentrations of the inhibitors (98 nM — 200 uM) were used, which was incubated
with either C-terminal or N-terminal of Hsp90 (5 puM) in the assay buffer (1X PBS, pH = 7.5) for 2 h.
The samples were heated to 46°C after adding 6X SYPRO Orange dye (Sigma-Aldrich). Percent
unfolding was calculated by normalizing to 100 % unfolding and comparison to vehicle control

(DMSO).

Cellular thermal shift assay (CETSA): CETSA assay was performed as described previously,**' with
minor modifications. K562 cells were incubated with the indicated inhibitors (or DMSO) for 24h. Cells
were harvested by centrifugation (400 x g for 5 min at RT) and washed three times with PBS. The pellets

were dissolved in PBS and later equally divided into 200 pL-PCR tubes. Solutions were heated at the
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indicated temperature gradient for 3 min (T-Gradient Cycler, Biometra). Aliquots were then snap-freeze
in liquid nitrogen and thawed at 25°C in a thermal cycler (GeneAMP PCR System2700, Applied
Biosystems) three times, followed by centrifugation at 10000 x g for 20 min at 4°C. The supernatants
were harvested and protein levels were measured by quantitative simple western immunoassay (JESS,
BioTechne, MN, USA). Protein levels represented by the area under the curve of the electropherograms
were normalized to the lowest temperature set as 0% degradation. AT,, for compounds were determined

by plotting normalized data using sigmoid dose curve and nonlinear regression (GraphPad Prism 8.0.2).

Isothermal dose-dependent fingerprint (ITDRF) CETSA: Based on the previously determined IC50
values, K562 cells were treated with the indicated dilution range of inhibitor for 24h. Then, cells were
harvested by centrifugation (400 x g for 5 min at RT) and washed three times with PBS. The pellets
were dissolved in 200 uLL PBS and transferred into PCR tubes (Eppendorf). Results of prior CETSA
runs were utilized to determine the optimal melting temperature of 54.1°C for Hsp90. Samples were
heated once at 54.1°C for 3 min (T-Gradient Cycler, Biometra) and then snap-frozen in liquid nitrogen
and thawed at 25°C in a thermal cycler (GeneAMP PCR System2700, Applied Biosystems) three times,
followed by centrifugation at 10000 x g for 20 min at 4°C. The supernatants were harvested and protein
levels were measured by quantitative simple western immunoassay (JESS, BioTechne, MN, USA).

Protein levels are calculated by the area under the curve of the electropherograms.

Simple western immuneoassay: Fluorescent (5X) master mix, DTT and biotinylated ladder were
prepared as per manufacturer’s instruction (BioTechne). Lysates were diluted with 0.1x sample buffer
and mixed 5:1 with fluorescent Sx master mix to obtain a target sample concentration of 0.40 pg/ul per
well. Samples were then denatured for 5 min at 95°C in a PCR cycler (GeneAMP PCR System2700,
Applied Biosystems). The assay plate was loaded as per manufacture’s instruction and centrifuged for
5 min at 1000 x g at RT. The immunoassay was performed using a 12-230 kDA separation module with
25 cartridges (SM-W004, BioTechne). Lysates were separated 25 min at 375 volt, blocked for 5 min
with antibody diluent 2, 30 min incubated with primary antibody and 30 min incubated with secondary
antibody, subsequently. Primary antibody multiplex mix consisted of 1:100 anti-HspS0 (#4877S, Cell

Signaling Technology, Danvers, MA, USA) and 1:50 anti-B-actin (#MAB8929, R&D) diluted in
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Antibody Diluent 2. Signals were detected using an anti-rabbit detection module of JESS (DM-001,

BioTechne), multiplexed with an anti-mouse secondary NIR antibody (#043-821, BioTechne).

Time-resolved fluorescence resonance energy transfer (TR-FRET): The evaluation of the Hsp90
binding affinity to PPID (Cyclophilin D) was performed using the Hsp90 CTD TR-FRET assay kit
(#50289, BPS Bioscience, San Diego, CA, USA). Terbium (Tb) labeled donor and dye-labeled acceptor
were diluted 100-fold in (1X) Hsp90 assay buffer 2. 10 pL. diluted tb-labeled donor and 10 pl diluted
dye-labeled acceptor were mixed with 4 pL (indicated concentration) inhibitor, 10 puL of 3 ng/ul PPID-
GST-tag (BPS Bioscience) and 6 puL of 2 ng/ul biotin labeled CTD of Hsp90 (BPS Biosciences). For
the positive control, the inhibitor was substituted for DMSO and for the negative control PPID-GST-tag
was substituted for 1X Hsp90 assay buffer. Samples were incubated for 2 hours at RT protected from
light and measured with a microplate-reader (SPARK10M, Tecan). Fluorescence was measured using a
time resolved reading mode with two subsequent measurement: First measurement was performed using
340 nm / 620 nm (excitation/emission) wavelength with a lag time of 60 ps and integration time of 500
ps. Second measurement was performed using 340 nm / 665 nm (excitation/emission) wavelength with
a lag time of 60 ps and integration time of 500 ps. Data analysis is performed using the TR-FRET ratio
(665 nm emission / 620 nm emission). The TR-FRET ratios are normalized to % activity by setting the
negative control as zero percent activity and the positive control as one hundred percent activity

[(FRE Tgmpie — FRETpeg)/(FRE Tpos — FRETheg) * 100%].

Fluorescence polarization (FP) measurements: The evaluation of the binding affinity of compounds
towards the ATP pocket of Hsp90 NTD was determined by a competitive binding assay against FITC-
labeled geldanamycin (GM) using the Hsp90 NTD assay kit (#50293, BPS Bioscience).*” The inhibitor
sample wells were filled with 15 pl 5X Hsp90 assay buffer, 5 uLL 40 mM DTT, 5 pLL 2 mg/ml BSA, 40
L HO, 5 uL FITC-labeled GM (100 nM) and 10 pL inhibitor (at indicated concentration). The reaction
was initiated by adding 20 ul Hsp90 (17 ng/ul) and incubation at room temperature for 3 hours with
slow shaking. Background wells (master mix only); negative controls (FITC-labeled GM, buffer and
DMSQO) and positive controls (FITC-labeled GM, buffer, DMSO, Hsp90) were also included within the
assay plate. Fluorescence was measured at 470 nm excitation wavelength and 525 nm emission

wavelength in a microtiter-plate reader (Infinite M 1000pro by Tecan). Polarization was calculated using
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(In — G(1v)/ (In + G(I11))*1000 and a g-factor of 1,187. The percentage of Hsp90-bound FITC labelled

GM was calculated using Punorm = (Pimnibitor-Pnea) / (Ppos — Pneg)*100.

Molecular dynamics (MD) simulations: The structures of Hsp90a and B (PDB IDs 3q6m and 5fwk
respectively) were prepared using Schrédinger Maestro™. For each of the isoforms, 40 individual MD
simulations were performed. Initial random placement of 5b and solvation in TIP3P water®' was done
using PACKMOL™, neutralizing the system by the addition of sodium ions. ff14SB was used as force
field for the protein and a modified GAFF version 1.5 for 5b.**** All simulations were carried out using
the Amber18 software package.* To treat long-range electrostatics, the particle mesh Ewald method*
was used with a cutoff of 9.0 A for equilibration and 10.0 A for production. The SHAKE algorithm™
and hydrogen mass repartitioning® were used to allow for simulation steps of 2 s in the equilibration

and 4 fs in the production.

Initially, the systems were energy-minimized using the steepest descent (500 steps) and conjugate
gradient (2000 steps) methods and placing positional restraints with a force constant of 5 kcal mol™" A*
on all protein atoms; the restraints were reduced in a second energy minimization to a force constant of
1 kcal mol™ A? (for 2000 steps of steepest descent followed by 8000 steps of conjugate gradient), and
removed in a third one (for 1000 steps of steepest descent followed by 4000 steps of conjugate gradient).
Placing positional restraints with a force constant of 1 kcal mol”' A~ on the backbone atoms, first, the
system was heated to 100 K in 50 ps of NVT MD and further heated to 300 K in 5 ps of NPT MD.
Further 65 ps of NPT MD were performed for density equilibration, still applying the backbone
restraints. Afterward, over the course of further 300 ps of NPT MD, the backbone restraints were

gradually reduced to a force constant of 0.2 kcal mol™ A~

After the thermalization, 500 ns of NPT MD simulations were carried out with positional restraints with
a force constant of 0.1 kcal mol™ A~ on the backbone atoms. The Langevin thermostat with a collision
frequency of 1 ps” and the Monte Carlo barostat with a pressure relaxation time of 1 ps were used. The
reference coordinates for these restraints were readjusted every 100 ns to allow for moderate protein
flexibility. For Hsp90o, these simulations were later extended to 1 us. The trajectories were

postprocessed and analyzed with CPPTRAJ®, and results were visualized with PyMol™®.
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MM-GB/SA computations: Effective binding energies were computed over one MD trajectory that
resulted in binding of Sb in the CTD dimerization interface and led to a binding mode in which Sb
mimics H5. In the computations, the single trajectory approach was used, where complex, protein, and
ligand configurations were extracted from the complex trajectory.®” After removing water molecules
and counterions, gas-phase energies (van der Waals and electrostatic contributions) were evaluated on
every frame sampled at an interval of 200 ps using MMPBSA py **; the polar contribution to the
solvation free energy was calculated using the “OBC II” generalized Born model®, together with
mbondi2 radii and a dielectric constant of 1 for the solute and 80 for the solvent. The ionic strength was
set to 150 mM of a 1:1 salt. The non-polar contribution to the solvation free energy was calculated as a
function of the solvent-accessible surface area using 0.0050 kcal mol' A as surface tension. No
absolute binding free energies can be derived from this approach since configurational entropy
contributions are not considered here to reduce the uncertainty in the computations.*". However, the
sum of gas-phase energies and solvation free energies, the effective energy, is suitable to estimate

relative differences in binding free energies for differential binding poses.**

WB & Blue-native gels: Cells were treated with the indicated concentration of the compound or vehicle
(DMSO) for 48 hours. Immunoblot analysis was performed by following standard protocol using
antibodies: anti-Hsp90 (#4877), anti-Hsp70 (#4872), anti-Hsp40 (#4871), anti-Hsp27 (#2402), anti-
HSF-1 (#4356), anti-Hsp60 (#12165), anti-PDI (#2446), anti-Hsp90a (#8165), anti-Hsp90P (#5087),
anti-c-Abl (#2862), anti-phospho-c-Abl (#2865), anti-Stat5 (#9363), anti-phospho-Stat5 (#9351), anti-
CrkL (#3182), anti-phospho-Crkl (#3181), anti-Akt (#2920), anti-phospho-Akt (#4060), anti-S6
ribosomal protein (#2217), anti-phospho-S6 ribosomal protein (#4858), anti-c-Myc (#13987) from Cell
Signaling Technology and anti-B-actin (Sigma-Aldrich). Blue-native (BN) gels were performed
following manufacturer’s instructions (Invitrogen) and performed previously.” Briefly, lysates were
generated from K562 cell line after 48 h treatment with inhibitors (at indicated concentration) using
NativePAGE Sample Prep kit (Invitrogen) by 2-3 freezing thawing cycles followed by centrifugation at

20,000 x g for 25-30 min at 4°C.

Dimerization assay: Hsp90 CTD dimerization was evaluated using an amine-reactive chemical cross-

linker bis(sulfosuccinimidyl) suberate (BS?) (Pierce). “** Hsp90a CTD protein (2 uM) was diluted in
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Na;HPO4 (25 mM; pH 7.4) and treated with different concentrations of the inhibitor to make a final
volume of 25 pL. The reaction mixture was incubated at RT for 1 h. The amine-reactive crosslinker BS’
was added to a final concentration of 63 uM and the samples were incubated for 1 h at RT. Crosslinking
was quenched by the addition of SDS sample buffer and subsequent heating for 5 min at 95 °C. Samples
were run in 12% SDS-PAGE gels followed by western blotting. Blots were probed with anti-Hsp90

(ACRS8, Abcam) antibody.

SEC-SAXS: We collected the SEC-SAXS data on beamline BM29 at the ESRF Grenoble ***. The
BM?29 beamline was equipped with a PILATUS 2M detector (Dectris) at a fixed distance of 2.827 m.
The measurement of Hsp90 CTD (18 mg/ml) was performed at 20°C on a Superdex 200 increase 3.2/300
column (Buffer 50 mM TRIS pH 7.5, 100 mM NacCl) with a flowrate of 0.075 ml/min, collecting one
frame each two seconds. Data were scaled to absolute intensity against water. Further, we have collected
SAXS data on our Xeuss 2.0 Q-Xoom sytem from Xenocs, equipped with a PILATUS 3 R 300K detector
(Dectris) and a GENIX 3D CU Ultra Low Divergence x-ray beam delivery system. The chosen sample
to detector distance for the experiment was 0.55 m, results in an achievable g-range of 0.10 - 6 nm™'. All
measurements were performed at 20°C with protein concentrations of 9.7 and 10.8 mg/mL. Compound
5b was added and incubated for 30 min at 20 °C. Samples were injected in the Low Noise Flow Cell
(Xenocs) via autosampler. For each sample, 18 frames with an exposer time of ten minutes were
collected. Data were scaled to absolute intensity against water, All used programs for data processing
were part of the ATSAS Software package (Version 3.0.3) *. Primary data reduction was performed
with the programs CHROMIXS and PRIMUS . With the Guinier approximation **, we determine
the forward scattering /(0) and the radius of gyration (R,). The program GNOM ° was used to estimate
the maximum particle dimension (Duay) with the pair-distribution function p(r). Low resolution ab initio
models were calculated with DAMMIF ', Superimposing of the predicted model was done with the

program SUPCOMB **.

Physicochemical properties of Sb (See Supplementary Note 2 for more details):
Agqueous solubility of 5b
The aqueous thermodynamic solubility of Sb was determined in phosphate-buffered-saline (PBS, pH

7.4) after 4 and 24 h incubation time at 25°C. Ondansetron was used as reference compound with high
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solubility of 95 pM. The thermodynamic solubility of Sb was ranging from 4 uM after 4 h to 8 uM after

24 h (n = 2). For detailed information see Bienta, Enamie Biological Services study reports.

Chemical stability of 5b

Drug decomposition was determined by high-performance liquid chromatography (HPLC, Method 1).
Instrument: Knauer HPLC system in combination with a Knauer UV Detector Azura UVD 2.1L.
Column: KNAUER Eurospher IT 100-5 C18, 150x4 mm Mobile phase 1: linear gradient (90—0%) of
water with 0.1 % trifluoroacetic acid. Mobile phase 2: linear gradient (10-100%) of acetonitrile with
0.1 % of trifluoroacctic acid. Run time: 20 min, followed by an isocratic elution with 100% acctonitrile
for 10 min. Flow rate: 1 mL/min. Detection: 254 nm.

5b was dissolved in a mixture of Tween20/ethanol/phosphate buffer pH 7,4 (7/3/90) and the stability
monitored over a period of 24 h at 37°C. After 24h, almost no decomposition was detected (0.7 % drug
decomposition, n = 2).

The stability of 5b at acidic pH was determined by dissolving 5b in a mixture of
Tween20/ethanol/phosphate buffer pH 2 (7/3/90) and the stability monitored over a period of 24 h at
37°C. After 24h, only slight decomposition was detected (1.3 % drug decomposition, n = 2).

In vitro metabolic stability of 5b in human liver microsomes

The metabolic stability screening of Sb in human liver microsomes revealed 91 % stability after a 40
min incubation at 37°C. Propanolol, a reference drug with medium to high metabolic stability showed
74 % of the parent compound remaining, and therefore demonstrated slightly decreased stability
compared with 5b. Calculated results for the intrinsic clearance suggest that Sb (6 nL/min/mg) is a low
clearance compound with an estimated long half-life (n=2). For detailed information see Bienta, Enamie

Biological Services study reports.

Cell culture: K562, KCL22, SUPBI5 (BCR-ABL1+ CML/BCP-ALL), HL-60 (AML), DND41,
HPBALL, TALL1 and MOLT4 (T-ALL) leukemic cell lines (DSMZ, Braunschweig, Germany) were
cultured in RPMI1640 GlutaMAX (ThermoFisher Scinetific) supplemented with 10-20% FCS (Sigma-
Aldrich, St. Louis, MO, USA) and penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA), and
maintained at 37°C with 5% CO,. Normal BA/F3 and BA/F3 cells expressing BCR-ABL1 mutants
(T3151, M351T & E255K) (murine pro B cell line) were cultured in RPMI1640 GlutaMAX (10% FCS)
supplemented with or without IL-3 (10ng/ml) respectively. BA/F3 cells expressing BCR-ABL 1 mutants
were resistant against imatinib (IM) until ~10 uM.”® IM resistant BCR-ABL1+ K562 (K562-IMr),

KCL22 (KCL22-IMr) and SUPB15 (SUPB15-IMr) were generated by gradual increase (1-2.5 pM) in
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the concentration of IM (Sigma-Aldrich, St. Louis, MO, USA) over a period of 3 months.?*%
Bortezomib (BTZ) resistant clones (80 nM) of HL60 (HL60-BTZr) was established following similar
protocol as described to pick IM resistant clones. Primary patient derived CML“"**" blast cells were

cultured in mononuclear cell medium (PromoCell, Heidelberg, Germany).

Hsp90 CTD/NTD targeting reference inhibitors: Coumermycin A1 (CA1) and novobiocin (NB) were
purchased from Sigma-Aldrich, and Hsp90 NTD targeting reference control inhibitors: geldanamycin

(GM), tanespimycin (TM), PUH-71 were purchased from Selleckchem.

Viability assay: Cells were seeded in white 96-well plate (Corning, NY, USA) with increasing
concentration (50 nM — 25 uM) of inhibitors and respective controls for 48 h. Cell viability was
monitored using Celltitre Glo luminescent assay (based on the ATP quantification), following
manufacturer’s guidelines (Promega).”® 1Cs; for compounds were determined by plotting raw data

(normalized to controls) using sigmoid dose curve and nonlinear regression (GraphPad Prism).

Proliferation assay: Cell proliferation was examined after treatment with the compounds at their
indicated concentration with trypan exclusion method using automated cell counter (Vi-CELL™ XR -

Beckman Coulter, Fullerton, CA), after every 24 h interval.

Annexin V staining: For evaluating apoptosis, 48 h inhibitor treated cells were stained with Annexin
V and propidium iodide (PI), following supplier’s guidelines (Invitrogen, Carlsbad, CA) and later the

stained cells were subjected to FACS (Cytoflex, Beckman Coulter).

Caspase 3/7 Glo assay: Cells were incubated with the respective inhibitors or control for 48 h and later
enzymatic activity of caspase 3/7 was examined (SPARK10M, Tecan) by using caspase 3/7 dependent

Glo assay (absorbance at 405 nm), following manufacturer’s instructions (Promega).”®

Zebrafish: Zebrafish wild-type TE strain were maintained according to standard protocols and handled
in accordance with European Union animal protection directive 2010/63/EU and the local government
(Tierschutzgesetz §11, Abs. 1, Nr. 1, husbandry permit 35/9185.46/Uni TU). All experiments described
in this study were conducted on embryos younger than 5 days post-fertilization (dpf) — prior to the legal

onset of animal life.
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Xenotransplantation in zebrafish embryos: Xenotransplantation experiment was performed as
described previously.®® Briefly, MOLT-4 cells were labeled with Vybrant™ CFDA SE Cell Tracer Kit
(Invitrogen) following the manufacturer’s instructions, and then were suspended in PBS at a density of
1 x 10% cells/ml. Approximately 1 nl cell suspension (around 200 cells) was injected into the perivitelline
space of embryos at 32 hpf. Injected embryos were first incubated at 28°C for one hour. Only embryos
with good engraftment were selected for treatment with DMSO (control group), AUY922 (500 nM) or
5b (500 nM) for 48 hours at 35°C. This temperature enables the maintenance of embryos with grafted
cells without compromising zebrafish development. Drug-treated embryos were dissociated by passing
through a 40-um cell strainer (Greiner Bio-One) and then analyzed using a BD LSR II flow cytometer.
Fold change of engrafted MOLT4 cells was calculated to mean of DMSO-treated embryos. GraphPad

Prism software (version 7) was used for graphing and statistical analysis.

Differentiation assay: FACS measurements were performed after incubating the respective inhibitors
at indicated concentration for 48h by using fluorochrome coupled monoclonal antibodies (mAbs) along
with matched isotype controls: anti-CD11b (Bearl; Beckman Coulter), anti-CD14 (RMO52; Beckman

Coulter), anti-CD133 (AC133; MiltenyiBiotec, Gladbach, Germany).*®

Colony forming unit (CFU) assay: CFU assay was performed by plating inhibitor treated cells (48 h)
in methylcellulose medium (Methocult H4100 - StemCell Technologies, Vancouver, BC, Canada)
supplemented with 50 ng/ml SCF, 10 ng/ml IL-3, 10 ng/ml GM-CSF (Peprotech, Hamburg, Germany)
and 3 U/ml erythropoietin (ebiosciences, San Diego, USA).* Colonies were counted after 14 days

(n=3).

Significance analyses of normally distributed data with variance similar between groups used paired,

two-tailed Student’s t-test: *, p < 0.05; **, p < 0.005; *** p < 0.001.
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Synthesis

All solvents and chemicals were used as purchased without further purification. The progress of all
reactions was monitored on silica gel plates (with fluorescence indicator UV254) using the solvent
system stated. Flash column chromatography was carried out using CombiFlash® 200 (Teledyne Isco)
and prepacked RediSep® (NP) silica cartridges. Melting points (Mp) were taken in open capillaries and
are uncorrected. 'H and "C spectra were recorded on Avance™ DRX-500 (Bruker) (‘"H 500 MHz; °C
126 MHz) and Avance™ I11-600 (Bruker) ('"H 600 MHz; ’C 151 MHz) spectrometers, respectively,
using DMSO-ds or Chlorodorm-d as solvents. Chemical shifts are given in parts million (ppm), (&
relative to residual solvent peak for 'H and '’C or to external standard tetramethylsilane). Elemental
analysis (CHN) was performed with a Perkin Elmer PE 2400 CHN Elemental Analyzer. Azlactone I
was prepared as reported by MATOS et al. and crystallized from isopropyl alcohol.! Amidine
hydrochlorides IIa and IIb were prepared following a literature procedure by MARTINU ef al. with the
minor modification using 0.6 equiv. of the corresponding amine hydrochloride.” The preparation of the
pyrimidone monomers 1, 2a, 2b, 2e, dimers 3, 4 and tripyrimidonamide Sa was previously reported by

us.’

Synthesis of pyrimidone monomers I - IV

NH,"Cl oi‘:*nn

N = 0J + R Q 2 (o] o
/I\ ‘HJKA, — | — %\f — %Y
0 NN No Mg
I i I
o 0] [0

(o]
lla: (R = 4-Benzyloxybenzyl)
lIb: (R = 4-Hydroxyphenylethyl) K K

, v v

1lI: 62% (R = 4-Benzyloxybenzyl)
IV: 55% (R = 4-Hydroxyphenylethyl)  V via IV: 90% (R = 4-Benzyloxyphenylethyl)

Supplementary scheme 1. Synthesis of the pyrimidones III-V: a) NEts, acetonitrile, reflux, 6 h; b)
K>CO;s, KI, benzyl bromide, acetonitrile, 60°C, 3h.

General procedure for the synthesis of pyrimidone monomers III and IV.

A mixture of 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one I (0.217 g, 1 mmol), the respective amidine
hydrochloride Ila or Ilb (I mmol) and triethylamine (0.101 g, 1 mmol) in dry acetonitrile (5 mL) was
heated under a nitrogen atmosphere for 6 h. The solvent was removed under reduced pressure, and
aqueous citric acid (10 wt %, 3 mL) was added. The mixture was extracted with ethyl acetate (3 x 30
mL), the combined organic layers were dried over anhydrous sodium sulfate, filtered and concentrated
under vacuum. The crude products were purified by flash column chromatography (gradient: 10:90 —
30:70 ethyl acetate : n-hexane) to yield monomeres I1I and IV.
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Pyrimidone monomer II1

Oi ENH

OIO
N

CogHasN305
483,52 g/mol

ye

Yield: 62% (299 mg, 0.62 mmol), yellow crystalline solid.
Mp: 109 °C (dichloromethane).

"H NMR (600 MHz, DMSO-ds) 5 9.58 (s, 1H), 8.81 (d, J = 3.9, 1H), 8.18 — 7.85 (m, 2H), 7.71 — 7.60
(m, 1H), 7.55 (t,J = 7.7, 2H), 7.43 (d, J = 7.4, 2H), 7.38 (t, ] = 7.5, 2H), 7.32 (. J = 7.3, 1H), 7.17 (d, J
=8.7,2H), 7.01 - 6.95 (m, 2H), 5.30 (s, 2H), 5.03 (d, ] = 73.9, 2H), 4.28 (q, J = 7.1, 2H), 1.36 — 1.07 (¢,
3H).

13C NMR (151 MHz, DMSO-dq) § 165.48, 160.44, 157.83, 156.77, 144.72, 136.95, 133.14, 132.35,
128.84, 128.67, 128.39, 127.79, 127.69, 127.63, 127.58, 127.56, 114.83, 69.14, 62.91, 47.52, 13.53.

CHN: Calculated [%]: C, 69.55; H, 5.21; N, 8.69 Found [%]: C, 69.60; H, 5.41; N, 8.53.
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Supplementary Figure 1. '"H-NMR (600 MHz, DMSO- ds) of III at room temperature.
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Supplementary Figure 2. "C-NMR (151 MHz, DMSO-ds) of III at room temperature.

5,

Pyrimidone monomer IV

CazH31N305
407,43 g/mol

Yield: 55% (224 mg, 0.55 mmol), yellow crystalline solid.
Mp: 191 °C (dichloromethane).

“TH NMR (500 MHz, DMSO-ds)  9.57 (s, 1H), 9.30 (s, 1H), 8.79 (s, 1H), 7.98 (d, J = 8.4, 2H), 7.65 (t,
J=1723,1H), 7.57 (t,J= 7.6, 2H), 6.95 (d, /= 8.3, 2H), 6.70 (d, .J = 8.4, 2H), 4.35 — 4.23 (m, 5H), 3.33
(s, 1H), 2.92 — 2.84 (m, 2H), 2.54 — 2.49 (m, 2H), 1.30 (t, /= 7.1, 3H).

3C NMR (126 MHz, DMSO-ds) 6 165.39, 160.34, 156.61, 156.12, 144.14, 136.51, 133.10, 132.32,
129.56, 128.65, 127.56, 127.43, 127.28, 115.39, 62.88, 47.49, 32.92, 13.56.

CHN: Calculated [%]: C, 64.86; H, 5.20 N, 10.31 Found [%]: C 64.71; H, 5.22; N, 10.25.
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Supplementary Figure 3. '"H-NMR (500 MHz, DMSO-ds) of IV at room temperature.
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Supplementary Figure 4. *C-NMR (126 MHz, DMSO-ds) of IV at room temperature.
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Procedure for the synthesis of pyrimidone monomer V

To a suspension of IV (0.407 g, 1.0 mmol), potassium carbonate (0.207 g, 1.5 mmol) and potassium
iodide (0.166 g) in acetonitrile (2 mL) benzyl bromide (0.342 g, 2.0 mmol) was added dropwise under
stirring. The suspension was stirred at 60 °C for 3 h under an argon atmosphere. Subsequently
dichloromethane (10 mL) and water (10 mL) was added and the stirring was continued until a phase
separation was observed. The organic phase was separated and dried over sodium sulfate. After filtration
the solvent was removed under reduced pressure and the resulting oil was treated with diethyl ether to

initiate crystallization. The solid was separated by filtration and purified by recrystallization from
dichloromethane.

Pyrimidone monomer V

) C
=
I

e

=
Y
=

o] CL\/\@\O,\@

CagHa7N305
497,55 g/mol

Yield: 90% (403 mg, 0.81 mmol), yellow crystalline solid.
Mp: 83 °C (dichloromethane).

'H NMR (600 MHz, chloroform-d) & 9.20 (s, 1H), 8.98 (s, 1H), 7.94 (m, 2H), 7.59 (d, J= 7.4, 1H), 7.52
(t,J=7.7, 2H), 7.40 (m, 4H), 7.33 (d, J = 7.2, 1H), 7.13 (d, J = 8.6, 2H), 6.93 (m, 2H), 5.05 (s, 2H),
447 (m, 2H), 4.38 (q, J = 7.2, 2H), 3.04 (m, 2H), 1.41 (t, J= 7.2, 3H).

3C NMR (151 MHz, chloroform-d) 8 165.63, 160.63, 157.90, 157.40, 142.76, 136.94, 134.73, 133.34,
132.63, 130.05, 129.49, 128.96, 128.61, 128.05, 128.01, 127.48, 127.36, 115.19, 70.02, 63.42, 47.89,
33.99, 13.96.

CHN: Calculated [%]: C, 70.01; H, 5.47; N, 8.45 Found [%]: C, 69.89; H, 5.44; N, 8.56.
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Supplementary Figure 5. 'H-NMR (500 MHz, Chloroform-d) of V at room temperature.
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Supplementary Figure 6. *C-NMR (151 MHz, Chloroform-d) of V at room temperature.

153



Appendix — Publication III

Synthesis of dimeric pyrimidonamides (3 ,4)° and tripyrimidonamides (5a°-5d)

NH; C[i NH

H\f H AR 2. _NH P\ NH

. M%j_@ Sy M%Q_QJ Y &0
:gﬁ% — g 32e X

OLi

2 (R = 2-Propyl)
(R=H) (R = 2-Propyl) {R 4-Methoxybenzyl )

d}5 n 5a

e)7a EE i:ﬁﬁiiﬁﬁeﬁﬂ’emyn 25:: :::;::;y;:i;w} ;g {R = 4-Benzylenyprarpilinyi)
Supplementary scheme 2, Synthesis of tripyrimidon amides: a) COMU, DMEF, r. t., 18 h; b) NaOH,
MeOH, 80 °C, 6 h; ¢) via 5b, BBr;, DCM, -78 °C, 1 h, r. t., | h; d) via 5¢ and 5d, H,, Pd(C), MeOH,
DCM, 1. t., | h.

General procedure for synthesis the dimeric 5 aminopyrimidonamide (4) *

A mixture of the dipyrimidonamide 3 (1 mmol, obtained from monomer 1 and lithium carboxylate 2e
according to*) and sodium hydroxide (0.12 g, 3 mmol) in methanol 3 mL) was heated for 6 h. The solvent
was removed under reduced pressure, water (5 mL) was added, and the aqueous layer was extracted
with ethyl acetate (3 x 15 mL). The combined organic layers were dried over sodium sulfate, filtered
and concentrated under reduced pressure. The crude residue was purified by flash column
chromatography (gradient: 30:70 — 100:0 ethy] acetate:n-hexane) to yield 4 (77%).

General procedure for synthesis of tripyrimidonamides (5a-3d)

The preparation tripyrimidonamide Sa was previously reported.’

The appropriate ethyl 5-benzamido-6-oxol,6-dihydropyrimidine-2-carboxylate (III, V, 1.5 equiv.) and
lithium hydroxide hydrate (1.5 equiv) were dissolved in methanol and stirred for 12 h at room
temperature. The solvent was removed under vacuum using an ice cooled water bath. The resulting
yellow oil was treated with dry diethyl ether to initiate crystallisation. The precipitate was filtrated off,
dried under vacuum to obtain the novel lithium carboxylates 2¢, 2d.

Next, the respective lithium carboxylate (1 mmol, 2a-2d) was transferred into a two-neck round-bottom
flask containing the dimeric 5 aminopyrimidonamide 4 (1 mmol.) and COMU (1.8 equiv.). The mixture
was dissolved in dry DMF (1 mL per mmol) and stirred for 18 h under nitrogen atmosphere at ambient
temperature. Dichloromethane (40 mL) was added, and the organic layer was washed with saturated
sodium bicarbonate solution (10 mL), 10% aqueous citric acid solution (10 mL) and brine (10 mL).
After drying over sodium sulfate the organic layer was concentrated in vacuum. The residue was
crystallized by treatment with dry diethyl ether and the respective tripyrimidoneamide (5a-5d)
recrystallized from dichloromethane or n-hexane/ethyl acetate 1:1, respectively.
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Tripyrimidonamide 5a
0
—NH N H NN

CagHagN1007
700,76 g/mol

Yield: 65% (455 mg, 0.65 mmol), yellow crystalline solid.
Mp: 257 °C (dichloromethanc).

"H NMR (600 MHz, chloroform-d) & 10.17 (s, 1H), 10.05 (s, 1H), 9.09 (s, 1H), 9.03 (s, 1H), 8.95 (s,
1H), 8.93 (s, 1H), 7.96 —7.91 (m, 2H), 7.69 (g, J = 4.5 Hz, 1H), 7.58 (t,J=7.4 Hz, 1H), 7.50 (t, /= 7.7
Hz, 2H), 5.49 (hept, J = 6.6 Hz, 1H), 5.18 (h, /= 6.8 Hz, 1H), 4.67 (d, J= 7.3 Hz, 2H), 2.98 (d, J=5.1
Hz, 3H), 2.29 (dp, J = 7.5, 15.2 Hz, 1H), 2.10 (hept, J = 7.1 Hz, 1H), 1.99 (dp, J = 7.3, 14.5 Hz, 1H),
1.70 (d, J= 6.8 Hz, 9H), 0.92 (dd, J = 1.6, 6.7 Hz, 6H), 0.85 (t, /= 7.4 Hz, 3H).

13C NMR (151 MHz, Chloroform-d) 8 165.70, 161.04, 158.93, 158.87, 158.46, 158.01, 157.89, 145.14,
144.94, 143.52, 134.44, 133.69, 133.48, 132.98, 132.71, 129.04, 129.02, 128.15, 127.48, 127.05, 60.35,
54.22,51.15,28.92, 26.75, 26.00, 19.94, 19.83, 17.98, 11.50.

CHN: Calculated [%]: C, 58.28; H, 5.75; N, 19.99 Found [%]: C, 58.17; H, 5.80; N, 19.85.
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Supplementary Figure 7. '"H-NMR (600 MHz, , Chloroform-d) of 5a at room temperature.
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Supplementary Figure 8. "C-NMR (151 MHz, Chloroform-d) of 5a at room temperature.

Tripyrimidonamide 5b
)
—NH N H N NH

/

CagHyzN1p0g
778,83 g/mol

Yield: 39% (152 mg, 0.19 mmol), yellow solid.
Mp: 264 °C (dichloromethane).

'"H NMR (600 MHz, chloroform-d) & 10.48 (s, 1H), 10.09 (s, 1H), 9.18 (s, 1H), 9.02 (s, 1H), 8.98 (s,
1H), 8.93 (s, 1H), 7.95 — 7.86 (m, 2H), 7.69 (d, ] = 5.0 Hz, 1H), 7.58 (t, J = 7.4 Hz, 1H), 7.50 (t, ] = 7.7
Hz, 2H), 7.32 (d, J = 8.8 Hz, 2H), 6.82 (d, J = 8.8 Hz, 2H), 6.00 (s, 2H), 5.28 — 5.09 (m, 1H), 4.67 (d, J
= 7.4 Hz, 2H), 3.75 (s, 3H), 2.98 (d, T = 5.1 Hz, 3H), 2.37 - 2.23 (m, 1H), 2.10 (dp, J = 6.9, 13.9 Hz,
1H), 1.98 (td, ] = 7.3, 14.4 Hz, 1H), 1.69 (t, J = 9.4 Hz, 3H), 0.92 (dd, J = 1.3, 6.7 Hz, 6H), 0.85 (t, J =
7.4 Hz, 3H).

BC NMR (151 MHz, chloroform-d) § 165.65, 160.93, 159.28, 158.80, 158.27, 158.23, 157.90, 157.74,
144,92, 144.80, 141.33, 134.25, 133.58, 133.41, 133.24, 132.66, 129.73, 128.94, 128.68, 128.22,
127.95, 127.38, 126.93, 114.02, 60.14, 55.23, 51.02, 47.33, 28.81, 26.62, 25.86, 19.82, 17.84, 11.36.
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CHN: Calculated [%]: C, 60.15; H, 5.44; N, 17.98 Found [%]: C, 60.15; H, 5.42; N, 17.98.
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Supplementary Figure 9. '"H-NMR (600 MHz, , Chloroform-d) of 5b at room temperature.
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Supplementary Figure 10. "C-NMR (151 MHz, Chloroform-d) of 5b at room temperature.

Sc

CasHagN100g
854.93 g/mol

Yield: 71% (455 mg, 0.53 mmol), yellow solid.
Mp: 258 °C (dichloromethane).

'H NMR (600 MHz, chloroform-d) & 10.51 (s, 1H), 10.10 (s, 1H), 9.19 (s, 1H), 9.03 (s, 1H), 8.99 (s,
1H), 8.94 (s, 1H), 7.93 (d, J = 7.2 Hz, 2H), 7.67 (q, J = 4.2 Hz, 1H), 7.59 (t, J = 7.4 Hz, 1H), 7.51 (t, J
=7.7 Hz, 2H), 7.42 — 7.27 (m, TH), 6.91 (d, J = 8.7 Hz, 2H), 6.01 (s, 2H), 5.20 (h, J = 6.8 Hz, 1H), 5.02
(s, 2H), 4.68 (d, J = 7.3 Hz, 2H), 2.98 (d, J = 5.1 Hz, 3H), 2.29 (dp, J = 7.5, 15.2 Hz, 1H), 2.16 - 2.05
(m, 1H), 2.00 (dp, J = 7.4, 14.5 Hz, 1H), 1.70 (d, J = 6.7 Hz, 3H), 0.93 (d, J = 6.8 Hz, 6H), 0.86 (t, J =
7.4 Hz, 3H).

“C NMR (151 MHz, chloroform-d) 8 165.81, 161.05, 158.94, 158.64, 158.40, 158.38, 158.05, 157.90,
145.06, 144.91, 141.42, 136.96, 134.39, 133.75, 133.56, 133.38, 132.81, 129.88, 129.08, 128.83,
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128.71, 128.62, 128.11, 128.09, 127.58, 127.52, 127.08, 115.08, 70.13, 60.29, 51.17, 47.49, 28.97,
26.77, 26.01, 19.96, 18.00, 11.52.

CHN: Calculated [%]: C, 63.22; H, 5.42; N, 16.38 Found [%]: C, 63.23; H, 5.50; N, 16.14.
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Supplementary Figure 11. "H-NMR (600 MHz, , Chloroform-d) of 5¢ at room temperature.
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Supplementary Figure 12. "C-NMR (151 MHz, Chloroform-d) of 5¢ at room temperature.

5d

o 1 AN }_@
R

CasHaaN100s
868,95 g/mol

Yield: 76% (330 mg, 0.38 mmol), yellow solid.
Mp: 253 °C (dichloromethane).

'H NMR (600 MHz, chloroform-d) & 10.32 (s, 1H), 10.17 (s, 1H), 9.18 (s, 1H), 9.04 (s, 1H), 9.00 (s,
1H), 8.94 (s, 1H), 7.95 (d, /= 7.3 Hz, 2H), 7.68 (q, /= 4.7 Hz, 1H), 7.60 (t, /= 7.4 Hz, 1H), 7.52 (t, J
=7.7 Hz, 2H), 7.41 (d, J= 7.2 Hz, 2H), 7.36 (t, J = 7.5 Hz, 2H), 7.30 (t,J= 7.2 Hz, 1H), 7.22 (d, J =
8.5 Hz, 2H), 6.92 (d, /= 8.6 Hz, 2H), 5.23 (h, J= 6.8 Hz, 1H), 5.03 (s, 2H), 4.93 — 4.87 (m, 2H), 4.69
(d, J=17.4 Hz, 2H), 3.07 — 3.03 (m, 2H), 2.99 (d, /= 5.1 Hz, 3H), 2.27 (dp, J= 7.5, 15.2 Hz, 1H), 2.12
(dp,J=6.9,13.9 Hz, 1H), 1.99 (dp,/=7.4, 14.6 Hz, 1H), 1.68 (d,J= 6.7 Hz, 3H), 0.96 — 0.92 (m, 6H),
0.84 (t, /= 7.4 Hz, 3H).

13C NMR (151 MHz, chloroform-d) & 165.79, 161.05, 158.89, 158.22, 158.08, 158.05, 157.95, 157.83,
144.90, 144.88, 141.85, 137.17, 134.32, 133.63, 133.61, 133.41, 132.81, 130.40, 129.92, 129.10,
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128.67, 128.52, 128.08, 128.00, 127.51, 127.49, 127.08, 115.20, 70.10, 60.19, 51.18, 47.33, 34.47,

28.97,26.77, 26.04, 19.97, 17.97, 11.50.
CHN: Calculated C, 63.58; H, 5.57; N, 16.2 Found [%]: C, 63.6; H, 5.58; N, 15.84.
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Supplementary Figure 13. 'H-NMR (600 MHz, , Chloroform-d) of 5d at room temperature.
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Supplementary Figure 14. "C-NMR (151 MHz, Chloroform-d) of 5d at room temperature.

Procedure for the synthesis of 6

A solution of 5b (85 mg, 0.109 mmol) in dry dichloromethane was cooled to -78 °C using an acetone
dry ice bath under an argon atmosphere. Subsequently a 1 M BBr; solution in dichloromethane
(0.218 mmol, 0.22 ml) was added dropwise to the solution of 5b. The reaction mixture was stirred at -
78 °C for 1 h. After warming to r. t. the stirring was continued for 1 h. The reaction was quenched by
adding water (2 ml). After phase seperation the aqueous layer was extracted using dichloromethane (2
x 10 ml) and the combined organic layers were dried over sodium sulfate. After filtration, the solvent
was removed under reduced pressure and the resulting solid was recrystallized from dichloromethane to
yield the expected tripyrimidonamide.

Tripyrimidonamide 6
0
S aN W
o N ¢ H

Ca4Ha4N1O7
658,68 g/maol
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Yield: 65% (30 mg, 0.046 mmol), yellow crystalline solid.
Mp: 253 °C (dichloromethane).

'H NMR (600 MHz, DMSO-ds TFA-d) § 10.73 (s, 1H), 10.19 (s, 1H), 9.46 (s, 1H), 8.89 (s, 1H), 8.83
(s, 1H), 8.80 (s, 1H), 7.96 (d, J = 7.0 Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.55 (t, J = 7.6 Hz, 2H), 4.35
(dd,J=7.4,11.7 Hz, 1H), 4.15 (d,J= 7.4 Hz, 2H), 2.19 (tt, J= 7.7, 15.4 Hz, 1H), 2.02 (dt,J= 6.7, 13.7
Hz, 1H), 1.91 (tt, J= 8.1, 15.0 Hz, 1H), 1.57 (d, J= 6.7 Hz, 3H), 0.85 — 0.79 (m, 9H).

BC NMR (151 MHz, DMSO-ds TFA-d) & 152.46, 146.24, 138.13, 133.02, 131.03, 58.37, 32.11, 30.02,
29.40, 22.01, 19.75, 13.24.

CHN: Calculated [%]: C, 56.53; H, 5.20; N, 21.27 Found [%]: C, 56.28; H, 5.19; N, 21.06.
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Supplementary Figure 15. 'TH-NMR (600 MHz, DMSO-d¢/TFA-d) of 6' at room temperature.

! Amide protons display weak signals at 9,46 ppm, 10,19 ppm and 10,73 ppm due to a hydrogen deuterium
exchange between 6 and TFA-d.
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Supplementary Figure 16. "C-NMR (151 MHz, DMSO-d¢/TFA-d) of 62 at room temperature.

General procedure for the synthesis of 7a and 7b

The respective benzyl protected tripyrimidonamides Se or 5d (0.25 mmol) and palladium on carbon (10
mg, 10% wt. loading) were suspended in a mixture of dichloromethane and methanol 2:1 (3 ml). The
reaction vessel was evacuated and backfilled with hydrogen gas three times. After stirring the reaction
mixture at r.t. for 3 h the suspension was filtered through celite and the solvent was removed under
reduced pressure. The respective solid (7a, 7b) was purified by recrystallization from dichloromethane.

Tripyrimidonamide 7a
0
RS AY
O N 4 H
~NH N 7 N NH
f H

C3gHaoN100g
764,80 g/mol

2 Not all carbon signals were detected.
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Yield: 40% (11 mg, 0.015 mmol), yellow solid.
Mp: 226 °C (dichloromethane).

"H NMR (600 MHz, chloroform-d) 8 10.49 (s, 1H), 10.10 (s, 1H), 9.20 (s, 1H), 9.03 (s, 1H), 8.99 (s,
1H), 8.93 (d, /= 11.8 Hz, 1H), 7.94 (d, J = 7.4 Hz, 2H), 7.67 (d, J = 4.9 Hz, 1H), 7.59 (t, J = 7.4 Hz,
1H), 7.51 (t,J= 7.7 Hz, 2H), 7.28 (d, J = 8.6 Hz, 2H), 6.76 (d, J = 8.6 Hz, 2H), 6.00 (s, 2H), 5.20 (dd,
J=17.0,14.5 Hz, 1H), 4.91 (s, 1H), 4.68 (d, J = 7.3 Hz, 2H), 2.98 (t, J = 6.1 Hz, 3H), 2.35 — 2.25 (m,
1H), 2.16 — 2.06 (m, 1H), 1.99 (dd, /= 7.1, 14.1 Hz, 1H), 1.69 (t, J = 9.3 Hz, 3H), 0.92 (t, /= 7.2 Hz,
GH), 0.84 (dt, J= 7.4, 15.0 Hz, 4H).

13C NMR (151 MHz, chloroform-d) & 165.74, 160.94, 158.81, 158.26, 157.93, 157.76, 155.53, 144.93,
144.80, 141.34, 13433, 133.63, 133.51, 132.70, 129.94, 129.74, 128.95, 128.67, 128.58, 128.22,
127.94, 127,39, 126.94, 115.51, 60.16, 51.06, 47.35, 28.82, 26.64, 25.87, 19.81, 17.84, 11.37.

CHN: Calculated [%]: C, 56.53; H, 5.20; N, 21.27 Found [%]: C, 56.28; H, 5.19; N, 21.06.
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Supplementary Figure 17. '"H-NMR (600 MHz, Chloroform-d) of 7a at room temperature.
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Supplementary Figure 18. "C-NMR (151 MHz, Chloroform-d) of 7a at room temperature.

Tripyrimidoneamide 7b

v O
—NH N M

CSQH42NIOOS
778,83 g/mol

Yield: 87% (81 mg, 0.10 mmol), yellow solid.
Mp: 256 °C (dichloromethane).

TH NMR (600 MHz, DMSO-ds) § 10.76 (s, 1H), 10.32 (s, 1H), 9.62 (s, 1H), 9.24 (s, 1H), 8.99 (q, J =
4.6 Hz, 1H), 8.86 (s, 1H), 8.81 (s, 1H), 8.79 (s, lH), 8.00 (d, J=7.3 Hz, 2H), 7.66 (t, J = 7.4 Hz, 1H),
7.58 (t,J = 7.6 Hz, 2H), 7.04 (d, J = 8.4 Hz, 2H), 6.69 (d, J = 8.4 Hz, 2H), 4.53 — 4.43 (m, 2H), 4.35 (d,
J=6.2Hz, 1H), 4.16 (d,J = 7.4 Hz, 2H), 3.04 — 2.84 (m, 2H), 2.79 (d, J = 4.7 Hz, 3H), 2.27 - 2.11 (m,
1H), 2.03 (td, J = 6.9, 13.8 Hz, 1H), 1.92 (dt, J= 7.2, 14.1 Hz, 1H), 1.58 (d, J = 6.7 Hz, 3H), 0.84 (dd,
J=17.2,16.2 Hz, 9H).

BC NMR (151 MHz, DMSO) 8 165.49, 161.52, 160.41, 158.79, 157.14, 156.78, 156.60, 156.12, 148.69,
148.25, 144.96, 137.13, 136.04, 135.39, 133.16, 132.40, 129.67, 128.72, 127.73, 127.66, 127.36,
126.39, 125.81, 115.35, 50.66, 47.02, 33.41, 27.67, 25.86, 25.36, 19.71, 17.07, 11.01.
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HCN: Calculated [%]: C, 60.15; H, 5.44; N, 17.98 Found [%]: C, 59.93; H, 5.46; N, 17.91.
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Supplementary Figure 19. 'H-NMR (600 MHz, DMSO-d;) of 7b at room temperature.
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180°

Supplementary Figure 21: Comparison of Hsp90a and Hsp90. Overlay of the simulated MD-CTD
part of Hsp90a (PDB ID 3q6m) and Hsp90p (PDB ID 5fwk). The isoforms share over 85% sequence
identity and are structurally very similar, as shown in the backbone superposition (a: orange; f: blue).
Non-identical residues are indicated by purple spheres and labeled in the CTDs’ dimerization interface.
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Supplementary Figure 22: Cell-free thermal shift assay was performed by incubating recombinant
Hsp90a. CTD (upper panel) and Hsp90a NTD (lower panel) recombinant protein with CmAl,
Tanespimycin or 5b (100uM) at an increasing temperature (up to 95 °C). Melting temperature (Tm)
without inhibitors (DMSO) was used as a control.

24

170



Appendix — Publication III

Temperature (°C) Temperature (°C)
38.7 43.1 47.9 52.6 57.4 62.1 66.9 71.2 38.7 43.1 47.9 52.6 57.4 62.1 66.9 71.2
DMSO| M - omso | I I
Hsp90 Hsp90
Sb ([ — — ™ ----—
100+ 100+
< |- pmso - [* PMSo
= 9 ; .
— 75 — 5p .E. ?5_—0— Tanespimycin
=] o
5 3
g 50— B 507
g g
Q 25 Q 5-
© ®
= ATn=+1.86 °C = AT,, =+3.25°C
0- 0
40 50 60 70 40 50 60 70
temperature [°C] temperature [°C]
Temperature (°C) Temperature (°C)
44.8 47.6 50.5 53.5 56.5 59.4 62.4 65.1 44.8 47.6 50.5 53.5 56.5 59.4 62.4 65.1
omso | N I R I omso (N N I I
Hsp20 Hsp90

coun | O O O pu-m_-----

- 100
%97, pmso — —- DMSO
£ __ |-+ Coumermycin A = e PU-H71
= 754 = 75
S 2
5 k-
S 50- g 50
& e
S 25 0 254
g o ®
6 AT, =-2.83°C AT,, =+1.65°C
- u_
40 50 60 70 40 50 60 70

temperature [°C] temperature [°C]

Supplementary Figure 23: The temperature-dependent intracellular thermal stabilization of t-Hsp90
protein after Sb incubation with K562 cells for 24 h, at its increasing temperatures. Treated samples
were measured by quantitative simple western immunoassay. Protein levels represented by the area
under the curve of the electropherograms were normalized to the lowest temperature set as 0%
degradation. ATm for compounds were determined by plotting normalized data using a sigmoid dose
curve and non-linear regression.
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Supplementary Table 1. Comparison of Sb with the reference Hsp90 CTD and NTD inhibitors in
thermal shift assay (Cell-free and cellular), time-resolved fluorescence resonance energy transfer (TR-
FRET) assay with labeled PPID (Hsp90-CTD interacting chaperone), fluorescence polarization with
FITC-labelled geldanamycin and cell-free recombinant luciferase refolding assay.

Cell free
Thermal Shift g
TR-FRET FP r-Luciferase
Assay Targeting ammic) HSP9O CTD inhibition % inhibition % | refolding
Inhibition %
Compound Domainflsoform HSP90a HSP90a Cellular HSP90a HSP90B HSP90a
cTo NTD NTD
[conc.] [100 uM] [100 pM] 1 mM] 1 mM] 10 M [100 pM]
5b ';:_";p;go'“g?r‘g' 8454055 | +0.06-021 | +1.86 | 92.8542.96% | 94.76003% | noinhibition 60%
+4.24+0.30 -0.70+0.09 283 | 94.99:086% | 96.54:040% | 20.61+0.44%
Tanespimycin (17- | g e ronce HSPSONTD | +0.130.25 +2.43£0.23 +3.25 no Inhibition 57.62=5.53% | 90.36=139% 63%
PU-HT1 Reference HSPSONTD | -0.36+0.38 +360=041 +1.685 no Inhibiticn no inhibition 91.23+062% -
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Supplementary Figure 24: MD simulations of 5b with Hsp90p. The relative densities of the bound
poses of 5b after 500 ns are mapped onto the Hsp90B monomer fragment used in the simulations (PDB
ID 5fwk). The missing NTD is shown in red. Particularly high densities are observed in the region
between H4 and HS5, as in our simulation results for the o isoform (see Fig. 4). The less preferred site in
the cleft between the CTD and MD is also observed but with lower density.
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Supplementary Figure 25: SEC-SAXS elution profile of Hsp90 CTD. Shown is the average intensity
of the different frames of the SEC-SAXS elution profile, performed with a Superdex 200 increase
3.2/300 column. The chromatogram was created using CHROMIXS . The arrows indicate the dimer

and the tetramer species within the profile. Frames of the corresponding dimer peak and the buffer were
merged with CHROMIXS '
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Supplementary Table 2. Overall SAXS data of Hsp90a CTD

SAXS Device

BM29, ESRF
Grenoble*?

Xenocs Xeuss 2.0 with Q-Xoom

Data collection parameters

Detector PILATUS 2 M PILATUS 3 R 300K windowless
Detector distance (m) 2.827 0.550
Beam size 200 pm x 200 pm 0.8 mm x 0.8 mm
Wavelength (nm) 0.099 0.154
Sample environment Quartz capillary,] mm o Low Noise Flow Cell, 1 mm o
s range (nm')* 0.025-6.0 0.10-6.0
Exposure time per frame (s) 2 600
Sample Hsp90 CTD
Mode of measurement SEC-SAXS batch
Temperature (°C) 20 20
Protein concentration (mg/ml) 18 10.8 9.7 9.7
- Superdex 200 increase
SEC-Column 1.2/300 - - -
Injection volume (ul) 100 50 50 50
. . LSK&2 LSK82
Substrate without without 230 uM 1 mM
Structural parameters
I(0) from P(r) 46.78 0.04 0.04 0.05
R, (real-space from ) (nm) 3.29 3.46 346 411
1(0) from Guinier fit 46.98 0.04 0.04 0.05
s-range for Guinier fit (nm™) 0.170-0.349 0.117-0.350 | 0.169-0.374 | 0.216-0.304
R (from Guinier fit) (nm) 3.23 3.40 3.46 4.11
points from Guinier fit 19 - 54 4-44 14 - 49 24 -39
Dinax (nm) 12.21 11.34 11.71 14.83
POROD  volume estimate 92 15 103.32 10228 116.82
(nm?)
Molecular mass (kDa)
From /() 46.78 60.93 60.93 70.62
From Qp * 55.86 67.08 66.40 79.44
From MoW?2 ? 46.91 58.58 56.80 61.60
From V¢ © 51.75 62.03 60.67 65.60
Bayesian Inference 7 49.76 63.86 62.35 74.33
From POROD 56.97 64.58 63.93 73.01
From sequence 42.66 (dimer)
85.32 (tetramer)
Structure Evaluation
DAMMIF fit y? 1.127 - - -
Ambimeter score 0.845 - - -
Software

ATSAS Software Version

3.03

Primary data reduction

CHROMIX !/ PRIMUS ?

Data processing

GNOM '?

Ab initio modelling

DAMMIF !

Averaging & superimposing

DAMAVER "/ SUPCOMB "

Structure evaluation

AMBIMETER '

Model visualization

PyMOL '3

Is = 4nsin(B)/A, 20 — scattering angle, A — Xray-wavelength, n.d. not determined
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Supplementary Figure 26: After treating K562 cells with 5b, NB, or AUY922 for 24 h, lysates were
generated with or without reducing conditions (DTT) and were subjected to immunoblot analysis using
Hsp90 antibody. An additional oligomeric Hsp90 band appeared in lysates without DTT in control
(DMSO), however, the expression of Hsp90 oligomer was abolished after treatment with 5b.
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Supplementary Figure 27. K562, KCL22, and HL60 cell lines were treated with the indicated
concentration of 5b and later viable cells were counted at 24h, 48h, and 72h time periods (n=3).
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Supplementary Figure 28. K562, KCL22, and HL60 were treated with Sb for 48 h. Apoptosis induction
was examined using Caspase 3/7 enzyme-dependent glo assay. Columns depict the mean of three
independent experiments (n = 3).
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Supplementary Figure 29, HL60 & Mutz-2 cells were treated with 5b (6pM) for 48 h and were
subjected to FACS after staining with CD11b, CDI14 & CDI33, CDI1b antibodies, respectively.
Representative diagram show bivariate FACS analysis of CD14 versus CD11b in HL-60 & CD133
versus CD11b in Mutz-2 cells (n=3).
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Supplementary Figure 30. K562 cells were seeded in methylcellulose medium after treatment with Sb

for 24h. Colonies were counted after 14 days. Columns depict the mean of three independent
experiments (n = 3).
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Supplementary Figure 31. Annexin V/PI staining of K562-IMr and KCL22-IMr after 24 h, 48 h, and
72 h treatment with Sb and Novobiocin (NB) at indicated doses, based on the determined 1C50
determination (n=3). Based on the co-appearance of annexin V/PI staining, the cells were separated in

late and early apoptotic stages.
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1. Analysis of Aqueous Solubility (Thermodynamic Solubility): Sb (LSK82)

Study Objective

The test articles (5b or LSK82) and reference compound (Ondansetron) were assessed for thermodynamic
solubility in phosphate-buffered saline, pH 7.4.

Materials

1. Reagents and consumables

Phosphate buffered saline, pH 7.4 (Sigma-Aldrich, USA; Cat #P3813)

Acetonitrile Chromasolv, gradient grade, for HPLC, =99.9% (Sigma-Aldrich, USA; Cat #34851)
Ondansetron base powder (Enamine, Ukraine, Cat # EN300-117273)

DMSO (Sigma-Aldrich, USA; Cat # 34869)

Costar 96 Well Assay Blocks (Corning, USA; Cat # 3958)

UV-Star® 96 Well Microplate (Greiner Bio-One, Germany; Ca t #655801)

Matrix Disposable pipette tips (ThermoScientific, USA; Cat ## 8041, 7622, 7321)

Flex-Tubes Microcentrifuge Tubes, 1.5ml (Eppendorf, Germany; Cat # 22364111)

MultiScreen HTS 96 Well Filter Plates (Millipore, Ireland; Cat # MSGVS2210)

2. Equipment

Water purification system Millipore Milli-Q Gradient A10 (Millipore, France)

Thermomixer R Block, 1.5 ml (Eppendorf, Germany; Cat # 5355)

Matrix Multichannel Electronic Pipette 2-125 pL, 5-250 pL, 15-1250 pL (Thermo Scientific, USA; Cat ## 2011,
2012, 2004)

SpectraMax Plus Microplate Reader (Molecular Devices, USA; Product # 02196)

Multi-Well Plate Vacuum Manifold (Pall Corporation, USA; Product # 5014)

Vacuum pump (Millipore, USA; Model # XX5500000)

3. Analytical System
The measurements were performed using Spectra Max Plus reader in UV-Vis mode. Acquisition and analysis of

the data were performed using SoftMax Pro v.5.4 (Molecular Devices) and Excel 2010 data analysis software.

Methods

The thermodynamic solubility assay was performed according to Enamine’s aqueous solubility SOP. Briefly, the
dry powder forms of the test compounds were mixed with phosphate-buffered saline pH 7.4 to the theoretical
concentration of 4 mM and further allowed to equilibrate at 25°C on a thermostatic shaker. After 4 and 24 hours
shaking, incubation mixtures were filtered through HTS filter plates using a vacuum manifold. The filtrates of test
compounds were diluted 2-fold with acetonitrile with 4% DMSO before measuring.

In parallel, compounds dilutions in 50% acetonitrile/buffer (pure acetonitrile for LSK82) were prepared to the
theoretical concentrations of 0 uM (blank), 10 pM, 25 uM, 50 uM, 100 uM and 200 pM with 2% final DMSO to
generate calibration curves. Ondansetron was used as a reference compound to control proper assay performance.
150 ul of samples was transferred to 96-well plate and measured in 200-550 nm range with 5 nm step.

The concentrations of compounds in PBS are calculated using a dedicated Microsoft Excel calculation script.
Proper absorbance wavelengths for calculations are selected for each compound manually based on absorbance
maximums (absolute absorbance unit values for the minimum and maximum concentration points within 0 — 3 OD
range). Each of the final datasets is additionally visually evaluated by the operator and goodness of fit (R2) is
calculated for each calibration curve. The effective range of this assay is approximately 2-400 uM and the
compounds returning values close to the upper limit of the range may have higher actual solubility (e.g.5'-deoxy-
S-fluorouridine). This method is not suitable for liquid (at 25°C) substances (were not present among the tested
compounds).

Results
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The solubility data of the test and reference compounds are listed in the table below. The calibration curves are
shown in the Appendix. Please note that thermodynamic solubility determined in the conditions of this test depends
strongly upon the properties of the solid material used (particular crystal/amorphous form). Hydrophobic, poorly
soluble compounds may sometimes have extremely slow kinetics of dissolution resulting in very low solubility
values, as opposed to the data from “kinetic solubility” testing, which is usually more relevant for carly stages of

drug discovery phase.

Table 1. Solubility of compounds in PBS, pH 7.4

Compound ID Time PBS solubility, pH 7.4, SE
Point M
Incubation 1 Incubation 2 Mean
Ondansetron 4h 95 95 95 0.0
24h 96 93 95 1.6
5b (LSK82) 4h 5 5 5 0.0
24h 7 9 8 1.0

*Goodness of fit (R2) in all titration curves as well as the variations between repeat measurements indicates high
quality of the experimental data in the current batch of the test articles.
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Figure 1. Calibration curve for Ondansetron
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Figure 2. Calibration curve for 5b (LSK82)
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2. Assessment of Metabolic Stability in Human Liver Microsomes: Sb
(LSK82)

Study Objective

The objective of this study was to determine metabolic stability of 5b (LSK82) and reference compounds
(Propranolol and Diclofenac) in human liver microsomes at five time points over 40 minutes using HPLC-MS.
Metabolic stability is defined as the percentage of parent compound lost over time in the presence of a
metabolically active test system.

Materials

Reagents and consumables

DMSO (Sigma-Aldrich, 34869 - Chromasolv Plus, for HPLC, =99.7%)

Acetonitrile (Sigma-Aldrich, 34851 - Chromasolv Plus, for HPLC, 299.9%)
Potassium phosphate monobasic (Helicon, Am-O781-0.5)

Potassium phosphate dibasic (Helicon, Am-0705-0.5)

Magnesium chloride hexahydrate (Helicon, Am-0288-0.1)

Human Liver Microsomes: pooled, mixed gender (XenoTech, H0630/lot N#1810003)
Glucose-6-phosphate dehydrogenase from baker's yeast, type XV (Sigma-Aldrich, G6378)
Glucose-6-phosphate sodium salt (Sigma-Aldrich, G7879)

B-Nicotinamide adeninedinucleotide-2'-phosphate reduced, tetrasodium salt

(Sigma Aldrich N1630-100 MG)

Formic acid (Sigma-Aldrich, 94318)

(+,-) Propranolol hydrochloride (Sigma-Aldrich, PO884)

Diclofenac, 96% purity (Enamine, # EN300-119509)

Phenomenex Luna® C18 HPLC column, 2.1x50 mm, 5 pm (Cat #5291-126)

1.1 ml microtubes in microracks, pipettor tips (Thermo Scientific).

Equipment

Gradient HPLC system (Shimadzu)

Triple quadrapole mass-detector API 3000 with TurbolonSpray Ion Source (AB Sciex, Canada)
Nitrogen generator N2-04-L1466, nitrogen purity 99%+ (Whatman)

Environmental Incubator Shaker G24; Digital Refrigerated Incubator/Shaker Innova 4330 (New Brunswick
Scientific)

Water purification system Millipore Milli-Q Gradient A10 (Millipore, France)

Multichannel pipettors 5-250 L, 2-125 pL, 15-1250 pL (Thermo Scientific)
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Analytical System

All measurements were performed using Shimadzu Prominence HPLC system including vacuum degasser,
gradient pumps, reverse phase column, column oven and autosampler. The HPLC system was coupled with tandem
mass spectrometer API 3000 (PE Sciex). The both positive and negative ion modes of the TurbolonSpray ion
source were used. Acquisition and analysis of the data were performed using Analyst 1.5.2 software (PE Sciex).

Methods

Microsomal incubations were carried out in 96-well plates in 5 aliquots of 40 pL each (one for each time point).
Liver microsomal incubation medium comprised of phosphate buffer (100 mM, pH 7.4), MgCI2 (3.3 mM),
NADPH (3 mM), glucose-6-phosphate (5.3 mM), glucose-6-phosphate dehydrogenase (0.64 units/ml) with 0.42
mg of liver microsomal protein per ml. In the control reactions the NADPH-cofactor system was substituted with
phosphate buffer. Test compounds (2 uM, final solvent concentration 1.6 %) were incubated with microsomes at
37 °C, shaking at 100 rpm. Each reaction was performed in duplicates. Five time points over 40 minutes were
analyzed. The reactions were stopped by adding 5 volumes of 90% acetonitrile-water to incubation aliquots,
followed by protein sedimentation by centrifuging at 5500 rpm for 3 minutes. Each reaction was performed in
duplicates. Supernatants were analyzed using the HPLC system coupled with tandem mass spectrometer. The
elimination constant (kel), half-life (t1/2) and intrinsic clearance (Clint) were determined in plot of In(AUC) versus
time, using linear regression analysis:'

k, =—slope
0.693
=
Cf _ 0-693 % )i.l'l’im‘nbnn'on
int t M Gmicrosomes
1

!'In order to indicate the quality of the linear regression analysis, the R (correlation coefficient) values are provided.
In some cases, the last time point is excluded from the calculations to ensure acceptable logarithmic linearity of
decay.

Results

Human microsomal stability data for reference and test compounds is provided in the table below.

Table 1. Human microsomal stability
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*Parameter should be considered as approximate due to the high stability of the compound

Interpretation of microsomal stability assay data

The test compounds can be classified in terms of their microsomal stability into low, medium and high clearance
groups. The intrinsic clearance classification bands for mouse, rat, and human species are calculated according to
the well stirred model equation:'

___CLH
CLin fux(1-E)

where CLH is a hepatic clearance (mL/min/kg), CLH = E x QH

QH = liver blood flow (mL/min/kg)?

E = extraction ratio, assumed at 0.3 for low clearance and at 0.7 for high clearance compounds
fu = fraction unbound in plasma, assumed at 1.
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The CLint classification values were calculated for mouse, rat, and human species using the literature data on liver
weight® and microsomal protein concentration®# and are represented in the following table.

The intrinsic clearance groups for classification of test compounds

Classification group

Intrinsic clearance (pL/min/mg protein)

Mouse Rat Human
Low clearance <8.6 <13 <8.8
High clearance >48 >72 =48

I. Houston J.B., Utility of in vitro drug metabolism data in predicting in vivo metabolic clearance, Biochemical

Pharmacology, 1994, 47, 1469-1479.

2. Davies B. and Morris T., Physiological parameters in laboratory animals and humans, Pharmaceutical Research,

1993, 10, 1093-1095.

3, Barter Z.E., et al., Scaling factors for the extrapolation of in vivo metabolic drug clearance from in vitro data:
reaching a consensus on values of human microsomal protein and hepatocellularity per gram of liver, Current Drug

Metabolism, 2007, 8, 33-45.

4 Twatsubo T, et al., Prediction of species differences (rats, dogs, humans) in the in vivo metabolic clearance of
YM796 by the liver from in vitro data, Journal of Pharmacology and Experimental Therapeutics, 1997, 283, 462-

469.
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Abstract

Acute myeloid leukemia (AML) is a malignant disease of immature myeloid cells and the most
prevalent acute leukemia among adults. The oncogenic homo-tetrameric fusion protein
RUNXI/ETO results from the chromosomal translocation t(8;21) and is found in AML patients.
The nervy homology region 2 (NHR2) domain of ETO mediates tetramerization; this
oligomerization is essential for oncogenic activity. Previously, we identified the first-in-class
small-molecule inhibitor of NHR2 tetramer formation, 7.44, which was shown to specifically
interfere with NHR2, restore gene expression down-regulated by RUNXI1/ETO, inhibit the
proliferation of RUNXI1/ETO-depending SKNO-1 cells, and reduce the RUNXI1/ETO-related
tumor growth in a mouse model. However, no biophysical and structural characterization of
7.44 binding to the NHR2 domain has been reported. Likewise, the compound has not been
characterized as to physicochemical, pharmacokinetic, and toxicological properties. Here, we
characterize the interaction between the NHR2 domain of RUNXI/ETO and 7.44 by
biophysical assays and show that 7.44 interferes with NHR2 tetramer stability and leads to an
increase in the dimer population of NHR2. The affinity of 7.44 with respect to binding to NHR2
is Kig = 395 £ 1.28 uM. By NMR spectroscopy combined with molecular dynamics
simulations, we show that 7.44 binds with both heteroaromatic moieties to NHR2 and interacts
with or leads to conformational changes in the N-termini of the NHR2 tetramer. Finally, we
demonstrate that 7.44 has favorable physicochemical, pharmacokinetic, and toxicological
properties. Together with biochemical, cellular, and in vivo assessments, the results reveal 7.44

as a lead for further optimization towards targeted therapy of ¢(8;21) AML.
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Introduction

RUNXI1/ETO is an oncogenic homotetrameric fusion protein found in t(8;21)-dependent acute
myeloid leukemia (AML) patients [1]. This form of AML is characterized by an achieved
complete remission for ~50% to 75% of patients [2], a relapse-free survival rate of ~20% to
30% [2], and a 5-year overall survival rate of ~50% [3]. Because no targeted treatment of
t(8;21)-dependent AML is available at the moment, the discovery of new therapeutic targets
with the potential to improve the overall survival rate is of utmost importance [4]. RUNX1/ETO
is composed by the DNA-binding Runt-domain [5], the product of the RUNXI gene, and by
four nervy homology regions (NHR1-4), the product of the ETO gene (Figure 1A) [6]. The
NHR2 domain is responsible for the tetramerization of RUNXI1/ETO [7]. Furthermore, the
NHR3- and NHR4-deleted versions of RUNXI1/ETO and other short variants rapidly induce
leukemia in a mouse bone marrow transplantation model [8]. Recently, the specificity of the
NHR2 domain was displayed by replacing the NHR2 domain from full-length RUNX1/ETO
with a structurally similar BCR tetramerization domain resulting in a loss of CD34+ progenitor
cell expansion [9]. Thus, the NHR2-mediated tetramerization is necessary for the onset and
maintenance of t(8;21)-dependent AML [10]. Hence, the disruption of RUNXI/ETO

tetramerization is a promising strategy to fight AML.

Previous studies identified five hot spots residues, W498, W502, D533, E536, and W540
(Figure 1B and C), as essential for the tetramerization NHR2 [11]. By mutating the hot spots
to alanine, resulting in what has been termed M5 variant, we demonstrated that RUNXI/ETO-
dimers, in contrast to tetramers, do not block myeloid differentiation and fail to induce AML in
mice [10]. Thus, the hot spot residues of NHR2 represented a target for developing inhibitors
of RUNXI1/ETO tetramerization and a molecular intervention in t(8;21)-dependent AML that
had not yet been addressed. An 18-mer peptide containing the hot spot residues inhibited the
tetramerization of NHR2 with an /Cso of 250 uM (BS? cross-linking assay) and 390 uM
(ELISA) [11]. Although this example shows that inhibiting NHR2 tetramerization on a
molecular level is possible, the 18-mer has unfavorable pharmacological properties. Therefore,
exploiting the pattern of a subset of the hot spots (D533, E536, and W540) as a query for virtual
screening, we identified the first-in-class small-molecule inhibitor of NHR2 tetramer formation,
7.44 (Figure 1D) [11]. 7.44 was shown to specifically interfere with NHR2, restore gene
expression down-regulated by RUNXI/ETO, inhibit the proliferation of RUNXI/ETO-
depending SKNO-1 cells, and reduce the RUNX1/ETO-related tumor growth in a mouse model
[12]. These findings, together with other favorable properties of 7.44 [11], such as low
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molecular weight, a high ligand efficiency, and a non-complex chemical structure, suggest that
7.44 could serve as a lead structure to guide the development of structurally related compounds
with increased binding affinity, improved bioavailability, and enhanced anti-leukemic effects
to inhibit RUNXI/ETO oncogenic function in t(8;21) AML. However, biophysical and
structural characterization of 7.44 binding to the NHR2 domain has not been done yet.
Likewise, the compound has not yet been characterized as to physicochemical,

pharmacokinetic, and toxicological properties.

In this study, we established biophysical assays based on differential scanning fluorimetry (also
termed thermal shift assay (TSA)) and microscale thermophoresis (MST) to determine the
binding affinity of 7.44 to NHR2 and show that the dissociation constant of 7.44 from the NHR2
dimer, Kiig, is 3.95 = 1.28 pM. We also suggest how 7.44 interferes with NHR2 tetramer
stability based on integrative modeling using saturation transfer difference NMR (STD-NMR)
and multidimensional NMR experiments as well as molecular dynamics (MD) simulations of
free ligand diffusion. These studies indicate that 7.44 binds at the NHR2 termini and reveal
moicties of 7.44 important for binding. Finally, we report favorable physicochemical,
pharmacokinetic, and toxicological properties of 7.44. These results are a significant step
towards understanding how 7.44 inhibits NHR2 tetramerization at the molecular level and

should aid in the development of improved inhibitors of NHR2 tetramerization.
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Figure 1. Schematic representation of RUNXI/ETO tetramerization. A) Depiction of the chimeric
RUNXI/ETO fusion protein containing the nucleotide-binding domain (NBD) and four nervy homology regions
(NHR). The NHR2 domain (marked in green) mediates homo-tetramerization. B) X-ray crystal structure (PDB ID
1WQ6) of the NHR2 domain. C) Amino acid sequence of the NHR2 domain. In B) and C) predicted hot spot
residues [11] are highlighted in magenta. D) Molecular structure of 7.44,
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Materials & Methods

Cloning, expression, and purification

Codon-optimized synthetic DNA (Genscript Biotech) of the NHR2 domain (residues 485-552
of human RUNXI1/ETO) or M5 variant (five residues of the NHR2 domain W498, W502, D533,
E536, and W540 were mutated to alanine) was cloned into expression vector pPETSUMO in

E. coli Rosetta (DE3)pLysS (Invitrogen).

The NHR2 domain or M5 variant was expressed as a SUMO (small ubiquitin-related modifier)
fusion protein. The transformed E. coli was transferred into dYT-medium (10 g yeast extract,
5 g NaCl, and 16 g tryptone or peptone), containing kanamycin and chloramphenicol, and
incubated at 37 °C until an ODeoo of ~1 was reached. The expression was induced by adding
isopropyl-1-thio-f3-D-galactopyranoside to 1 mM final concentration. The expression was
continued overnight at 25 °C. The cells were harvested by centrifugation and disrupted via

sonification.

The same purification protocol for the SUMO fusion protein was used as mentioned earlier
[13]. In brief, the fusion protein was purified by nickel affinity chromatography (cell lysis
buffer- 50 mM sodium phosphate, 300 mM sodium chloride, 10 mM imidazole, pH 8) on a
HisTrap column (elusion buffer- 50 mM sodium phosphate, 300 mM sodium chloride, 500 mM
imidazole, pH 8) and the 6His-SUMO tag removed by incubation with the SUMO protease
(1:100 ratio) 50-150 pg/ml followed by affinity chromatography [14]. Cleaved products were
further purified by S-75 size exclusion chromatography (SEC buffer- 50 mM sodium
phosphate, 50 mM sodium chloride, | mM DTT, pH 8) (GE Healthcare Life Sciences) .The
purity of the protein was inspected using a 15% SDS PAGE (Figure S1). Isotope labeling of
NHR2 was achieved in ~98% D20-containing M9 media supplemented with'*C-glucose
and'°N-NHiCl as sole carbon and nitrogen sources, respectively. The labeled protein was
purified with the same protocol as the unlabeled one. The M5 variant was purified with the
same protocol as the NHR2 domain except for the SEC step: After SUMO cleavage, the M5
variant was precipitating; thus, high salt was used for the SEC step (SEC buffer- 50 mM sodium
phosphate, 300 mM sodium chloride, 1 mM DTT, pH 8). The concentration of NHR2 was
determined (at 280 nm) using the molar extinction coefficient of 19480 M' c¢m™! with
molecular weight of 8547 Da, and 2980 M ™! cm ' and 8100 Da for the M5 variant, respectively,

calculated using the online server ProtParam.
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Inhibitor compound 7.44

The compound 7.44 (Figure 1D) was kindly provided by the Developmental Therapeutics
program, National Cancer Institute, USA (NCI code 162496). The 7.44 molecule was dissolved
in DMSO-de as a 100 or 150 mM stock solution and stored at -20 °C for future use. The purity
of the compound was shown to be >90% by LC-MS (Figure S2) and NMR techniques (Figure

4A), and it was used without further purification.

Size exclusion chromatography

Size exclusion chromatography (SEC) was performed with a Superdex 75 Increase 10/300 GL
(GE Healthcare Life Sciences) column connected to AKTApure (Cytiva Life Sciences).
Column efficiency was tested as described by the company [15]. The sample was prepared with
30 uM of NHR2 alone and in complex with a 1:1, 1:2, and 1:5 molar stoichiometric ratio of
7.44, prepared in 50 mM sodium phosphate, 300 mM sodium chloride, 0.5 mM tris(2-
carboxyethyl)phosphine, 3% (v/v) DMSO, pH 7.5 with a total volume of 250 pl, and filled into
a 1 ml sample loop operated at a flow rate of 0.7 ml/min. The column was equilibrated with the
same buffer as the sample buffer. Samples were incubated at 37 °C for 2 hours and then

incubated overnight at room temperature before the experiment.

Differential scanning fluorimetry

The method was applied as described in Kroeger ez al.[16]. In short, the fluorescent dye SYPRO
Orange interacts with hydrophobic surfaces of denatured proteins. This interaction changes the
quantum yield of the dye [17, 18]. The fluorescence was measured with the real-time thermo-
cycler gTOWER 2.0 (Analytik Jena AG, Germany). Here, 0.2 mg/ml NHR2 containing a His-
tag were mixed with SYPRO Orange (1:1000) and 7.44 with concentrations ranging from 143
uM to 5.72 mM. The fluorescence signal was measured at the starting temperature (25 °C). The
temperature was then increased by 1 °C/min up to 100 °C. With every increase in temperature,
the fluorescence was measured. Every measurement was performed at least eight times

independently.

Circular dichroism spectroscopy

Far-UV circular dichroism (CD) spectra, used to investigate the thermal unfolding of NHR2
and the NHR2-7.44 complex, were obtained using a JASCO Model J-815 CD spectrometer
(Jasco, Japan) equipped with a temperature-controlled cell holder using a quartz cell with a 1-
mm path length. The sample of 12.5 uM NHR2 for the apo form and, in addition, 200 uM of
7.44 for the complex was diluted in 10 mM sodium phosphate, 10 mM sodium chloride, 0.5
mM tris(2-carboxyethyl)phosphine, <1% (v/v) DMSO pH 6.5. The spectra were collected from
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the wavelength of 190-250 nm for apo NHR2 and 213-250 nm for the complex sample with
accumulations of 20 scans at a speed of 200 nm min™' at 25 °C. The thermal denaturation was
recorded at the spectral minima of 222 nm by increasing the temperature from 25 °C to 95 °C
in 1 °C increments with a slope of 1 °Cmin’!. CD curves were plotted using the Origin software

(OriginLab Corporation, USA).

Microscale thermophoresis

Prior to the MST experiments, purified NHR2 protein was labeled either with the dye Alexa
Fluor® 488 (NHS Ester Protein Labeling kit, ThermoFisher Scientific, USA) or Monolith NT™
(Protein Labeling Kit Blue-NHS, NanoTemper GmbH, Germany). The labeling was achieved
by incubating 115 pM of protein and 350 uM of dye (465 pl reaction volume) for 1 h at room
temperature, followed by 35 min at 30 °C in a buffer consisting of 20 mM sodium phosphate,
50 mM sodium chloride, pH 8.0 (MST buffer). The dye-labeled protein was purified using a
PD-10 column containing Sephadex G-25 Medium (GE Healthcare Life Sciences) and then
centrifuged at 50000 rpm for 30 min. The concentrations and the efficiency of the labeling were

determined as indicated in the manual.

To determine the constant of dissociation of the NHR2 tetramer into dimers (Kit, Eq. S1a),
10 ul of 100 nM labeled NHR2 in MST-buffer (included with the capillary set from
NanoTemper) was mixed with 10 pl unlabeled NHR2 with concentrations ranging from 10.3

nM to 337.5 uM, and the mixtures were incubated in the dark for 30 minutes.

To determine the £Cso of 7.44 binding to NHR2 protein, 100 nM of labeled NHR2 was mixed
with 7.44 to concentrations ranging from 122 nM to 4 mM to the final volume of 50 pl (serial
1:1 dilution) in MST buffer containing 10% (v/v) DMSO. The samples were incubated
overnight in the dark before the experiment. Each dilution was filled into Monolith NT.115
standard treated capillaries (NanoTemper Technologies GmbH). Thermophoresis was
measured using a Monolith NT.115 instrument, with an excitation power of 50% for 30 s and
MST power of 40% at an ambient temperature of 24 °C. Triplicates of the same dilution were
measured. Microscale thermophoresis results were analyzed by the MO affinity analysis

software (NanoTemper Technologies GmbH)

The data was analyzed and the Kit (Eq. 1) or ECso (Eq. 2) calculated using the MO affinity

analysis software (NanoTemper, Germany), considering a 1:1 model.
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[bound] - [unbound]

f(e) = [unbound] +
2% (FfuoConc + ¢+ K- (FluoConc + ¢ + Ko )* — 4 * FluoConc * c)

Eq. 1

Here, f(c) 1s the fluorescence intensity, [unbound] is the concentration of unbound labeled and
unlabeled NHR2, [bound] is the concentration of bound labeled and unlabeled NHR2,

FluoConc 1s the concentration of labeled NHR2, ¢ is the concentration of unlabeled NHR2.

&) ~[unbound] + ([bound] - [unbound]) Eq.2

()

Here, f(c) is the fluorescence intensity, [unbound] is the concentration of unbound labeled
NHR2, [hound] is the concentration of bound labeled NHR2, ¢ is the concentration of 7.44, n
is the Hill coefficient. For 7.44 binding to NHR2, an additional 1:2 model included in the
PALMIST software was considered to assess the MST data [19, 20]; this model takes into
account the symmetry of an NHR2 dimer, which would allow binding of two 7.44 per dimer.
The dissociation constant of 7.44 from an NHR2 dimer, Kiig, was finally calculated using Eqs.

S1 to S12 by solving the equation systems with SymPy [21] and estimating the error with
functions from Hans Dembinski [22].

NMR spectroscopy

NMR experiments were performed at 298 K or 308 K on Bruker Avance III HD spectrometers
operating at 600 MHz, 700 MHz, or 750 MHz, equipped with 5 mm triple resonance TCI ('H,
13C, >N) cryoprobes and shielded z-gradients. Data was processed on NMRPipe [23] and
analyzed by NMRView [24] software or TopSpin 3.2 (Bruker BioSpin). Sodium 2,2-dimethyl-

2-silapentane-5-sulfonate (DSS) was used for chemical shift referencing.

Assignment of ligand 7.44

For the assignment of the 'H resonances of ligand 7.44, we prepared a solution of 2 mM of the
ligand in 20 mM sodium phosphate buffer, pH 7.4, containing 100 mM sodium chloride and
10% (v/v) D20 at 298 K. The assignment of the protons of the ligand was achieved by the
analysis of the 1D 'H and 2D 'H,'"H-TOCSY spectra and aided by 'H chemical shift prediction
as performed by the ChemNMR package, contained within the software ChemDraw
(PerkinElmer). The 2D 'H,"H-TOCSY spectrum was acquired with 8 transients in a matrix with
2k data points in F2 and 256 increments in F1 with a relaxation delay of 1.0 s. “The obtained
chemical shifts of ligand 7.44 were as follows: 8H2"= 6.09 ppm (s); 6H4"= 7.41 ppm (J = 1.7
Hz, d); 8H3a= 3.66 ppm (J = 8.4; 17.5 Hz, dd); 8H3b= 3.36 ppm (J = 7.3; 17.5 Hz, dd); H2=
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3.96 ppm (J = 7.7 Hz, t); 6H4’= 6.89 ppm (J = 1.4 Hz, d); 6H2’= 5.95 ppm (s); 6H6” and 7’=
6.86 — 6.81 ppm (overlapped), dH6”= 7.65 ppm (J = 6.8; 10.1 Hz, dd); 8H7”= 6.98 ppm (J =
8.4 Hz, d).

pKa value determination of 7.44

For the pKa value determination, 23 samples of 200 uM concentration of 7.44 were prepared
from the pH range of 2 to 13 (pH of 0.5 steps) in 50 mM sodium phosphate, 100 mM sodium
chloride, 10% (v/v) DMSO-ds. 1D "H-NMR experiments were performed using 256 scans for
each sample. 'H chemical shift values were extracted for the reporter protons using TopSpin
3.2 (Bruker BioSpin). The pKa was calculated using the chemical shifts of the protonated and
unprotonated forms and their corresponding mole fraction values applying the Henderson-
Hasselbalch equation as explained by Gift ez al. [25]. The data were processed and plotted with

the Origin software (OriginLab Corporation, USA).

Saturation transfer difference NMR

For the STD-NMR experiments, two samples were prepared in 20 mM sodium phosphate,
50 mM sodium chloride, 0.5 mM tris(2-carboxyethyl)phosphine, 5% (v/v) DMSOus, pH 6.5,
and 10% (v/v) D20, in which the '*C, *N-NHR2 concentration was 50 pM and the ligand
concentration was either 0 or 5000 uM for the reference and mixture, respectively. The STD-
NMR spectra were acquired at 308 K with 512 scans. Selective saturation of protein resonances
(on-resonance spectrum) was performed by irradiating at 0.6 ppm for a total saturation time of
2 s. For the reference spectrum (off-resonance), the samples were irradiated at -30 ppm. To
obtain an STD effect, the subtraction was performed internally via phase cycling after every
scan to minimize artifacts arising from temperature and magnet instability [26]. Proper control
experiments were performed with the reference sample to optimize the frequency for protein

saturation and off-resonance irradiation, to ensure that the ligand signals were not affected.

The STD effect was calculated using (/o — Istp)//o, in which (Jo — Istp) is the peak intensity in
the STD spectrum and /o is the peak intensity in the off-resonance spectrum. The STD intensity
of the largest STD effect was set to 100% as a reference, and the relative intensities were
determined [27]. The binding epitope is created by the comparison of the STD intensity relative
to the reference one, and this relative intensity value is described by the STD amplification

factor (Astp).

201



Appendix — Publication IV

Gopalswamy et al. 11

Assignment of uniformly 2H, '3C, '*N-labeled NHR2 and interaction with 7.44

For 3D NMR experiments, 325 uM of uniformly *H, '°C, '*N-labelled NHR2 in NMR buffer
(20 mM sodium phosphate, 50 mM sodium chloride, 0.5 mM tris(2-carboxyethyl)phosphine,
10% (v/v) D20, pH 6.5) was transferred into a 5 mm Shigemi tube (Sigma-Aldrich), and the
experiments were performed at 308 K. Sequence-specific assignments were carried out using
standard TROSY-based triple resonance experiments (HNCO, HN(CO)CA, HNCACB,
HN(CO)CACB, 'H,">N-NOESY-HSQC, 'H,”"N-TROSY-HSQC) 28, 29].

For the interaction experiments, two NMR samples, 47 uM of 2H, 13C, '*N-labelled NHR2 alone
or in complex with 2 mM of 7.44, were prepared in NMR buffer, which in addition contained
10% (v/v) DMSOus, with a total volume of 200 pl and transferred into 3 mm NMR tubes.'H-
'SN-TROSY-HSQC experiment was performed using 216 scans per increment (about 19 hours)
for both the samples at 353 K [28, 29].

In vitro pharmacokinetics and toxicology prediction

The ADME property data was generated by Pharmacelsus GmbH, Saarbriicken, Germany. The
methods of the six assays, aqueous solubility, plasma protein binding, plasma stability,
hepatocyte clearance measurements, chemical stability, and Cytochrome P450 (CYP)
inhibition, are described in detail in the Supporting Information. Further pharmacokinetic
parameters were computed using the QikProp-Schrodinger suite (Release 2021-2) [30]. A
computational toxicology assessment was performed using the toxicology modeling tools
DEREK Nexus® (Derek Nexus: 6.0.1, Nexus: 2.2.2) [31] and SARAH Nexus® (Sarah Model -
2.0 Sarah Nexus: 3.0) [32] from Lhasa Limited, Leeds, UK.

Molecular dynamics simulations

To investigate interactions between 7.44 and NHR2 in full atomic detail, we performed
unbiased molecular dynamics (MD) simulations of 7.44 binding to NHR2. We used the
tetrameric crystal structure of NHR2 (PDB ID 1WQ6); hereafter, we follow the residue
numbering of the whole fusion protein RUNXI1/ETO [1]. The protein structure was prepared
using Maestro [33] for pH 7.4 to mimic physiological conditions. All titratable residues are
present in the ionic state, except for histidines, which were assigned to the HID state. The initial
3D structure of 7.44 was prepared according to the 2D structural formula in Figure 1D and
using the S-configuration. The initial 3D structure was geometry optimized at the HF/6-31G*
level of theory using Gaussian 09 [34]. The optimized 3D structure was used for subsequent

binding simulations. To do so, we randomly placed the tetrameric NHR2 structure, two 7.44
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molecules, and sodium ions using PACKMOL [35]. The systems were solvated with the TIP3P
solvent model, also using PACKMOL [35]. All relevant system files for subsequent simulations
were generated using LEaP of Amberl7 [36]. That way, we prepared a set of 35 independent
initial configurations for MD simulations of 7.44 binding to NHR2. We applied the Amber
ff14SB force field [37] for the protein and the GAFF force field [38] for 7.44. Missing atomic
partial charges of 7.44 were derived according to the restraint electrostatic potential (RESP) fit

procedure [39, 40]. Ion parameters were taken from reference [41].

Details of the minimization, thermalization, and equilibration protocol are reported in ref. [42],
which was successfully applied to study ligand binding processes [43, 44]. In short, the solvated
systems were subjected to three rounds of energy minimization to eliminate bad contacts.
Subsequently, systems were heated to 300 K, and the pressure was adapted such that a density
of I g cm™ was obtained. During thermalization and density adaptation, we kept the solute fixed
by positional restraints of 1 kcal mol”' A, which were gradually removed. Subsequently, the
systems were subjected to unbiased production simulations of 1000 ns length each to study 7.44
binding to NHR2 at a 7.44 concentration of ~1.2 mM. During these simulations, all molecules
were allowed to diffuse freely without any artificial guiding force. All minimization,
equilibration, and production simulations were performed with the pmemd.cuda module [45,
46] of Amberl7 [36]. During production simulations, we set the time step for the integration of
Newton’s equations of motion to 4 fs following the hydrogen mass repartitioning strategy [47].

Coordinates were stored into a trajectory file every 200 ps.

To identify epitopes on the NHR2 tetramer, where 7.44 preferentially binds, we computed
occurrence propensities of heavy atoms of 7.44 around the tetramer structure (using the grid
command in cpptraj and a grid spacing of 0.5 A). For this, only frames were considered where

any heavy atom of 7.44 is within 4 A of any heavy atom of NHR2.

To observe how 7.44 interacts with the NHR2 tetramer, we first recorded for the whole
trajectory, with which residues the ligand interacts (distance between heavy atoms < 4 A). This
constitutes for each frame a 244 bits vector. For further analysis, we only considered frames
where the ligand interacts with at least five residues. After accounting for the internal symmetry
of NHR2 by orienting all frames to a standard orientation, we applied a hierarchical clustering
approach as implemented in scipy, using the Jaccard distance as a metric and a distance cutoff
between cluster centroids of 0.3. The three most populated clusters from this approach

correspond to the areas of highest propensity shown in Figure 5.
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Details about the setup and performance of MD simulations for calculating the PAMPA

permeability of 7.44 in its protonated and deprotonated form can be found in the Supplemental
Notes.
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Results

Expression, purification, and oligomer state of the NHR2 domain and the MS variant

The NHR2 domain was overexpressed and purified, and the resulting material yielded
homogeneous, monodisperse species in solution. The sample was homogenous as analyzed by
size exclusion chromatography (SEC) (Figure 2A), SDS-PAGE (Figure S1), and dynamic light
scattering (DLS) (Figure S3). The oligomeric state of purified NHR2 was assessed by
analytical ultracentrifugation (AUC) (Figure S4). The sedimentation profiles of NHR2 show a
single major species with a sedimentation coefficient (S value) of 3.07, which corresponds to
the molecular weight of 37.3 kDa. This value is in agreement with the calculated molecular
weight of an NHR2 tetramer of 34.2 kDa. The weight percent contribution of the tetramer in
35 uM of NHR2 is 94% as obtained by integration of the continuous sedimentation coefficient
distribution function. To check the function of the purified NHR2, we performed isothermal
titration calorimetry (ITC) with the HEB fragment of E proteins (HEB (176-200)). The NHR2
domain has been shown to interact with the HEB fragment [48]. The resulting isotherm (Figure
S5) yielded a binding enthalpy AH = —15 + 6 kcal/mol and a dissociation constant Kp = 30 + 4

uM, and this Kp value is in the same range as previously reported [48].

The SEC profile of NHR2 showed peaks that likely correspond to higher-order oligomer (a),
tetramer (b), and dimer (c) (black in Figure 2A). Integration of peaks (b) and (c) reveals a
relative abundance of 92% for the tetramer and 8% for the dimer, similar to the AUC data.
These data are consistent with previously published sedimentation results [7, 10]. Earlier it was
shown that the M5 variant forms a dimer but not a tetramer [10]. This finding is concordant
with the crystal structure of NHR2 (PDB ID 1WQ6) [7], which reveals a four-helix bundle
formed by four amphipathic a-helices, consisting of a symmetric dimer of dimers, where
monomers in a dimer are oriented in a head-to-tail orientation. The MS5 variant was
overexpressed, purified, and characterized by SEC (Figure 2A), SDS-PAGE (Figure S1), and
AUC (Figure S4). The SEC profile of the M5 variant showed higher-order oligomers (a), a
potential contribution of tetramers (b), and dimer (c) (cyan in Figure 2A). The high intensity
of elution peak (a) is concordant with the increased instability of the variant, which shows a
higher tendency to form oligomers. AUC data of the M5 variant showed a slightly greater
molecular weight compared to the theoretical one. Therefore, to confirm the dimeric state of
the M5 variant, we performed AUC for the SUMO-MS5 fusion protein, where we observed a
measured molecular weight of 43.4 kDa, which agrees very well with the theoretical one of

43.9 kDa for the dimer (Figure S4).
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Influence of 7.44 on the NHR2 tetramer stability

Next, we analyzed the stability of the NHR2 tetramer in the presence of 7.44 by SEC,
differential scanning fluorimetry (DSF), and CD spectroscopy [16, 49]. The SEC
chromatograms indicate that increasing 7.44 concentrations lead to an increase in the relative
ratio of NHR2 dimer to tetramer in the sample (Figure 2B). 7.44 alone, measured as a control,
does not show any absorbance (Figure 2B). Peak (c) of the dimer species increases with
increasing 7.44 concentration, most probably due to a shift in the equilibrium from the tetramer
to the dimer, indicating that 7.44 interferes with NHR2 tetramer stability. The decrease in the
height of peak (b) of the tetramer species is not monotonic. Note, however, that the peak heights
are inversely mirrored by those of peak (a) of higher-order oligomers. Due to the involvement
of higher-order oligomers and the possibility that the absorption characteristics of 7.44 change
when interacting with NHR2, which may contribute to the height of peak (c), we refrained from

analyzing this data quantitatively.

In DSF, the thermally induced protein unfolding is monitored by the binding of the fluorescent
dye SYPRO Orange [50] to the hydrophobic core of a protein that becomes exposed upon
unfolding, leading to a related increase in fluorescence emission. The temperature at the
midpoint of the unfolding transition is defined as the melting temperature (7m) of the protein
[47]. Usually, interference of a ligand with a protein results in a shift in 7w of the protein
compared to the native state [49] and monophasic melting [51]. However, we previously
showed that the melting points of the NHR2 dimer and NHR2 tetramer are ~55 °C and ~85 °C,
respectively [10]. Inhibition of NHR2 tetramer formation by 7.44 should alter the proportions
of the two species in a dose-dependent manner towards the dimer [11], as also suggested by the
SEC results. In such cases, rather than a monophasic melting at an intermediate melting
temperature, a biphasic melting can occur, with NHR2 appearing to melt at the melting
temperatures of the dimer and the tetramer [51]. Over a concentration range of 7.44 of a factor
of ~100, melting occurs at 84-85 °C (Figure 2C, Figure S7), suggesting that this melting point
relates to the tetramer species. The height of the fluorescence peak associated with this melting
decreases with increasing 7.44 concentration (Figure 2C), indicating that the NHR2 tetramer
concentration in the equilibrium declines. As to the melting of the dimer species at ~55 °C, an
increase in the fluorescence signal at that temperature with increasing 7.44 concentration is
observed, indicating that the NHR2 dimer concentration in the equilibrium rises. However, no
clear melting points can be detected, because of an overlay with a strong and, with increasing
temperature decreasing, fluorescence signal that has its maximum at ~30 °C. The fluorescence

signal at that temperature also roughly increases with 7.44 concentration. This fluorescence
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signal may be explained in that dimeric NHR2 exposes its hydrophobic protein-protein interface
[10] to which SYPRO Orange can bind; a temperature increase disfavors SYPRO Orange
binding, which leads to a decrease in fluorescence [16]. Although these results demonstrate that
7.44 interferes with NHR2 tetramer stability and leads to a decline in NHR2 tetramer
concentration with increasing 7.44 concentration, a quantitative analysis of this data is

compromised due to the lack of a clear melting point at ~55 °C [51].

We also examined the thermal stability of NHR2 in the absence and presence of 7.44 by CD
spectroscopy. The minima at negative ellipticity values at 208 nm and 222 nm wavelength
indicate the presence of an a-helical structure in NHR2 in the absence of 7.44 (Figure S6), as
expected from the crystal structure [7]. Upon addition of 7.44, the ellipticity curve followed the
same trend as for free NHR2, demonstrating that the a-helical structure is retained in the
presence of 7.44 (Figure S6); likewise, the dimeric M5 variant also retained the a-helical
structure [ 10]. Note that due to the high voltage in the detector caused by the presence of DMSO
in the buffer, the spectrum was recorded only from 213 nm to 250 nm wavelength. Therefore,
the impact on the thermal stability of NHR2 by 7.44 was monitored at 222 nm wavelength
(Figure 2D). Both apo NHR2 and NHR2 in the presence of 7.44 exhibited a cooperative
biphasic melting (Figure 2D). The melting point (7») of the first transition is ~48 °C, indicative
of melting of the dimer, and the second 77 is ~88 °C, indicative of melting of the tetramer [10,
51]. The Tw of the tetramer is similar to the result from DSF (see above) and previous CD
experiments [10]. For the dimeric M5 variant, a melting point of 60 °C was reported, associated
with a broad transition between the folded and unfolded state [10]. The first phase transition is
more pronounced in the presence of 7.44, indicating a higher population of dimers due to the
interference of 7.44 with NHR2. In addition, the second phase transition of NHR2 in the
presence of 7.44 occurs at a lower temperature and is broader, suggesting a less tight association

between the NHR2 a-helices.

To conclude, these results demonstrate that 7.44 interferes with NHR2 tetramer stability.
Furthermore, the increase in the dimer population upon the addition of 7.44 indicates that 7.44

fosters a tetramer-to-dimer transition of NHR2.
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Figure 2. Stability of the NHR2 tetramer with and without 7.44 studied by size exclusion chromatography,
DSF, and CD spectroscopy. A) Elution profiles of purified proteins of the NHR2 domain (black) and M3 variant
(cyan) from size exclusion chromatography (SEC) obtained at 280 nm absorbance: Higher-order oligomers (a),
tetramer (b), and dimer (c). The integration of peaks (b) and (c) of the NHR2 domain yields 92% of the tetramer
and 8% of the dimer. B) Elution profiles of 30 uM of apo NHR2 (black), 150 uM of 7.44, and NHR2:7.44 with
molar ratios of 1:1 (blue), 1:2 (magenta), and 1:5 (green) obtained from SEC at 280 nm. Samples were incubated
at 37 °C for 2 hours and then incubated overnight at room temperature prior to the experiment. C) Fluorescence
intensity in the presence of 7.44 at different concentrations; for better visualization, the curves were shifted along
the y-axis to match them at the point between the two melting points of dimer and tetramer. D) Thermal
denaturation of apo NHR2 (black) and NHR2 in the presence of 7.44 (red) monitored by CD spectroscopy at 222
nm wavelength. The CD data was normalized with respect to the highest ellipticity value for better comparison.

Dissociation constants of the NHR2 tetramer and of 7.44 with respect to the NHR2 dimer
For determining the dissociation constant of 7.44 binding to NHR2, Kiig (Eq. S1b), the tetramer-
to-dimer equilibrium upstream of the ligand binding needs to be considered (Eq. 4),
characterized by the dissociation constant Kt (Eq. S1a). For that, we assume that tetrameric
NHR2 (T) is in equilibrium with its dimer (D) and that 7.44 (L) binds to D after dissociation of
T, leading to Eq. 4. Because of the large distance between the anticipated binding sites at the
hot spot regions (Figure 1C), we furthermore assume that Kiig of the first and second ligand

binding events are identical.

Ktet Kjig Kyig

T = D = DL = DLL Eq. 4
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We determined Kiig by microscale thermophoresis (MST) measurements as a function of Kiet
and ECso of 7.44 binding to NHR2 according to equations S1-S12 [52, 53]. MST is based on
measuring the directed movements of molecules along a generated temperature difference
(thermophoresis). The movements depend on the combined impact of size, charge, and
solvation shell of the molecules. For determining Kt and ECso, a constant concentration of
fluorescently labeled NHR2 was measured in the presence of varying concentrations of the
titrants, unlabeled NHR2 or 7.44, respectively. With increasing concentration of the titrant, the

fraction of labeled NHR2 that forms a complex with the titrant will increase.

To determine Ktet, unlabeled NHR2 was titrated to 50 nM of labeled NHR2 in 16 concentrations
ranging from 10.3 nM to 337.5 uM. MST was recorded for each sample, and a non-linear
regression curve was fit with the Kp Fit equation (Eq. 1) (Figure 3A). The inflection point of
the curve revealed Kit = 11.3 = 1.81 uM. Next, we titrated 16 concentrations ranging from
122 nM to 4 mM of 7.44 to 100 nM of labeled NHR2. Based on the calculated Kiet, more than
99% of the protein is in a dimeric state at this NHR2 concentration. This calculation was
confirmed by a microfluidic diffusional sizing experiment, where 100 nM of dye-labeled NHR2
showed only dimer size, according to the measured hydrodynamic radius of 2.22 nm, with a
calculated molecular weight of 16.74 kDa (Figure S8). After overnight incubation of the
samples, MST was recorded for each sample (Figure S9). To obtain Kiig, the MST data was
analyzed in two independent ways. First, the resulting binding data was fit to a non-linear
regression curve to obtain the ECso value (Eq. 2) (Figure 3B). The inflection point of the curve
revealed an £Cso of 2.5+ 0.8 uM (Table 1), demonstrating binding of 7.44 to NHR2 and
suggesting a slow dissociation kinetic [19]. The range of Hill coefficients n = 1.0-1.5 obtained
from the fits reveals no or only weakly cooperative binding of 7.44 to NHR2. A control
experiment was performed using the same concentrations of 7.44 together with the labeling
dye, but without NHR2. A Kiig = 3.95 + 1.28 uM was subsequently computed using Eqs. S11
and S12. A simulation of the species distribution using Kiig and Kiet shows how both constants
result in a ECso of 2.5 uM, which was used as a parameter to calculate Kig (Figure S11). As
the majority of NHR2 is in a dimeric state during the MST experiments and assuming that the
MST signal is dominated by the formation of DL (Eq. 4), one can expect that ECso = Kiig; these
values are in the range of 2 uM to 4 uM and similar within experimental uncertainties. Second,
as a further control, Kiiy was obtained from MST data by considering a 1:2 binding model,
assuming that two 7.44 can bind to the symmetric NHR2 dimer, as implemented in the
PALMIST software [19, 20]. This yielded Kiig =2 pM, 68.3% CI [0,6] uM (Figure S10), in the
same range as Kiig and ECso above, although with high uncertainty (see Figure S10 for details).
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To conclude, to our knowledge for the first time, the equilibrium constant for the dissociation
of the NHR2 tetramer to NHR2 dimers and Kiig for 7.44 binding to the NHR2 dimer were

determined.
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Figure 3. 7.44 binding to NHR2 detected with-MST. A) Titration of unlabeled NHR2 to a constant concentration
of labeled NHR2 induces a change in thermophoresis. K = 11.3 £ 1.81 pM was calculated using Eq. 1. B)
Titration of 7.44 to a constant concentration of labeled NHR2 induces a change in thermophoresis. £Csy was
calculated by fitting the data points to Eq. 2. The fitted values are shown in Table 1. The range of Hill coefficients
n = 1-1.5 was obtained from the fits. Error bars denote the standard error in the mean and were calculated from

technical triplicate.

Table 1. Binding characteristics of 7.44 binding to NHR2 from MST experiments.[!

Analysis method ECs/™
Thermophoresis 26+0.8
Thermophoresis with T-jump 25+0.8
T-jump 2.1+0.7

[ ECso was calculated using Eq. 2.
o] I M.

Epitope mapping of 7.44 via STD-NMR
In order to understand how 7.44 interacts with NHR2, we used saturation transfer difference-

NMR (STD-NMR) [26, 27] to identify which atoms of 7.44 come close to the protein when the
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complex is formed (ligand epitope mapping). A typical STD-NMR experiment relies on the
ligand exchange between the bound and free states. The difference between a spectrum without
saturation of protein resonances (reference spectrum) and a saturated one yields the STD
spectrum, in which it is possible to identify i) if the ligand binds to the protein (there are signals
in the STD-NMR spectrum), ii) which protons of the ligand are involved in binding (only these
are visible), and iii) which protons of the ligand are closer to the protein upon binding (by

comparing the relative signal intensities) [26, 27].

The reference 'H spectrum of 7.44 and the corresponding STD-NMR spectrum, acquired in the
presence of 100-fold molar excess of 7.44, are shown in Figure 4A and B. All 7.44 protons
show a signal in the STD-NMR spectrum, which is a clear indication that 7.44 binds to NHR2,
in accordance with MST data. Different protons receive differential amounts of saturation (see
color scale in Figure 4B), which allows mapping the epitope of the ligand. Proton H7"" shows
the highest saturation and was thus set to 100%, indicating its closest proximity to the protein.
Other protons of the two ring systems show relative intensities between 64% and 97%,
suggesting that 7.44 binds with both ring systems to NHR2. Protons H2 and H3, which are in
the connecting alkyl chain, show the lowest detectable intensities of 48% and 20%, respectively.
Protons more than 5 A away from the protein normally do not appear in the STD-NMR

spectrum.

To conclude, the STD-NMR data revealed that 7.44 interacts with NHR2 via both

heteroaromatic moieties.
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Figure 4. "H STD-NMR experiment of 7.44 binding to NHR2.

A) Reference spectrum of 7.44. Assignment of the individual peaks is indicated (see 7.44 structure in the bottom
panel). B) '"H STD-NMR spectrum of ligand 7.44 in the presence of NHR2. Relative intensities are indicated on
top of the corresponding peaks and mapped onto the structure of 7.44. The circles are colored by the relative
intensity of the protons, which is correlated with the proximity to the protein: red — 100% (the closest), lighter red—
97% to 64%, fade red — 48% to 19%. The proton numbering is indicated by the red numbers. Data was acquired
at 600 MHz and 298K, with a 100-fold molar excess of 7.44.

The presence of 7.44 induces CSPs in the NHR2 N-terminus including the predicted
tryptophan hot spot residues

Next, we proceeded to study the interaction of 7.44 with NHR2 from the protein side. We started
by assigning the backbone resonance peaks of NHR2. We used a 325 uM sample of uniformly
[*H, '°C, °N]-labeled NHR2 and followed a standard triple-resonance-based approach [28, 29].
The NHR2 concentration in these experiments was about 30-times higher than Ktet, shifting the
equilibrium to the tetramer side. The solution NMR experiments of the tetrameric NHR2 protein
were challenging due to the size and shape of the molecule [54]. The four inter-twined a-helices
of 68 amino acids each led to a rod-like shape of 102 A length (Figure 1B). This extended
conformation results in a large rotational diffusion anisotropy, causing a poor signal-to-noise
ratio and only subtle peaks to be detected in the triple resonance experiments. Furthermore, the

chemical shift dispersion of the backbone amide protons is limited to values between 7.5 ppm
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and 8.5 ppm. Albeit 61 backbone amide peaks were observed in the 'H-'"N TROSY-HSQC
spectrum (Figure S12), only 32% of these could be assigned sequence-specifically due to the
low dispersion and low sensitivity in more complex (3D) experiments. The complexity of
performing NMR experiments on coiled-coil assemblies is reflected in the PDB database where
no solution NMR structure of a tetramer has been deposited (until October 2021) with a
monomer size > 65 amino acids [54]. The number of amide cross-correlations in the 'H-'°N
TROSY-HSQC spectrum of 2H, °C, *'N-labeled NHR2 (Figure 5A) is consistent with a single
conformation, indicating that NHR2 forms a symmetric homotetramer in solution. No
additional amide peaks were found after three weeks of storing the NMR sample at 35 °C,
indicating that no alternative oligomeric structure formed over this time. The N-terminal
residues from Q485 to D495, T519, and the C-terminal residues from Y544 to K552 residues
were unambiguously assigned (Figure 5A). These regions are most important for evaluating

7.44 binding according to our binding mode model [11].

To investigate the interaction of 7.44 with NHR2, NMR samples of °H, 1*C, '*N-labeled NHR2
(47 uM) in the absence and presence of 7.44 (2 mM) were prepared in 10 % (v/v) DMSO, and
'H-'>"N  TROSY-HSQC spectra were measured at 60 °C for 19h. Figure 5A shows the
superposition of the spectra. Considerable chemical shift perturbations (CSPs) occur for the N-
terminal residues Q485 to L493 (colored in blue in Figure 5B); no CSPs were found for
residues at the C-terminus. Unassigned peaks also showed CSPs. In addition, the protons at the

indole nitrogen of tryptophan residues (Wsc) also displayed minor CSP (insert in Figure 5A).

The most affected residues are H491 and R492 (Figure SA, B, D). R492 is likely important for
tetramerization as it forms a salt bridge with D533 and a solvent-exposed salt bridge with E536
that, in turn, interacts by a charge-assisted hydrogen bond with the indole NH of W540 [11].
Hence, the CSP suggest that 7.44 interferes with these interactions. Even though the backbone
chemical shift assignments are also missing for the other two hotspot tryptophane residues
(W498, W502; NHR2 contains three tryptophans in total), weak CSP of tryptophan side chains
(Wsc) suggest that at least one (or even two) hotspot residue(s) is (are) involved in binding or
experience a change in the environment (insert in Figure 5A). No signals for a third Wsc were

observed, likely due to signal overlap or a low signal-to-noise ratio.

To conclude, CSP of NHR2 residues in the presence of 7.44 indicate interactions or
conformational changes, particularly involving R492 in the N-termini, which is associated with
three hotspot residues. At least one or two tryptophan side chains are involved; all three

tryptophans of NHR2 were predicted as hot spots [11].
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Figure 5. TROSY-HSQC NMR experiments of 2H, *N, *C-labeled NHR2 in the absence and presence
of7.44. A) 2D 'H-'"N TROSY-HSQC spectra of 47 uM of apo NHR2 (blue) and in complex with 2 mM of 7.44
(red). Both spectra were recorded at 60 °C on a 750 MHz spectrometer for about 19 hours each and illustrate the
changes in amide proton and nitrogen chemical shifts induced in NHR2 upon binding of 7.44. 32% of amide
signals from the N- (light blue; residues Q485 to D495, T519) and C- (light green; residues Y3544 to K552)
terminus were unambiguously assigned (depicted above the spectra); these residues are labeled with a single-letter
code (see also panel B for the location). Note that the first five (QEEMI) and last four (DLKK) amino acids were
also assigned but are not shown in the crystal structure. B) Chemical shift perturbations (CSPs) of residues Q485
to L.493 (blue) upon addition of 7.44 mapped onto the NHR2 crystal structure (PDB 1D 1WQ6). Residue R492,
which shows the highest CSP, is associated with three hotspot residues (see text). C) Occurrence propensities of
7.44 interacting with the NHR2 tetramer from MD simulations; the densities are mapped around the NHR2 crystal
structure (PDB ID 1WQ6). Assigned residues at the termini showing CSP are colored in black. The side chains of
the previously identified hotspots are shown as sticks in the figure. The preferred binding epitopes with the highest
densities are labeled as I, I, and 111. Identical binding epitopes due to the internal symmetry of the NHR2 tetramer
are labeled identically. Here, ligands binding to epitope I and II form interactions with the hotspots W502 and
W540, respectively. D) Representative binding pose of 7.44 in epitope L. The 1,3-benzodioxole moiety inserts in
between the helices, close to the hotspot residue W502. Identical binding poses are observed for all epitopes L
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Prediction of molecular interaction patterns of 7.44

To predict how 7.44 elicits its effect on NHR2 on a molecular level, we performed a series of
MD simulations of free diffusion of 7.44 around the tetramer. We focused on the tetramer to
mimic the situation in the NMR experiments where no NHR2 dimer was detectable. In these
simulations, no biasing force was applied to any of the molecules. We observed multiple events
of 7.44 binding to and unbinding from the NHR2 tetramer on visual inspection of the MD
trajectories. By calculating occurrence propensities of 7.44 when the compound is in contact
(distance between non-hydrogen atoms of 7.44 and NHR2 < 4 A) with the NHR2 tetramer,
distinct epitopes where 7.44 preferably forms contacts with the NHR2 tetramer emerge (Figure
5B). Due to the internal symmetry of the NHR2 tetramer, there are up to four identical locations
for each epitope. Among these, epitope I, located between helices A and B of one dimer, is the
most populated one. Here, 7.44 inserts its 1,3-benzodioxole moiety between the helices to form
interactions with W502 (Figure SC). In epitope 11, only moderately less populated, the ligand
intercalates between the helices A and A’ of the opposing dimers with its 1,3-benzodioxole
moiety in the vicinity of W540. In epitope 11, the ligand mostly forms interactions with the N-

terminal part of NHR2, which was resolved as an unstructured loop in the crystal structure.

To conclude, the highly populated epitopes I and II suggest that at least one of the 1,3-
benzodioxoles forms interactions with one of two buried tryptophan residues in the tetramer

complex that had been identified as hot spots before [11].

pKa value determination of 7.44 by NMR

7.44 contains a single acidic group. To determine its pKa value, NMR spectra are collected for
a pH range from 2 to 13 using 200 uM of 7.44. As the pH of the solution is changed, the position
of the proton peaks in the 'H NMR spectrum shift (Figure 6A). Sodium 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS) was used for chemical shift referencing and calibrated to a zero
ppm value in each case. Using the assignment of 7.44 (Figure 4A), we identified H2 and H3 as
reporter protons, which are close to the acidic group and displayed pronounced chemical shift
changes over the pH titration. Then the pKa was calculated by using the chemical shifts of the
protonated and unprotonated forms at the respective pH and fitting to the Henderson-
Hasselbalch equation [25] (Figure 6B). This yielded pKa =3.99 + 0.01 and 3.93 £ 0.01 of the
carboxylic group as indicated by proton H2 and H3, respectively.
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Figure 6. Determination of the pKa value for 7.44 by '"H NMR. A) 'H NMR spectra of 200 uM of 7.44 measured
from pH 2 to 13 at 298 K at 600 MHz. Sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) was used for
chemical shift referencing and calibrated to a zero ppm value. B) Titration curves obtained from the 'H chemical
shifts of the protons H2 and H3 as a function of pH. The pKa values were calculated using the Henderson-
Hasselbalch equation [25], yielding a pKa value 0f3.99 + 0.01 and 3.93 + 0.01 of the carboxylic group as indicated
by proton H2 and H3, respectively.

Physicochemical, in vitro pharmacokinetic, and toxicological properties of 7.44

Next, we assessed physicochemical, in vitro pharmacokinetic, and toxicological properties of
7.44 (Table 2, 3). (1) Kinetic solubility in PBS. The aqueous solubility was determined in
phosphate-buffered saline (PBS) containing 1% DMSO at pH 7.4 and yielded 177 = 8 uM (60
png/ml) for 7.44. To achieve oral absorption, a compound with medium intestinal permeability
and a projected human potency of 1 mg/kg needs a minimum aqueous solubility of 52 pg/ml
[55]. (2) Plasma protein binding. Plasma protein binding was determined by the ultrafiltration
procedure. This assay involves the separation of the free fraction from the bound fraction by a
semi-permeable membrane with a high mass cutoff of 30 kDa. 7.44 showed a high (bound
fraction: 98.4%) binding to plasma proteins from a mouse. Plasma protein binding influences
the distribution of drugs in body tissues, and compounds with > 99% plasma protein binding
are limited in terms of the amount of free compound that are available to act on the targeted

tissue [56]. (3) Plasma stability. No degradation was observed for 7.44 when incubated in
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mouse plasma up to 4 h at 37 °C. Hence, plasma enzymes will not significantly alter the
bioavailability of the compound. (4) Hepatocyte stability. Metabolic conversion of 7.44 was
monitored by the disappearance of the compound in the presence and absence of hepatocytes
from mouse. After 120 min of incubation time, 73.8% of 7.44 remained, demonstrating a half-
life time > 120 min. An intrinsic clearance rate (Crint) of 2.5 pl / min / million cells for 7.44
was obtained, indicating high hepatocyte stability. (5) Chemical stability in PBS. Chemical
stability of 7.44 in PBS buffer at pH 7.4 was assessed for 4 h. No degradation was observed,
suggesting that the compound is stable under physiological conditions for at least 4 h. (6)
Cytochrome P450 (CYP) inhibition. Inhibition assays were performed for seven CYP isoforms
at two different concentrations (1 uM and 10 uM, Figure 7). For 7.44, there is a potential risk
to inhibit CYP2B6, 2C9, 2C19, and 3A4 as indicated by a dose-dependent effect and inhibition
> 50% at 10 uM. For the other tested enzymes CYP1A2, 2C8, and 2D6, the potential is
considered low (inhibition < 25% at 10 uM resulting in estimated ICso values of < 10 uM). (7)
Permeability prediction (PAMPA). We predicted 7.44’s permeability through a PAMPA
membrane from molecular simulations and configurational free energy computations applying
experimental data from nine reference compounds for calibration (Figure 8A, Table S10), as
done before (see Supporting Information) [57]. The computed Pefr is 1.51 x 10 cm sec™! for
deprotonated (negatively charged) 7.44 and 8.51 x 10 cm sec” for the protonated (neutral)
form (Figure 8B, Table S11, Table 3). This classifies 7.44 as low to medium (Perr= 0.7 x 10°
6.2.1x 10° cm sec™) and highly permeable (Petr > 4.7 x 10 cm sec™) [58]. (8) Prediction of
further pharmacokinetic properties. Using Qikprop from the Schrodinger software suite [30],
we predicted the central nervous system activity, the brain-blood partition coefficient, and the
ICso value for blockage of HERG K™ channels (Table 3). The results classify 7.44 as almost
central nervous system-inactive and predict no blockage of HERG K* channels. Furthermore,
no violations of Lipinski’s rule of five [59] or Jorgensen’s rule of three [60], for judging oral
bioavailability, were found. Finally, no property of 7.44 computed by Qikprop falls outside the
95% range of similar values for known drugs. (9) Toxicology prediction. We predicted
toxicological properties of 7.44 using the softwares DEREK Nexus [31] for a variety of
endpoints and SARAH Nexus [32] for mutagenicity predictions (Table 3). No toxicophores
were identified in 7.44, and the compound is predicted to be inactive with respect to bacterial

mutagenicity.

To conclude, 7.44 has favorable physicochemical and ADME properties with high aqueous

solubility, high stability in buffer and plasma, and a low hepatic intrinsic clearance in vitro.
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There is a slight potential for CYP-related drug-drug interaction that has to be further

investigated.

Table 2. Physicochemical and in vitro pharmacokinetic properties of 7.44.

No. Description Value
1 Kinetic solubility (99% PBS, 1% DMSO) 177 + 8 uM
2 Plasma protein binding (mouse plasma, 60 min) 98.4 + 0.2%
3 Plasma stability (mouse plasma, 0-240 min) No
degradation
! Hepatocyte stability (mouse hepatocytes) 2.5
pl/min/million
cells
5 Chemical stability in PBS (0-4 h) No
degradation
6 Cytochrome P450 inhibition (at 1 pM and 10 uM | See Figure 7
concentration)

Table 3. Predicted pharmakokinetic [ and toxicological ™ properties of 7.44.

No. Description Value
7 Permeability (PAMPA), deprotonated 7.44 1.51 x 10
6 cm sec™!
Permeability (PAMPA), protonated 7.44 8.51x 10
¢ cm sec”
8 CNS -1
QPlogBB -0.75
QPlogHERG -2.73
Rule of 5 0
Rule of 3 0
#stars 0
9 Toxicology alert count 0
Bacterial mutagenicity Inactive

(1] The pharmacokinetic properties were predicted as described in the text (PAMPA
permeability) or with the Qikprop module of the Schrodinger software suite. CNS: The
predicted central nervous system activity (-2 (inactive) to +2 (active)). QPlogBB: The predicted
brain-blood partition coefficient for oral drugs (recommended range: -3.0 to 1.2). QPlogHERG:
The predicted ICso value for blockage of HERG K channels (> -5 recommended). Rule Of 5:
Number of violations of Lipinski’s rule of five (recommended £ 4). Rule Of 3: Number of
violations of Jorgensen’s rule of three (recommended £ 2). #stars: The number of properties
falling outside the 95% range of similar values for known drugs (0 (good) to 5 (bad)).

) The toxicological properties were predicted with DEREK Nexus and SARAH Nexus.
Toxicology alert count: Number of predicted toxicophores. Bacterial mutagenicity: Predicted
bacterial mutagenicity in vitro.
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Figure 7. Cytochrome P450 (CYP) inhibition assay for 7.44. The inhibition assays were performed for seven
CYP enzymes at two different concentrations, 1 uM (blue) and 10 pM (green). 7.44 showed a potential to inhibit
CYP2B6, 2C9, 2C19, and 3A4. For the other tested enzymes, CYP1A2, 2C8, and 2D6, the potential is regarded
low (with estimated ICso values > 10 uM).
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Figure 8. A) Potential of mean force (PMF) of permeation of 7.44 in a protonated (P7.44, blue) and deprotonated
(D7.44, red) form, and nine calibration molecules. As a reaction coordinate, the distance to the center of a DOPC
membrane bilayer was used, setting the profile in the water phase to zero. Molecules with a higher permeability
(like progesterone or promazine) display favorable free energy in the membrane center, while those that are
impermeable (like the oximes) display a high energy barrier in the membrane center. B) Calibration curve between
the calculated permeabilities obtained from MD simulations and the experimental values obtained from PAMPA
experiments from [58]. In blue (P7.44) and red (D7.44) are the results obtained from the simulations (y-axis, 0.89
= (.34 and -1.90 £ 0.87 for P7.44 and D7.44, respectively), and the corresponding predictions obtained from the
calibration curve (-5.07 = 0.10 and -5.82 £ 0.24, respectively), indicating that 7.44 is highly permeable in its
protonated state and low to medium permeable in its deprotonated state. Per is the effective permeability, and Py
is the unit factor corresponding to | cm sec™.
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Discussion

In this study, we characterized the interaction between the NHR2 domain of RUNXI1/ETO, the
product of t(8;21) chromosomal translocation that has an oncogenic function in t%(8;21) acute
myeloid leukemia [6, 10], and the first-in-class molecule to interfere with RUNXI/ETO
tetramerization, 7.44, for targeting acute myeloid leukemia [11, 12]. We established biophysical
assays based on DSF and MST to show that 7.44 interferes with NHR2 tetramer stability and
increases the dimer population of NHR2, indicating that 7.44 fosters a tetramer-to-dimer
transition of NHR2. We also determined the affinity of 7.44 for binding to NHR2; the
dissociation constant of 7.44 from the NHR2 dimer, Kiig, is 3.95 £ 1.28 uM. Furthermore, by
NMR spectroscopy, we show that 7.44 binds with both heteroaromatic moieties to NHR2 and
interacts with or leads to conformational changes in the N-termini of the NHR2 tetramer.
Combined with MD simulations of free ligand diffusion, we suggest that at least one of the 1,3-
benzodioxoles of 7.44 forms interactions with one of two buried tryptophan residues in the
tetramer complex that had been identified as hot spots before. Finally, we demonstrate that the
pKa of 7.44 is ~3.9 and that the compound has favorable physicochemical, pharmacokinetic,
and toxicological properties.

That 7.44 interacts with the NHR2 domain and interferes with NHR2 tetramer stability was
shown in five independent biophysical experiments. First, SEC revealed that the amount of
dimeric NHR2 increases with increasing 7.44 concentration, most probably due to a shift in the
equilibrium from the tetramer to the dimer. Second, DSF revealed typical curves [16, 61, 62]
(Figure 2A) applying protein concentrations in commonly used ranges [49, 61, 63, 64]. With
increasing 7.44 concentration, the results show decreased fluorescence intensities at the
previously determined melting point of the NHR2 tetramer at ~85°C [10] and generally
increasing fluorescence intensities at the previously determined melting point of the NHR2
dimer at ~55°C [10]. Third, examining the thermal stability of NHR2 in the absence and
presence of 7.44 by CD spectroscopy revealed a cooperative biphasic melting in both cases,
with the phase transition at the temperature of dimer melting becoming more pronounced in the
presence of 7.44. These findings demonstrate that 7.44 alters the proportions of the two NHR2
species in a dose-dependent manner towards the dimer and, thus, provide biophysical evidence
for the destabilization of NHR2 tetramerization by 7.44.

Fourth, we quantified the dissociation constant of the NHR2 tetramer into NHR2 dimers (Ktet)
and the dissociation constant of 7.44 with respect to the NHR2 dimer (Kiig) using MST,
exploiting that the measured molecular movements along a temperature gradient depend on the

size, charge, and solvation shell of the molecules [65]. With increasing concentrations, binding
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of nonfluorescent NHR2 to dye-labeled one resulted in increased fluorescence intensity,
whereas binding of 7.44 decreases the fluorescence intensity. From the data, Kt = 11.3 +
1.81 uM was obtained. 7.44 titration data analyzed by three independent modes yielded an ECso
of 2.5 + 0.8 uM. As all three analysis modes resulted in very similar £Cso values, a slow
dissociation kinetic of the complex is suggested [19]. According to the obtained Hill
coefficients, the binding of 7.44 to NHR2 is not or weakly cooperative, in line with our previous
results [11]. In the extreme case of strict binding cooperativity, the Hill coefficient reflects the
number of ligand binding sites on a protein [66]; » = 1.0-1.5 then indicates a stoichiometry of
about one 7.44 molecule per NHR2 monomer. From these results, Kiig = 3.95 + 1.28 uM was
computed, assuming that 7.44 binds in a 2:1 stoichiometry to the NHR2 dimer and that Kiig of
the first and second ligand-binding event are identical. The assumptions are further supported
in that 7.44 shifts the equilibrium from the tetramer to the dimer, the NHR2 dimer is (-
symmetric, and the binding sites of the two ligands do not overlap (see below). The Kiig of 7.44
1s comparable to Kp or Ki of marketed PPIM or compounds subjected to clinical trials [67], such
as pentamidine [68], gossypol [69], or sulindac [70].

Fifth, we used STD-NMR to map the 7.44 epitope binding to NHR2. Multiple protons across
7.44 showed a signal in the STD-NMR spectrum, clearly indicating that 7.44 binds to NHR2,
but that not all protons receive the same amount of saturation, indicating that 7.44 interacts with
both heteroaromatic moieties with NHR2. These results agree well with the structural model of
the 7.44 epitope proposed by us [11] and suggest that modifications at the carboxy group, e.g.,
a bioisosteric replacement [71] or fluorescent tagging to study in-cell properties [72], should
not grossly impact the affinity.

Using multidimensional solution NMR spectroscopy, we further characterized the interaction
between 7.44 and NHR2. Observing a good solution NMR spectrum of a coiled-coil domain
like NHR2 is highly challenging [54] as the size (34 kDa), rod-like shape (~100 A length), poor
dispersion of the a-helical protein, and large rotational diffusion anisotropy cause poor signal-
to-noise ratios in the multiple-resonance spectra [48, 54]. This issue was circumvented by using
TROSY-based NMR experiments measured at high temperature on uniformly *H, '3C, °N-
labeled NHR2 protein. The 'H-'>N TROSY-HSQC spectrum shows one set of peaks for each
amino acid of the NHR2 domain, as expected for the highly symmetric homotetramer as shown
by X-ray crystallography [48] and the high prevalence of the NHR2 tetramer according to our
AUC, SEC, and DLS results. We succeeded in assigning 32% of the backbone amide signals,
which are located in the termini of NHR2. Unassigned residues are located in the middle of the

coiled-coil region, which is the most rigid NHR2 part.
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The interaction of NHR2 with 7.44 was measured via a 'H-""N TROSY-HSQC
spectrum. Pronounced CSP backbone amide resonances (Figure 5) indicated binding of 7.44
to NHR2 and/or conformational changes induced by the ligand. CSP were found in the N-
terminus (Q485 to L493) and for some unassigned amino acids of the middle region. No CSP
were found for the assigned C-terminal residues (Y544 to K552). The C-termini do not form
helical interfaces in the tetramer according to the X-ray structure [48]. Of the most affected
residues, R492 forms a salt bridge with D533 and a solvent-exposed salt bridge with E536,
which interacts with the indole NH of W540 via a charge-assisted hydrogen bond. Notably,
residues D533, E536, and W540 were the template motif with which 7.44 was identified by
virtual screening and which 7.44 is thought to mimic as a tetramerization inhibitor [11]. The
CSP results support this model. Furthermore, CSP of tryptophan side chains indicate the

involvement of at least one, if not two, tryptophans in the 7.44 effect.

Next, we performed unbiased MD simulations of free 7.44 diffusion around the NHR2 tetramer
to obtain structural information on the binding of the ligand in the context of the oncogenic
tetramer, mimicking the situation in the NMR experiments. Such MD simulations have been
used previously successfully to identify binding modes of small-molecules at proteins by us
[43, 73] and others [74, 75] and complement the NHR2 epitope mapping by NMR by providing
information at the atomistic level. Throughout the simulations, the tetramer remained largely
structurally invariant (Figure S13). Of the three epitopes where 7.44 preferably forms contacts
with the NHR2 tetramer, epitopes I and II represent poses in which 7.44 intercalates between
the helices of the NHR2 tetramer, once between helices of one dimer and once between helices
of two dimers. In either case, 7.44 interacts with at least one of its 1,3-benzodioxoles with
tryptophan residues identified as hot spots [11], which may explain the observed STD-NMR
results and tryptophan side chain CSP. Although no dissociation of the NHR2 tetramer was
observed during our simulation times, in line with the determined Ki:, particularly the
intercalation between two helices of two dimers, targeting W540, might represent an early step
in the separation of the dimers. Note that this is concordant with our previously proposed
binding model for 7.44 at the NHR2 dimer [11, 12]. Still, we could not obtain an
(experimentally validated) binding mode of 7.44 at the NHR2 dimer - probably because, on the
one hand, the NHR2 dimer population in the NMR experiments was too low ([NHR2] = 4 x
Kiet), which shifted the equilibrium to the tetramer side. On the other hand, detecting the precise
NHR2 binding mode was hampered because the NHR2 dimer shows marked structural changes
at the termini in MD simulations, which makes obtaining converged results for 7.44 binding

cumbersome.
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Finally, we assessed six physicochemical and in vitro pharmacokinetic properties and the pKa
of 7.44 experimentally and further pharmacokinetic and toxicological properties
computationally, which are key properties in early drug discovery [76]. In all cases, 7.44 shows
favorable properties, suggesting that 7.44 is suitably orally bioavailable. Together with its low
molecular weight, high ligand efficiency, and non-complex chemical structure [11], this
distinguishes 7.44 from other recent first-in-class peptidomimetic protein interaction inhibitors
[43].

In summary, we biophysically characterized the interaction between the NHR2 domain of
RUNXI/ETO and 7.44 and assessed 7.44’s physicochemical, in vitro pharmacokinetic, and
toxicological properties. The results, together with previous biochemical, cellular, and in vivo
[12] assessments, reveal 7.44 as a lead for further optimization of structurally related
compounds with increased binding affinity and enhanced anti-leukemic effects to inhibit

RUNXI1/ETO oncogenic function in t(8;21) AML.
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Supporting information

Supplemental notes for the cloning, expression, and purification of 6His-NHR2, determination
of Kiet and Kiig from MST experiments, and permeability estimation from molecular dynamics

simulations. Supplemental Tables S1-S11. Supplemental Figures S1 —S13.
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Supplemental Notes
List of abbreviations

ACN acetonitrile
AMMC  3-[2-(N,N-diethyl-N-methylamino)-ethyl]-7-methoxy-4-methyl-coumarin

BFC 7-benzyloxy-trifluoromethyl coumarin
CEC 3-cyano-7-ethoxycoumarin

CYP cytochrome P450

Da daltons

DBF dibenzylfluorescein

DMSO dimethyl sulfoxide

EFC 7-ethoxy-4-trifluoromethyl-coumarin
ESI electro spray ionization

F fluorescein

FA formic acid

FF furafylline

G6PDH  glucose-6-phosphate dehydrogenase

H-ESI heated electrospray ionization (ion source type)
HEPES  4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid
HFBA heptafluorobutyric acid

HPLC high-performance liquid chromatography

HRMS high-resolution mass spectrometry

ICso concentration inhibiting an enzymatic reaction by 50%
ISTD internal standard

KTZ ketoconazole

LC liquid chromatography

m/z mass-to-charge ratio

MeOH methanol

MEFC 7-methoxy-4-trifluoromethyl coumarin
MS mass spectrometry

MS-SIM  mass spectrometry-single ion monitoring
MW molecular weight

N normality

NaOH sodium hydroxide

231



Appendix — Publication IV

PBS
PPB
pH
QCT
QND
Q-TOF
RFU
RT

RV

S

SEZ
S/N
TCP
Tris HCI
viv

v

w/v

WME
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phosphate-buffered saline (without Ca* and Mg*")
plasma protein binding

potential hydrogen

quercetin

quinidine

quadrupole time-of-flight

relative fluorescence unit

room temperature or retention time

recovery

seconds

sulfaphenazole

signal-to-noise ratio

tranylcypromine
tris(hydroxymethyl)-amino-methan hydrochlorid
volume per volume

volts

weight per volume

William’s medium E
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Cloning, expression, and purification of 6His-NHR2

Synthetic DNA corresponding to the coding region of residues 498-548 of RUNXI/ETO was
cloned into expression vector pET19b in E. coli BL21 (DE3). A cysteine-free version of the
NHR2 sequence was used where both cysteines were replaced by serines to comply with the

construct used in previous studies [1, 2].

A His-tag was added to the N-terminus to allow for purification of NHR2 via immobilized
metal ion affinity chromatography (IMAC). The transformed E. coli was transferred into LB-
medium (5 g yeast extract, 5 g NaCl, and 10 g tryptone or peptone), containing ampicillin, and
incubated at 37 °C until an ODeoo of ~1 was reached. The expression was induced by adding
(per liter LB-medium) 1 ml 1 M isopropyl-1-thio-pB-D-galactopyranoside. The expression was
continued for ~4 h at 37 °C. The cells were harvested by centrifugation and disrupted via
sonification. The target protein was purified using IMAC, and the purity of the protein was

inspected using a 15% SDS gel (Figure S1)
Determination of K. and Kj, from MST experiments

The ECso value determined by MST in this study as well as the ECso values determined by BS’
cross-linking assay and ELISA previously [3] are composites of the dissociation constant of the
NHR2 tetramer (Ktet) and the dissociation constant of 7.44 to the NHR2 dimer (Kiig). As the
NHR2 tetramer (T) is in equilibrium with its dimeric form (D), the ligand (L) can only bind to
the NHR2 dimer (D) after dissociation of T. Given the symmetry of an NHR2 dimer, a second
ligand can bind to the DL complex, resulting in a DLL complex (see eq. 4 in the main text).

The respective equilibrium constants are defined as:

Kt = [D]?/[T] (Sla)

and

Kig = [D] - [L]/ [DL]. (SIb)

Kiig could not be determined directly. Instead, Kiig was determined as a function of £Cso and Ktet
according to the following equations [4, 5]. The following derivation was taken from ref. [6]
and has been applied in a related context in ref. [4].

In the absence of L, the concentration of unbound NHR2 dimer D is [D]o, and the concentration

of the NHR2 tetramer T is [T]o. The total concentration of NHR2 dimer [D]it 1s (eq. S2):
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[D],o, =2 [T], +[D], (82)

Substituting eq. S2 into eq. Sla and solving the obtained equation with respect to [D]o leads to
eq. S3:

2
[D]y= - K;et + J(K;et) n Ktet[ZD]tot (S3)

Substituting eq. S3 into eq. S2 and rearranging leads to eq. S4, allowing the calculation of the

maximal NHR2 tetramer concentration [T]o as a function of Kiet and [D]tot.

Ket  [(Kier)? , KietlDliot
(Dt \/( 4) ) (S4)
2

[T]y=

In the presence of a total ligand concentration of [L]wt = ECso, the total NHR2 dimer

concentration [D]it is defined by eq. S5:

[Dltor = 2[T]s0 + [D]s0 + [DL]s0 + [DLL]s0 (S5)

in which [T]so, [D]s0, [DL]s0, and [DLL]s0 are the concentrations of the respective molecular
species at [L]wt = ECso.

MST experiments in the presence of 7.44 were performed at an NHR2 concentration where
>99% of NHR2 is in a dimeric arrangement. Neglecting the tetramer and assuming that the
majority of the MST signal change comes from the D to DL equilibrium, [D]so is half of the

maximal dimer concentration [D]o at [L] = 0 (eq. S6).

_[Dlo

[Dlso= o (S6)

The concentration of the unbound NHR2 tetramer [T]so0 is obtained by substituting eq. S6 into
eq. Sla (eq. S7):

= (S7)

Based on the definition of the dissociation constant of the 7.44-bound complexes Kiig, the

concentrations of the ligand-bound complexes are given by eq. S8 and eq. S9
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[D]so[L]so
DL].,=———
[DL]s, Kug (S8)
L 2
[DLL]50=[ ]SO%F ]50 (Sg)
ig

if one assumes that the dissociation constants for both ligand binding events are equal, in
agreement with the remote ligand binding sites and our model (eq. 4) that depends on the pre-
dissociation of T. [L]so is the concentration of the unbound PPIM at ECso.

Substituting eq. S8 and eq. S9 into eq. S5 and solving the resulting quadratic equation with
respect to Kiig leads to eq. S10. The negative solution of eq. S10 has no physical meaning

because of Kiig > 0 and was omitted.

Ky

“DlylLly 1 j( [Dly[Llg DI [LE,

2
&~ 2([T]sg [Dlo-IDlu) 2 (2[T]50+[D]50-[D]m)) @M=+ Dl Dlgy 10

According to eq. S6 and eq. S7, the terms [D]so and [T]s0 in eq. S10 are constants for given [D]o
and Kiet. Thus, eq. S10 is a function of [L]s0, which remains to be defined.

For [L]wt = ECso, the total ligand concentration [L]iwor is defined by eq. S11.
[L] o =ECs0=[L15oH{DL]5+2[DLL],, (S11)

Substituting eq. S8 and eq. S9 into eq. S11 and solving the resulting quadratic equation with
respect to [L]so leads to eq. S12. The negative solution of eq. S12 has no physical meaning

because of [L]so > 0 and was omitted.

2
[Dlso [D]so -
—=+1 +1
[L]s= - ( Kiig ) ( Kiig ) + ECsg
30 [Dlso 4 [D]sp 2
p) 3 2
Kiig i

(S12)

According to eq. S7, [D]so in eq. S12 is constant for given [D]o. Finally, solving the system of
eq. S10 and eq. S12 allows calculating Kiig for given [Dlit, Kiet, and ECso. For this purpose,

[D]eor 1s the total concentration of NHR2 dimer in the assay.
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In vitro ADME investigations of compound 7.44

The materials and methods of the six assays, aqueous solubility, plasma protein binding (PPB),

plasma stability, hepatocyte clearance measurements, chemical stability, and cytochrome P450

(CYP) inhibition, are described in detail below [7-12].

Materials

In the assays described herein, the materials were used as shown in Table S1.

Table S1. Details of materials.

Material Catalog ID Supplier Lot
Internal standards
Diazepam D0899 Sigma-Aldrich 105F0451
Diclofenac D6899 Sigma-Aldrich BCBN3367V
Griseofulvin PHR1534 Sigma-Aldrich LRAB4111
Solubility
PBS (pH 7.4) ‘ P04-36500 PAN Biotech 1516119
PPB
Mouse plasma (CD-1, male, |/ qpp) 1 1pyp v Biotrend MSE308232
pooled, Li-heparin)
Warfarin 45706 Sigma-Aldrich SZBF197XV
Plasma stability
Mouse plasma (CD-1, male, | yqpp 1 11yp_yy Biotrend MSE308232
pooled, Li-heparin)
Propantheline P8891 Sigma-Aldrich 110M1921
Chemical stability
PBS (pH 7.4) P04-36500 PAN Biotech 1560119
Omeprazole 0104 Sigma-Aldrich BCBQ8476V
Hepatocyte stability
7-Ethoxycoumarin E1379 Sigma-Aldrich MKBN6201V
1 M HEPES solution P05-01100 PAN Biotech 2190518
In vitro GRO HT medium 799019 IVT Bioreclamation C11020A
L-glutamine P04-80100 PAN Biotech 4140319
Primary mouse M005052 IVT Bioreclamation MHD
hepatocytes!®)
Williams Medium E P04-29510 PAN Biotech 2861019
CYP inhibition using HITS™ Kits
Furafylline F124 Sigma-Aldrich 59790
Tranylcypromine'®! P8511 Sigma-Aldrich MKBWO0574V
Quercetin dihydrate 0020-05-95 Sigma-Aldrich HWI00580-2
Sulfaphenazole S0758 Sigma-Aldrich 63530
Quinidine HCI monohydrate Q0750 Sigma-Aldrich SLSS3542V
Ketoconazole K1003 Sigma-Aldrich SLCC4160
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G6PDH G5885 Sigma-Aldrich 096K 8605
CYP1A2/CEC kit 459500 Corning 5239001
CYP2B6/EFC kit 459220 Sigma-Aldrich 4296001
CYP2CS8/DBF kit 459320 Corning 4300001
CYP2C9/MFC kit 459300 Corning 535003
CYP2C19/CEC kit 459400 Corning 5313006

CYP2D6/AMMC kit 459200 Corning 5162021
CYP3A4/BFC kit 459100 Corning 6102001

lal eryopreserved, strain [ICR/CD-1, male, pooled
8] trans-2-phenylcyclopropyl-aminehydrochloride

Buffers / media / solvents

In the assays described herein, solvents were used as shown in Table S2.

Table S2. Solvents

Material Catalog ID Supplier
Acetonitrile (ACN) 34851-PPB Honeywell
Deionised water (H20) NANOpure Dlamond Life Science Water purification system
Dimethylsulfoxide (DMSO) 4720.2-PPB Carl Roth
Ethanol (EtOH) 32205 Honeywell
Methanol (MeOH) 34885 Honeywell

Further buffers were used in the assays:

Solubility in aqueous solutions:

Ready to use PBS, pH 7.4, as described in Table S1 was used.

Hepatocyte stability assay:

InvitroGRO HT Medium: Ready-to-use medium for thawing of cells was applied.
Incubation medium: WME supplemented with 25 mM HEPES and 2 mM L-glutamine

Description of key quantitative analytical equipment

LC-MS: Surveyor MS Plus HPLC (Thermo Electron) HPLC system connected to a TSQ
Quantum Discovery Max (Thermo Electron) triple quadrupole mass spectrometer equipped
with an electrospray (ESI) (Thermo Fisher Scientific, USA); connected to a PC running the

standard software Xcalibur 2.0.7. It is used for solubility, PPB, and plasma stability assays.
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LC-MS: 1260 Infinity II Biolnert Quarternary U-HPLC pump, 1260 Inifinity 1T Biolntert
Multisampler, 1260 Inifinity II Biolntert Column Compartment and 1260 Inifinity II Diode
Array Detector (Agilent, Germany) connected to a QTOF X500B (SCIEX, Canada) mass
spectrometer, data handling with the standard software SCIEX OS (Version 1.5 and higher). It

is used for chemical stability and hepatocytes stability assays.
Fluorimeter: Wallac Victor 1420 Multilabel Counter, Perkin Elmer.

Methods

Preparation of test solutions

In Table S3, the concentrations of the test and reference item stock solutions in their respective
solvents are displayed. By default, working solutions of test and reference items were diluted
from the stock solutions in an appropriate solvent to obtain working solutions of 100-fold
(solubility), 50-fold (PPB, plasma stability, chemical stability), and 200-fold (hepatocyte
stability) higher strength than the final incubation concentrations and the respective final

organic solvent content (see next section).

Table S3. Stock and working solutions of test and reference items

Item Stock solution Working solution
(mM) Solvent solvent
DMSO (Solubility,
Hepatocyte stability)
7.44 compound 20 DMSO 25% DMSO in H20 (PPB,
Plasma stability,
Chemical stability)
Propantheline (Plasma stability) 10 H20 H20
Omeprazole (Chemical stability) 10 DMSO 25% DMSO in H20
?-Ethoxycouma'r?n (Hepatocyte 10 ACN ACN
stability)

Test concentration selection

The test item 7.44 compound was dissolved in DMSO at 20 mM. The cut-off concentration of
test item 7.44 in the solubility assay was 200 uM with a final solvent content of 1% DMSO.
For PPB assay, the test item was tested at final concentrations of 10 uM in the presence of
0.5% DMSO. Reference item warfarin was tested at a standardized final concentration of 10

UM in the presence of 1% ACN.
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For plasma stability assay, working solutions of the test and reference item were diluted from
the stock solutions in the appropriate solvent (Table S3) to reach working solutions of 50-fold
higher strength than the final intended incubation concentrations of the compounds. Test item
and propantheline (reference item for low plasma stability) were tested at a final concentration
of 10 uM. The final solvent content in the test item incubations was 0.5% DMSO, while in the

propantheline incubations, no organic solvent was added.

For chemical stability assay, working solutions of the test and reference items were diluted
from the stock solutions in the appropriate solvent (Table S3) to reach working solutions of 50-
fold higher strength than the final intended incubation concentrations of the compounds. Test
item and Omeprazole (reference item for low chemical stability) were tested at a final

concentration of 10 uM. The final solvent content in the test item incubations was 0.5% DMSO.

For the hepatic stability assay, working solutions of the test and reference items were diluted
from the stock solutions in the appropriate solvent (Table S3) to reach working solutions of a
200-fold higher strength than the intended final concentrations. In a second step, working
solutions were further diluted in incubation medium to reach 10-fold concentrated starting
solutions. The final test concentrations were 5 uM with a solvent content of 0.5% DMSO or

1% ACN in all test item and reference item incubations, respectively.

For CYP inhibition assay, the test item was tested at final concentrations of 1 uM and 10 uM,
and reference items were tested at eight appropriate concentrations. Stock solutions of test items
were diluted in DMSO to prepare a 200-fold concentrated working solution for CYP2B6, or
stock solutions were diluted in NADPH-cofactor-mix (all other CYPs) to reach concentrations
20-fold higher than the requested final test concentration of 10 uM and 1 uM, respectively. The
final organic solvent content was 0.5 % DMSO for CYP2B6 or 0.2% DMSO for all other tested
CYP isoforms, respectively. Stock solutions of the reference items were diluted 50-fold in the
first well of a row for CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4, 100-fold for
CYP2CS8, 200-fold for CYP2B6, followed by a serial 1:3 dilution in the 96-well plates
containing cofactor mix to obtain the respective eight test concentrations. The final solvent
content in the incubations was 2% ACN for CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP3A4
and 1% ACN for CYP2CS8 and 0.5% ACN for CYP2B6.

Preparation of calibration standards of test and reference items
By default, working solution of the test and reference items were prepared for each calibration

level. The calibration standards were ranged from 0.02 uM to 300 uM for the solubility assay,

11
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from 0.001 uM to 20 uM for the PPB assay, from 0.05 uM to 20 uM for the plasma stability
and chemical stability assays, and from 0.005 uM to 10 uM for the hepatocytes stability assay
by appropriate dilution of the corresponding stock solution with the corresponding solvent by

serial dilution.

Solubility
Calibration standards for the solubility assay were prepared by spiking 198 uL of the respective
buffer (PBS buffer (pH 7.4)) with 2 uL of the corresponding working solution. The final

standard solutions contained 1% DMSO.

PPB

For the PPB assay calibration standards were prepared by spiking 73.5 pL mouse plasma with
1.5 uL of the corresponding working solution. To avoid unspecific test item metabolism in
calibration standards, protein was inactivated by addition of 150 pL ACN containing the
internal standards (Diazepam, 1 uM, Griseofulvin, 1 uM, and Diclofenac, 10 uM) prior to
addition of working solutions. The final standard solutions contained 1% DMSO (test item) or

1% ACN (reference item).

Plasma stability and Chemical stability

Calibration standards for plasma stability and chemical stability assays were prepared by
spiking 147 pL mouse plasma or PBS buffer, respectively with 3 pL of the corresponding
working solution. Plasma was inactivated by addition of 300 pL. ACN containing the internal
standards (Diazepam, 1 uM, Griseofulvin, 1 uM, and Diclofenac, 10 uM) before addition of
working solutions to avoid unspecific metabolism in calibration standards. The final standard

solutions contained 0.5% DMSO.

Hepatocyte stability assay
Calibration standards were prepared by mixing the appropriate volumes of incubation medium
(196 pL) and the corresponding working solution (4 pL). The final standard solutions contained

2% DMSO or 1% ACN for test item and reference item, respectively.

Calibration solutions were processed for precipitation (ACN containing the internal standards)

and quantitative bioanalysis as described in Sample preparation section.

12
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Assay procedures
7.44 compound was prepared as 20 mM stock solution in DMSO and further diluted in 25%
DMSO/H20 or assay matrix if applicable.

Kinetic solubility in PBS

2.5 ul of the compound 7.44 stock solution was mixed with 247.5 ul of PBS (pH 7.4), resulting
in a cut-off concentration of 200 uM and a final solvent content of 1% DMSO. The test
solutions (triplicates) were put on a filter plate and were shaken protected from light at 300 rpm
at room temperature for 1.5 hours, followed by centrifugation at 500 x g for 3 minutes. 200 pl
of the filtrate were mixed with 100 pl ACN containing the ISTD as described in Sample

preparation section.

PPB

Plasma protein binding was performed according to the modified ultrafiltration procedure
described by Taylor and Harker'?. Test and reference item stock solutions were diluted in 25%
DMSO/H20 or ACN, respectively (see Preparation of test solutions section) to give a
working solution of 50-fold higher strength than the intended final test concentration. The
plasma was prewarmed for 30 min at 37°C. The incubation solutions were prepared by adding
1.5 nuL of the 50-fold concentrated working solution to 73.5 pL of plasma and vortexed for 2
min, resulting in a final incubation concentration of 10 uM for the test items (0.5% DMSO final
solvent concentration) and of 10 pM for the reference item warfarin in the presence of 1% ACN.
The assay was performed with plasma from CD-1 mice (Materials section). Plasma samples
(with test or reference item) as well as the control plasma samples (without test or reference

item) were incubated at 37°C for 60 min 1n the dark.

After incubation, the plasma samples (with test or reference item) were added to sample
reservoirs of Microcon® centrifugal filter units (Ultracel-YM30, MWCO 30000 Da; Millipore,
USA) For each unit loaded with plasma sample, a partner ultrafiltration unit was loaded with
control plasma. All ultrafiltration units were centrifuged (6,500 x g for 12 minutes, room
temperature). The sample reservoirs containing plasma retentate were then inverted and placed
on the filtrate collection tubes of the partner ultrafiltration unit. The ultrafiltration units were
centrifuged a second time (700 x g for 20 seconds), such that the retentate was mixed with the
filtrate of the partner sample. As a result, two reconstituted plasma samples were produced, one
representing drug in the filtrate and one representing drug in the retentate. The reconstituted

samples were processed for sample preparation as described below.
13
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In parallel, stability control plasma samples (with test or reference item) were prepared and
incubated for 0 or 60 min, respectively. After incubation, stability control plasma samples were
processed for sample preparation as described below to determine the post-incubation test item

concentration.

All experimental incubations containing the test items were run in duplicate (n = 2). Warfarin

was used as high-binding positive control (n = 3).

Plasma Stability and Chemical Stability

The test item stock solution was diluted in 25% DMSO/H:20 to prepare a working solution of
50-fold higher strength than the intended incubation concentration and kept protected from
light. The incubation solutions were prepared by adding 3 pL of this 50-fold concentrated
working solution to 147 puL of pre-incubated assay matrix (i.e. PBS (pH 7.4) or plasma pre-
warmed to 37°C for chemical stability and plasma stability assays, respectively) resulting in an
incubation concentration of 10 pM. Sampling time points were (0, 30, 60, 120, and 240 minutes)
for plasma stability assay and (0 and 240 minutes) for chemical stability assay. Per time point,
two replicates were conducted. The final solvent concentration was 0.5% DMSO for the test
items. The plasma stability and chemical stability assays were performed using plasma from

CD-1 mice and PBS buffer (pH 7.4), respectively.

Propantheline, a hydroxyethyl-diisopropylmethyl-ammonium xanthene-9-carboxylate, is
cleared from plasma rapidly by the release of the hydroxyl-ethyl-diisopropylmethylammonium
moiety catalyzed by esterases and was included as positive control (n = 2) in the experiment.

These results were used as marker for comparison of test item reactivity in plasma.

For the positive control propantheline, samples were removed after 0 and 120 minutes of
incubation with mouse plasma. Samples were stopped by addition of ACN containing ISTDs

and processed.

Omeprazole is chemically unstable and easily degradable in buffer, so it was included as
positive control (n = 2) in the experiment. Samples were removed after 0 and 240 minutes of
incubation of omeprazole samples with PBS buffer. The reaction was stopped by addition of

ACN containing ISTDs and processed as described in Sample preparation section.

Hepatocyte stability
Working solutions of the test and reference items were diluted from the stock solutions in the

appropriate solvent (Table S3) to reach working solutions of a 200-fold higher strength than

14
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the intended final concentrations. In a second step, working solutions were further diluted in
incubation medium to reach 10-fold concentrated starting solutions. The final test
concentrations were 5 uM with a solvent content of 0.5% DMSO or 1% ACN in all test item
and reference item incubations, respectively. 7.44 compound was dissolved 20 mM in DMSO
and 25% DMSO/H:0. Primary hepatocytes from CD-1 mice (pooled, male) were thawed
according to the instructions of the manufacturer. The incubation samples were composed of
0.2 x 10° cells/well in 225 pL incubation medium and 25 pL test item solution (50 uM in
incubation medium), resulting in a final start concentration of 5 uM. Samples were taken from
the suspension cultures after 0, 15, 30, 60, and 120 minutes of incubation and processed for LC-

MS analysis as described in Sample preparation section.

Positive control incubations were performed using 7-ethoxycoumarin as substrate. Metabolic
turnover rates were measured at 0 and 120 minutes of incubation. Aliquotes were taken from
the incubations for sample preparation and analysis. Hepatocyte enzyme activity was assessed

in terms of 7-ethoxycoumarin turnover, i.e., loss of 7-ethoxycoumarin.

Negative controls were performed to observe non-metabolic degradation processes; 1.e. test
item concentrations remaining stable over the investigated time suggests that a decrease of the
parent compound is mainly due to metabolism. Negative control incubations were performed
in line with all experiments using incubation medium with test and reference item in the absence
of hepatocytes. Samples were taken from the incubations at 0 and 120 minutes and processed

as described below (in Sample preparation section).

CYP inhibition using HTS™ Kits

Assays were performed in black 96-well plates according to the manufacturer’s instructions
(BD Gentest/Corning, P450 High Throughput Inhibitor Screening Kits). The final
concentrations of the reagents required for the individual CYP isozymes are given in Table S4.

Shortcuts given in the table are shown below.

For determination of reference item 1Cso values, twelve wells in one row including solvent
control (100% enzyme activity, no inhibition) and negative controls (NC, blank values) were
used for inhibition curve for each reference item. All reactions were performed in duplicates.
The source of NADPH in these enzyme assays was a NADPH-regenerating system: glucose-6-

phosphate-dehydrogenase converts NADP™ to NADPH in the presence of glucose-6-phosphate.

Cofactor mix, containing the NADP -regenerating system, was prepared according to the

manual and was filled in the plate to well 1 for determination of ICso values of reference items
15
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or to each test item well. Cofactor/solvent mix was prepared according to the manual and was

filled in the plate from well 2 to well 12 of the reference items, and in solvent control as well

as in NC wells for test items. The working solutions of the test items were added to each test

well.

For reference items, working solutions were diluted 50-fold in the first well of a row for
CYPIA2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4, 100-fold for CYP2C8 or 200-fold for
CYP2B6, followed by a serial 1:3 dilution from well 1 to 8. Wells 9 and 10 did not contain

inhibitor (solvent control, 100% enzyme activity, no inhibition). For the test items, the cofactor

mix-containing working solutions were diluted 1:10 (v/v) in the respective wells. All wells

contained final organic solvent concentrations as given in Test concentration selection

section.

Table S4. Final concentrations in P450 inhibition screening according to the manufacturer!®!

[soenzyme CYP1A2 CYP2B6 | CYP2C8 | CYP2C9
Substrate CEC, EFC DBF MFC
Substrate concentration 5uM 2.5 uM I uM 75 uM
Metabolite formed CHC HFC F HFC
NADP+ 1.3 mM 1.3 mM 1.3 mM 1.3 mM
Glucose-6-phosphate 3.3 mM 33mM | 33mM | 33 mM
MgCl2 x 6H20 3.3 mM 33mM | 33mM | 33 mM
Glucose-6-phosphate- 0.4 U/mL 0.4 U/ml | 0.4 U/ml | 0.4 U/ml
dehydrogenase
Phosphate buffer, pH 7.4 100 mM 100 mM 50 mM 25 mM
5 20 5
Enzyme 2.5 pmol/ml pmol/ml | pmol/ml | pmol/ml
Reference inhibitor, FF TCP QCT SFZ
highest concentration 100 uM 5uM 20 uM 10 uM
[soenzyme CYP2C19 CYP2D6 CYP3A4
Substrate CEC AMMC BFC
Substrate concentration 25 uM 1.5 uM 50 uM
Metabolite formed CHC AHMC HFC
NADP+ 1.3 mM 8.2 uM 1.3 mM
Glucose-6-phosphate 33mM 0.41 mM 33mM
MgCl12 x 6H20 3.3 mM 0.41 mM 3.3 mM
Glucose-6-phosphate- 0.4 U/ml 0.4 U/ml 0.4 U/ml
dehydrogenase
Phosphate buffer, pH 7.4 50 mM 100 mM 200 mM
Enzyme 2.5 pmol/ml 7.5 pmol/ml 5 pmol/ml
Reference inhibitor, TCP QND KTZ
highest concentration 100 p M 0.5 uM 5 uM
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BIAHMC = 3-[2-(N,N-diethylamino)ethyl]-7-hydroxy-4-methylcoumarin AMMC = 3-[2-(N,N-
diethyl-N-methylamino)ethyl]-7-methoxy-4-methylcoumarin, BFC = 7-benzyloxy-
trifluoromethyl coumarin, C = coumarin, CEC = 3-cyano-7-ethoxycoumarin CHC = 3-cyano-
7-hydroxycoumarin, DBF = dibenzylfuorescein, DDTC = diethyldithiocarbamic acid, EFC =
7-ethoxy-4-trifluoromethylcoumarin, F = fluorescein, FF = furafyllin, HC= 7-
hydroxycoumarin, HFC = 7-hydroxytrifluoromethyl coumarin, KTZ = ketoconazole, MFC =
7-methoxy-4-trifluoromethyl coumarin, QCT = quercetin, QND = quinidine, SFZ =

sulfaphenazole, TCP = tranylcypromine.

After 10 minutes of pre-incubation at 37°C, the reactions were started by addition of pre-
warmed enzyme/substrate mix. Incubations with a final volume of 200 ul per well were
performed for 15 minutes (CYP1A2), 30 minutes (CYP2B6, CYP2C19, CYP2D6, CYP3A4 —
BFC substrate), 40 minutes (CYP2CS) or 45 minutes (CYP2C9) at 37°C. The reaction was

stopped as described below (in Sample preparation).

Test item was tested for auto-fluorescence, which might interfere with the measurement of the
fluorescent metabolite. For this purpose, a solution, replacing cofactor-mix and
enzyme/substrate-mix was prepared by mixing appropriate volumes of assay buffer, control
protein, and water (auto-fluorescence control mix, AFC). An aliquot of AFC mix was removed
and spiked with the respective solvent at the concentration suitable for the individual

isoenzyme. 90 pl of the AFC/solvent mix was filled in the plate for all test item wells.

10 pl of the test item working solutions, concentrated as described in Test concentration
selection section, were added to each AFC well in duplicate for each test concentration (1 pM
and 10 uM). The plate was incubated for 10 min at 37°C, imitating the pre-incubation step of
test item in cofactor mix. At the end of the pre-incubation, 100 pl of AFC mix was added to
each well. Incubations with a final volume of 200 pul per well were performed as described

above.

The fluorescence was measured using a Wallac Victor fluorescence plate reader, and the

wavelengths for excitation and emission were shown in Table S8.

Sample preparation
As ISTDs for LC-MS analysis, compounds were chosen from the Pharmacelsus pool known to
be suitable for ACN precipitation. Injection volumes of all measurements are listed in Table

SS.
17
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Kinetic solubility in PBS

The sample solution preparation was performed by mixing the 0.5-fold volume of ACN
containing the internal standards (1 uM Diazepam, | pM Griseofulvin, and 10 uM Diclofenac)
with the sample (i.e., filtrate) or calibration standard solution. After vigorously shaking (10
seconds), the samples were centrifuged (2200 x g) for 5 minutes at room temperature. Aliquots
(70 pL) of the particle-free supernatants were transferred to 200 pl sample vials and

subsequently subjected to LC-MS/MS.

PPB

The sample and standard preparation for the PPB assay were performed by mixing 150 ul of
ACN containing the internal standards (I pM Diazepam, 1 pM Griseofulvin, and 10 uM
Diclofenac) with 75 ul sample or calibration standard solutions. After vigorously shaking (10
seconds), the samples were centrifuged (6,800 x g) for 5 minutes at room temperature. Particle-
free supernatants were diluted with an equal volume of H20 to reduce the organic solvent

content of the samples to 33% and subsequently subjected to LC-MS analysis.

Plasma Stability and Chemical Stability

[solation of the compounds was performed by addition of 300 ul ACN containing the internal
standards (1 uM Diazepam, 1 uM Griseofulvin, and 10 uM Diclofenac) to 150 pl samples and
calibration standard solutions. After shaking (10 seconds) and sonification (10 seconds), the
samples were centrifuged (2200 x g) at room temperature for 10 min. Aliquots (80 pl) of the
particle-free supernatants were diluted with an equal volume of PBS buffer to reduce the
organic solvent content to 33%. The resulting samples were transferred to a 96-well plate and

subsequently subjected to LC-MS/MS.

Hepatocyte stability

Metabolic stability samples from hepatocyte incubations were stopped by addition of 200 ul
ACN containing the internal standards (1 uM Diazepam, 1 uM Griseofulvin, and 10 uM
Diclofenac) to 200 pL sample or calibration standards. Samples were shaken vigorously (10
seconds) then centrifuged (4800 x g, room temperature, 5 minutes). Aliquots of the particle-
free supernatants (100 pL) were diluted with an equal volume of H20 to reduce the organic
solvent content of the samples to 25%. The resulting sample was transferred to autosampler

vials and subsequently subjected to LC-MS analysis.
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CYP inhibition using HTS™ Kits
For CYP2CS, the reaction was stopped by addition of 75 ul 2N NaOH. Before analysis, samples

were further incubated at 37°C for 2 h to increase the signal-to-noise ratio.

The reactions of all other CYP isoforms were stopped by the addition of 75 pl/well stop solution
containing 60% ACN and 40% 0.1 M Tris, pH 9.0. To wells 11 and 12, the stop solution was
added prior to the addition of enzyme/substrate mix to serve as blanks for background

fluorescence.

Table S5. Injection volumes.

Analyte ‘ Injection volume (ul)
Solubility
7.44 compound ‘ 20
PPB
7.44 compound ‘ 10
Plasma stability
7.44 compound 9
Propantheline 3
Chemical stability
7.44 compound 15
Omeprazole 15
Hepatocyte stability
7.44 compound 15

Key instruments

Liquid chromatography — mass spectrometry (LC-MS)

For quantitative analysis of test and reference items, LC-MS systems as described in
Description of key quantitative analytical equipment section were used. The pump flow rate
was set to 600 uL/min and the analytes were separated on a Kinetex Phenyl-Hexyl analytical
column, 2.6 pm, 50 x 2.1 mm (Phenomenex, Germany) with a corresponding pre-column using

the gradients as presented in Table S6.

For solubility, PPB, and plasma stability measurements applying the triple quadrupole
technology, full scan mass spectra were acquired in the positive mode using syringe pump
infusion to identify the protonated quasimolecular ions [M+H]". Auto-tuning was carried out
for maximizing ion abundance followed by the identification of characteristic fragment ions
using a generic parameter set: ESI ion-transfer-capillary temperature 350°C, capillary voltage

3.8kV, collision gas 0.8 mbar argon, sheath gas, ion sweep gas, and auxiliary gas pressure were
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40, 2, and 10 (arbitrary units). Ions with the highest S/N ratio were used to quantify the item in

the selected reaction monitoring mode (SRM) and as qualifier, respectively.

For chemical and hepatocytes stability measurements applying the Q-TOF technology, a
generic tune MS method was used and the system was calibrated every five samples. The MS
was operated in the positive full scan polarity mode (TOF start mass 250 Da; TOF stop mass
700 Da). The accurate mass of the monitoring ions + 2 mDa was used for test item and internal
standard peak integration. Full MS-TOF was applied with the m/Z ranges and mass resolutions
of the Q-TOF set to “’high’’. Further analyzer settings were as follows: curtain gas 35, ion
source gasl 50, ion source gas2 50, temperature 450°C, accumulation time 0.25 s, declustering

potential 80.

Table S6. HPLC gradients (LC-MS/MS analysis)

7.44 compound Solubility / PPB / Plasma Stability
[min] 0.00 0.10 0.40 1.70 1.80 2.50
Mobile A (%)l 0 0 97 97 0 0
phase B (%) 100 100 3 3 100 100
Propantheline Plasma Stability
[min] 0.00 0.10 0.40 1.70 1.80 2.50
Mobile | A (%) 5 5 97 97 5 5
phase B (%) 95 95 3 3 95 95
7.44 compound / Chemical Stability & Hepatocyte Stability
Omeprazole
[min] 0.00 0.10 0.40 2.70 2.80 5.50
Mobile A (%) 5 5 97 97 5 5
phase B (%) 95 95 3 3 95 95

T A: ACN/0.1% (v:v) FA.
1 B: H20 / 0.1% (v:v)FA.

Table S7 gives an overview of the MS and chromatography parameters used for the analytes

and the internal standard (ISTD).

Table S7. MS and chromatographic parameters (LC-MS/MS)

Triple quadrupole, ESI positive
Comnound | Molecular [ [M+H] M““i‘;?l“n Scan | Collision | RT
P weight (m/z) Egm 2) time (s) | energy (V) | (min)
7.44 compound 342.3 343 149 0.010 15 1.13
Griseofulvin
(ISTD) 352.80 353 215 0.010 25 1.26
Warfarin 308.33 309 251 0.100 15 1.31
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Propantheline 448.39 368 181 0.015 35 0.95
Diazepam (ISTD) 284.7 285 193 0.015 20 1.19
LC-HRMS (QTOF)

Molecular [M+H]* . Collision RT

Compound weight (m/z) Scan time (5) energy (V) | (min)

7.44 compound 3423 343.085 0.557 10 2.10

Omeprazole 3454 346.122 1.85
Diclofenac 0.557 10

(ISTD) 296.1 296.0239 2.09

Fluorescence plate reader - Wallac Victor (Perkin Elmer)

The fluorescent metabolites were detected using a Wallac Victor® fluorescence plate reader. The
wavelengths for excitation and emission of the individual fluorescent metabolites depending on
the substrates are given in Table S8. The final concentrations of the reagents required for the

individual CYP isozymes are given. Shortcuts given in the tables are shown below.

Table S8. Excitation and emission wavelengths in P450 screening!®!

Isoenzyme CYPI1A2 CYP2B6 CYP2C8 CYP2C9
Metabolite CHC HFC F HFC
Excitation 405 nm 405 nm 485 405 nm
Emission 460 nm 535 nm 545 535 nm
[soenzyme CYP2C19 CYP2D6 CYP3A4

Metabolite CHC AHMC HFC

Excitation 405 nm 380 nm 405 nm

Emission 460 nm 460 nm 535 nm

LIAHMC= 3-[2-(N,N-diethylamino)ethyl]-7-hydroxy-4-methylcoumarin, CHC = 3-cyano-7-

hydroxycoumarin, F = fluorescein, HFC = 7-hydroxytrifluoromethyl coumarin

Data analysis

Solubility in aqueous buffer

The aqueous solubility (uM) of the compound was calculated using the following equation:

Compound solubility [uM]=concentration in buffer supernatant [uM] S14

PPB
The test item concentration in the 60 minutes stability control sample was compared to the non-

incubated negative control sample concentration (= 100%) to proove test item plasma stability.
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The percentage of compound bound to plasma proteins (% PPB) was calculated using the

following equations:

(B) PPB referring to plasma filtrate:

(test item concentrationplasma filtrate /RV)

PPB [%]= 100 - *100 S15

mean test item concentrationincubated plasma

Results are expressed as mean PPB value calculated from plasma filtrate. In addition, the

concentration of test item was corrected for the specific test item recovery (RV):

(concentration pjasma filirate [NM]+ concentration plasma retentate[DM]

RV=

S16

mean concentration jneybated plasma [NM]

Plasma stability and Chemical stability
The amount of test item in the plasma stability samples and buffer (chemical stability) were
expressed as percentage of remaining compound compared to time point zero (=100%). The

depletion of test item was presented.

Half-life (ti2) estimates for the test item were determined using the rate of parent disappearance

and following equation:

tlﬂ: % S].’:'ll

t12 = half life [min]
k = slope from the linear regression of log [test compound] versus time plot

[1/min]

Hepatocyte stability

The amount of compound in the samples was expressed as percentage of remaining compound
compared to time point zero (=100%). These percentages were plotted against the
corresponding time points. /n vitro intrinsic clearance (CLint) and half-life (ti2) estimates were
determined using the rate of precursor disappearance and following equation, based on the well-

stirred liver model:
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t].-"2: I S18

ti2 = half life [min]
k = slope from the linear regression of log [test compound] versus time plot

[1/min]

CL jp=(-k) * V * £, S19
CLint = in vitro intrinsic clearance [ul/min/10° cells]

k = slope from the linear regression of log [test compound] versus time plot
[1/min]

V = ratio of incubation volume and cell number

fu = unbound fraction in the blood
As fu is not known for the tested compound, the calculation was performed with f, =1.

CLint was used to calculate in vivo intrinsic clearance (CLint in vivo) based on S21. Scaling

parameters are given in Table S9.
CL ;¢ in vivo = CL;jp * Wiiyer *cd S20

CLint in vivo = in vivo intrinsic clearance [ml/min/kg]
CLint = in vitro intrinsic clearance [ml/min/10° cells]
wiiver = liver weight [g/kg]

cd = liver cell density [10° hepatocytes / g liver]

Hepatic clearance (CLhep) was calculated as follows:

CLjy in vive*Q

ClLiep= CLjyy in vivo+Q S21
CLhep= hepatic clearance [ml/min/kg]
CLint in vivo = in vivo intrinsic clearance [ml/min/kg]
Q =blood flow [ml/min/kg]
Table S9. Scaling parameters for inter-species comparison
Liver weight/ Liver blood L;Zflzicell
Species body weight flow 6 ty
[e/ke] [ml/min/ke] [10° hepatocytes
BkE g / g liver]
Mouse (CD-1) 87.5 90 135
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CYP inhibition using HTS™ Kits
Mean blank values (NC) were subtracted from the sample values to obtain the net fluorescence
signals. For each inhibitor concentration, the percent inhibition was calculated relative to the

wells without inhibitor (PC, no inhibition).

The resulting fluorescence signals of those compounds, for which auto-fluorescence has been
detected, were corrected as follows. The mean values of the resulting auto-fluorescent signals
of each test concentration (mean of three wells) were subtracted from the corresponding assay

wells. The resulting corrected fluorescent signal was corrected by the blank value (NC).
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Permeability estimation from molecular dynamics simulations

System setup

To compute the permeability of 7.44, a total of nine molecules with previously experimentally
determined PAMPA measurements were selected as control compounds: progesterone,
chlorpromazine, promazine, atropine, diazepam, theophylline, pralidoxime (2-PAM), asoxime
(HI-6), and methoxime (MMBA4). This set of molecules has been previously used to estimate
permeabilities from MD simulations and free energy computations [13]. In all cases, atom types
and their corresponding parameters were obtained from the AMBER GAFF2 force field [14],
using antechamber. The restrained electrostatic potential (RESP) method was used to assign the
charges from HF/6-31G calculations performed in Gaussian 09 [15]. Each simulation system
was packed using PACKMOL-Memgen [16] to obtain a bilayer of 75x75 AZ, resulting in ~165
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) molecules, 6585 TIP3P water molecules
[17], and one ligand, in total ~43000 atoms. K* ions were added to neutralize the system when

negatively charged compounds were simulated.

Molecular dynamics simulations

All MD simulations were performed using AMBER20 [14]. The minimization of the systems
was performed using the MPI implementation of PMEMD [18]. 5000 cycles of steepest descent
were followed in the first step of minimization by conjugate gradient minimization for a total
of 10000 cycles. Only water molecules (and ions, if included) were minimized initially, using
harmonic restraints of 25 kcal mol™! A on the rest of the system. In the second minimization
step, the harmonic restraints were decreased to 5 kcal mol' A, while in the third and fourth
steps of minimization, the restraints were applied only on the ligand. The fifth minimization
step was performed without restraints. The minimized systems were then heated from 0 to
100 K for 5 ps in the NVT ensemble. The temperature was controlled using Langevin dynamics
with a coupling constant of 1 ps', SHAKE, and a time step of 2 fs in all cases [19]. Further
heating to 300 K was performed under NPT conditions, using the Berendsen barostat with
semiisotropic pressure scaling along the membrane plane for 115 ps. The simulations were

further relaxed under the same conditions until 5 ns were obtained.

To calculate the permeabilities of the selected compounds, simulations were setup as previously
demonstrated with the AMBER suite [14, 20]. In brief, simulations were carried out for each
molecule, pulling for 32 ns at 300 K with a force constant of 1.1 kcal mol”' A and a pulling
speed of 1 A ns™! along the membrane normal (z-axis). A total of 33 umbrella windows were

extracted, covering 0 to 32 A with respect to the membrane center along the z-axis. In umbrella
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sampling simulations, each extracted structure was simulated for 100 ns, maintaining as a
reaction coordinate the distance to the membrane center along the z-axis in the umbrella
window with a force constant of 2.5 kcal mol' A. The initial 50 ns of each simulation were
considered as equilibration time, with the last 50 ns of each simulation being used for further

analysis.

Permeation potential of mean force and permeability calculations

From the distance distributions obtained from the umbrella sampling simulations, PMF profiles
were calculated using the weighted histogram analysis method (WHAM) [21], assigning the
value of the probed molecule in bulk water to zero (Figure 8A). To calculate the membrane
permeability (P, eq. S24), the diffusion along the membrane normal (z-axis) (D(z), eq. S22),
was calculated for each window as described by Hummer [22], implemented by Lee, Comer

[23], and adapted by Dickson [20]:
_ _ var(z)
D(z = (2) = - (S22)

where 7 corresponds to the characteristic time of the z-position autocorrelation in the given
window. The diffusion D(z) together with the free energy profile (AG(z)) were used to obtain
the resistivity (R) along the z-axis (eq. S23) and integrated to obtain the effective permeability
Perr [23] (eq. S24):

eB(G(2)

R(z) = 5@

(S23)

1 1

iy (524)

Peyr =
where [ is the inverse of the Boltzmann constant times the absolute temperature, and the range
0 to z covers the width of the whole membrane [13, 24]. Errors of the calculated permeabilities
were estimated by performing the calculations in ten slices of 5 ns from the total 50 ns used for

the analysis.

From the computed permeability data of our simulations and the experimentally determined
PAMPA data of the reference molecules by Bennion et al. [13] (log Petvpmr Po! and
log Perrpampa Po”!, respectively, Table S10), a linear regression was computed (Figure 8B). The
calculated permeability rates (log Pesvemr Po™!) of 7.44 in a protonated and deprotonated state
were used to predict the experimental values (log Perpampa Po') from the linear regression

(Table S11).
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Table S10. Permeability data of reference compounds

Compound log Pestpmr P! 121 log Perpampa Po! IV
progesterone 0.70+£0.28 -4.94

theophylline 0.12+0.50 -5.91

pralidoxime (P2-PAM) -9.71+£ 0.74 -7.52

atropine -0.754+0.94 -5.26
chlorpromazine 1.58+0.18 -5.26

diazepam 1.10+£0.16 -5.40

asoxime (HI-6) -14.43+0.91 -11.16

methoxime (MMB4) -10.67+0.87 -9.25

promazine 1.46+0.17 -4.88

(2] Pesepmr, effective permeability in cm sec™! calculated from free energy calculations (eq. S24).
Po, unit factor corresponding to 1 cm sec™. Errors correspond to the standard deviation obtained
from calculating the permeability when dividing 50 ns into ten independent 5 ns simulation
slices.

] pesrpampa, effective permeability in cm sec™ obtained from PAMPA assays Bennion, Be [13].

Po, unit factor corresponding to 1 cm sec™.

Table S11. Permeability data of 7.44.

Compound log Perpmr Po' 1 log Perpampa Po' P! Perr [em sec™)
P7.441l 0.89+0.34 -5.07+0.10 8.51x10°
D7.444! -1.90+0.87 -5.82+0.24 1.51x 10

(o] Pegypmr, effective permeability in cm sec™! calculated from free energy calculations (eq. S24).
Po, normalization factor corresponding to 1 cmsec’. Errors correspond to the standard
deviation obtained from calculating the permeability from dividing 50 ns into ten independent
5 ns simulation slices.

b Pegppampa, effective permeability in cm sec”! calculated from the linear regression obtained
from compounds in Table S10. Po, normalization factor corresponding to 1 cm sec™.
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(] P7.44: 7.44 in the protonated (neutral) state;

(91 D7.44: 7.44 in the deprotonated (negatively charged) state.
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Supplemental Figures
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Figure S1. SDS-PAGE of the NHR2 and M5 mutant purification. The fractions from the elution step of the IMAC were
analyzed using a 15% polyacrylamide gel. A) The purification of NHR2 from SUMO fusion protein. Lane numbers from left:
1- SUMO-NHR2 fusion protein from IMAC, 2- SUMO cleavage reaction, 3- NHR2 from a flowthrough from reverse IMAC,
4- SUMO elution from reverse IMAC, 5- PageRuler™ Marker, 6 to 9- SEC elution (8.5 kDa). B) Purification of 6His-NHR2.
The protein bands correspond to the molecular weight of the NHR2 monomer (11.3 kDa). ST: 5 pl protein standard
(PageRuler™ Prestained Protein Ladder; Thermo Scientific), P: fractions from the purification. C) The purification of M5
mutant from SUMO fusion protein. Lane numbers from left: 1-PageRuler™ Marker, 2- SUMO-MS5 fusion protein from IMAC,

3- SEC elution (8.1 kDa).

Intens.
xi # RT [min] Area SIN Area Frac. % Max. m/z
1 16.0 156872128 43.2 465 359.12
34 2 16.2 3076743424 5949 91.11 343.08
3 16.6 143378976 336 425 355.09
2.
1.
0 = ; . ; . ; . ; ; ; ; .
0 2 4 6 8 10 12 14 Time [min]
Intens. | +MS, 16.1-16.5min #3341-3434|
x108]
< 1+
] 343.08
1.0
057
T Lo . | : : :
200 400 600 800 1000 miz

Figure 82. LC-MS analysis of 7.44. Ethanol-dissolved 7.44 (1 mg/mL) was used for LC-MS (amaZon speed ETD - lon Trap,
Bruker) analyses. The ionizations were generated by ESI. The upper panel is the chromatographic separation of 7.44 performed
on a CI8 reversed-phase analytical column. The most abundant compound 7.44 (peak 2) and lower amounts of other
compounds (peak 1 and 3) were detected, and the respective masses are given as an insert. The lower panel is the MS data of
7.44 eluted from peak 2. The analyses of samples were carried out after three transitions for the sample. The first transition was
for quantification and the second and third for verification.
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Figure S3. Graph of the size distribution by number of NHR2 obtained from dynamic light scattering (DLS)
measurements. DLS experiments were performed at 298 K with a Zetasizer Nano S (Malvern Panalytical) light scattering
instrument. The measurements were carried out with 53 uM and 25 pM of NHR2 protein in 20 mM sodium phosphate, 50 mM
sodium chloride, 0.5 mM tris(2-carboxyethyl)phosphine, 10% (v/v) DMSO, pH 6.5. The plot of the size distribution versus the
number shows a homogeneous distribution of the NHR2 sample with the average hydrodynamic radius of 6.939 nm.
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Figure S4. Analysis of NHR2 oligomerization by analytical ultracentrifugation. Sedimentation velocity concentration
profiles of 13 pM of NHR2, 88 uM of M5 mutant, and 88 uM fusion protein of SUMO M5 mutant were obtained with a
Beckman Coulter XL-T instrument in aluminum-filled double sector cells at 20°C and 50,000 RPM in 20 mM sodium
phosphate, 50 mM sodium chloride, 0.5 mM tris(2-carboxyethyl)phosphine, pH 6.5. Samples were measured at 280 nm. The
sedimentation profiles were fit to finite element solutions of the Lamm equation using a model of a continuous distribution of
discrete, noninteracting species with the program SEDFIT [25]. The measured sedimentation coefficient (S) values were 3.07,
2.28, 3.89 for NHR2, M5 mutant, and SUMO-MS5 fusion protein, respectively. The measured molecular weights were 37.3
kDa, 28.0 kDa, and 43.4 kDa, and the theoretically calculated molecular weights are 34.2 kDa (tetramer), 17.1 kDa (dimer),
and 43.9 kDa (dimer) for NHR2, M5 mutant, and SUMO-MS5 fusion protein, respectively. The measured molecular weight of
the M5 mutant is higher than the calculated molecular weight. Hence, to clarify the size of the dimer, the SUMO-MS5 fusion
protein was measured, and the expected molecular weight of the dimer was obtained. The molecular weight and sedimentation
coefficient of the predominant species were determined using a continuous distribution model (c(s)) [26]. A weight percent
contribution of 94% of the majority species (tetramer) was obtained for 35 uM of NHR2 by integration of a continuous
sedimentation coefficient distribution function. Then, the same 35 pM concentration of NHR2 was used for the SEC study (see
main text about SEC and Figure 2A).
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Figure S5. NHR2 interaction with E proteins (HEB (176-200)) by isothermal titration calorimetry (ITC). Titration of
600 uM HEB (176-200) peptide into a 53 pM NHR2 solution and resulting heat change are shown in the upper panel. The
integrated data were fitted to a one-site binding model (lower panel) to yield Kp =30 £ 4 pM and AH = —15 = 6 kcal mol'.
ITC measurements were performed at 25°C using a MicroCal ITC200 (Malvern Instruments Ltd., United Kingdom)
calorimeter. Buffer conditions were 50 mM sodium phosphate, 50 mM sodium chloride pH 8. Data were fitted using Origin
Software package (OriginLab, Northampton, MA) provided by Malvern company.
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Figure 86. CD spectrum of NHR2 apo and in complex with 7.44. CD spectra were measured at 25 °C for the sample of 12.5
uM NHR2 for the apo state (black) and in complex with 200 uM of 7.44 (red). The samples were diluted in 10 mM sodium
phosphate, 10 mM sodium chloride, 0.5 mM tris(2-carboxyethyl)phosphine, <1% (v/v) DMSO pH 6.5. Due to the scattering
(high voltage in CD) of DMSO in the complex sample, the spectrum was measured from 213 nm to 250 nm, whereas the apo
protein was measured from 190-250 nm.
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Figure S7. Differential scanning fluorimetry. dF/dT was calculated for nine samples containing a constant concentration of
NHR2 and a varying concentration (provided in the legend) of 7.44.
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Figure S8. Measurement of the hydrodynamic radius of fluorescently labeled NHR2 by using microfluidic diffusional
sizing method. Hydrodynamic radius was measured for 100 nM concentration of Alexa 488 dye-labeled NHR2 sample in
50 mM sodium phosphate, 50 mM sodium chloride pH 8, with microfluidic diffusional sizing using the Fluidity One-W
instrument (Fluidic Analytics Ltd) at 25 °C. Fluorescence emission intensity at ~520 nm of labeled NHR2 after injection into
a microfluidic laminar flow chamber and separation into two detection channels corresponding to diffused (black) and
undiffused fluorophores (red). The measured hydrodynamic radius was 2.22 nm, which corresponds to the molecular weight
of 16.72 kDa (NHR2-dimer) calculated by the software supplied with the machine [27]. Experiments were performed as
triplicates.
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Figure S9. MST traces of 7.44 binding to NHR2. 100 nM of labeled NHR2 was mixed with 7.44 to concentrations ranging
from 122 nM to 4 mM to the final volume of 50 pl (serial 1:1 dilution) in 20 mM sodium phosphate, 50 mM sodium chloride,
pH 8.0, 10% (v/v) DMSO. The samples were incubated overnight in the dark prior to the experiment. Thermophoresis was
measured using a Monolith NT.115 instrument, using an excitation power of 50% for 30 s and MST power of 40% at an
ambient temperature of 24 °C. Microscale thermophoresis results were analyzed by MO affinity analysis software
(NanoTemper Technologies GmbH).
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Figure S10. MST studies of 7.44 binding to NHR2. Titration of 7.44 to a constant concentration of dye-labeled NHR2 induces
a change in thermophoresis. Data were fitted to a 1:2 binding model, assuming a 2-fold symmetry in the NHR2 dimer using
the PALMIST software [28, 29]. The fitting results in Kiig = 2 pM, 68.3% CI [0, 6] uM. The broad confidence interval is a
result of too few data points to clearly resolve a second binding step due to the insolubility of 7.44 at higher concentrations.
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Figure S11. Simulated species distributions of the NHR2 / 7.44 equilibrium (eq. 4 in the main text). The distributions for
NHR2 tetramer and dimer as well as singly and doubly 7.44-bound dimer were obtained from the determined Kier and Kiig using
HySS2009 [30]. In the absence of 7.44, > 99% of NHR2 is in a dimer configuration under the experimental conditions of the
MST experiments. Increasing the 7.44 concentration reduces the amount of free NHR2, including the NHR2 tetramer. For
calculating Ki; according to eqs. S11 and S12, it was assumed that the majority of the MST signal change is attributable to the
dimer, yielding that, at ECs0 = 2.5 uM of 7.44 (eq. 3 in the main text), the amount of free NHR2 dimer in the absence of 7.44
is reduced by half. This is retrieved back from the simulation.
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Figure $12. 2D 'H-"*N TROSY-HSQC spectrum of 47 p M of uniformly 2H, '*N, *C-labeled NHR2. The amino acid
sequence of NHR2 is depicted at the top of the spectrum. The spectrum was recorded at 60 °C on a 750 MHz spectrometer for
about 19 hours. The assignments were done by 3D NMR experiments with 325 pM of 2H, *C, “"N-NHR2 in 20 mM sodium
phosphate, 50 mM sodium chloride, 0.5 mM tris(2-carboxyethyl)phosphine, 10% (v/v) D20, pH 6.5 in a Shigemi tube and at
308 K. 32% of the amide signals were unambiguously assigned and labeled in the spectrum. The assignments were hindered
by missing signals in the 3D spectra, which is due to the coiled-coil nature of the protein.
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Figure S13. Structural variability of the NHR2 tetramer in the molecular dynamics simulations. The C,-RMSD of the
NHR2 tetramer during the simulations with respect to the crystal structure is shown (PDB ID: 1wq6). Occasional higher RMSD
values up to 5 A correspond to motions of the dynamic termini, while the core structure of the tetramer remains stable.
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