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CHAPTER 1

Introduction

Abstract

This chapter provides an introduction to the fundamental concepts of induced
protein proximity, a common regulatory mechanism in biology. In fact, many
biochemical processes are physiologically regulated by the selective and spatio-
temporal controlled interaction between previously dispersed proteins, a concept
also known as protein-protein interactions (PPIs). To understand the role of
proximity, chemical inducers of proximity (CIPs) were developed. This technology
platform has enabled researchers to successfully elucidate many biological
dilemmas, finding applications that stretch as far as cell-based immunotherapies.
Attention will be placed on CIPs that regulate pre-formed native protein complexes.
Particularly, the modulation of the interactions of the 14-3-3 hub protein family will
be discussed, with a major focus on their tractability with small molecules that are
able to stabilize and enhance their activity.



CHAPTER 1

1.1 ASHIFTING PARADIGM IN DRUG DISCOVERY

Over the last 50 years, the most common approach in drug discovery programs
has been based on the “magic bullet” concept, first established by Ehrlich in 1900.%
2 Most traditional drug design strategies rely on identifying a defined target and then
developing a highly selective compound that binds exclusively to that target.
Following this “one target, one drug” paradigm led to the development of hundreds
of small molecule and biologic drugs.® Despite many success stories, this approach
presents an inherent limitation: biological systems and diseases are considerably
more complex than a two-variable equation (i.e. a drug and a target). Indeed, these
drug modalities had allowed researchers to barely scratch the surface of the potential
druggable targets, pointing the spotlight on a relatively small humber of easily
tractable targets, such as G-protein coupled receptors (GPCRs) and protein kinases,
which represent a mere portion of the total estimated human genome.* The
pharmaceutical industry, in fact, has not yet fully capitalized on the proteome
information that became available with the human genome project in 2001.5

However, over the last decade, the classical view of drug action and therapeutic
targets has started to change, shifting from a protein-centric view (single entity)
towards a more holistic, proteome-centric view (network). The conceptual advantage
of this paradigm shift is based on the fact that just as protein networks have helped
researchers better understand both physiological and pathological mechanisms,
they also promise to aid in the identification of novel drug targets.® Indeed,
understanding the molecular basis of a disease (where and how the protein network
fails) is crucial for developing an effective therapeutic strategy. Thinking in network
terms expands the possibilities of drug discovery, as it may help to disentangle the
mechanistic basis underlying complex pathological disorders, thus contributing to
the identification of more easily druggable targets compared to the already
established ones, which are known to be non-tractable through classic approaches.”

The study of protein-protein interactions (PPIs) for therapeutic purposes is still in
its infancy, but holds great potential. The most recent figures reported for the
“druggable genome” estimate 4479 (22%) of 20,300 protein-coding genes to be
drugged or druggable,® whereas the size of the so-called human protein-protein
“interactome” is around 130,000° up to 650,000%° protein complexes. Needless to
say, these figures make PPIs a tremendously attractive target to expand the
druggable genome. PPIs have long been deemed to be undruggable for several
reasons, such as larger contact surfaces areas, which are often shallow and
featureless, lack of distinct recognition motifs, and high structural diversity and
conformational flexibility in the unbound state.1! However, one could argue that the
challenges posed are very much correlated with the way of thinking that has largely
permeated the small molecule drug discovery field, that is targeting the given
enzyme/receptor, which carries the classical ligand binding pocket that specifically
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CHAPTER 1

evolved to accommodate small molecules.’? These concerns are also very often
related to inhibition of a target PPI, as inhibition is surely the predominant mode of
action when it comes to modulation of classical drug targets. Conceptually, it is much
easier to develop inhibitors of PPIs rather than stabilizers. While in stabilization
simple binding to one of both protein partners does not necessarily correlate with a
functional effect, inhibition is less demanding, as it can be accomplished by any
means that effectively prevent the interaction.” However, new molecular targets
require new strategic thinking.

The conceptual approach that will be discussed here is the chemical induction of
PPIs, i.e. using compounds to physically bring two or more proteins in close proximity
to achieve an enhanced or novel biological effect. Inspiration comes from Nature,
which has evolved elegant mechanisms to regulate proximity between
macromolecules to control a myriad of different biological functions. It is important to
remember that despite differences in structure, source, activity and nomenclature,
all the molecules that here will be discussed employ the same unifying strategy,
which is altering the interactome by modulation of protein proximity.13-14

In this regard, in order to provide some clarity, a list of the common terms and
their definition as intended in this chapter, is hereby provided:

e CIP. Chemically induced proximity or chemical inducers of proximity. Indicates
the concept of bringing two (or more) molecular entities physically close together
in order to elicit a biological effect. It is the most general term and applies to all of
the categories below (i.e. CID, dimerizer, molecular glue, bifunctional molecule
and stabilizer).

e CID. Chemically induced dimerization. It is the controlled dimerization (homo- or
hetero-) of two proteins by means of a dimerizer. The term is used
interchangeably with CIP. CID, however, does not refer to oligomerization, as
more than two partners are involved in this case. The acronym is also used to
refer directly to the dimerizer itself (see next definition).

e Dimerizer (chemical inducer of dimerization, CID). The molecular entity (for
example a small molecule or antibody) responsible for inducing protein
dimerization. Commonly also referred to as homo- or hetero-dimerizers,
depending on the whether the molecule is symmetrical (and will therefore
dimerize two identical protein monomers, forming a homodimer) or
nonsymmetrical (will form a heterodimer). Synthetic dimerizers can be endowed
with a linker of appropriate length that joins the two moieties together.

e Molecular glue. A molecule that nucleates a non-native or stabilizes a native
protein-protein interaction. The term was first used by Schreiber!® to describe the
molecular mechanism of immunophilins, which induce the formation of a neo-
complex that does not exist under natural circumstances. In this sense, the
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compounds engage their multiple binding partners in a defined order such that
the first binding event generates a new interface or induces a conformational
change that promotes the binding of the second target. Many molecules
discussed in this thesis such as FK506, cyclosporin, rapamycin and IMiDs fall
under this category. The definition has been later extended to compounds that
instead bind to pre-formed native complexes, thus stabilizing them and therefore
enhancing their function. In this case, the molecule binds with only weak or
undetectable affinity to the individual proteins, and usually have relatively low
affinity for the complex, but still are able to elicit a strong biological effect.
Examples are: brefeldin A, forskolin and fusicoccin A.

e Bifunctional molecule. The term designates a molecular entity that is able to
bind two proteins. It is de facto a synonym of the term dimerizer. Indeed,
bifunctional molecules can be classified in homobifunctional, if they bridge
together the same protein monomers or heterobifunctional, in case proteins differ
from each other. PROTACSs, for example, are defined as heterobifunctional
molecules.

e Stabilizer. A molecular glue that stabilizes and enhances a pre-formed native
complex and, as such, falls within the “extended” definition of molecular glues.

1.2 PROTEIN-PROTEIN INTERACTIONS (PPIs) AND THE CONCEPT OF
PROXIMITY

The advent of the “-omics” era (genomics, transcriptomics, proteomics) has
enabled scientists to collect a great deal of information about the cell’s individual
components such as proteins, DNA, RNA and small molecules.’® However,
systematic classification of all the molecules present in a cell (e.g. identification of
the whole genome and the whole proteome) is not sufficient to fully elucidate the
complex molecular machinery that governs cellular function.?” In fact, a discrete
biological function can with difficulty be attributed to only a single entity.1® Instead,
most biological processes are the result of intricate interactions among multiple cells’
components.181° Within this framework, the protein-protein network, known as the
“interactome”,1¢ play a central role in the regulation and execution of many of the
cell’s functions and, as such, its study represents a crucial aspect of the biochemical
and biomolecular research.

A map of the human interactome can be visualized as a network: nodes (or hubs)
represent proteins and edges correspond to the interactions between a given protein
pair, where protein-protein interactions (PPIs) are defined as “specific physical
contacts between protein pairs that occur by selective molecular docking in a
particular biological context” (Figure 1.1a).2%-21 A complete interactome mapping will
represent a major achievement in biomolecular research, as it will allow to define the

10



CHAPTER 1

role of a protein within its PPl network, in a specific physiological or pathological
context, thus aiding in the discovery of potential viable targets.”

The dynamic nature of the interactome is an important aspect when considering
modulation of the interactome, as not all PPIs occur all the time at the same location
under all conditions. In fact, cellular functions require the precise coordination of a
large number of events to occur, and the identification of temporal and contextual
signals underlying specific PPIs is pivotal for the understanding of such functions.?2

Biology operates in crowded environment. It is estimated that between 5% and
40% of a cell’s total volume is occupied by macromolecules.?® In order to properly
function in such congested landscape, a fine spatio-temporal control of protein
localization is required, so nature has developed several approaches to promote
meaningful interactions between proteins. Most of these methods involve the
induction of protein proximity.14

Figure 1.1 | The human PPI network and the concept of induced protein proximity via dimerization. (a)
Network graph of human interactome. Proteins are shown as yellow nodes (or hubs) and interactions are
shown in red (CCSB-HI1) and blue (LCl). CCSB-HI1 (Center for Cancer Systems Biology Human
Interactome version 1) and LCI (Literature-Curated Interactions) are two different databases. (b) Scheme
representing the general concept of chemically induced dimerization (CID). In the presence of a homo-
(top) or hetero- (bottom) bifunctional ligand, two proteins can be brought together to form a homo- or
heterodimer, respectively. Figure in panel (a) was reprinted from ref.?* with permission from Springer
Nature.

Proximity, or the physical closeness of molecules, is a ubiquitous and essential
mechanism in biology.1® For example, most posttranslational modifications such as
methylation, acetylation, ubiquitination instigate PPIs by recruiting target proteins to
elicit a specific context-dependent function, which will determine the signalling fate
of the given protein (e.g. activation, translocation or degradation).?* Another common
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phenomenon through which the cell regulates proximity is by inducing dimerization.25
Dimerization (and oligomerization) can have different functional outcomes, such as
improved stability, control over accessibility and specificity of active sites or
increased structural complexity.?> Induced dimerization or oligomerization is of
particular relevance in the context of transmembrane receptor signal transduction
(G-protein coupled receptors, tyrosine kinase receptors), enzyme complexes, ion
channels and transcription factors. Also, different multi-protein complexes such as
the proteasome, ribosome and nucleosome regulate some of their functions by self-
assembling into homodimers.26

The concept of inducing proximity through dimerization (both homo- and hetero,
Figure 1.1b) by the use of small molecules to study the role of PPIs in vitro was first

Rapamycin Cyclosporin A
ojkﬂNﬁlx
|
HN \o/ %o ,'((o
\/\/'\‘IN/ )\HNI
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FKBP12

Cyclophilin A

Figure 1.2 | The first Chemical Inducers of Dimerization (CIDs) reported. Left: rapamycin (Rp, yellow) and
its crystal structure in complex with mTOR (blue) and FKBP12 (orange). Centre: cyclosporin A (CsA,
yellow) and relative crystal structure in complex with Cyclophillin A (CyP, blue) and calcineurin (orange).
Right: FK506 (yellow) and its crystal structure in complex with FKBP12 (blue) and calcineurin (orange).
Adapted from ref.%!, reprinted with permission from Elsevier.

introduced in the early 1990s?7 (discussed in section 1.3), following the elucidation
of the molecular mechanism through which immunosuppressant agents, namely
FK506 (or tacrolimus), cyclosporin A (CsA) and rapamycin (Rp), exert their
therapeutic effect (Figure 1.2). FK506, CsA and Rp are natural products that inhibit
specific signal transduction pathways that lead to T-cells activation. To exert their
activity, these molecules bind with high affinity to cytoplasmic receptors termed
immunophilins (immunosuppressant binding proteins).228 The CsA-binding receptor
is cyclophilin (CyP), while the receptor for the structurally-related FK506 and Rp is
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FKBP12 (12 kDa FK506-binding protein). The newly-formed complexes of CyP/CsA
or FKBP12/FK506 then bind to the enzyme calcineurin and block its phosphatase
activity.2®30  This event prevents the dephosphorylation and subsequent
translocation to the nucleus of the cytoplasmic nuclear factor of activated T-cells
(NF-ATc), which inhibits interleukin-2 (IL-2) associated gene transcription.

Auxin Jasmonate

OH [o) y

07 'NH

Ho\n)\/\
i
o 2

Figure 1.3 | Chemical structures and X-ray ternary complexes of other natural compounds acting as
molecular glues. Top left: auxin (IAA, yellow) in complex with TIR1 (orange) and AUX/IAA (blue). Top
right: jasonate (JSS, yellow) and its crystal structure with COI1 (orange) and JAZ1 (blue). Bottom left:
brefeldin A (BFA, yellow) and relative crystal structure with ARF1 (blue) and ARNO (orange). Bottom right:
forskolin (FSK, yellow) stabilizing the complex between adenyl cyclase subunits C1 (blue) and C2
(orange), with the the stimulatory G protein subunit Gsa shown in green. Adapted from ref.3, reprinted
with permission from Elsevier.

Consequently, T-cells do not produce IL-2, which is necessary for full T-cell
activation.32 On the other hand, the complex Rp/FKBP12 does not target calcineurin
but the FK506-rapamycin binding (FRB) domain of the serine-threonine protein
kinase mTOR (mammalian target of rapamycin). mTOR is a component of two
distinct complexes, mTOR complex 1 (mTORC1) and 2 (ImMTORC2). mTORCL1 is the
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major downstream component of the PI3K (phosphatidylinositol 3-kinase), and AKT
(protein kinase B) pathway that controls cell growth and proliferation. Rp in complex
with FKBP12, specifically blocks mTORC1 activity and inhibits cell growth.33-34
Although it was initially thought that Rp only targets mTORCL1 selectively, recent
studies showed that chronic exposure to Rp can also inhibit mMTORC2 in some cell
types.®® Despite similar modes of action, the recruitment and subsequent inhibition
of different targets has profound influence on the therapeutic effect of these drugs.
The ubiquitous tissue distribution and physiological role of calcineurin is the primary
liability in the mechanism of action of CsA and FK506. In fact, they are associated
with neurotoxicity and nephrotoxicity, thus limiting their use to immunotherapy.3¢
Conversely, as these side effects have not been observed with Rp, it is also used in
treating various cancers, due to its inhibitory effect on cell proliferation.®® The
elucidation of the mechanism of action of FK506, CsA and Rp suggested a new
paradigm for the regulation of intracellular signalling, providing the first
demonstration that it was possible to achieve a biological effect by bringing two
proteins into close proximity. These natural products, often referred to as “molecular
glues”, fall into a new class of “chemical inducers of dimerization” (CIDs).%”

Following FK506, CsA and Rp, many other natural products were found to act as
molecular glues, by promoting or enhancing the interaction between proteins.
Among them, it is worth mentioning the plant hormones auxin (or indole-3-acetic
acid, 1AA)38-3 and jasmonate (JS)*° and the cell biology tool compounds brefeldin A
(BFA)*! and forskolin (FSK).#? IAA acts by promoting the degradation of the Aux/IAA
transcriptional repressors through the action of the ubiquitin protein ligase SCFTR?,
TIR1 (Transport Inhibitor Response 1) is a F-box protein that acts as an IAA receptor
within the SFC ubiquitin ligase complex. Interaction of IAA with TIR1 creates a new
binding interface that promotes the subsequent binding of Aux/IAA proteins (Figure
1.3, top left).3® Similarly, JS binds to the substrate-recruiting F-box protein COI1
(Coronatine Insensitive 1), thus forming a new interface that allows recruitment and
consequent degradation of the transcriptional repressor JAZ (Figure 1.3, top right).
BFA is used for the analysis of membrane trafficking by stabilizing the complex of
the small G protein ARF1 with the Sec7 domain of its guanine exchange factor ARF-
GEF ARNO (Figure 1.3, bottom left).#® FSK increases intracellular cAMP levels by
stabilizing the heterodimer between the adenylyl cyclase subunits C1 and C2, thus
increasing adenylyl cyclase enzymatic activity (Figure 1.3, bottom right).44
Interestingly, both BFA and FSK bind to a preformed native complex and stabilize it,
rather than promoting the formation of a neo-complex, such as the case for the
aforementioned immunosuppressants and plant hormones.
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1.3 CID SYSTEMS AS BIOLOGICAL TOOL TO STUDY PPlIs

The scope of biology that can be modulated with natural products is, however,
limited. In response, researchers have investigated whether proximity-based
regulation of protein activity could be extended to synthetic compounds and non-
natural PPIs.1

A typical CID system exploits a synthetic molecule to reproduce the ability of
natural systems to use proximity as an activation switch. Initially, one protein
component is localized and anchored at a specific cellular location (P1, Figure 1.4a),
whereas the other component (P2) is fused (by protein engineering) to a protein of
interest (POI). The small molecule, known as dimerizer (D), acts by bridging two
proteins together (P1 and P2) and can be used to increase the effective
concentration of two previously dispersed proteins, thus causing chemically induced
proximity (CIP).45-46

CIDs have allowed researchers to probe the so-called “signalling paradox” or
“black box”, that is, the gap between cell-membrane receptors and the nucleus and
how the cell is able to switch between a very large number of signalling pathways
using only a limited set of proteins and signalling molecules.*647 The key to unlock
this black box lies in the ability of the cell to activate specific pathways, in a confined
location, for a well-defined amount of time. CIDs enabled researchers to reproduce
such localized events. Indeed, one of the main distinguishing features of small-
molecule induced proximity systems relies on the ability to initiate a process mid-
pathway rather than at the initial stage of a signalling cascade. The effect occurs
rapidly, typically in the timescale of seconds to minutes. This provides minute-by-
minute kinetic analysis, allowing a precise cause/effect correlation of a specific
biochemical event to be established, without concern for delayed toxic effects of the
dimerizer on much slower processes such as proliferation or transcription.*3

As anticipated in section 1.2, the landmark study conducted by Crabtree and co-
workers in 1993,%7 set the scene for the use of small molecules to study the role of
PPIs in vitro was first introduced in by a landmark study by Crabtree and coworkers
in 1993.2” In their experiment, they used a non-toxic derivative of the
immunosuppressant drug FK506, namely FK1012 (Figure 1.4b), as dimerizer.
FK1012, a dimeric variant of FK506, was used to induce dimerization of the fusion
protein FKBP/T-cell receptor (TCR) £-chain, resulting in the activation of the signal
transduction cascade (Figure 1.4c and d). From this pioneering work, the CID
strategy was established as a versatile tool to investigate biological functions that
were up to then otherwise difficult to study.

The FK1012-promoted homodimerization of FKBP12 proved to be a versatile CID
system and was used for a number of investigative applications.*8 In parallel, the use
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of heterodimerizers was also implemented. Among them we find FKCsA, a FK506-
CsA fusion molecule (Figure 1.5, top), that brings together FKBP12 and CyP#° and

d /J_M))'/J,J/\(_l/
A A J A A A A J A 4
TCR
C-chain
FK1012
FKBP12

C l
@ FK506 J,
cascade
o6 , FKBP12 activation

Figure 1.4 | Expanding the CID toolkit: the first synthetic CID. (a) Schematic representation of the
principles of CID applied to the study of PPIs. One protein (P1, blue) is localized at a precise cellular
location, while the other (P2, green) is fused to the desired POI (yellow). In the presence of a dimerizer
(D, orange) P1 and P2 are brought together, thus causing chemically induced proximity (CIP). (b)
Chemical structure of FK1012, the first reported synthetic small molecule dimerizer, derived from FK506
(FK506 structure highlighted by dashed square). (c) Scheme illustrating the CID system developed by
Schreiber, Crabtree and co-workers, based on FKBP12 (in red) protein fused to a POI (in grey) and
FK1012 as dimeric variant of FK506. (d) Model for intracellular activation of the TCR-mediated signaling
pathway. FKBP12 is fused to the {-chain of the chimeric TCR and addition of FK1012 induces dimerization
and subsequent cascade activation.

a number of Rp derivatives, known as “rapalogs”, which bridge FKBP and FRB.
These heterodimerizers were used to investigate a myriad of different mechanisms,
including glycosylation,’0 GTPase function,5! caspase activation®? and protein
splicing.t3 48,53

In the effort to expand the CIDs chemical repertoire and improve the
biocompatibility (i.e. reducing off-target effects due to, for example, the dimerizer
binding to naturally occurring proteins), non FKBP-based CIDs were also developed
and found good use for applications both in vitro and in vivo.>* The methotrexate
(MTX) — dihydrofolate reductase (DHFR) is one of them, where MTX was used either
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as homo- (bisMTX1) or hetero- bifunctional molecule and DHFR was the targeted
protein (Figure 1.5, middle).5® Another one exploited the ability of the non-toxic
natural product coumermycin to dimerize bacterial DNA gyrase B (GyrB) domains
due to its natural dimeric form (Figure 1.5 bottom). The use of this system provided,
for example, first proof of Raf-1 activation independent of Ras. A chimeric Raf-1-

TR
N__O»—
FKBP
o Os,-OH HO._O
/@)\ /W\N/K\/O%O\/RW‘JIHJ\Q\ ) NH,
NT>F N
aee
HN © /\[N N/I\NH
DHFR bisMTX DHFR
| N
\ 0 OMe Lﬁ ‘(7\)‘ ﬂ
GyrB Coumermicyn GyrB

Figure 1.5 | Examples of bifunctional molecules used as CIDs. Reported are the chemical structures of
FKCsA, bisMTX and coumermicyn, which cause the dimerization of FKBP12-CyP, DHFR and GyrB
proteins. Colored shapes represent regions of each molecule binding to the corresponding fusion protein.

GyrB fusion protein on one side and a membrane-anchored form of GyrB on the
other were initially generated and exposure to coumermycin alone was sufficient to
activate Raf-1, in the absence of the canonical Ras-dependent membrane
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localization.5¢ Coumermycin-based CID systems also helped in elucidating several
signaling pathways. In fact, CIDs offer a more specific control compared to traditional
receptor activation-based techniques, which usually tend to feed into multiple
pathways. For example, the coumermycin-based system has been used to study the
mechanism of Janus kinase 2 (Jak2) activation and its role in signal transduction.
For this, the authors envisaged a GyrB-Jak2 fusion proteins dimerization system.
The addition of coumermycin induced GyrB-Jak2 dimerization and activation by
GyrB-Jak2 autophosphorylation, which resulted in specific activation of Stat5, a
member of the Stat family, known downstream substrates of Jak2.5’

The aforementioned cases are examples of CIP systems that rely on fusion
proteins to function. This strategy has clearly proven to be a valuable investigational
tool, allowing to decipher previously unexplained biological quandaries. However,
despite representing a valid proof of concept, protein engineering is often
undesirable or impractical, especially when developing drug therapies. In this regard,
the appeal of bifunctional small molecules that can exert their effect without genetic
manipulation is based on the fact the we cannot readily genetically manipulate the
cells of the patient. Researchers then shifted their attention towards the use of native
proteins where the desired molecular glue is required to directly bind the native
protein instead of a tagged fusion protein. On the one hand, this approach poses
some major challenges: for native proteins, the risk of inhibiting their endogenous
function must be considered. Reciprocally, sequestration of the CIP molecule by
intrinsic proteins may prevent its activity. Although these factors are not unique to
native proteins, in this context they have higher relevance and must be taken into
account. As a consequence of this, each system will require extensive chemical
optimization and the resulting CIPs will not be applicable to other targets. On the
other hand, however, targeting native proteins is more likely to be physiologically
and therapeutically relevant compared to proteins not found in humans. Also, the
need for specificity will probably require rational design of small molecule-like
compounds, thus removing the need for natural products, which are difficult to
synthesize.14 48,54

1.4 EXPANDED CIP TOOLBOX: TOWARDS THERAPEUTIC APPLICATIONS

The natural product geldanamycin (GDM, Figure 1.6a) is one of the earliest
examples of chemically induced proximity of native proteins. It targets the estrogen
receptor (ER) by conferring selectivity to a compound that was previously known for
its non-specific mode of action. GDM is a potent antitumor agent that binds to and
inhibits the molecular chaperone heat shock protein 90 (HSP90), thus blocking the
stabilizing activity of HSP90 towards key proteins involved in cell cycle regulation,
apoptosis, oncogenesis, and cell growth and ultimately promoting their ubiquitin-
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dependent proteasomal degradation.585° ER and the androgen receptor (AR) are,
for example, clients of HSP90. The pharmaceutical potential of GDM is, however,
limited by its non-selective toxicity. A way to directly harness GDM activity towards
a particular target was devised by Danishefsky and co-workers, who developed a
series of geldanamycin-estradiol (GDM-E2) hybrids able to selectively induce the
degradation of ER (Figure 1.6b).5° A similar approach was then used with
geldanamycin-testosterone hybrids to target AR for degradation.®! Both ER and AR
are well-known drivers of oncogenic signaling and have long been targeted for
therapeutic purposes.f263 One of the strategies employed is, indeed, receptor
downregulation through degradation, as represented by the successful drug classes
known as selective estrogen receptor degraders (SERDs)% and selective androgen
receptor degraders (SARDSs)®3, respectively.

Simultaneously, other groups attempted to achieve induced protein degradation
by means of inhibitors that would target HSP90. Much of the excitement stemmed
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Figure 1.6 | The geldanamycin (GDM) CID system. (a) Chemical structure of GDM. (b) Chemical structure
of the GDM-E2 compound, a GDM-E2 heterodimerizer. Colored shapes represent regions of each
molecule binding to the corresponding fusion protein.

from the observation that HSP90 is overexpressed in many cancers and that it is
more sensitive to inhibition due to an overactive conformation only adopted in cancer
cells. The first clinical candidate targeting HSP90 was released in 1999, and many
others followed over the years. However, as of today, still none of them have been
approved because of poor pharmacological properties and probable lack of
specificity due to the large number of client partners. As a consequence, a more
selective and predictable approach was desired.%6

Protein degradation is a process that occurs physiologically in cells as part of
maintain cellular homeostasis. One of the major pathways of protein degradation is
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ubiquitin-dependent proteasomal proteolysis. Ubiquitination, the process of
attaching ubiquitin units to lysine residues of the substrate proteins, is a
posttranslational modification performed by three classes of enzymes that act
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Figure 1.7 | The ubiquitin-proteasome system and the proteolysis-targeting chimaera (PROTAC)
technology (a) Main enzymatic steps of the ubiquitin-proteasome system. Ubiquitin (Ub) is activated by
the ubiquitin-activating enzymes (E1, 1), followed by its transfer to a ubiquitin-conjugating enzyme (E2,
2). Both E2 and the target protein bind to a specific ubiquitin-protein ligase (E3) and the activated Ub is
then transferred to the protein substrate (3). Subsequent rounds of ubiquitinylation generate a
polyubiquitin chain that functions as a signal for the proteasome to induce promote substrate degradation
(4). Reusable ubiquitin is released by deubiquitylating enzymes (5). (b) The first PROTAC, PROTAC-1
consisting of MetAP2 covalent inhibitor ovalicin linked via a linker to the decapeptide of |kBa that is
recognized by SCFFTRCP. (c) Scheme illustrating the principle of PROTAC function. PROTACs are
heterobifunctional molecules comprising, on one end, an E3 ligand linked to a substrate protein of interest
(POI) ligand. The chemical induced proximity between the E3 and the POI results in ubiquitination and
proteasomal degradation of the latter.

sequentially: ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2)
and ubiquitin-protein ligases (E3). E3 ligases bind directly to the substrate and hence
confer the specificity of ubiquitination. Subsequent rounds of ubiquitination result in
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the formation of a polyubiquitin chain which is then recognized by the proteasome,
ultimately leading to protein degradation (Figure 1.7a).54 8667 As E3 ligases must be
able to interact with a high number of different substrates, it is not surprising that
more than 600 E3s have been identified in the mammalian genome so far,%8
compared to only two Els and about 40 E2s.69-70

The idea of harnessing the ubiquitin-proteasome machinery to rapidly and
precisely modulate the cellular fate of proteins was initially reported by the Deshaies
and Sakamoto laboratories in 2001, where the first so-called PROteolysis-TArgeting
Chimera (PROTAC) was developed.” In this proof-of-concept study, they sought to
degrade methionine aminopeptidase-2 (MetAP-2) by recruiting the SCFP-TRCP E3
complex (Skp-Cullin-F-box containing complex, where B-TRCP, beta-transducin
repeat-containing protein, is a F-box protein) . In order to do that, they designed a
heterobifunctional molecule, PROTAC-1 (Figure 1.7b), consisting of a conjugate of
ovalicin, a known binder of MetAP-2 and the E3 ligase binding sequence of IKBa.
joined by a linker moiety. Notably, MetAP-2 is not known to be ubiquitinated or
substrate for any SFC complex, thus showing that degradation MetAP-2 is induced
in a PROTAC-1-dependent manner.

The term PROTAC now designates any heterobifunctional molecule in which one
end binds to the protein of interest (POI) and the other end is a recognition unit that
recruits a specific E3 ligase. The two ends are connected to each other by means of
a linker of variable length and nature. Functionally, PROTACs promote co-
localization of a POI and a E3 ubiquitin ligase, therefore inducing the formation of a
novel PPl with a new function (Figure 1.7¢). This gain-of-function type of interaction
can be considered to be a case of chemically induced proximity.

Arguably, validation of the PROTAC approach as potential therapeutic strategy
came as a consequence of the elucidation of the mechanism of action of the
immunomodulatory imide drug (IMiD) thalidomide and the closely related
lenalidomide and pomalidomide (Figure 1.8a).56 72 Thalidomide was first marketed
in 1957 to treat morning sickness in pregnant women but was then withdrawn after
it was shown to cause birth defects.” It was later repurposed for treatment of multiple
myeloma,’ which later stimulated the development of lenalidomide and
pomalidomide.”® However, despite their widespread use, their MoA remained elusive
for many years.

In 2010, a seminal study set out the basis for the elucidation of their mechanism
of action, showing that thalidomide binds the Cereblon (CRBN) subunit of the E3
ubiquitin ligase complex with DDB1 (damaged DNA binding protein 1), Cul4A (Cullin-
4A) and ROC1 (regulator of cullins 1) and subsequently inhibits the E3 function.”®
This observation allowed researchers to unravel the mechanistic basis underlying
the effect of IMiDs against multiple myeloma. They act as molecular glues, inducing
recruitment of the IKAROS family transcription factors IKZF1 and IKZF3 (which are
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negative regulators of IL-2 expression in T-cells)’” as protein substrates for the
CBRN-Cul4A E3 ligase complex, which leads to their ubiquitination and subsequent
degradation, resulting in enhanced production of IL-2 and other cytokines in T-cells
(Figure 1.8b).78-8% The discovery of lenalidomide as a CRBN ligand, together with the
optimization of a ligand for the von Hippel-Lindau (VHL) E3 ligase®! stimulated a
wide breath of publications in the field of targeted protein degradation, with at least
50 targets reported to date.”?

Since its first appearance in 2001, the PROTAC strategy has quickly expanded,
gradually turning chemical curiosities into therapeutic opportunities. By 2008 the first
small molecule-based PROTAC was reported, followed in 2013 by the jump into in
vivo studies and culminated in 2019 with the first reported compound to move to
Phase 1.82 Riding the wave of success generated by PROTACS, researchers also
started to apply CIP to a wider range of targets and biological effectors. Recently it
was shown that heterobifunctional lysosome-targeting chimeras (LYTACSs) could
bind to extracellular or plasma membrane proteins and engage the lysosomal
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Figure 1.8 | Immunomodulatory imide drugs (IMiDs) and their mechanism of action. (a) Chemical
structures of thalidomide and its derivatives lenalidomide and pomalidomide. (b) Binding of IMiD to the
CRBN subunit of the Ub-ligase complex promotes ubiquitinylation and proteasome-dependent
degradation of transcription factors IKZF1 and IKZF3.
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pathway for subsequent protein degradation.8 Concomitantly, it was shown that
delivery of proteins to the lysosome could be achieved also through the activation of
autophagy by means of autophagy-targeting chimeras (AUTACSs).8* Finally, the
concept of proximity-induced degradation could be extended beyond proteins by
showing that ribonuclease-targeting chimeras (RIBOTACS) could eliminate a specific
RNA by tethering it to a RNase.85-

1.5 CIP AND IMMUNOTHERAPY APPLICATIONS

Moving outside the cell, CIP has also found wide application in immunotherapy.
Multiple strategies can be used to hijack and redirect the immune system towards
the desired target cell and, although they come under different names and formats,
the governing principle remains the same: use bifunctional molecules to bring two
separate entities together in a spatiotemporally controlled fashion.

One of the strategies encompasses the use of bispecific antibodies (BsAbs).
BsAbs have a wide range of possible applications and uses but, in the context of
immunotherapy, they redirect the cytotoxic activity of effector T cells to specifically
eliminate tumor cells. In this approach, T cells are physically linked to tumor cells by
means of a bifunctional antibody consisting of, on one side, a T cell-binding domain
and, on the other side, a tumor-associated antigen (TAA), a domain that binds an
antigen expressed on the surface of the cancer cell (Figure 1.9a).87-88 This dual
targeting concept led to the approval of two BsAbs, catumaxomab (now withdrawn)
and blinatumomab, with many others currently at clinical stage.51-52

Another strategy is known as antibody-recruiting small molecules (ARMs)# and
relies on the ability of synthetic, bifunctional ligands to induce endogenous antibody
recruitment and binding to disease-relevant proteins, cells or organisms (Figure
1.9b). An ARM possesses an antibody-binding terminus, which recognizes the anti-
hapten antibody and a target-binding terminus, which associates with the surface-
exposed receptors. By inducing proximity of the antibody and the target-bearing cell,
the ARM promotes the formation of a ternary complex which can subsequently elicit
an immune effector response.8-°0 The original concept of ARMs has evolved during
the years. In fact, great effort was put on trying to directly engage innate immune
receptors such as the Fc receptors (Fc = fragment crystallizable, the antibody portion
responsible for binding to the corresponding receptors present on immune cells),
thus bypassing the need for antibody recruitment with what would be, essentially, a
small molecule antibody mimic. This idea led to the development of the so-called
synthetic antibody mimics (SyAMs).

SyAMs are bifunctional ligands that can bind both to a surface membrane antigen
(overexpressed in a pathological context) and to a receptor present on immune cells,
the Fc gamma receptors (FcyRs) (Figure 1.9¢).°* The advantages of SyAMs over
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classic antibody therapies rely on their much smaller size (about 5% MW of an
antibody) which potentially favors better tumor penetration, modular nature (enabling
a quick redevelopment in the targeting of different antigens), and inherent
simplification of production, purification and storage compared to biologics.%°
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Figure 1.9 | CIP strategy applied to immune cell therapies. (a) Bispecific antibodies (BsAbs) bind two
different antigens: one located on the tumor cell (TAA) and the other on a T-cell (CD3 receptor complex),
thus increasing their proximity. Concomitant recruitment of immune system accessory cells (e.g. natural-
killer cells, macrophages) via their FCy receptor, highly increase the immune response. (b) Antibody-
recruiting small molecules (ARMs) are heterobifunctional small molecules designed to recognize on one
end a disease-relevant target, while the other recruits and bind to antibody proteins, therefore triggering
an immune response. (c) Synthetic antibody mimics (SyAMs) are heterobifunctional molecules that can
bind to both a TAA and an effector domain present in immune cells such as the FcyR, thus inducing
selective degradation of the target cancer cell. (d) CAR-T cell safety switches rely on a binary input
system, a TAA and a small molecule dimerizer. The intracellular portion of the CAR is split in two parts,
each of them fused to a dimerizing domain. In the absence of dimerizer, the T cell cannot function, even
in the presence of the appropriate TAA. Upon administration of dimerizer (and in the presence of TAA),
the CAR regains function, leading to activation of the T-cell signaling cascade.
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Cell-based therapies have shown encouraging results as treatment modality for
diseases such as cancer®% and autoimmunity.®* Another field where CIP found
application is in the activity control of T cells engineered to express chimeric antigen
receptors (CARs), known as CAR T cells. Particularly, CAR T cells have proven to
be effective against refractory B cell cancers in clinical trials.®> Despite this promise,
however, significant challenges persist, mainly related to off-target toxicity that
eventually leads to killing of non-tumor cells. To mitigate these adverse effects, one
of the approaches that have been pursued is to use small molecules as “safety
switches”. The protein engineering goal here was to devise a split-input system, i.e.
a CAR that requires two distinct inputs, a TAA and a small molecule, for T cell
activation, that would allow regulation of CAR T cell activity in a temporal, titratable
and reversible fashion.% To achieve this, a split receptor design was proposed, that
is splitting the receptor into two separate subunits: the first, extracellular, features a
TAA-binding domain while the second, intracellular, entails a downstream T-cell
signaling element from the TCR ¢-chain, which normally triggers the cascade of T-
cell activation. Both subunits are fused to heterodimerization domains that can
coalesce in the presence of an appropriate safety switch (Figure 1.9d). These safety
switches are simply dimerizers that act via CIP, thus promoting chemically induced
dimerization of the two CAR subunits. Unlike conventional CIP systems, however,
here the addition of the safety switch is a necessary but not sufficient condition for
T-cell activation, as it only acts as a priming factor, that is a precondition for antigen-
triggered activation.%-97 Notably, the authors made use of the well-known FKBP/FRB
dimerization system (described in section 1.2), using a rapalog as inducer of
dimerization.%¢ A similar approach envisioned the use of a FKBP-caspase-9 fusion
protein system, using another rapalog as safety switch to induce elimination of CAR-
T cells in a dose-dependent manner.®8

An extension of this principle is to use switches acting intercellularly, where the
specificity of CAR T cells can be redirected by means of a bifunctional small molecule
that acts as CIP. Unlike the previous approach, the extracellular domain of such CAR
does not bind directly to any specific TAA, thus making these CAR T cells essentially
inactive in the presence of healthy and cancer cells.®® However, in the presence of
the appropriate switch, that is specific for both the TAA and the CAR, the CAR T cell
is redirected to target a specific cancer cell via induced proximity. These safety
switches make the CAR T cell activity strictly dependent on the formation of a ternary
complex between the CAR T cell, the switch, and tumor antigen. Therefore, titration
or removal of the switch molecule can control or terminate CAR T cell response,
respectively. It is worth pointing out that, as the CAR does not interact directly with
the TAA on the cancer cell, this approach potentially enables the targeting of multiple
TAAs with a single, “universal” CAR T cell.7. 99
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1.6 CIP OF NATIVE PROTEIN COMPLEXES

The previous paragraphs have highlighted how cells control many of their
functions by inducing proximity and how this simple and rather elegant concept can
be applied to solve biological dilemmas as well as therapeutic challenges. As
mentioned earlier, each of the molecules that have been discussed so far, fall under
the category of chemical inducers of proximity. A peculiar case, however, is
represented by BFA and FSK (Figure 1.3). In fact, these molecules act by stabilizing
a preformed native PPl complex and thus increasing the binding affinity of the
interaction partners. Such molecules have only very weak or null affinity for the
individual protein components of the complex, but higher affinity for a binary complex
formed from them. Moreover, despite showing marked physiological activity, their
binding affinities for the binary complex are relatively low (ECso >10 pM), suggesting
that the uncompetitive nature of the interaction might play an important role.3!
Despite being also termed molecular glues, their mode of action is different
compared to other molecular glues such as immunosuppressants FK506, CsA and
Rp or IMiDs that first bind to one of the two proteins, thereby creating or modifying
an interaction surface which then promotes the association with the second protein,
and contrasts with bifunctional molecules like PROTACS, which bind individually to
each protein partner with high affinity. The concept behind compounds like
immunosuppressants or IMiDs is promotion of the formation of a neo-complex that
does not exist under natural conditions, thus inducing a gain-of-function that results
in a new functional effect that the individual partners do not possess.

As already widely discussed in the previous sections, the atrtificially induced
formation of a neo-complex is a powerful tool for manipulating cellular functions. At
the same time, exploiting what nature has already provided, that is stabilize native
PPI complexes already endowed of a functional response, also represents an
attractive opportunity for new potential therapeutic applications.

In this regard, our research has focused on the study of a particular class of PPIs,
that is the interactome of the 14-3-3 proteins as subject for small molecule PPI
stabilization.

1.7 14-3-3 PROTEINS AS PLATFORM FOR THE STUuDY OF PPI
STABILIZATION

14-3-3 proteins are a family of highly conserved adapter proteins which bind to
phosphorylated client proteins that are found in all eukaryotic species.1% First
discovered in brain tissue in the late 1960s, the name was given based on the
migration pattern following two-dimensional DEAE (diethylaminoethyl)-cellulose
chromatography (14t fraction) and subsequent starch gel electrophoresis (fraction
3.3).191 There are 7 known isoforms in mammals — o/, €, 1, 8/C, t (also called 6),
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yand o, with a and & representing the phosphorylated versions of p and v,
respectively.102-104 Although each isoform is encoded by a separate gene, they all
share a high degree of homology (70-90%) and, in general, are expressed
ubiquitously.102. 105

14-3-3 proteins have a high tendency to form both homo- and hetero-dimers, with
some isoform-specific preferences.1%6-108 Each monomeric unit consists of nine anti-
parallel o-helices (H1-H9), organized into a N-terminal and C-terminal domain
(Figure 1.10a). The latter represents the region where maximal sequence variability
occurs!®, while the most highly conserved regions are mainly found in the largely
negatively charged channel that is formed by the two 14-3-3 subunits (Figure
1.10b).107. 109 This channel is responsible for the recognition of consensus binding
motifs on target proteins. In particular, the side chains of Arg56, Arg129, Tyr130, and
Lys49 of the conserved amphipathic groove form the primary phospho-accepting
pocket (Figure 1.11),107.110

Figure 1.10 | Crystal structure of the 14-3-3 protein (human ¢ isoform, PDB: 1QJB [29]). (a) Front and top
view, ribbon representation. (b) Front and top view, surface representation. Residues that are totally
conserved among all seven human isoforms are colored in red. Reprinted from ref.1” with permission
from Elsevier.
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To date, three distinct binding motifs have been identified, all having a
phosphorylated serine or threonine residue as common denominator: mode | (-
RSXpS/TXP-), mode Il (RXXXpS/TXP) (Figure 1.11a) and the C-terminal mode IlI (-
pS/TX1-2-COOH, Figure 1.11b), where X is any amino acid (except for mode Ill where
X is not a proline).19. 111 The observation that partner protein phosphorylation is
required for 14-3-3 binding is true for the vast majority of client partners. However, it
is worth noting that cases of phosphorylation-independent binding have been
reported (Figure 1.11c).112114 Through these matifs, 14-3-3 proteins are estimated
to bind to more than 200 partners.''®> The 14-3-3 interactome has been shown to be
involved in a myriad of biological processes such as cell cycle regulation, signalling,
metabolism, protein synthesis, nucleic acid binding, chromatin structure, protein
folding, proteolysis, nucleolar function, and nuclear transport.116-118

Figure 1.11 | View of the interactions within the conserved 14-3-3 binding groove and common 14-3-3
recognition motifs. (a) Representative example of a mode I-1l binding motif for the complex between
ubiquitin specific protease 8 (USP8) pS™® 13-mer peptide (teal sticks) and 14-3-3¢ (PDB: 6F09).
Highlighted, the conserved residues R56, R127 and Y128, responsible for the interaction with pS™ (b)
Representative example of a mode Il binding motif for the complex between estrogen receptor alpha
(ERa) pT*** 8-mer peptide (green sticks) and 14-3-3c (PDB: 4JC3). Highlighted, the conserved residues
K49, R56, R129 and Y130, responsible for the interaction with pT*%. (c) Representative example of a
phosphorylation-independent interaction between a 20-mer peptide (yellow sticks) containing a O-
GlcNAcylated (N-acetylglucosamine, GIcNAc) serine residue (green sticks) and 14-3-3y (PDB: 6BYJ).
Highlighted, the conserved residues R57, R132 and Y133, responsible for the interaction with S-OGIcNAc.
In all panels, 14-3-3 protein is shown as white ribbons and H-bond contacts are shown as yellow dashed
lines. Numbering of the conserved residues differs based on the different protein isoform used.
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As the 14-3-3 proteins play such a central role in many physiological processes
and bind to such a broad range of functionally important client partners, they are
implicated in many human diseases. Diseases involving 14-3-3 proteins and the
corresponding 14-3-3 binding partners include cancer!'®12! (e.g. p53, c-Raf, ERa
BAD/BAX), neurodegeneration!?2124 (Tau, o-synuclein) and cystic fibrosis
(CFTR).125126 Hence, modulation of 14-3-3 PPIs represent a potential strategy for

therapeutic intervention.127-128
COOH
/¢ HooC
HN\/JL ,[:ij COOH \T/4>:0
I Ney
Hooc™
o
0 ( t)

R18
PHCVPRDLSWLDLEANMCLP BVv02

a

b OH d 0
i H\i /\/©/ O\ ol
N HO P!
N N 0" “oH
Y
(0] ~
N3

?
0=P-OH
OH :
COOH

2-5 FOBISIN101

Figure 1.12 | Examples of 14-3-3 PPI inhibitors. (a) R18 peptide sequence, with the structure of the
WLDLE motif highlighted. The WLDLE motif binds in the phospho-binding pocket of 14-3-3 proteins. (b)
Chemical structure of the small molecule-peptide hybrid 2-5. (c) Chemical structure of the 14-3-3c/c-Abl
inhibitor BV02. (d) Chemical structure of FOBISIN101, a phosphor-Ser/Thr mimic.
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Physiological and pathological relevance for modulation of this PPI class by
inhibition or stabilization requires careful investigation. Given that binding to 14-3-3
proteins is very often dependent on the recognition of a phosphorylated binding
motif, phosphorylated peptides and small molecule phosphonates have been
successfully used as inhibitors.2° The first reported 14-3-3 PPl inhibitor, the peptide
R18 (20 amino acidic residues), was identified by Fu and colleagues in a phage
display approach (Figure 1.12a).139 The Yao group used a fragment-based
combinatorial small-molecule microarray (SMM) approach to identify compound 2-5,
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a small molecule-peptide hybrid, which showed activity both in vitro and in cells
(Figure 1.12b).%31 Different non-peptidic small molecule inhibitors have also been
reported. Among these, we find BV02, which disrupts the 14-3-3c/c-Abl interaction
and was found to be active in human leukemia cells (Figure 1.12c),'32 and
FOBISIN101, a phosphoSer/Thr-mimetic agent, which upon X-ray irradiation
covalently binds to 14-3-3 (Figure 11d).133

Despite the numerous examples found in literature, inhibitors of 14-3-3 PPIs
present an intrinsic limitation: due to sequence similarity between 14-3-3 isoforms,
most of these compounds are non-isoform selective. In addition, they inhibit the PPIs
of 14-3-3 with all client proteins, which is likely to have significant impact on overall
cellular function given the central role and high abundance of 14-3-3 proteins in cells.
While inhibitors might find some application, more selective modulators are
desirable. To this end, implementation of stabilizers can potentially lead to selective
modulation, as these stabilizers will be designed to specifically target one particular
14-3-3/client partner complex acting as molecular glues rather than simply binding
to only one of the complex components.

A valuable example of 14-3-3 PPI stabilizers is represented by the fusicoccanes,
of which fusicoccin A (Fc-A) is the most prominent member (Figure 1.13a). Fc-A is
a diterpene glycoside, originally isolated from the plant pathogenic fungus Phompis
amigdali, causes plant death by causing stomata to open, leading to dehydration
through increased transpiration. Fc-A operates by activating the plasma membrane
proton pump PMAZ2, causing acidification of the cell wall and leading to irreversible
opening of the stomata. Mechanistically, Fc-A binds to the preformed 14-3-3/PMA2
binary complex, hence stabilizing PMA2 in its active state, but has little to no affinity
in respect to the individual protein partners.134135 Elucidation of the crystal structure
of this Fc-A/14-3-3/PMAZ2 ternary complex provided a structural explanation for Fc-
A’s mechanism of action. Fc-A acts as a molecular glue, by binding at the rim-of-the-
interface of the 14-3-3/PMA2 complex (from now on termed “Fc pocket”) and closes
the gap that remains in the 14-3-3 binding groove after the binding of PMA2, leading
to mutual stabilization of both ligands (Figure 1.13b).136-137 The discovery of Fc-A’s
mode of action set out its use as chemical biology tool compound for the study of
14-3-3 PPI stabilization. Fc-A has been shown to stabilize many 14-3-3 PPIs relevant
in the context of diseases mentioned above, such as CFTR,?¢ ERq,1%® c-Raf,13°
TASK-3140 and p53.14¢

In addition to their biological relevance, as well as that of their client partners,
there are other important features to consider that make 14-3-3 proteins a viable
platform for the study of the principles governing PPI stabilization: 1) 14-3-3 proteins
are easily expressed and purified, which makes them readily available for
crystallization and biophysical studies, 2) there is clear structural evidence for their
mode of action, 3) the Fc pocket is well defined, making them conceptually simple
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Figure 1.13 | Known stabilizers of 14-3-3/PMA2 interaction. (a) Chemical structure of Fc-A. (b) Front (top
panel) and top (bottom panel) view of Fc-A (orange sticks) in complex with T14-3-3cAC (tobacco 14-3-3,
truncated of its 18 C-terminal residues, green ribbons) and PMA2-CT52 (C-terminal 52 amino acids, blue
ribbons) dimer (PDB: 2098). (c) Chemical structures of epibestatin (top) and pyrrolidonel (bottom).

targets for small molecules, and 4) they are amenable to crystallization. Finally, two
classes of small molecules, epibestatin and pyrrolidonel (Figure 1.13c), have been
reported to also stabilize the 14-3-3/PMA2 interaction,#? providing more tractable
starting points than Fc-A for medicinal chemistry to develop more potent, selective
and drug-like 14-3-3 PPI stabilizer and investigation of SAR and selectivity
principles.
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1.8 AIM OF THE THESIS

A new paradigm has emerged in biopharmaceutical research, dictated by the
need to surpass the conventional strategy of the “magic bullet” and “one target, one
drug” paradigm, which is now reaching its limits. Previously considered
“undruggable”, the human protein interactome has drawn the attention of the
scientific community and now represents an attractive opportunity for therapeutic
intervention.

As discussed in this chapter, targeting PPIs by the modulation of proximity — a
mechanism commonly used by Nature to regulate biological functions - has proven
to be a viable strategy. Despite the many promising examples, the study of PPIs as
therapeutic target class is still at early stages and its success will depend on the
inventiveness of scientists in developing efficient strategies and chemical tools that
will allow us to overcome the many challenges that still lie ahead. Indeed, new
targets will require an improvement of the way conventional drug discovery is
conducted. For example, the compound libraries currently employed for screening
campaigns will need to be revisited in terms of the chemical space probed, the
physicochemical properties and three dimensionality (by increasing fraction of sp3
carbon atoms), as most of the compounds have been developed with conventional
drug targets in mind, while the molecular surfaces and binding sites in PPIs present
much different features. Computational approaches can assist in this effort, but the
relative paucity of available structural information and the complex dynamic equilibria
governing PPIs has so far limited the viability of such approaches.

In this regards, the 14-3-3 proteins provide a useful platform, as they address
already some of the issues here presented. The natural product Fc-A is a known
stabilizer of many 14-3-3 PPIs, but its synthetic complexity and lack of selectivity
makes it a less-than-ideal starting point for drug discovery purposes. On the other
hand, epibestatin and pyrrolidonel represent more tractable chemical matter.
Therefore, the aim of this thesis is to generate more potent and druglike compounds
that will find use in elucidating the structural drivers and SAR principles governing
14-3-3 PPI stabilization.

Chapter 2 describes the initial work performed on epibestatin, one of the two
reported small molecule stabilizers of the 14-3-3/PMA2 PPI. Lack of consistent
results in biochemical assays, raised the question whether the initial report was valid.
A more detailed analysis of the related ternary complex crystal structure revealed
that the electron density initially assigned to epibestatin was also present in crystals
that grew in the absence of epibestatin, thus devalidating epibestatin as a 14-3-3
PPI stabilizer . It was hypothesized that the source of the density assigned to
epibestatin belonged to one of the crystallization buffer components, namely N-
cyclohexyl-2-aminoethanesulfonic acid (CHES). A library of 35 CHES derivatives
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was synthesized in order to potentially improve its putative weak activity . However,
none of the analogues resulted to be active. Taken together, the results indicated
that the extra electron density observed is not attributable to a stabilizer of any sort.

Chapter 3 analyzes the role of the other reported 14-3-3/PMA2 small molecule
stabilizer, the racemic compound pyrrolidonel (Pyrl). Pyrl was found to be weakly
active also towards the 14-3-3/estrogen receptor alpha (ERa)-derived
phosphopeptide PPI. Testing of Pyrl enantiomers in biophysical assays showed that
only one enantiomer contributes to PPI stabilisation activity. Protein- and ligand-
based NMR experiments confirmed the active enantiomer as a true hit and identified
the compound binding site as the Fc-A binding site. An X-ray crystal structure of the
Pyrl active enantiomer ternary complex with 14-3-3/ERa was obtained,
unambiguously assigning the (R) absolute configuration. In the complex, an
unexpected, non-protein interacting Mg?* ion chelated by (R)-Pyrl was observed,
Addition of bivalent metal ions afforded a ~100-fold increase in the apparent PPI
stabilization potency of (R)-Pyrl. Computational and experimental work led to
conclude that this was due to ligand-specific, chelation-controlled bioactive
conformation stabilization. Mimicry of this by intramolecular H-bonds led to the first
potent, drug-like 14-3-3 PPI stabilizers. Chelation has been associated with pan-
assay interference compounds (PAINS) but, as in this case, can also lead to true
potency gains and be exploited to guide medicinal chemistry optimization.

Chapter 4 further describes the attempts made in trying to mimic the ligand-
specific metal ion effect by synthesis of six-membered bicyclic rigid analogues of
Pyrl. Different synthetic strategies were employed, involving either vinylogous
carboxylic acids or vinylogous carboxylate esters and reactants such as urea, O-
methylisourea and guanidine. The chemistry around this type of substrates is widely
discussed and literature examples are provided. Of the multiple synthetic routes
envisaged, the reaction of vinylogous carboxylate esters and urea under basic
conditions was found to be the most promising one. Structural characterization of
the putative six-membered bicyclic rigid analogue of Pyrl was, however, puzzling
and further experiments are still required to fully elucidate the synthesized compound
and its underlying chemistry.

Chapter 5 reports on a comprehensive structure-activity relationship study
performed on 59 Pyrl derivatives. Potency, stabilization effect and selectivity of the
synthesized compounds was evaluated against two different 14-3-3 PPIs, namely
14-3-3/ERa and 14-3-3/CaMKK2. One of these derivatives was found to be as potent
and efficacious as Pyr1, while another one exhibited higher selectivity for CaMKK2
than Pyrl. Two derivatives were then selected for crystallization studies and a crystal
structure of their respective ternary complexes with 14-3-3/ERa was obtained. Both
bind in the same binding conformation observed for (R)-Pyrl, and electron density
associated with Mg?* ion was also observed. Finally, the stabilization effect of (R)-
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Pyrl was evaluated in the 14-3-3/CaMKK2 PPI using full-length CaMKK2 protein. A
27-fold stabilization was measured, therefore demonstrating that phosphopeptides
can be successfully used as surrogates of full-length proteins in the study of 14-3-3-
mediated PPIs.

Chapter 6 aims to provide an epilogue to the work here presented, with a
perspective on the current status of 14-3-3 PPI stabilization. Issues on isoform-
specificity, target-partner selectivity and the present knowledge on 14-3-3 PPI
stabilizers are addressed. Finally, possible future plans and directions are outlined.
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CHAPTER 2

Unravelling The Epibestatin Mystery: True Stabilizer
Or Assay Artifact?

Abstract

The natural product epibestatin has been reported to be a stabilizer of the
interaction between 14-3-3 and the plant plasma membrane proton pump PMA2.
Based on the initial publication, a 189 membered library of epibestatin derivatives
had previously synthesized and tested, but none of the analogues resulted to be
active. Additionally, difficulties in consistently reproducing the initial experiment were
encountered. In fact, it appeared that - out of different batches of epibestatin (both
commercially available and synthesized in-house) — only epibestatin purchased from
Sigma-Aldrich showed some activity. Crystallographic studies revealed that the
additional electron density, which was initially assigned to epibestatin, was indeed
also present in crystals grown in the absence of it. The structurally similar buffer
component CHES was proposed as a possible candidate, but no biophysical
evidence of its activity could be given. Still, binding of CHES could be so weak to be
under the detection threshold of the assay used. Hence, a small library of 35 CHES
analogues was synthesized to investigate for potential increased binding affinity.
However, no active compounds could be produced. Taken together, the results
indicate that both epibestatin and CHES are not stabilizers of the 14-3-3/PMA2
interaction.



CHAPTER 2

2.1 BACKGROUND

The natural product epibestatin (2.1, Figure 2.1) represents one of the first
examples of a chemical entity found through a HTS campaign specifically designed
to find PPI stabilizers. Epibestatin is a synthetic stereoisomer of bestatin,’? a natural
product first isolated from Streptomyces olivoreticulithe® and commonly used in
proteomics research in protease inhibitor cocktails.? It was reported in 2010 by Rose
et al.4, out of a 37,000-member library, in the attempt to find new chemical matter for
the stabilization of 14-3-3 PPIs. For this purpose, the model system chosen was the
complex between tobacco 14-3-3e (T14-3-3e) and the plant plasma membrane H*-
ATPase 2 (PMA2), known to be stabilized by the diterpene fusicoccin A (Fc-A, Figure
2.1).56

Fusicoccin-A (Fc-A) Epibestatin (2.1)
Figure 2.1 | Structures of Fusicoccin-A (Fc-A) and epibestatin (2.1), two known stabilizers of the 14-3-
3e:PMA2 interaction.

Compared to Fc-A, 2.1 clearly represents a synthetically more attractive starting
point for the study of PPI stabilization. Despite containing three stereocenters, it can
be efficiently synthesized via amide coupling between L-leucine and (2R,3R)-3-
amino-2-hydroxy-4-phenylbutanoic acid (Scheme 2.1), for which an efficient
enantioselective synthesis has already been reported.?

The reported crystal structure of the 2.1-stabilized complex between T14-3-3e
and the 30 C-terminal amino acids of PMA2 (PMA2-CT30),* shows how 2.1 occupies
a different pocket compared to Fc-A, wedged between the T14-3-3e protein and the
PMA2-CT30 peptide (Figure 2.2). This different binding pose is probably less
efficient, as testified by a lower Kq for the 14-3-3/PMA2-CT30 complex (1.8 uM, in
the presence of 50 uM of 2.1) as compared to Fc-A (5.1 nM, in the presence of 5 uM
of compound). However, since Fc-A is known to be a non-selective 14-3-3 PPI
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Scheme 2.1 | Retrosynthetic scheme of 2.1

stabilizer, the fact that 2.1 appeared to interact more extensively with PMA2 may
suggest a potential higher selectivity. Additionally, the vacant Fc-A pocket could be
exploited to gain potency by mimicry of Fc-A key interactions.

A library of 189 analogues of 2.1 was generated following the synthetic strategy
depicted in Scheme 2.1 to investigate the potential stabilization activity of the 2.1
scaffold for the 14-3-3/PMAZ2 interaction. For the initial screen, a surface-based
fluorescence format was used. Briefly, the assay detects the binding of enhanced
green fluorescent protein (eGFP) fused with T14-3-3e to surface-immobilized
glutathione S-transferase (GST) fused with PMA2-CT66 (the C-terminal 66 amino
acids of PMA2). The primary screen yielded a few hits, which were however ruled
out as false positives in the subsequent counter-screen based on

Figure 2.2 | Crystal structures of T14-3-3e (green surface) and PMA2-CT30 (blue surface) in complex
with different stabilizers. FC-A (white sticks) binds in a pocket formed upon 14-3-3/PMA2 complex
formation, the so-called “FC-binding pocket” (PDB: 2098), while 2.1 (orange sticks) binds in a narrow
channel in between the protein and the peptide (PDB: 3M50)

surface plasmon resonance (SPR). Interestingly though, in the primary screen,
different batches of 2.1 yielded different results. In the initial assay optimization
experiments, that were performed using 2.1 purchased from Sigma-Aldrich, a
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moderate activity ( ~1.8-fold over DMSO negative control at 100 uM vs ~5.3-fold of
Fc-A at 2 uM) could be observed. On the contrary, 2.1 used as positive control in the
screen, from Apollo Scientific, as well as a third sample (part of the 189-member
screening library) did not show any stabilization.”

2.2 NMR AND SPR STUDIES ON EPIBESTATIN

In an attempt to investigate the why two different batches of 2.1 gave
contradicting outcomes, a new batch was purchased from Sigma-Aldrich.
Interestingly, we found out that this sample came from the single batch that was ever
produced by Sigma-Aldrich. The product was so old that its origins could not be
traced and hence, no additional information about the synthetic process could be
retrieved. The product has been discontinued. An in-house batch was also produced
in 45% vyield, following a known literature procedure? (Scheme 2.2).

+
H,0 N N
NH 2
e OH H o oH Ho oH
21a 21

Scheme 2.2 | Synthesis of 2.1. i) PyBOP, DIPEA, DCM, RT, o/n, 70%. ii) HCI 4M in dioxane, DCM, RT,
o/n, 45%.

First, NMR experiments were conducted. *H NMR spectra were recorded for 2.1
from Sigma-Aldrich (“Epi_Sigma”, blue spectrum, Figure 2.3) and in-house made 2.1
(“Epi_AZ", green spectrum, Figure 2.3) separately, and then mixed together in equal
molar amount (“Epi_mix”, red spectrum). By comparison of the three spectra, it was
clear that the two samples were identical (Figure 2.3). Notably, the *H NMR spectrum
of Epi_Sigma showed some small traces of impurities not present in Epi_AZ and that
could not be identified (for full spectra see Figure S2.1-S2.3). Overall, the three
spectra do not show any significant difference, suggesting that the Epi_AZ is indeed
identical to Epi_Sigma. 2.1 is a chiral molecule, so optical rotation was determined.
Values obtained were in accordance with literature data: [a]o?° (exp.) = +10 (c 0.40,
H20) vs [a]p? (lit.) = +5.9 (c 0.38, H20), for 2.1 hydrochloride salt.?

Next, both samples were tested in a 14-3-3/PMA2 SPR assay. In the assay
format used, a construct of the 52 C-terminal amino acids of PMA2 (PMA2-CT52)
was immobilized on a CM5 chip, followed by subsequent injections of preincubated
14-3-3e (10 uM) and 2.1 (100 uM) or 1% DMSO (blank) in running buffer. Fc-A (10
uM) was used as positive control, yielding strong and fast association, followed by
very slow dissociation (Figure 2.4a, blue, orange and grey curves). Precedent
experience on the above-mentioned assay set-up, showed that traces of Fc-A still
present in the flow system after the regeneration step would cause the subsequent
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Figure 2.3 | *H NMR spectra comparison of Epi_AZ (green spectrum, recorded at 500 MHz), Epi_Sigma
(blue spectrum, recorded at 600 MHz) and Epi_mix (red spectrum, recorded at 500 MHz). Top left panel
shows the three superimposed full spectra, while the other panels show enlarged regions, with the spectra
staggered relative to each other. For full spectra see Figure S2.1-S2.3.

sample injection to look partially active, leading to potential false positives. Mindful
of this, multiple DMSO injections were added in between the Fc-A injections and the
2.1 ones (Figure 2.4b). Injection of Epi_Sigma (Figure 2.4c, yellow curve) resulted
in a small but detectable binding, which became even more evident upon a second
injection (Figure 2.4c, light blue curve), as opposed to Epi_AZ (Figure 2.4c, green
and dark blue curves), where no binding was observed. As the second round of
injections yielded the same outcome, it was hypothesized that the observed signal
from Epi_Sigma could be due to unspecific binding and/or deposition effect on the
surface. To confirm this in a subsequent experiment, DMSO controls (T14-3-3e +
1% DMSO) were added between each 2.1 injection (Figure 2.5). Injections of either
14-3-3 + Epi_Sigma (green and blue curve) or Epi_Sigma alone (orange and red
curve) did not give a response above the assay noise, and indeed the highest signal
appears to come from the second injection of Epi_Sigma alone (red curve). This,
together with the fact that none of the Epi_AZ injections gave any appreciable signal,
confirmed that our initial assessment of deposition/unspecific binding was specific to
the Epi_Sigma sample.
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Figure 2.4 | SPR binding analysis evaluating the effect of Epi_Sigma and Epi_AZ against T14-3-
3e:PMA2-CT52. (a) Representative example of an SPR sensorgram where a fixed concentration of T14-
3-3e protein (10 uM) and compound (100 puM) were injected over a surface-immobilised PMA2-CT52
peptide. Fc-A (10 uM) was used as positive control. (b) Table illustrating the injection order of the samples
(co-injected with 10 uM T14-3-3e). (c) Close-up view of the SPR curves from the different samples of 2.1.
The “Relative signal” (expressed in Response Units, RUs) achieved (y-axes), relative to the DMSO control
(blank), is presented as a function of time, in seconds (x-axes). The “DMSQO” control curve (i.e. injection
of T14-3-3e alone, hence representative of the T14-3-3e:PMA-CT52 binary interaction) corresponds to
the median value for each time point of DMSO injections n° 2, 5 and 6 (cycles 2, 8 and 13, respectively),
and has been reference-subtracted for each curve.
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The fact that no binding signal was observed in the presence of Epi_AZ may also
indicate that the low levels of unidentified contaminants in the Epi_Sigma batch
(Figure 2.3) are responsible for its activity. However, without any further knowledge
on the synthetic process used and since no conclusive characterization of the
impurities observed in the 'H NMR spectrum of Epi_Sigma was possible, only
speculations in this regard could be made (potentially some residual metals or small
traces of organics).

14-3-3 + Epi_Sigma vs Epi_Sigma (alone)

301 — 14-3-3 + Epi_Sigma_1
g 20+ = 14-3-3 + Epi_Sigma_2
o
— Epi_Sigma_1 (alone)
n
c — Epi_Sigma_2 (alone)
]
3 = 14-3-3 + DMSO ctrl (avg)
o
o
[=X
7]
Q
x

-30

0 50 100 150 200 250

Time (s)
Figure 2.5 | Analysis of possible unspecific binding and/or deposition of Epi_Sigma. Epibestatin injections
of 14-3-3 + Epi_Sigma (green and blue curve) and Epi_Sigma alone (orange and red curve) in are
reported. 14-3-3 + DMSO control injections (blank, corresponding to 14-3-3n alone, reported as average
value, black dashed curve) were added after each sample injection. Curves were not blank-subtracted.

2.3 IN-DEPTH CRYSTALLOGRAPHIC ANALYSIS AND THE CHES HYPOTHESIS

In an attempt to understand the results from different batches of 2.1 in the SPR
assay, we decided to perform crystallography experiments. X-ray crystallography
has been successfully employed in the study of low MW and low potency
compounds, for example in fragment-based approaches®, and we wanted to
investigate the possibility that 2.1 (MW = 308 Da) may have such low affinity that it
was not detectable by SPR. A crystal structure of the T14-3-3e/PMA2-CT30 binary
complex was obtained in the absence of 2.1.
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Figure 2.6 | Detailed analysis of the additional electron density peaks found in the T14-3-3e/PMA2-CT30
crystal structures. (a) Published crystal structure (PDB 3M50), with 2.1 removed (resolution 2.6 A). (b)
Crystal structure obtained in the absence of 2.1 (resolution 2.9 A) showing additional electron density in
the same region as observed in pdb 3M50 (c and d) Corresponding crystal structures with the buffer
component N-cyclohexyl-2-aminoethanesulfonic acid (CHES) modelled in. In all panels, T14-3-3e is
shown in green and PMA2-CT30 in yellow. The 2Fo-Fc electron density is contoured at 1 ¢ and displayed
as a white mesh.

In this structure, additional electron density was observed at the interface
between the PMA2-CT30 peptide and T14-3-3e corresponding to the same region
where 2.1 was modelled in the original published structure (PDB 3M50)%, thus
suggesting that this electron density did not originate from 2.1 binding at the interface
(Figure 2.6). Due the poor resolution of both crystal structures (2.6 A and 2.9 A,
respectively), it was not possible to unequivocally identify the source of these
electron density peaks. Candidates included semi-ordered water molecules or metal
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ions, or alternatively, a component of the crystallization buffer. In particular, one of
the components of the crystallization buffer, namely N-cyclohexyl-2-
aminoethanesulfonic acid (CHES, 2.2), drew attention. 2.2 was an interesting
candidate, as it structurally resembles 2.1 and could be reasonably modelled into
the observed electron density (Figure 2.6¢c and 2.6d). Hence, to evaluate a possible
role of 2.2 in stabilizing the T14-3-3e/PMA2-CT30 interaction an SPR assay was
performed. The assay was set up using the same conditions described above for
2.1. 2.2 was tested both as DMSO solution (500 uM, orange curve, Figure 2.7a and
2.7b) and dissolved directly in running buffer (4 mM, blue curve, Figure 2.7c), with

a 2.2 (DMSO stock 500 uM) d Activity at equilibrium
— Fc-A 22 == DMSO 2250+ 30+
2500 g 15004 . g
Z 2000 x 7509 z
E 2 50 o 204
% 1500 5 401 5
c L]
2 1000 2 304 b
@ g c 10+
2 500 g 207 7
8 104 b
01— o= o
DMSO 2.2 Fc-A
-500 T r r r © & ¢
] 100 200 300 400 & <
Time (s) QP’& o
b 2.2 (DMSO stock 500 pM) c 2.2 (buffer stock 4 mM)
2.2 == DMSO — Buffer ctrl — 2.2 huffer
50
. I—— . 7
Z 30 sl ! E
2 v ! 2
520 f 5
% i \ 3
e 191 ! \ g
B O™ R 2
4 ~J " fid
-10 Sy,
20 -20 T T T T 1
0 50 100 150 200 250 0 50 100 150 200 250
Time (s)

Time (s)

Figure 2.7 | Test of 2.2 in SPR assay. (a) representative example of a SPR sensorgram in which fixed
concentrations of Fc-A positive control (100 uM, green curve), 2.2 (500 uM in DMSO stock, orange curve)
and DMSO control (1% v/v) in the presence of 10 uM T14-3-3e were flowed over immobilized PMA2-
CT52. (b) Close-up view of 2.2 and DMSO control curves. (c) Sensorgram comparing 2.2 (blue curve),
injected as 4 mM buffer stock and control injection (i.e. T14-3-3e alone in buffer, red curve) over

immobilized PMA2-CT52. (d) Histogram reporting values at equilibrium response (reported as means +/-
SD, n=3).

53



CHAPTER 2

Fc-A as positive control (green curve, Figure 2.7a), in the presence of 10 uM T14-3-
3e. In both setups, no measurable activity was observed for 2.2, as reported in Figure
2.7d (values at equilibrium response). The lack of a positive response under the
assay conditions used, does not exclude, however, that 2.2 may still bind at the 14-
3-3/PMAZ2 interface, although so weakly that its affinity could not be detected by
SPR.

In view of this, we hypothesized that an expansion from the original, fragment-
like 2.2 scaffold towards the vacant Fc-A binding pocket, may lead to an increased
and detectable overall affinity (Figure 2.8a). The library was designed by keeping the
N-cyclohexylethylamino moiety constant, as it fitted rather well in the observed
additional electron density and may presumably serve as an anchor point, and by
varying linker type, spacer length and bulky lipophilic head (R groups, Tables 1-5).
The linker type was chosen on the basis of conferring the right orientation to the
lipophilic head towards the Fc-A pocket as well as maintaining the structural
similarities of the sulfonate function. Therefore we opted for thioether, sulfoxide,
sulfone, amide and sulfonamide linkers. The spacer should be long and flexible
enough to allow to reach the vacant Fc-A pocket. Hence, we chose alkyl chains of
varying length (two to four methylene groups). Finally, for the lipophilic head, we
opted for phenyl rings (both substituted and unsubstituted), together with smaller
alkyl groups (ethyl and isopropyl). We included the benzhydryl moiety in the library
design as previous observations showed a high intrinsic affinity of this bulky group
for the 14-3-3 protein surface, binding in the region of the Fc-A pocket.%-10

CHES (2.2)

Figure 2.8 | Crystal structure of the complex between T14-3-3e (green surface) and PMA2-CT30
(blue surface) with 2.2 modelled in (pink sticks), highlighting the vacant Fc-A binding pocket (black dashed
circle). The chemical structure of 2.2 (N-cyclohexyl-2-aminoethanesulfonic acid, 2.2) is reported in white
in the bottom right-hand corner.
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The synthesis of the amide library started with the generation of the common N-
cyclohexylpropanoic acid intermediate 2.6 (Scheme 2.3). 3-Aminopropanoic acid
was reacted with ethanol to afford the corresponding ethyl ester (2.3), which was
subsequently reductively aminated with cyclohexanone in the presence of sodium
triacetoxyborohydride to afford the corresponding N-cyclohexylamino derivative
(2.4). Chz protection of the amino group followed by ester hydrolysis using lithium
hydroxide afforded carboxylic acid 2.6. Installation of the different substituents was
carried out in parallel fashion by amide coupling using PyBOP and DIPEA (2.7a-j)
which, upon catalytic hydrogenation to remove the Cbz group, yielded the desired
amides (2.8a-j, Table 2.1). Compound 2.8b was prepared from the corresponding 4-
nitrophenylethylamine which gave the corresponding amine derivative under H:
atmosphere.

O
O 0 O
é v CO0E! H/\/COOEt -~ -COOE
2

|
Chz

23 2.4 2.5
i
L COOH J ) liv)
2
o) . (0]

N/\)LN’R v N/\)I\N,R v) |~ ~-COOH

H H (Ilbz i ébz

2.8a 2.7a 26

Scheme 2.3 | Synthesis of the amide analogues of 2.2. i) 3-Aminopropanoic acid, dry EtOH, SOCI,, 0 °C,
10 min, then reflux, 2 h (98%). ii) Cyclohexanone, Na[BH(OAc);], MeOH/DCM 3:2, RT, on (66%). iii)
CbzCl, TEA, dry DCM, 0 °C, then RT. iv) LIOH'H,0O, EtOH/H,0 4:1, RT, 6 h (76%, two steps). v) RNH,
PyBOP, DIPEA, dry DMF, RT, on (9-77%). vi) H (1 bar), 5% Pd/C in MeOH, RT, 12 h (24-64%).

Table 2.1 | Amide derivatives of 2.22,

Compound R group Yield (%)
OMe
2.8a I 24
s OMe
NH,
2.8b A/©/ 64
Sy
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2.8¢c 32

2.8d O 31
“

2.8¢ O 31
e

2.8f g 43
2.89 0 37
A

2.8i S 55

(0]
2.8 Kt \© 31

(a) Yields refer to final synthetic step

2.8h 61

The sulfonamides 2.11a-e were prepared from 2.2 (Scheme 2.4). Cbz protection
was followed by coupling with the desired amine in the presence of oxalyl chloride
to give the corresponding Cbhz-protected sulfonamides 2.10a-e in moderate yields
over two steps. Final catalytic hydrogenation gave the resulting sulfonamides 2.11a-
e (Table 2.2).

O\ SO,H Q\ SO4H Q‘s”o L Q Q\ép
N/\/ S N/\/ g 'T'/\/ “NHR N/\/ “NHR

Cbz Chz Chz
2.2 29 2.10a-¢ 2.1a-e

Scheme 2.4 | Synthesis of the sulfonamide analogues. i) K,COj3, CbzCl, H,0/1,4-dioxane 1:1, 0 °C ,
then RT, 5 h. i) (COCI),, DMF drops, dry DCM, RT, on (12-51%, two steps). iii) H, (1 bar), 5% Pd/C in
MeOH, RT, 12 h (54-97%).

The sulfoxide and sulfone derivatives were synthesized as shown in Scheme 2.5.
The non-commercially available alkyl bromides 2.12a-c were prepared from the
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corresponding alcohols by reaction with PBrs. The alkyl bromides were reacted with

2-mercaptoethanamine hydrochloride in degassed DMF under microwave heating

and subsequently reductively aminated using cyclohexanone to give the desired

thioethers (2.13a-e, Table 2.3). Oxidation of the thioethers using hydrogen peroxide

in glacial acetic acid gave either the corresponding sulfoxides (2.15a-c,e, Table 2.4)
Table 2.2 | Sulfonamide derivatives of 2.22.

SR
\\S//
N~ > "NHR

H

Compound R group Yield (%)

2.11a 54

2.11b AR 81
(0]
2.11c W \© 97
OMe
2.11d I %
y OMe
2.11e %ﬁ/ 93

(a) Yields refer to final synthetic step

after 50 min reaction or the sulfones if allowed to react overnight (2.14a-e). The
sulfoxides 2.14a-e were subsequently chirally separated affording the pure
enantiomers with good enantiomeric excess (95.4-99.8 %ee, Table 2.5).

. 0 0
_ i) _ ii, iii) O\ V) W
R—OH —— R—Br N/\/S\R — N S‘R
H H
2.12a-¢ 2.13a-e 2.15a-¢c, e

g ¥
O\ A 2
H/\/+‘ R Chiral B
resolution o]
+ N 3
/\/ﬁ\

- . N
Q H
m/\/§\R 2.14a-e

R

(+) and (-)-2.14a-¢
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Scheme 2.5 | Synthesis of the thioether, sulfoxide and sulfone analogues. i) PBr3, dry DCM, 0 °C, 2
h, then RT, on (54-86%). ii) HS(CH,).NH,HCI, degassed DMF, MW, 100 °C, 10 min, (1 bar). iii)
cyclohexanone, Na[BH(OACc);], dry MeOH/DCM 3:2, RT, on (4-25%). iv) 30% H,0, in glacial AcOH, RT,
50 min (55-98%). v) 30% H,O in glacial AcOH, RT, on (8-40%).

Table 2.3 | Thioether derivatives of 2.22,

Compound R group Yield (%)

2.13a 4

2.13b AR 20
(0]
2.13¢ W \O 4
OMe
2.13d I 16
s OMe
2.13¢ <Y 25

(a) Yields refer to final synthetic step

Table 2.4 | Sulfoxide derivatives of 2.22.

SV
N/\/SWR

H

Yield (%)
and ee (%)

» s

g O 99.8/95.4
oy 76
(+)and () 2.14b /\/\© 97.8/99.0

] _LLQ/\/O\© 98
(+) and (-) 2.14c 93.0/97.0

Compound R group

(+) and (-) 2.14a
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OMe 55
(+) and (-) 2.14d %A/C[OM,E 99.2/97.6

90
Qand(zue T g e,

(a) Yields refer to final synthetic step

Table 2.5 | Sulfone derivatives of 2.22,

SWRY
\\S//
H/\/ \R

Compound R group Yield (%)

2.15a 40
0

2.15b “/\/\© 7

2.15¢ “%/VOO 8

2.15¢ g 32

(a) Yields refer to final synthetic step
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Figure 2.9 | SPR counter-screening of 2.2 analogue hits from primary screen. (a) Concentration-response
curves of compounds 2.10a (red squares) and 2.12a (green diamonds), with Fc-A as positive control (blue
circles), in the presence of T14-3-3e (10 uM), having PMA2-CT52 peptide immobilized on the surface (b)
Concentration-response curves of 2.10a and 2.12a when tested in the presence (red squares and green
diamonds) and in the absence (light red triangles and light green circles) of T14-3-3e. Concentration
response experiments were performed in 1:3 dilution series, starting from a concentration of 100 uM.
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The compounds were then tested using the same surface-based fluorescence
assay format, monitoring the binding of eGFP-T14-3-3e to surface-immobilized GST-
PMA2-CT66. The first round of screening, conducted in single concentration (200
uM), revealed two potential hits, 2.11a (~ 2.1-fold over DMSO ctrl) and 2.13a (~ 3.3-
fold over DMSO ctrl).” These two compounds were counter-screened in our SPR
assay in a concentration-response format, using Fc-A as positive control, monitoring
the binding of T14-3-3e over immobilized PMA2-CT52 peptide (Figure 2.9a). Both
compounds gave a small but detectable signal, which however was ruled out as
unspecific binding to the peptide when the compounds were tested in the absence
of protein (Figure 2.9b).

2.4 CONCLUSION

In summary, the reported 14-3-3/PMA2 PPI stabilization effect of 2.1 could not
be reproduced. Despite being identical by NMR, only 2.1 purchased from Sigma-
Aldrich (Epi_Sigma), and not 2.1 synthesized in-house (Epi_AZ), gave a signal in
the SPR assay, thus indicating an unknown contamination of the commercial batch.
Another factor that must be taken into account, that has probably misled the authors
of the original work in the SPR data interpretation, is the presence of residual traces
of Fc-A in the SPR system which made the following injection look partially active.
Structural evidence of 2.1 binding to the T14-3-3e/PMA2-CT30 complex were also
not conclusive, as the electron density peaks initially attributed to 2.1 were also
present in crystals obtained in the absence of 2.1. The resolution of the crystal
structures was unfortunately too low to confidently determine what the origin of the
density was, but the buffer component 2.2 was suggested to be a possible candidate.
Biochemical evaluation of 2.2, as well as a number of synthesized 2.2 analogues,
did not provide any evidence of stabilization.

Taken together, the results in this chapter conclusively show that 2.1 is not a
stabilizer of the 14-3-3/PMAZ interaction, but rather an artefact.

Author contribution

The work in this chapter was performed in collaboration with Dr. Sebastian Andrei (background
information, crystallographic data and initial testing of the CHES analogues). Dr. Anders Gunnarsson is
thanked for his training and help with the SPR assay.
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2.5 EXPERIMENTAL SECTION
2.5.1 Supporting Figures
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2.5.2 Surface Plasmon Resonance (SPR)

Unless otherwise stated, SPR measurements were performed on a Biacore 3000 (GE Healthcare)
using 10 mM HEPES, 150 mM NaCl, 0.05% TWEEN 20, pH 7.4 as running buffer. PMA2-CT52
was immobilized on a CMD500L Biacore Sensor Chip (XanTec Bioanalytics GmbH, Dusseldorf,
Germany) at approximately 4000 RUs using EDC/NHS coupling chemistry (from a 10 mM solution
in acetate buffer pH = 5.5). In subsequent experiments, T14-3-3e protein (10 uM) was flowed in
running buffer + 1% DMSO. Fc-A (10 uM or 100 uM) and test compounds (100 uM) were dissolved
in running buffer and prepared from 10 mM DMSO stock solution to achieve final test concentration
and 1% final DMSO concentration. Compounds were either premixed with protein or injected alone
directly at a flowrate of 20 uL/min and 20 °C for 120 s or 150 s in running buffer. Regeneration step
was performed with a 60 s pulse of 0.5 % SDS. All experiments were performed in triplicate (n = 3)
unless otherwise stated. Sensograms were analyzed using BiaEvaluation software, data points
were extracted and final curves were plotted using Microsoft Excel (Office 365). For the 2.2
analogues, in each curve the values at equilibrium response (i.e. binding coverage) were extracted
and fitted using a four-parameter logistic model (4PL) using GraphPad Prism version 8.3.0 for
Windows, GraphPad Software, San Diego, California USA, www.graphpad.com.

2.5.3 Protein and Peptide

The T14-3-3e used for crystallization and SPR studies was expressed and purified according to
ref.!! The PMA2-CT52 construct (C-terminal region encompassing amino acids 905-956),
characterized by the C-terminal YDI-COOH phosphomimic (in place of native YpSV-COOH)*, was
used for SPR studies.
Sequence:TNFNELNQLAEEAKRRAEIARQRELHTLKGHVESVVKLKGLDIETIQQSYDI.

2.5.4 Chemistry

General Information

All solvents and reagents were obtained from commercially available sources and used without
further purification. The microwave syntheses were performed in a Biotage Initiator with an external
surface IR probe. Flash column chromatography was carried out on prepacked silica gel columns
supplied by Biotage and using Biotage automated flash systems with UV detection.

UHPLC-MS experiments were performed using a Waters Acquity UHPLC system combined with a
SQD mass spectrometer. The UHPLC system was equipped with both a BEH C;g column 1.7 ym
2.1x50 mm in combination with a 46 mM (NH,4).CO3/NH; buffer at pH 10 and a HSS Ci5 column 1.8
pm 2.1x50 mm in combination with 10 mM formic acid or 1 mM ammonium formate buffer at pH 3.
The mass spectrometer used ESI+/- as ion source. UPLC was also carried out using a Waters
UPLC fitted with Waters QDa mass spectrometer (Column temp 40 °C, UV = 190-400 nm, MS =
ESI with pos/neg switching) equipped with a Waters Acquity BEH 1.7 ym 2.1x100 mm in
combination with either 0.1% formic acid in water, 0.05% TFA in water or 0.04% NH; in water. The
flow rate was 1 mL/min.

Preparative HPLC was performed by Waters Fraction Lynx with ZQ MS detector on either a Waters
Xbridge Cis OBD 5 ym column (19x150 mm, flow rate 30 mL/min or 30x150 mm, flow rate 60
mL/min) using a gradient of 5-95% MeCN with 0.2% NH; at pH 10 or a Waters SunFire C18 OBD
5 pm column (19x150 mm, flow rate 30 mL/min or 30x150 mm, flow rate 60 mL/min) using a
gradient of 5-95% MeCN with 0.1 M formic acid or on a Gilson Preparative HPLC with a UV/VIS
detector 155 on a Kromasil C8 10 pm column (20 x 250 mm, flow rate 19 mL/min, or 50 x 250 mm,
flow rate 100 mL/min) using a varying gradient of ACN with 0.1% formic acid (FA) in water or 0.2%
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ammonia (NHs) in water. Preparative SFC was performed on a Viridis BEH column (5 ym 250x30
mm) using a gradient of CO; in MeOH/H,O/NH3 97/3/50 mM buffer over 15 minutes. Molecular
mass (HR-ESI-MS) was recorded using a Shimadzu LCMS-2020 instrument (ESI+). Purity of all
test compounds was determined by LCMS.

General 'H NMR spectra were recorded on a Bruker Avance I, Ill, AV300, AV400 or AVIII500
spectrometer at a proton frequency of 400, 500 or 600 MHz at 25 °C or at a temperature and
frequency stated in each experiment. *C NMR spectra were recorded at 101 MHz or 126 MHz. The
chemical shifts (8) are reported in parts per million (ppm) with residual solvent signal used as a
reference ((CDs).SO at 2.50 ppm for *H NMR and 39.52 ppm for 3C NMR, CDCl; at 7.26 ppm for
IH NMR and 77.16 ppm for 13C NMR, CDs0OD at 3.31 ppm for IH NMR and 49.00 ppm *C NMR).
Coupling constants (J) are reported as Hz. NMR abbreviations are used as follows: br = broad, s =
singlet, d = doublet, t = triplet, g = quartet, m = multiplet. Protons on heteroatoms such as COOH
protons are only reported when detected in NMR and can therefore be missing.

Synthetic procedures and compound characterization

Tert-butyl ((2R,3R)-3-((tert-butoxycarbonyl)amino)-2-hydroxy-4-phenylbutanoyl)-L-leucinate
(2.1a) was prepared as described by Richter et al.? to afford the title compound (83 mg, 70 %) as
an orange solid. *H NMR (400 MHz, CDCl3) & 7.24 — 7.33 (m, 2H), 7.16 — 7.24 (m, 3H), 5.38 (br,
1H), 5.05 (d, J = 6.9 Hz, 1H), 4.50 (m, 1H), 4.31 (br, 1H), 4.01 (br, 1H), 2.81 — 3.12 (m, 2H), 1.83
(s, 1H), 1.51 - 1.75 (m, 3H), 1.46 (s, 9H), 1.40 (s, 9H), 0.92 — 1 (m, 6H).

((2R,3R)-3-Amino-2-hydroxy-4-phenylbutanoyl)-L-leucine (2.1). In a RBF, to a solution of tert-
butyl ((2R,3R)-3-((tert-butoxycarbonyl)amino)-2-hydroxy-4-phenylbutanoyl)-L-leucinate (2.1a) (83
mg, 0.18 mmol) in DCM (3.00 mL), hydrogen chloride (4M in dioxane) (3.36 mL, 13.45 mmol) and
water (0.10 mL) were added. The mixture was allowed to stir at 40 °C overnight, after which the
solvent was evaporated to dryness. The resulting slightly brown solid (61 mg) was triturated with
Et,0, then the resulting white solid was collected by filtration and washed carefully with Et,O. The
solid was dried under vacuum, to afford the title compound (28 mg, 45%) as HCI salt. [0]p?° = +10
(c 0.40, H,0). *H NMR (500 MHz, D,0) & 7.35 — 7.4 (m, 2H), 7.31 — 7.35 (m, 1H), 7.26 — 7.3 (m,
2H), 4.44 (d, J = 3.2 Hz, 1H), 3.93 — 4.02 (m, 2H), 3.05 (dd, J = 14.4, 6.3 Hz, 1H), 2.91 (dd, J =
14.4, 8.8 Hz, 1H), 1.53 — 1.64 (m, 3H), 0.89 (d, J = 6.1 Hz, 3H), 0.87 (d, J = 6.1 Hz, 3H). HRMS
(ESI) m/z [M + H]* calcd for C16H24N204: 309.1814, found: 309.1810. Purity: 99%.

Ethyl 3-aminopropanoate hydrochloride (2.3) In a RBF, to a suspension of 3-aminopropanoic
acid (1.00 g, 11.22 mmol) in dry ethanol (25 mL), sulfurous dichloride (0.977 mL, 13.47 mmol) was
added dropwise at 0 °C over 10 min. The reaction was refluxed until complete consumption of
starting material (2h). After cooling to room temperature, solvent was removed under reduced
pressure, to give the title compound as hydrochloric salt (1.698 g, 98%). *H NMR (400 MHz, DMSO)
5 8.25 (br, 3H), 4.09 (q, J = 7.1 Hz, 2H), 2.92 — 3.04 (m, 2H), 2.71 (t, J = 7.2 Hz, 2H), 1.19 (t, J =
7.1 Hz, 3H).

Ethyl 3-(cyclohexylamino)propanoate (2.4) was prepared as described by Yen et al.*? to afford
the title compound (1.118 g, 66%). *H NMR (400 MHz, DMSO) & 4.04 (q, J = 7.1 Hz, 2H), 2.74 (t,
J = 6.8 Hz, 2H), 2.28 — 2.41 (m, 3H), 1.72 — 1.82 (m, 2H), 1.6 — 1.69 (m, 2H), 1.48 — 1.58 (m, 1H),
1.04 - 1.27 (m, 6H), 0.9 — 1.02 (m, 2H).
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3-(((Benzyloxy)carbonyl)(cyclohexyl)amino)propanoic acid (2.6). In a RBF, ethyl 3-
(cyclohexylamino)propanoate (2.4, 4.167 g, 20.91 mmol) and triethylamine (3.50 mL, 25.09 mmol)
were dissolved in DCM and the resulting solution was cooled to 0 °C, under inert atmosphere.
Benzyl carbonochloridate (3.46 mL, 23.00 mmol) was slowly added, then the resulting mixture was
allowed to warm up at room temperature and stirred until complete consumption of the SM was
observed. The reaction was quenched with water. The resulting suspension was poured into a
separatory funnel and the crude product was washed with water and brine. The organic layer was
dried using a phase separator and solvent was removed under reduced pressure, to afford the title
compound ethyl 3-(((benzyloxy)carbonyl)(cyclohexyl)amino)propanoate (2.5), used for the
following step without further purification.

To a solution of 2.5 in EtOH (20 mL), a solution of lithium hydroxide hydrate (3.83 g, 91.32 mmol)
in H,O (5 mL) was added. The resulting mixture was allowed to stir for 6h at room temperature.
Volatiles were removed and the reaction mixture was acidified with aq. HCI (3 M) to pH ~ 1. The
aq. mixture was extracted with EtOAc (3x), dried using a phase separator and the solvent removed
under reduced pressure, to afford the title compound (4.859 g, 76%), as a off-white solid, over two
steps. 'H NMR (400 MHz, DMSO) & 12.26 (br, 1H), 7.27 — 7.41 (m, 6H), 5.08 (s, 2H), 3.29 — 3.4
(m, 3H), 2.38 — 2.47 (m, 2H), 1.68 — 1.78 (m, 2H), 1.52 — 1.67 (m, 3H), 1.46 (qd, J = 12.3, 3.1 Hz,
2H), 1.16 — 1.32 (m, 2H), 0.98 — 1.13 (m, 1H). MS (ES*) m/z [M + H]* calcd for C17H,3NO,: 306.2,
found: 306.1

General procedure A for amide coupling (2.7a-)).

In a vial, to a solution of 3-(((benzyloxy)carbonyl)(cyclohexyl)amino)propanoic acid (2.6,1.0 eq), N-
ethyl-N-isopropylpropan-2-amine (1.2 eq) and the corresponding amine (1.1 eq) in dry DMF (3 mL),
((1H-benzo[d][1,2,3]triazol-1-yl)oxy)tri(pyrrolidin-1-yl)phosphonium hexafluorophosphate(V) (1.0
eq) was added. The mixture was stirred overnight at room temperature. After solvent removal, the
mixture was dissolved in DCM (15 mL) and washed with aq HCI 0.5 M (10 mL), NaHCO3; 5% (10
mL) and brine (10 mL) The organic layer was dried using a phase separator and solvent removed
under reduced pressure. The crude product was purified by preparative HPLC (run time: 20 min;
flow rate: 19 mL/min).

Benzyl cyclohexyl(3-((3,4-dimethoxyphenethyl)amino)-3-oxopropyl) carbamate (2.7a).
Compound 2.7a was synthesized from 2-(3,4-dimethoxyphenyl)ethan-1-amine, according to
general procedure A (purification conditions: 35-75% ACN in H,O/ACN/NHs 95/5/0.2 buffer) to
afford the title compound (136 mg, 45%). *H NMR (500 MHz, CDCl3) & 7.27 — 7.39 (m, 5H), 6.76 —
6.82 (m, 1H), 6.69 (br, 2H), 5.13 (s, 2H), 3.86 (d, J = 3.2 Hz, 6H), 3.44 (s, 4H), 2.70 (s, 2H), 2.39
(d, J = 62.9 Hz, 2H), 1.78 (d, J = 13.2 Hz, 2H), 1.65 (dd, J = 27.2, 12.0 Hz, 3H), 1.18 — 1.52 (m,
4H), 1.08 (dddd, J = 16.5, 13.0, 8.3, 3.5 Hz, 1H). *C NMR (126 MHz, CDCIl3) & 171.26, 156.50,
149.17, 147.83, 136.99, 131.39, 128.69, 128.15, 127.72, 120.73, 111.96, 111.43, 67.12, 56.28,
56.28, 56.06, 56.00, 40.86, 40.86, 40.25, 39.62, 38.05, 37.63, 35.37, 31.37, 31.05, 26.00, 25.47.

Benzyl cyclohexyl(3-((4-nitrophenethyl)amino)-3-oxopropyl) carbamate (2.7b). Compound
2.7b was synthesized from 2-(4-nitrophenyl)ethan-1-amine hydrochloride, according to general
procedure A (purification conditions: 35-75% ACN in H,O/ACN/NH3; 95/5/0.2 buffer) to afford the
titte compound (105 mg, 47%). *H NMR (400 MHz, CDCl3) & 8.12 — 8.19 (m, 2H), 7.27 — 7.42 (m,
7H), 5.13 (s, 2H), 3.3 = 3.59 (m, 4H), 2.74 — 2.99 (m, 2H), 2.2 — 2.57 (m, 2H), 1.73 — 1.85 (m, 2H),
1.54 -1.73 (m, 4H), 1.37 — 1.53 (m, 2H), 1.2 — 1.37 (m, 2H), 0.99 — 1.17 (m, 1H).
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Benzyl cyclohexyl(3-((2,2-diphenylethyl)amino)-3-oxopropyl) carbamate (2.7c). Compound
2.7c was synthesized from 2,2-diphenylethan-1-amine, according to general procedure A
(purification conditions: 45-95% ACN in H,O/ACN/NH; 95/5/0.2 buffer) to afford the title compound
(112 mg, 35%). *H NMR (500 MHz, CDCl3) 8 7.27 — 7.38 (m, 9H), 7.17 — 7.25 (m, 6H), 5.09 (s, 2H),
4.06 —4.22 (m, 1H), 3.73 - 3.93 (m, 3H), 3.29 — 3.46 (m, 2H), 2.17 — 2.45 (m, 2H), 1.77 (d, J=12.8
Hz, 2H), 1.57 — 1.69 (m, 3H), 1.35 — 1.5 (m, 2H), 1.2 — 1.35 (m, 2H), 1 — 1.14 (m, 1H). 3°C NMR
(126 MHz, CDCIs) & 170.85, 155.93, 141.88, 136.97, 128.79, 128.61, 128.11, 128.05, 126.91,
66.98, 56.30, 50.65, 43.78, 40.53, 37.35, 31.22, 25.95, 25.42.

Benzyl cyclohexyl(3-0x0-3-((4-phenylbutyl)amino)propyl) carbamate (2.7d). Compound 2.7d
was synthesized from 4-phenylbutan-1-amine, according to general procedure A (purification
conditions: flash column chromatography. DCM/MeOH 100:0 to 80:20 over 25 CV) to afford the title
compound (203 mg, 69%). *H NMR (400 MHz, CDCl3) 8 7.15 — 7.32 (m, 7H), 7.05 — 7.14 (m, 3H),
5.05 (s, 2H), 3.58 — 3.96 (m, 1H), 3.29 — 3.46 (m, 2H), 2.99 — 3.22 (m, 2H), 2.53 (t, J = 7.6 Hz, 2H),
2.15 - 2.46 (m, 2H), 1.66 — 1.75 (m, 2H), 1.48 — 1.65 (m, 5H), 1.31 — 1.46 (m, 4H), 1.12 — 1.3 (m,
2H), 0.92 — 1.08 (m, 1H). *3C NMR (101 MHz, CDCl3) 5 170.88, 155.58, 142.13, 136.92, 128.61,
128.45, 128.39, 128.06, 125.88, 67.02, 56.33, 40.55, 39.77, 39.34, 37.81, 35.53, 31.18, 29.17,
28.70, 25.94, 25.40.

Benzyl cyclohexyl(3-ox0-3-(phenethylamino)propyl) carbamate (2.7e). Compound 2.7e was
synthesized from 2-phenylethan-1-amine, according to general procedure A (purification conditions:
45-85% ACN in H,O/ACN/NH3 95/5/0.2 buffer) to afford the title compound (149 mg, 62%). *H NMR
(500 MHz, CDCl3) 6 7.27 — 7.4 (m, 7H), 7.02 — 7.25 (m, 3H), 5.12 (s, 2H), 3.68 — 4.01 (m, 1H), 3.35
—3.53 (m, 4H), 2.67 — 2.84 (m, 2H), 2.21 — 2.54 (m, 2H), 1.78 (d, J = 13.1 Hz, 2H), 1.64 — 1.72 (m,
2H), 1.57 — 1.64 (m, 1H), 1.37 — 1.51 (m, 2H), 1.2 — 1.36 (m, 2H), 0.99 — 1.15 (m, 1H). 3C NMR
(126 MHz, CDCIl3) & 170.82, 156.28, 155.85, 138.87, 136.91, 128.76, 128.65, 128.59, 128.04,
127.59, 126.54, 66.98, 56.21, 40.62, 39.56, 37.89, 37.45, 35.69, 31.27, 30.94, 25.91, 25.38.

Benzyl cyclohexyl(3-(isobutylamino)-3-oxopropyl)carbamate (2.7f). Compound 2.7f was
synthesized from 2-methylpropan-1-amine, according to general procedure A (purification
conditions: 40-80% ACN in H,O/ACN/NHz; 95/5/0.2 buffer) to afford the title compound (125 mg,
69%). 'H NMR (500 MHz, CDCls) 5 7.27 — 7.41 (m, 5H), 5.13 (s, 2H), 3.66 — 4.05 (m, 1H), 3.35 —
3.56 (m, 2H), 2.85 — 3.09 (m, 2H), 2.27 — 2.61 (m, 2H), 1.77 (d, J = 13.3 Hz, 2H), 1.67 (d, J =10.9
Hz, 3H), 1.60 (d, J = 13.1 Hz, 1H), 1.44 (m, 2H), 1.18 — 1.36 (m, 2H), 1.06 (m, 1H), 0.86 (m, 6H).
13C NMR (126 MHz, CDCl3) & 170.94, 156.37, 155.93, 136.92, 128.61, 128.06, 127.64, 67.04,
56.31, 46.86, 40.65, 39.77, 37.94, 37.73, 31.28, 31.00, 28.46, 25.93, 25.39, 20.16.

Benzyl cyclohexyl(3-0x0-3-((3-phenylpropyl)amino)propyl)carbamate (2.7g). Compound 2.7g
was synthesized from 3-phenylpropan-1-amine, according to general procedure A (purification
conditions: 45-85% ACN in H,O/ACN/NHz; 95/5/0.2 buffer) to afford the title compound (143 mg,
68%). *H NMR (500 MHz, CDCl3) 8 7.31 — 7.38 (m, 4H), 7.23 — 7.31 (m, 3H), 7.11 — 7.2 (m, 3H),
5.12 (s, 2H), 3.67 — 4.03 (m, 1H), 3.37 — 3.53 (m, 2H), 3.07 — 3.29 (m, 2H), 2.52 — 2.72 (m, 2H),
2.26 — 2.5 (m, 2H), 1.71 — 1.86 (m, 4H), 1.64 — 1.71 (m, 2H), 1.55 — 1.63 (m, 1H), 1.38 — 1.51 (m,
2H), 1.2 - 1.37 (m, 2H), 0.98 — 1.13 (m, 1H). **C NMR (126 MHz, CDCl3) 8 170.96, 156.33, 155.84,
141.43,136.85, 128.56, 128.44, 128.35, 128.01, 127.56, 125.98, 66.98, 56.26, 40.51, 39.61, 39.10,
37.81, 37.56, 33.26, 31.13, 30.93, 25.88, 25.34.
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Benzyl cyclohexyl(3-((3,3-diphenylpropyl)amino)-3-oxopropyl)carbamate (2.7h). Compound
2.7h was synthesized from 3,3-diphenylpropan-1-amine, according to general procedure A
(purification conditions: 45-95% ACN in H,O/ACN/NH; 95/5/0.2 buffer) to afford the title compound
(316 mg, 77%). *H NMR (400 MHz, CDCl3) 8 7.11 — 7.42 (m, 15H), 5.14 (s, 2H), 3.66 — 4.1 (m, 2H),
3.31-3.56 (m, 2H), 3 — 3.27 (m, 2H), 2.12 — 2.51 (m, 4H), 1.78 (d, J = 13.0 Hz, 2H), 1.55 - 1.72
(m, 3H), 1.44 (q, J = 11.6 Hz, 2H), 1.18 — 1.37 (m, 2H), 1 — 1.16 (m, 1H). 3C NMR (101 MHz,
CDCls) 6 170.87, 156.37, 156.14, 144.24, 136.89, 128.60, 128.03, 127.76, 126.41, 66.99, 56.28,
49.11, 40.19, 39.61, 38.44, 37.62, 35.21, 31.04, 25.90, 25.36.

Benzyl cyclohexyl(3-(ethylamino)-3-oxopropyl)carbamate (2.7i). Compound 2.7i was
synthesized from ethanamine, according to general procedure A (purification conditions: 35-75%
ACN in H,O/CAN/NH; 95/5/0.2 buffer) to afford the title compound (164 mg, 75%). *H NMR (400
MHz, CDCl3) 8 7.29 — 7.41 (m, 5H), 5.15 (s, 2H), 3.80 (s, 1H), 3.37 — 3.55 (m, 2H), 3.07 — 3.34 (m,
2H), 2.19 — 2.62 (m, 2H), 1.74 — 1.84 (m, 2H), 1.65 — 1.73 (m, 2H), 1.56 — 1.65 (m, 1H), 1.38 - 1.54
(m, 2H), 1.19 — 1.38 (m, 2H), 0.93 — 1.19 (m, 4H).

Benzyl cyclohexyl(3-ox0-3-((2-phenoxyethyl)amino)propyl)carbamate (2.7j). Compound 2.7j
was synthesized from 2-phenoxyethan-1-amine, according to general procedure A (purification
conditions: 35-75% ACN in H,O/ACN/NH; 95/5/0.2 buffer) to afford the title compound (24 mg, 9%).
IH NMR (400 MHz, CDCl3) 8 7.23 — 7.39 (m, 7H), 6.97 (t, J = 7.3 Hz, 1H), 6.88 (d, J = 7.9 Hz, 2H),
5.13 (s, 2H), 3.96 — 4.05 (m, 2H), 3.84 (br, J = 24.1 Hz, 1H), 3.54 — 3.67 (m, 2H), 3.4 — 3.53 (m,
2H), 2.28 — 2.62 (m, 2H), 1.77 (d, J = 13.0 Hz, 2H), 1.68 (d, J = 10.8 Hz, 2H), 1.61 (d, J = 13.1 Hz,
1H), 1.37 — 1.53 (m, 2H), 1.18 — 1.37 (m, 2H), 0.99 — 1.15 (m, 1H).

General procedure B for catalytic hydrogenation (2.8a-j and 2.11a-e)

In a RBF, the Cbz-protected amides or sulfonamides (1.00 eq) and 5% Pd/C (0.05 eq) were
suspended in MeOH (5 mL). The reaction was stirred for 12h at room temperature, under an
atmosphere of H, (1 bar). The catalyst was removed by filtration through a plug of celite, and the
filtrate was concentrated under vacuum. The compound was purified by preparative SFC (run
time:15 minutes).

3-(Cyclohexylamino)-N-(3,4-dimethoxyphenethyl)propanamide (2.8a). Compound 2.8a was
synthesized from 2.7a, according to general procedure B (purification conditions: 25-35% CO; in
MeOH/H,O/NH; 97/3/50 mM buffer) to afford the title compound (13 mg, 24%). *H NMR (400 MHz,
CDCl3) 5 7.93 (bs, 1H), 6.69 — 6.81 (m, 3H), 3.86 (s, 3H), 3.85 (s, 3H), 3.50 (g, J = 6.9 Hz, 2H),
2.78 —2.84 (m, 2H), 2.75 (t, J = 7.0 Hz, 2H), 2.24 — 2.36 (m, 3H), 1.71 — 1.82 (m, 2H), 1.62 — 1.71
(m, 2H), 1.54 — 1.62 (m, 1H), 1.03 — 1.29 (m, 3H), 0.82 —0.98 (M, 2H). **C NMR (101 MHz, CDCly)
0172.97,149.08, 147.71, 131.86, 120.71, 112.00, 111.32, 56.48, 55.98, 42.69, 40.24, 36.13, 35.36,
33.47, 26.12, 25.01. HRMS (ESI) m/z [M + H]* calcd for C1gH30N2O3: 335.2335, found: 335.2332.
Purity: 97%.

N-(4-Aminophenethyl)-3-(cyclohexylamino)propanamide (2.8b). Compound 2.8b was
synthesized from 2.7b, according to general procedure B (purification conditions: 25-35% CO; in
MeOH/H,O/NH3 97/3/50 mM buffer) to afford the title compound (43 mg, 64%). *H NMR (400 MHz,
CDCl3) 8 7.79 (br, 1H), 6.93 — 6.99 (m, 2H), 6.56 — 6.64 (m, 2H), 3.58 (br, 2H), 3.44 (g, J = 6.8 Hz,
2H), 2.76 — 2.83 (m, 2H), 2.67 (t, J = 7.0 Hz, 2H), 2.23 — 2.37 (m, 3H), 1.73 - 1.81 (m, 2H), 1.62 —
1.72 (m, 2H), 1.53 — 1.62 (m, 1H), 1.42 (br, 1H), 1.04 — 1.29 (m, 3H), 0.86 — 1 (m, 2H). *C NMR
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(101 MHz, CDCIls) 6 172.86, 144.87, 129.58, 129.06, 115.35, 56.42, 42.66, 40.41, 36.18, 34.83,
33.47, 26.13, 25.02. HRMS (ESI) m/z [M + H]* calcd for C17H27N3O: 290.2232, found: 290.2230.
Purity: 89%.

3-(Cyclohexylamino)-N-(2,2-diphenylethyl)propanamide (2.8c). Compound 2.8c was
synthesized from 2.7c, according to general procedure B (purification conditions: 20-30% COy in
MeOH/H,O/NH3 97/3/50 mM buffer) to afford the title compound (26 mg, 32%). *H NMR (400 MHz,
CDCl3) 6 8.18 (s, 1H), 7.17 — 7.34 (m, 10H), 4.20 (t, J = 8.0 Hz, 1H), 3.90 (dd, J = 8.0, 5.7 Hz, 2H),
2.67 — 2.74 (m, 2H), 2.21 — 2.29 (m, 2H), 2.14 (tt, J = 10.6, 3.3 Hz, 1H), 1.53 — 1.71 (m, 5H), 1.02
—1.25 (m, 4H), 0.67 — 0.84 (m, 2H). 3C NMR (101 MHz, CDCl3) 8 173.11, 142.35, 128.71, 128.53,
128.45, 128.32, 128.18, 126.96, 126.74, 56.27, 50.83, 43.58, 42.52, 36.07, 33.34, 26.06, 25.04.
HRMS (ESI) m/z [M + H]* calcd for Ca3H3oN20: 351.2436, found: 351.2436. Purity: 97%.

3-(Cyclohexylamino)-N-(4-phenylbutyl)propanamide (2.8d). Compound 2.8d was synthesized
from 2.7d, according to general procedure B (purification conditions: 20-30% CO; in
MeOH/H,O/NH3 97/3/50 mM buffer) to afford the title compound (62 mg, 31%). *H NMR (400 MHz,
CDCl3) 5 8.12 (bs, 1H), 7.31 — 7.4 (m, 2H), 7.26 (t, J = 7.0 Hz, 3H), 3.34 (g, J = 6.7 Hz, 2H), 2.95
(t, J=5.8 Hz, 2H), 2.72 (t, J = 7.6 Hz, 2H), 2.49 (it, J = 10.3, 3.7 Hz, 1H), 2.35 — 2.44 (m, 2H), 1.87
—2.01 (m, 2H), 1.67 — 1.86 (m, 5H), 1.57 — 1.67 (m, 2H), 1.44 (br, 1H), 1.18 — 1.4 (m, 3H), 1.04 —
1.18 (m, 2H). 3C NMR (101 MHz, CDCls) & 172.83, 142.21, 128.38, 128.30, 125.77, 56.44, 42.74,
38.85, 36.07, 35.57, 33.58, 29.19, 28.92, 26.09, 24.94. HRMS (ESI) m/z [M + H]* calcd for
Ci9H30N20: 303.2436, found: 303.2430. Purity: 93%.

3-(Cyclohexylamino)-N-phenethylpropanamide (2.8e). Compound 2.8e was synthesized from
2.7e, according to general procedure B (purification conditions: 20-30% CO, in MeOH/H,O/NH3;
97/3/50 mM buffer) to afford the title compound (31 mg, 31%). *H NMR (400 MHz, CDCl;) & 8.04
(br, 1H), 7.3 - 7.39 (m, 2H), 7.2 - 7.3 (m, 3H), 3.58 (q, J = 6.7 Hz, 2H), 2.81 — 2.91 (m, 4H), 2.28 —
2.41 (m, 3H), 1.79 (d, J = 12.5 Hz, 2H), 1.68 — 1.76 (m, 2H), 1.58 — 1.68 (m, 1H), 1.1 — 1.36 (m,
4H), 0.86 — 1.02 (m, 2H). **C NMR (101 MHz, CDCls) 5 172.98, 139.49, 139.36, 128.82, 128.70,
128.57, 126.40, 56.39, 42.65, 40.11, 36.16, 35.74, 33.48, 26.11, 25.01. HRMS (ESI) m/z [M + H]*
calcd for C17H26N20: 275.2123, found: 275.2123. Purity: 86%.

3-(Cyclohexylamino)-N-isobutylpropanamide (2.8f). Compound 2.8f was synthesized from 2.7f,
according to general procedure B (purification conditions: 20-30% CO, in MeOH/H,O/NH3 97/3/50
mM buffer) to afford the title compound (34 mg, 43%). *H NMR (500 MHz, CDCl3) & 8.10 (br, 1H),
3.01 - 3.08 (m, 2H), 2.83 — 2.91 (m, 2H), 2.40 (it, J = 10.4, 3.7 Hz, 1H), 2.29 — 2.34 (m, 2H), 1.83
—1.92 (m, 2H), 1.66 — 1.78 (m, 3H), 1.59 (dt, J = 12.6, 3.6 Hz, 1H), 1.50 (br, 1H), 1.24 (qt, J = 12.9,
3.2 Hz, 2H), 1.14 (qt, J = 12.5, 3.3 Hz, 1H), 1.03 (qd, J = 12.6, 3.3 Hz, 2H), 0.85 — 0.93 (m, 6H). 13C
NMR (126 MHz, CDCl3) & 172.96, 56.57, 46.57, 42.84, 36.12, 33.65, 28.49, 26.15, 25.03, 20.33.
HRMS (ESI) m/z [M + H]* calcd for CizH26N20: 227.2123, found: 227.2133. Purity: 90%.

3-(Cyclohexylamino)-N-(3-phenylpropyl)propanamide (2.8g). Compound 2.8g was synthesized
from 2.7g, according to general procedure B (purification conditions: 15-25% CO; in
MeOH/H,O/NH3 97/3/50 mM buffer) to afford the title compound (36 mg, 37%). *H NMR (500 MHz,
CDCl;) 6 8.05 (bs, 1H), 7.23 - 7.3 (m, 2H), 7.12 — 7.21 (m, 3H), 3.25 (9, J = 6.9 Hz, 2H), 2.81 - 2.9
(m, 2H), 2.59 — 2.69 (m, 2H), 2.41 (tt, J = 10.3, 3.7 Hz, 1H), 2.26 — 2.33 (m, 2H), 1.85 — 1.92 (m,
2H), 1.77 — 1.84 (m, 2H), 1.71 (dt, J = 12.7, 3.4 Hz, 2H), 1.60 (dt, J = 12.6, 3.6 Hz, 1H), 1.43 (br,
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1H), 1.25 (qt, J = 12.7, 3.2 Hz, 2H), 1.15 (qt, J = 12.5, 3.3 Hz, 1H), 1.04 (qd, J = 12.6, 3.3 Hz, 2H).
13C NMR (126 MHz, CDCl3) & 172.95, 141.66, 128.47, 128.43, 125.97, 56.52, 42.76, 38.70, 36.09,
33.66, 33.46, 31.26, 26.13, 25.00. HRMS (ESI) m/z [M + H]* calcd for C1sH2sN,0: 289.2280, found:
289.2296. Purity: 90%.

3-(Cyclohexylamino)-N-(3,3-diphenylpropyl)propanamide (2.8h). Compound 2.8h was
synthesized from 2.7h, according to general procedure B (purification conditions: 20-30% CO; in
MeOH/H,O/NH3 97/3/50 mM buffer) to afford the title compound (141 mg, 61%). *H NMR (500 MHz,
CDClIs) 6 8.00 (s, 1H), 7.23 — 7.33 (m, 8H), 7.15 — 7.22 (m, 2H), 3.99 (t, J = 7.8 Hz, 1H), 3.22 (q, J
= 6.6 Hz, 2H), 2.8 — 2.9 (m, 2H), 2.38 — 2.49 (m, 1H), 2.22 — 2.34 (m, 4H), 1.86 — 1.94 (m, 2H), 1.67
—1.81 (m, 3H), 1.57 — 1.67 (m, 1H), 1.23 — 1.34 (m, 2H), 1.13 — 1.23 (m, 1H), 1 — 1.13 (m, 2H). 3C
NMR (126 MHz, CDCl3) d 172.81, 144.33, 128.52, 127.77, 126.29, 56.43, 48.97, 42.63, 37.79,
35.99, 35.20, 33.53, 26.07, 24.93. HRMS (ESI) m/z [M + H]* calcd for C,4H3,N,O: 365.2593, found:
365.2589. Purity: 97%.

3-(Cyclohexylamino)-N-ethylpropanamide (2.8i). Compound 2.8i was synthesized from 2.7i,
according to general procedure B (purification conditions: 20-30% CO, in MeOH/H,O/NH3; 97/3/50
mM buffer) to afford the title compound (54 mg, 55%). *H NMR (500 MHz, CDCl3) & 7.85 (br, 1H),
3.17 (qd, J = 7.3, 5.6 Hz, 2H), 2.72 — 2.86 (m, 2H), 2.34 (it, J = 10.3, 3.7 Hz, 1H), 2.19 — 2.28 (m,
2H), 1.76 — 1.85 (m, 2H), 1.64 (dt, J = 12.5, 3.4 Hz, 2H), 1.48 — 1.58 (m, 2H), 0.91 — 1.25 (m, 8H).
13C NMR (126 MHz, CDCl3) 8 172.65, 56.37, 42.68, 36.02, 33.84, 33.48, 26.04, 24.87,14.74. HRMS
(ESI) m/z [M + H]* caled for C11H22N20: 199.1810, found: 199.1814. Purity: NV.

3-(Cyclohexylamino)-N-(2-phenoxyethyl)propanamide (2.8j). Compound 2.8j was synthesized
from 2.7j, according to general procedure B (purification conditions: 20-30% CO; in MeOH/H,O/NH3
97/3/50 mM buffer) to afford the title compound (5 mg, 31%). *H NMR (500 MHz, CDClz) & 8.47 (br,
1H), 7.26 — 7.32 (m, 2H), 6.95 (t, J = 7.4 Hz, 1H), 6.86 — 6.91 (m, 2H), 4.04 (t, J = 5.1 Hz, 2H), 3.65
(g, J =5.4 Hz, 2H), 2.84 — 2.96 (m, 2H), 2.33 — 2.48 (m, 3H), 1.83 — 1.92 (m, 2H), 1.68 (dt, J = 13.0,
3.5 Hz, 3H), 1.53 —1.63 (m, 1H), 1.17 — 1.28 (m, 2H), 1 — 1.16 (m, 3H). *C NMR (126 MHz, CDCly)
6 173.21, 158.70, 129.63, 121.11, 114.54, 66.88, 56.58, 42.58, 38.72, 35.84, 33.38, 29.89, 29.85,
26.08, 25.00. HRMS (ESI) m/z [M + H]* calcd for C17H26N20,: 291.2072, found: 291.2084. Purity:
93%.

2-(((Benzyloxy)carbonyl)(cyclohexyl)amino)ethane-1-sulfonic acid (2.9)

In a RBF, to a solution of 2-(cyclohexylamino)ethane-1-sulfonic acid (2.2, CHES, 297 mg, 1.43
mmol) in H,O (5 mL), potassium carbonate (218 mg, 1.58 mmol) was added. The resulting mixture
was cooled at 0 °C. Benzyl carbonochloridate (0.237 mL, 1.58 mmol) was dissolved in 1,4-dioxane
(5.00 mL) and added dropwise. The resulting mixture was allowed to stir at room temperature until
complete conversion was observed (5hr, monitored by LC-MS). The reaction was quenched by
addition of ag. HCI (3 M), then the crude mixture was poured into a separatory funnel and extracted
with EtOAc. The collected organic layers were dried using a phase separator and solvent was
removed under reduced pressure, to afford the title compound, used for the next step without further
purification.

General procedure C for the preparation of Cbz-sulfonamides (2.10a-e)

In a vial, to a solution of 2.9 (1.00 eq) in dry DCM (5mL), oxalyl dichloride (2.50 eq) and few drops
of DMF were slowly added. The resulting mixture was allowed to stir at room temperature overnight.
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Volatiles were removed and the residue was co-evaporated with DCM (3x). To the crude mixture in
DCM (10 mL), the corresponding amine (1.10 eq) was added at 0 °C under inert atmosphere. The
reaction mixture was allowed to warm to room temperature and stirred overnight. The reaction
mixture was quenched with H,O, then washed twice with brine. The organic layer was dried using
a phase separator and solvent removed under reduced pressure. The crude product was purified
by preparative HPLC (run time: 20 min; flow rate: 19 mL/min).

2-(Cyclohexylamino)-N-(3,3-diphenylpropyl)ethane-1-sulfonamide (2.10a). Compound 2.10a
was synthesized from 3,3-diphenylpropan-1-amine (392 mg, 1.80 mmol), according to general
procedure C (purification conditions: 55-95% ACN in H,O/ACN/NH; 95/5/0.2 buffer), to afford the
titte compound (120 mg, 14%). *H NMR (400 MHz, CDCl3) & 7.03 — 7.55 (m, 15H), 5.12 (s, 1H),
3.74 — 4.22 (m, 2H), 3.37 — 3.7 (m, 2H), 2.74 — 3.36 (m, 4H), 2.11 — 2.43 (m, 2H), 1.18 — 1.9 (m,
10H), 0.95 - 1.15 (m, 1H).

Benzyl cyclohexyl(2-(N-(3-phenylpropyl)sulfamoyl)ethyl)carbamate (2.10b). Compound 2.10b
was synthesized from 3-phenylpropan-1-amine (0.399 mL, 2.80 mmol), according to general
procedure C (purification conditions: 50-90% ACN in H,O/ACN/NH; 95/5/0.2 buffer), to afford the
title compound (139 mg, 12%). MS (ES*) m/z [M + H]* calcd for C2sH34N204S: 459.2, found: 459.3.

Benzyl cyclohexyl(2-(N-(2-phenoxyethyl)sulfamoyl)ethyl)carbamate (2.10c). Compound 2.10c
was synthesized from 2-phenoxyethan-1-amine (0.140 mL, 1.07 mmol), according to general
procedure C (purification conditions: 45-85% ACN in H,O/ACN/NH3; 95/5/0.2 buffer), to afford the
title compound (227 mg, 51%). *H NMR (400 MHz, CDClg) & 7.22 — 7.46 (m, 7H), 6.98 (t, J = 7.3
Hz, 1H), 6.75 — 6.93 (m, 2H), 5.14 (s, 2H), 4.01 — 4.2 (m, 1H), 3.76 — 4.03 (m, 2H), 3.43 - 3.71 (m,
3H), 3.13 — 3.43 (m, 3H), 1.56 — 1.87 (m, 5H), 1.19 — 1.51 (m, 4H), 0.95 — 1.19 (m, 1H).

Benzyl cyclohexyl(2-(N-(3,4-dimethoxyphenethyl)sulfamoyl)ethyl) carbamate (2.10d).
Compound 2.10d was 2-(3,4-dimethoxyphenyl)ethan-1-amine (0.190 mL, 1.13 mmol), according to
general procedure C (purification conditions: 35-75% ACN in H,O/ACN/NH3; 95/5/0.2 buffer), to
afford the title compound (179 mg, 35%). *H NMR (400 MHz, CDCl3) & 7.29 (m, 5H), 6.57 — 6.86
(m, 3H), 5.12 (s, 2H), 3.84 (s, 6H), 3 — 3.6 (M, 6H), 2.56 — 2.88 (M, 2H), 1.54 — 1.88 (m, 6H), 1.17
—1.52 (m, 4H), 0.93 — 1.16 (m, 1H).

Benzyl cyclohexyl(2-(N-isobutylsulfamoyl)ethyl) carbamate (2.10e). Compound 2.10e was 2-
methylpropan-1-amine (0.112 mL, 1.13 mmol), according to general procedure C (purification
conditions: 40-80% ACN in H,O/ACN/NH3; 95/5/0.2 buffer) to afford the title compound (173 mg,
43%). 'H NMR (400 MHz, CDCl3) & 7.28 — 7.43 (m, 5H), 5.15 (bs, 2H), 3.74 — 4.07 (m, 1H), 3.46 —
3.7 (m, 2H), 3.08 — 3.37 (m, 2H), 2.54 — 3.03 (M, 2H), 1.55 — 1.92 (m, 7H), 1.21 — 1.5 (m, 4H), 1.01
—1.19 (m, 1H), 0.72 — 1.01 (M, 6H).

2-(Cyclohexylamino)-N-(3,3-diphenylpropyl)ethane-1-sulfonamide (2.11a). Compound 2.11a
was synthesized from 2.10a, according to general procedure B (purification conditions: 15-25% CO,
in MeOH/H,O/NH3 97/3/50 mM buffer) to afford the title compound (49 mg, 54%). *H NMR (400
MHz, CDCls) 8 7.23 — 7.34 (m, 8H), 7.17 — 7.23 (m, 2H), 4.06 (t, J = 7.9 Hz, 1H), 2.98 — 3.16 (m,
6H), 2.24 — 2.48 (m, 3H), 1.8 — 1.91 (m, 2H), 1.68 — 1.78 (m, 2H), 1.57 — 1.68 (m, 1H), 1.09 — 1.34
(m, 3H), 0.92 — 1.07 (m, 2H). *C NMR (101 MHz, CDCl;) & 143.87, 128.74, 127.83, 126.59, 56.54,

71



CHAPTER 2

51.68, 48.43, 41.74, 41.26, 36.22, 33.59, 26.07, 24.99. HRMS (ESI) m/z [M + H]* calcd for
C23H32N20,S: 401.2263, found: 401.2283. Purity: 96%.

2-(Cyclohexylamino)-N-(3-phenylpropyl)ethane-1-sulfonamide (2.11b). Compound 2.11b was
synthesized from 2.10b, according to general procedure B (purification conditions: 15-25% CO; in
MeOH/H,O/NH3; 97/3/50 mM buffer), to afford the tittle compound (80 mg, 81%). *H NMR (500 MHz,
DMSO) & 7.35 (s, 1H), 7.22 (t, J = 7.4 Hz, 2H), 7.06 — 7.18 (m, 3H), 3.31 — 3.49 (m, 2H), 3.08 —
3.25 (m, 2H), 2.97 (t, J = 6.2 Hz, 2H), 2.77 — 2.93 (m, 1H), 2.61 (t, J = 7.6 Hz, 2H), 1.99 (d, J = 10.2
Hz, 2H), 1.68 — 1.84 (m, 4H), 1.60 (d, J = 12.6 Hz, 1H), 1.03 — 1.39 (m, 5H). 3C NMR (126 MHz,
DMSO) & 140.95, 127.98, 127.93, 125.45, 56.17, 53.99, 47.55, 41.79, 38.74, 32.12, 31.24, 29.04,
24.62, 23.83. HRMS (ESI) m/z [M + H]* calcd for C17H2sN20,S: 325.1949, found: 325.1928. Purity:
90%.

2-(Cyclohexylamino)-N-(2-phenoxyethyl)ethane-1-sulfonamide (2.11c). Compound 2.11c was
synthesized from 2.10c, according to general procedure B, pure after filtration (156 mg, 97%). H
NMR (500 MHz, MeOD) & 7.26 (ddq, J = 9.8, 6.8, 2.3 Hz, 2H), 6.85 — 7 (m, 3H), 4.06 (t, J = 5.3 Hz,
2H), 3.49 (t, J = 5.3 Hz, 2H), 3.39 (t, J = 6.8 Hz, 2H), 3.22 (t, J = 6.8 Hz, 2H), 2.71 (tt, J = 10.7, 3.7
Hz, 1H), 1.92 — 2 (m, 2H), 1.75 — 1.83 (m, 2H), 1.66 (dt, J = 12.9, 3.1 Hz, 1H), 1.1 — 1.34 (m, 5H).
13C NMR (126 MHz, MeOD) d 159.22, 130.22, 121.91, 115.14, 67.85, 57.74, 50.76, 43.10, 40.66,
31.56, 26.05, 25.27. HRMS (ESI) m/z [M + H]* calcd for C1sH26N203S: 327.1742, found: 327.1758.
Purity: 89%.

2-(Cyclohexylamino)-N-(3,4-dimethoxyphenethyl)ethane-1-sulfonamide (2.11d). Compound
2.11d was synthesized from 2.10d, according to general procedure B, pure after filtration (126 mg,
96%). *H NMR (500 MHz, MeOD) 5 6.85 — 6.92 (m, 2H), 6.79 (dd, J = 8.1, 2.0 Hz, 1H), 3.83 (s,
3H), 3.80 (s, 3H), 3.28 (t, J = 7.2 Hz, 2H), 3.09 (t, J = 6.8 Hz, 2H), 2.92 (t, J = 6.8 Hz, 2H), 2.78 (t,
J =7.2 Hz, 2H), 2.43 (it, J = 10.8, 3.7 Hz, 1H), 1.82 — 1.92 (m, 2H), 1.7 — 1.81 (m, 2H), 1.6 — 1.69
(m, 1H), 1.24 — 1.37 (m, 2H), 1.12 — 1.23 (m, 1H), 0.99 — 1.11 (m, 2H). *C NMR (126 MHz, MeOD)
0 150.47, 149.21, 133.02, 122.28, 113.92, 113.15, 57.47, 56.50, 56.42, 52.02, 45.57, 41.59, 37.23,
33.62, 27.07, 25.99. HRMS (ESI) m/z [M + H]* calcd for C1gH30N>04S: 371.2004, found: 371.1999.
Purity: 95%.

2-(Cyclohexylamino)-N-isobutylethane-1-sulfonamide (2.11e). Compound 2.1le was
synthesized from 2.10e, according to general procedure B, pure after filtration (107 mg, 93%). 'H
NMR (500 MHz, MeOD) & 3.25 (t, J = 6.9 Hz, 2H), 3.12 (t, J = 6.9 Hz, 2H), 2.87 (d, J = 6.8 Hz, 2H),
2.64 (tt, J = 10.9, 3.7 Hz, 1H), 1.92 — 2.02 (m, 2H), 1.71 — 1.86 (m, 3H), 1.62 — 1.71 (m, 1H), 1.27
—1.39 (m, 2H), 1.1 — 1.26 (m, 3H), 0.96 (s, 3H), 0.94 (s, 3H). **C NMR (126 MHz, MeOD) & 57.83,
51.42, 51.22, 41.38, 32.91, 30.26, 26.86, 25.88, 20.30. HRMS (ESI) m/z [M + H]* calcd for
C12H26N20,S: 263.1793, found: 263.1815. Purity: 96%.

General procedure D for the preparation of alkyl bromides (2.12a-c).

In a RBF, to a stirred solution of alcohol (1.00 eq) in dry DCM (10 mL), tribromophosphane (0.50
eq) was added at 0 °C. The reaction mixture was stirred for 2 h, then other 0.50 eq of
tribromophosphane were added. Ice bath was removed, and the reaction was allowed to stir
overnight. The reaction was quenched by slow addition of H,O. The resulting mixture was poured
into a separatory funnel and further washed with H,O and brine. The organic layer was dried using
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a phase separator and concentrated under reduced pressure. The residue was purified via flash
chromatography (Hept/EtOAC 100:0 to 0:100) to give the desired product.

(3-Bromopropane-1,1-diyl)dibenzene (2.12a). Compound 2.12a was prepared from 3,3-
diphenylpropan-1-ol (750 mg, 3.53 mmol) according to general procedure D, to afford the title
compound (714 mg, 74%). *H NMR (400 MHz, CDCl3) 8 7.23 — 7.34 (m, 8H), 7.16 — 7.23 (m, 2H),
4.21 (t,J=7.7 Hz, 1H), 3.31 (t, J = 6.7 Hz, 2H), 2.57 (q, J = 6.8 Hz, 2H).

(3-Bromopropyl)benzene (2.12b). Compound 2.12b was prepared from 3-phenylpropan-1-ol
(1.50 g, 11.01 mmol) according to general procedure D, to afford the tittle compound (1200 mg,
54%).

4-(2-Bromoethyl)-1,2-dimethoxybenzene (2.12c). Compound 2.12c was prepared from 2-(3,4-
dimethoxyphenyl)ethan-1-ol (400 mg, 2.20 mmol) according to general procedure D, to afford the
titte compound (460 mg, 86%). 'H NMR (400 MHz, CDCl;) & 6.82 (d, J = 8.1 Hz, 1H), 6.7 — 6.78
(m, 2H), 3.88 (s, 3H), 3.86 (s, 3H), 3.54 (t, J = 7.7 Hz, 2H), 3.10 (t, J = 7.7 Hz, 2H).

N-(2-((3,3-Diphenylpropyl)thio)ethyl)cyclohexanamine (2.13a). In a vial, to a stirred solution of
(3-bromopropane-1,1-diyl)dibenzene (2.12a, 374 mg, 1.36 mmol) in degassed DMF (5 mL), 2-
mercaptoethan-1-aminium chloride (185 mg, 1.63 mmol) and potassium carbonate (263 mg, 1.90
mmol) were added. The reaction mixture was stirred at room temperature until no further product
formation was observed. After solvent removal, the crude mixture was diluted with H.O and
extracted with DCM (3x). The combined organic layers were dried using a phase separator and
solvent was removed under reduced pressure. The intermediate (21 mg, 0.08 mmol) was dissolved
in a DCM/MeOH (2:3) mixture and cyclohexanone (0.009 ml, 0.09 mmol) was slowly added, under
N2. After stirring for 20 min, sodium triacetoxyhydroborate (19 mg, 0.09 mmol) was added and the
reaction was allowed to stir at room temperature overnight. After solvent removal, the crude mixture
was suspended in DCM (15 mL) and washed with H,O (3x) and brine. The organic layer was dried
using a phase separator, the solvent was removed under vacuum. The compound was purified by
preparative HPLC (gradient of 55-95% acetonitrile in H,O/ACN/NH3; 95/5/0.2 buffer over 15 minutes
with a flow of 19 mL/min). Collected fractions were freeze-dried, to afford the title compound over
two steps (19 mg, 4%). 'H NMR (400 MHz, CDCl;) & 7.23 — 7.35 (m, 8H), 7.16 — 7.22 (m, 2H), 4.10
(t, J=7.7 Hz, 1H), 2.77 (t, I = 6.5 Hz, 2H), 2.66 (t, J = 6.5 Hz, 2H), 2.25 — 2.53 (m, 5H), 1.68 — 1.92
(m, 5H), 1.55 - 1.67 (m, 1H), 1.13 — 1.33 (m, 3H), 0.98 — 1.13 (m, 2H). *3C NMR (101 MHz, CDCls,
26°C) 6 144.31, 128.67, 127.98, 126.46, 56.60, 50.09, 45.50, 35.55, 33.63, 32.60, 30.15, 26.25,
25.16. HRMS (ESI) m/z [M + HJ* calcd for Ca3H3iNS: 354.2255, found: 354.2266. Purity: 94%.

N-(2-((3-Phenylpropyl)thio)ethyl)cyclohexanamine (2.13b) In a MW vial, to a suspension of (3-
bromopropyl)benzene (2.12b, 400 mg, 2.01 mmol) and 2-mercaptoethan-1-aminium chloride (285
mg, 2.51 mmol) in degassed DMF (4 mL) under N2, N-ethyl-N-isopropylpropan-2-amine (0.875 ml,
5.02 mmol) was slowly added. The resulting mixture was heated at 100 °C for 5 min in a single
node microwave reactor. Then pressure monitored was 1 atm. After solvent removal, the crude
product was dissolved in DCM (15 mL), washed with NaOH 1 M (3x) and brine. The organic layer
was dried using a phase separator and solvent removed under reduced pressure. The intermediate
was dissolved in a DCM/MeOH (2:3) mixture and cyclohexanone (0.237 ml, 2.29 mmol) was slowly
added, under N,. After stirring for 20 min, sodium triacetoxyhydroborate (490 mg, 2.31 mmol) was
added and the reaction was allowed to stir at room temperature overnight. After solvent removal,
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the crude mixture was suspended in DCM (15 mL) and washed with H,O (3x) and brine. The organic
layer was dried using a phase separator, the solvent was removed under vacuum. The compound
was purified by preparative SFC (gradient of 15-25% CO, in MeOH/H,O/NH3; 97/3/50 mM buffer
over 15 minutes). Collected fractions were dried, to afford the title compound over two steps (110
mg, 20%). *H NMR (400 MHz, CDCl3) 8 7.23 — 7.32 (m, 2H), 7.14 — 7.22 (m, 3H), 2.80 (t, J = 6.6
Hz, 2H), 2.69 — 2.75 (m, 2H), 2.66 (t, J = 6.5 Hz, 2H), 2.49 — 2.56 (m, 2H), 2.37 — 2.46 (m, 1H), 1.81
—1.97 (m, 4H), 1.68 — 1.79 (m, 2H), 1.54 — 1.68 (m, 2H), 0.99 — 1.33 (m, 5H). 13C NMR (101 MHz,
CDCls) & 141.46, 128.46, 128.37, 125.91, 56.49, 45.54, 34.77, 33.62, 32.68, 31.24, 31.20, 26.17,
25.06. HRMS (ESI) m/z [M + H]* calcd for C17 H27 N S: 278.1942, found: 278.1954. Purity: 89%.

N-(2-((2-Phenoxyethyl)thio)ethyl)cyclohexanamine (2.13c). In a MW vial, to a suspension of (2-
bromoethoxy)benzene (400 mg, 1.95 mmol) and 2-mercaptoethan-1-aminium chloride (266 mg,
2.34 mmol) in degassed DMF (4 mL) under N, N-ethyl-N-isopropylpropan-2-amine (0.849 mL, 4.87
mmol) was slowly added. The resulting mixture was heated at 100 °C for 10 min in a single node
microwave reactor. Then pressure monitored was 1 atm. After solvent removal, the crude product
was dissolved in DCM (15 mL), washed with NaOH 1 M (3x) and brine. The organic layer was dried
using a phase separator and solvent removed under reduced pressure. The intermediate (92 mg,
0.47 mmol) was dissolved in a DCM/MeOH (2:3) mixture and cyclohexanone (0.056 mL, 0.54 mmol)
was slowly added, under N». After stirring for 30min, sodium triacetoxyhydroborate (114 mg, 0.54
mmol) was added and the reaction was allowed to stir at room temperature overnight. After solvent
removal, the crude mixture was suspended in DCM (15 mL) and washed with H,O (3x) and brine.
The organic layer was dried using a phase separator, the solvent was removed under vacuum. The
compound was purified by preparative SFC (gradient of 15-25% CO, in MeOH/H,O/NHz; 97/3/50
mM buffer over 15 minutes). Collected fractions were dried, to afford the title compound over two
steps (22 mg, 4%). *H NMR (500 MHz, CDCl3) & 7.22 — 7.33 (m, 2H), 6.92 — 6.99 (m, 1H), 6.83 —
6.92 (m, 2H), 4.13 (t, J = 6.8 Hz, 2H), 2.90 (t, J = 6.8 Hz, 2H), 2.83 — 2.88 (m, 2H), 2.73 — 2.81 (m,
2H), 2.42 (tt, J = 10.4, 3.7 Hz, 1H), 1.8 — 1.92 (m, 2H), 1.67 — 1.77 (m, 2H), 1.57 — 1.65 (m, 1H),
1.52 (br, 1H), 1.2 — 1.31 (m, 2H), 1.13 — 1.2 (m, 1H), 1.02 — 1.12 (m, 2H). *3C NMR (126 MHz,
CDCl;) 6 158.53, 129.61, 121.12, 114.68, 67.81, 56.62, 45.80, 33.75, 33.46, 30.97, 26.25, 25.14.
HRMS (ESI) m/z [M + H]* calcd for C16 H25 N O S: 280.1735, found: 280.1740. Purity: 89%.

N-(2-((3,4-Dimethoxyphenethyl)thio)ethyl)cyclohexanamine (2.13d). In a RBF, sodium
hydroxide (204 mg, 5.10 mmol) and 2-mercaptoethan-1-aminium chloride (232 mg, 2.04 mmol)
were dissolved in degassed MeOH (20 mL) under N,. After stirring 30 min, 4-(2-bromoethyl)-1,2-
dimethoxybenzene (2.12c, 500 mg, 2.04 mmol) was added and the resulting mixture was stirred at
room temperature overnight. The crude mixture was filtered, and the filtrate was concentrated under
reduced pressure. The crude product was dissolved in diethyl ether, filtered and the solvent
evaporated. The intermediate was dissolved in a DCM/MeOH (2:3) mixture and cyclohexanone
(0.243 mL, 2.35 mmol) was slowly added, under N,. After stirring for 30min, sodium
triacetoxyhydroborate (497 mg, 2.35 mmol) was added and the reaction was allowed to stir at room
temperature overnight. After solvent removal, the crude mixture was suspended in DCM (15 mL)
and washed with H,O (3x) and brine. The organic layer was dried using a phase separator, the
solvent was removed under vacuum. The compound was purified by preparative SFC (gradient of
20-30% CO; in MeOH/H,O/NH3; 97/3/50 mM buffer over 15 minutes). Collected fractions were dried,
to afford the title compound over two steps (107 mg, 16%). *H NMR (500 MHz, CDCl3) 8 6.79 (d, J
= 8.1 Hz, 1H), 6.69 — 6.75 (m, 2H), 3.86 (s, 3H), 3.84 (s, 3H), 2.78 — 2.84 (m, 4H), 2.71 — 2.77 (m,
2H), 2.68 (t, J = 6.6 Hz, 2H), 2.36 — 2.45 (m, 1H), 1.81 — 1.9 (m, 2H), 1.63 — 1.77 (m, 3H), 1.55 —
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1.63 (m, 1H), 1.19 —1.29 (m, 2H), 1.11 — 1.19 (m, 1H), 1 — 1.11 (m, 2H). 3C NMR (126 MHz, CDCls)
0 148.93, 147.63, 133.18, 120.42, 111.82, 111.27, 56.60, 55.98, 55.92, 45.62, 36.12, 33.77, 33.66,
32.98, 26.21, 25.11. HRMS (ESI) m/z [M + H]* calcd for C15H29NO,S: 324.1997, found: 324.1998.
Purity: 89%.

N-(2-(Isobutylthio)ethyl)cyclohexanamine (2.13e). In a RBF, sodium hydroxide (642 mg, 16.06
mmol) and 2-mercaptoethan-1-aminium chloride (829 mg, 7.30 mmol) were dissolved in degassed
DMF (10 mL) under N,. After stirring 30 min, 1-bromo-2-methylpropane (0.794 mL, 7.30 mmol) was
added and the resulting mixture was stirred at room temperature overnight. The crude mixture was
filtered, then cyclohexanone (0.870 mL, 8.39 mmol) was added under N,. After stirring for 15 min,
sodium triacetoxyhydroborate (1.779 g, 8.39 mmol) was added and the reaction was allowed to stir
at room temperature overnight. After solvent removal, the crude mixture was redissolved in DCM
and washed with H,O (3x) and brine, dried using a phase separator and concentrated under
reduced pressure. The compound was purified by preparative SFC (gradient of 15-25% CO; in
MeOH/H,O/NH3 97/3/50 mM buffer over 15 minutes). Collected fractions were dried, to afford the
titte compound over two steps (392 mg, 25%). *H NMR (400 MHz, CDCl3) 8 2.80 (t, J = 6.5 Hz, 2H),
2.64 (t, J = 6.6 Hz, 2H), 2.35 — 2.46 (m, 3H), 1.5 — 1.91 (m, 7H), 1 — 1.32 (m, 5H), 0.94 — 1 (m, 6H).
13C NMR (101 MHz, CDCls) & 56.65, 45.74, 41.37, 33.72, 33.44, 28.83, 26.27, 25.17, 22.14. MS
(ES*) m/z [M + HJ]* calcd for C12H25NS: 216.2, found: 216.3.

General procedure E for the preparation of the sulfoxides (2.14a-e)

In a vial, to a solution of thioether (2.13a-e, 1.00 eq) in glacial AcOH (4 mL), hydrogen peroxide
30% (4.00 eq) was added. The reaction was stirred at room temperature until complete
consumption of the starting material (50 min). After solvent removal, the crude mixture was
dissolved in DCM and washed with H,O (3x) and brine. The organic layer was dried using a phase
separator and concentrated under reduced pressure. The enantiomers were separated by chiral
column chromatography.

(+) and (-)-N-(2-((3,3-Diphenylpropyl)sulfinyl)ethyl)cyclohexanamine (2.14a enantiomers 1
and 2). Compound 2.14a was prepared from N-(2-((3,3-diphenylpropyl)thio)ethyl)cyclohexanamine
(2.13a, 44 mg, 0.12 mmol), according to general procedure E, to afford the title compound (34 mg,
75%). *H NMR (500 MHz, CDCl3) & 7.17 — 7.33 (m, 10H), 4.05 (t, J = 7.7 Hz, 1H), 3.11 — 3.19 (m,
1H), 3.04 — 3.11 (m, 1H), 2.81 — 2.89 (m, 1H), 2.67 — 2.79 (m, 2H), 2.41 — 2.66 (m, 4H), 1.68 — 1.76
(m, 1H), 1.56 — 1.64 (m, 1H), 0.98 — 1.37 (m, 8H), 0.77 — 0.93 (M, 1H). **C NMR (126 MHz, CDCly)
0 143.60, 143.34, 128.86, 128.83, 127.92, 127.87, 126.80, 126.77, 56.88, 52.50, 51.20, 50.38,
40.48, 33.20, 33.11, 28.47, 26.05, 25.01, 24.99.

The enantiomers of 2.14a were separated by chiral column chromatography on a Lux C4 (250x20
mm, 5 pm) column. 1.00 mL (25 mg/mL in EtOH/DCM 75:25) were injected and eluted with 32%
EtOH/DEA 100/0.5 in CO,, 140 bar at 40 °C, a flow rate of 70 mL/min and detected at 220 nm. The
first eluted compound was collected and evaporated to afford 2.14a enantiomer 1 (7.4 mg, 99.8%
ee). HRMS (ESI) m/z [M + H]* calcd for C,3H3:NOS: 370.2205, found: 370.2209. The second eluted
compound was collected and evaporated to afford 2.14a enantiomer 2 (11 mg, 95.4% ee). HRMS
(ESI) m/z [M + H]* calcd for C23H3:NOS: 370.2205, found: 370.2202.

(+) and (-)-N-(2-((3-Phenylpropyl)sulfinyl)ethyl)cyclohexanamine ((2.14b enantiomers 1 and
2). Compound 2.14b was prepared from N-(2-((2-phenoxyethyl)thio)ethyl)cyclohexanamine (2.13b,

110 mg, 0.40 mmol), according to general procedure E, to afford the title compound (89 mg, 76%).
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IH NMR (500 MHz, CDCl3) & 7.25 — 7.33 (m, 2H), 7.13 — 7.23 (m, 3H), 3.28 — 3.36 (m, 1H), 3.17 —
3.25 (m, 1H), 2.91 — 3.04 (m, 2H), 2.74 — 2.85 (m, 3H), 2.6 — 2.72 (m, 2H), 2.03 — 2.18 (m, 2H), 1.9
—1.97 (m, 2H), 1.72 — 1.81 (m, 2H), 1.58 — 1.66 (m, 1H), 1.1 — 1.33 (m, 6H). 13C NMR (126 MHz,
CDCl3) & 140.39, 128.70, 128.56, 126.46, 56.98, 52.03, 49.82, 39.97, 34.69, 31.58, 31.48, 25.63,
24.81, 24.27.

The enantiomers of 2.14b were separated by chiral column chromatography on a Lux Al (250x30
mm, 5 ym) column. 0.700 mL (44.5 mg/mL in EtOH) were injected and eluted with 25% EtOH/DEA
100/0.5 in CO,, 130 bar at 40 °C, a flow rate of 130 mL/min and detected at 220 nm. The first eluted
compound was collected and evaporated to afford 2.14b enantiomer 1 (30 mg, 97.8% ee). HRMS
(ESI) m/z [M + H]* calcd for C17H27NOS: 294.1891, found: 294.1908. Purity: 94%. The second
eluted compound was collected and evaporated to afford 2.14b enantiomer 2 (30 mg, 99.0% ee).
HRMS (ESI) m/z [M + H]* calcd for C17H27NOS: 294.1891, found: 294.1898. Purity: 87%.

(+) and (-)-N-(2-((2-Phenoxyethyl)sulfinyl)ethyl)cyclohexanamine (2.14c enantiomers 1 and 2
). Compound 2.14c was prepared from N-(2-((2-phenoxyethyl)thio)ethyl)cyclohexanamine (2.13c,
32 mg, 0.11 mmol), according to general procedure E, to afford the title compound (33 mg, 98%).
IH NMR (400 MHz, CDCl3) 8 7.21 — 7.31 (m, 2H), 6.93 (t, J = 7.4 Hz, 1H), 6.88 (d, J = 7.9 Hz, 2H),
4.12 (t, J = 6.8 Hz, 2H), 2.8 — 2.93 (m, 4H), 2.73 — 2.79 (m, 2H), 2.41 (tt, J = 10.4, 3.7 Hz, 1H), 1.8
—1.92 (m, 2H), 1.66 — 1.77 (m, 2H), 1.53 — 1.66 (m, 2H), 0.97 — 1.31 (m, 5H). *C NMR (101 MHz,
CDCl;) 6 158.51, 129.59, 121.10, 114.66, 67.79, 56.60, 45.76, 33.69, 33.40, 30.95, 26.22, 25.12.
The enantiomers of 2.14c were separated by chiral column chromatography on a YMC SA (250x20
mm, 5 ym) column. 0.700 mL (24 mg/mL in EtOH/DCM 1:1) were injected and eluted with 30%
EtOH/DEA 100/0.5 in CO3, 130 bar at 40 °C, a flow rate of 75 mL/min and detected at 270 nm. The
first eluted compound was collected and evaporated to afford 2.14c enantiomer 1 (11 mg, 93%
ee). HRMS (ESI) m/z [M + H]* calcd for C16H25NO,S: 296.1684, found: 296.1687. Purity: 90%. The
second eluted compound was collected and evaporated to afford 2.14c enantiomer 2 (13 mg, 97%
ee). HRMS (ESI) m/z [M + H]* calcd for C16H2sNO,S: 296.1684, found: 296.1682. Purity: 89%.

(+) and (-)-N-(2-((3,4-Dimethoxyphenethyl)sulfinyl)ethyl)cyclohexanamine (2.14d
enantiomers 1 and 2). Compound 2.14d was prepared from  N-(2-((3,4-
dimethoxyphenethyl)thio)ethyl)cyclohexanamine (2.13d, 90 mg, 0.28 mmol), according to general
procedure E, to afford the title compound (52 mg, 55%). *H NMR (500 MHz, CDCl3) & 6.72 — 6.86
(m, 3H), 3.81 — 3.9 (m, 6H), 2.67 — 3.32 (m, 8H), 2.39 — 2.56 (m, 1H), 1.89 (d, J = 9.7 Hz, 2H), 1.72
(d, J=12.8 Hz, 2H), 1.56 — 1.64 (m, 1H), 0.97 — 1.37 (m, 6H). *C NMR (126 MHz, CDCl3) & 149.22,
147.97, 131.45, 120.61, 111.90, 111.52, 56.87, 56.05, 56.02, 54.62, 52.94, 40.52, 33.37, 33.28,
28.57, 26.09, 25.03, 25.02.

The enantiomers of 2.14d were separated by chiral column chromatography on a Chiralpak (250x20
mm, 5 ym) column. 0.500 mL (25 mg/mL in EtOH) were injected and eluted with 22% IPA/DEA
100/0.5 in CO3, 120 bar at 40 °C, a flow rate of 70 mL/min and detected at 220 nm. The first eluted
compound was collected and evaporated to afford 2.14d enantiomer 1 (12.6 mg, 99.2% ee). HRMS
(ESI) m/z [M + H]* calcd for CigH2gNO3S: 340.1946, found: 340.1952. Purity: 96%. The second
eluted compound was collected and evaporated to afford 2.14d enantiomer 2 (17.2 mg, 97.6%
ee). HRMS (ESI) m/z [M + H]* calcd for C1gH29NO3S: 340.1946, found: 340.1936. Purity: 89%.

(+) and (-)-N-(2-(Isobutylsulfinyl)ethyl)cyclohexanamine ((+) and (-)-2.14e). Compound 2.14e
was prepared from N-(2-(isobutylthio)ethyl)cyclohexanamine (2.13e, 392 mg, 1.82 mmol),
according to general procedure E, to afford the title compound (377 mg, 90%). *H NMR (500 MHz,
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CDCl3) 6 2.98 — 3.14 (m, 2H), 2.63 — 2.79 (m, 3H), 2.31 — 2.43 (m, 2H), 2.09 — 2.22 (m, 1H), 1.77
—1.86 (m, 2H), 1.59 — 1.76 (m, 3H), 1.48 — 1.58 (m, 1H), 0.93 — 1.24 (m, 11H). 13C NMR (126 MHz,
CDCl;) 5 62.29, 56.66, 53.74, 40.36, 33.48, 33.40, 26.04, 24.93, 24.92, 23.89, 22.88, 21.66.

The enantiomers of 2.14e were separated by chiral column chromatography on a Lux Al (250x30
mm, 5 ym) column. 0.900 mL (75 mg/mL in EtOH) were injected and eluted with 20% EtOH/NH3
100/0.5 in CO», 120 bar at 40 °C, a flow rate of 130 mL/min and detected at 220 nm. The first eluted
compound was collected and evaporated to afford (-)-2.14e (151 mg, 99.6% ee). [a]p?% - 15 (c =1,
ACN). HRMS (ESI) m/z [M + H]* calcd for C12H2sNOS: 232.1735, found: 232.1719. The second
eluted compound was collected and evaporated to afford (+)-2.14e (149 mg, 99.4% ee). [a]p?%: +
14 (c = 1, ACN). HRMS (ESI) m/z [M + H]* calcd for C12H2sNOS: 232.1735, found: 232.1728.

General procedure F for the preparation of the sulfones (2.15a-c,e)

In a vial, to a solution of thioether (2.13a-c,e, 1.00 eq) and in glacial AcOH (4 mL), hydrogen
peroxide 30% (4.00 eq) was added. The reaction was stirred overnight at room temperature. The
reaction was quenched by addition of NaOH 1M, then the residue was extracted with DCM (3x).
The organic layers were dried using a phase separator and concentrated under reduced pressure.
The compound was purified by preparative HPLC.

N-(2-((3,3-Diphenylpropyl)sulfonyl)ethyl)cyclohexanamine (2.15a). Compound 2.15a was
prepared from N-(2-((3,3-diphenylpropyl)thio)ethyl)cyclohexanamine (2.13a, 19 mg, 0.05 mmol),
according to general procedure E, to afford the title compound (6 mg, 40%). *H NMR (500 MHz,
CDCl3) 6 7.27 — 7.34 (m, 4H), 7.17 — 7.25 (m, 6H), 4.02 (t, J = 8.0 Hz, 1H), 2.99 — 3.14 (m, 6H),
2.53 - 2.64 (m, 2H), 2.33 - 2.43 (m, 1H), 1.77 — 1.88 (m, 2H), 1.66 — 1.75 (m, 2H), 1.53 — 1.66 (m,
2H), 1.07 — 1.31 (m, 4H), 0.92 — 1.04 (m, 2H). *C NMR (126 MHz, CDCl3) & 143.09, 128.93, 127.82,
126.94, 56.67, 53.58, 53.02, 50.07, 40.05, 33.44, 27.61, 26.12, 25.01. HRMS (ESI) m/z [M + H]*
calcd for C23H3NO,S: 386.2154, found: 386.2171. Purity: 91%.

N-(2-((3-Phenylpropyl)sulfonyl)ethyl)cyclohexanamine (2.15b). Compound 2.15b was
prepared from N-(2-((3-phenylpropyl)thio)ethyl)cyclohexanamine (2.13b, 100 mg, 0.36 mmol),
according to general procedure F (purification conditions: 5-95% ACN in 0.2% NHs) to afford the
titte compound (8 mg, 7%). MS (ES*) m/z [M + H]* calcd for C17H27NO,S: 310.4, found: 310.2.
Purity: 75%.

N-(2-((2-Phenoxyethyl)sulfonyl)ethyl)cyclohexanamine (2.15c). Compound 2.15¢ was
prepared from N-(2-((2-phenoxyethyl)thio)ethyl)cyclohexanamine (2.13c, 57 mg, 0.20 mmol),
according to general procedure F (purification conditions: 5-95% ACN in 0.2% NH;) to afford the
title compound (5 mg, 8%). MS (ES*) m/z [M + H]* calcd for C16H2sNO3S: 312.4, found: 312.2.
Purity: 52%.

N-(2-(Isobutylsulfonyl)ethyl)cyclohexanamine (2.15e). Compound 2.1e was prepared from N-
(2-(isobutylthio)ethyl)cyclohexanamine (2.13e, 65 mg, 0.30 mmol), according to general procedure
F (purification conditions: 5-95% ACN in 0.2% NHj3) to afford the title compound (24 mg, 32%). MS
(ES*) m/z [M + HJ* calcd for C12H25NO,S: 248.4, found: 248.2. Purity: 92%.
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CHAPTER 3

Design Of Drug-Like Protein-Protein Interaction
Stabilizers Guided By Chelation-Controlled
Bioactive Conformation Stabilization

Abstract

The protein-protein interactions (PPIs) of 14-3-3 proteins are a model system for
studying PPI stabilization. The complex natural product Fusicoccin A stabilizes many
14-3-3 PPIs but is not amenable for use in SAR studies, motivating the search for
more drug-like chemical matter. However, drug-like 14-3-3 PPI stabilizers enabling
such study have remained elusive. An X-ray crystal structure of a PPI in complex
with an extremely low potency stabilizer uncovered an unexpected non-protein
interacting, ligand-chelated Mg?* leading to the discovery of metal ion-dependent 14-
3-3 PPI stabilization potency. This originates from a novel chelation-controlled
bioactive conformation stabilization effect. Metal chelation has been associated with
pan-assay interference compounds (PAINS) and frequent hitter behavior, but
chelation can evidently also lead to true potency gains and find use as a medicinal
chemistry strategy to guide compound optimization. To demonstrate this, we
exploited the effect to design the first potent, selective and drug-like 14-3-3 PPI
stabilizers.

This chapter has been published as: Bosica, F.; Andrei, S. A.; Neves, J. F.; Brandt, P.; Gunnarsson, A,;
Landrieu, I.; Ottmann, C.; O'Mahony, G. Design of Drug-Like Protein—Protein Interaction Stabilizers
Guided By Chelation-Controlled Bioactive Conformation Stabilization. Chem. — Eur. J. 2020, 26 (31),
7131-7139.
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3.1 INTRODUCTION

Protein-protein interactions (PPIs) are a major class of macromolecular
interactions which control the function of many proteins.[! The protein interactome is
crucial to many biological processes, is implicated in many diseases/?#] and contains
many promising intervention points for development of therapeutics.l5 Inhibition is
the most advanced mode of action for PPl modulation, with several rationally-
designed PPI inhibitors in clinical testing or approved as drugs.!! In contrast, PPI
stabilization is comparatively unexplored.® Several natural products have been
shown post hoc to operate by stabilization of PPIs,®! but there are few examples of
rationally designed small-molecule, drug-like PPI stabilizers. This is partly due to
incomplete understanding of the structural and kinetic principles driving stabilization,
making robust screen design difficult and resulting in a paucity of tractable starting
points for PPI stabilizer development.[10-12]

14-3-3 proteins are non-enzymatic adapter proteins that bind as dimers to
phosphorylated client proteins, controlling client activity and cellular fate.!13-14 They
are involved in many cellular processes such as cell cycle regulation and
apoptosis,® subcellular localization!’®! and enzymatic activity regulation.!”l There
are 7 human 14-3-3 isoforms, structurally composed of 9 helices forming an
amphipathic binding groove which binds 14-3-3 consensus motifs on phosphorylated
client proteins.'3! The natural product Fusicoccin A (1, Figure 1a) and related
fusicoccanesl!®] stabilize 14-3-3 PPIs with many phosphorylated partners.[19-20]
Ternary complex crystal structures show that they occupy a well-defined binding
pocket (“FC pocket”) at the interface between 14-3-3 and the binding partner (Figure
3.1b). The fusicoccanes’ synthetic complexity makes them unsuitable for a molecular
matched pair approachl?l to generate structure-activity relationship (SAR) principles
or to study PPI stabilization selectivity. We therefore aimed to identify synthetically
tractable, drug-like small-molecule starting points for systematic investigation of 14-
3-3 PPI stabilization. In the course of this, we also discovered a novel chelation-
controlled ligand conformational stabilization effect which had profound effects on
compound potency, resulting in metal ion-assisted small molecule PPI stabilization.
Chelation of metals by ligands of interest has been associated with assay
interference and frequent hitter behavior, especially in PPI inhibition assays based
on AlphaScreen technology.?? Based on this observation, compounds containing
potential chelating moieties tend to be filtered out from screening collections either
prior to screening or in order to triage large screening data sets prior to data analysis,
as an extension to the originally-reported PAINS filters.[23]

In this report, we show that metal ion chelation may in some cases lead to true
potency gains and allow identification of hits that otherwise would be discarded as
of insufficient potency. In our case, this manifested itself as a metal-ion assisted PPI
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Figure 3.1 | Identification of 2 as a low potency 14-3-3/ERa. PPI stabilizer. (a) Chemical structures of
Fusicoccin A 1 and Pyrrolidonel 2. (b) Crystal structure of the ternary complex between 14-3-3c (white
surface), ERa pT°** phosphopeptide 3 (green sticks) and 1 (blue sticks) rendered from PDB 4JDD and
highlighting the “FC pocket”. (c) Comparison of 14-3-3¢/ERa(pT°*¥) PPI stabilization activity of 1 (purple
inverse triangles) and rac-2 (blue circles) in an FP assay, using 50 nM 14-3-3¢ and 10 nM ERa(pT>%)
phosphopeptide FITC-3. “Relative stabilization” (y-axis) is the mean fold-increase of FP signal over
baseline (i.e. interaction between 14-3-3¢ and FITC-3 alone). The error bars in all plots indicate +/- SD (n
=3). (d) Comparison of PPI stabilization activity of rac-2, (-)-2 (green squares) and (+)-2 (red triangles) in
14-3-3/ERa(pT>%) FP assay. (e) The 'H->N TROSY-HSQC peak intensities most affected by binding of
(-)-2 correspond to 14-3-3 residues lining the FC pocket (mapped on the crystal structure of 14-3-3c
rendered from PDB 1YZ5). The 5 most affected residues are colored red, the next 5 orange and the next
5 yellow. I/l, values and color coding is provided in Fig S3.6.

stabilization, where the addition of bivalent metal ions led to up to two orders of
magnitude increase in compound potency.

We furthermore exploited this effect to design metal-independent PPI stabilizers
by mimicking the chelation with intramolecular hydrogen bonds, leading to
compounds with high PPI stabilization potency and which are insensitive to metal
ion concentration. The resulting compounds enable the systematic investigation of
14-3-3 PPI stabilization SAR and selectivity and further development of small-
molecule 14-3-3 PPI stabilizers with potency rivaling that of the natural product 1.
We also propose that this type of ligand-specific conformational effect is a potential
source of false negatives and should be considered when analyzing screening data
and interpreting SAR for chelation-competent ligands as well as during the analysis
and triage of high-throughput screen output.
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3.2 RESULTS

Racemic Pyrrolidonel (rac-2) is a weak stabilizer of the canonical 14-3-
3/ERa(pT>%*) PPI

Binding of 14-3-3 to the ERa pT%% phosphosite has been shown to prevent
estradiol-induced activation of ERa. by preventing ERo dimerisation.[24! By stabilizing
the 14-3-3/ERa interaction, 1 was shown to enhance the 14-3-3-mediated inhibition
of ERa activity and therefore the 14-3-3/ERa interaction is of interest as a potential
target for development of ERa—dependent breast cancer therapies. To test
compounds for 14-3-3 PPI stabilization, we selected the ERa. pT®%* phosphosite
(ERa(pT®%%)) as the phosphorylated 14-3-3 binding partner, due to the availability of
a ternary X-ray crystal structure with 1. Pyrrolidonel (2, Figure 3.1a) has previously
been reported as a low potency stabilizer of the PPI between 14-3-3 and the plant
plasma membrane H*-ATPase 2 (PMA2).125] Since 1 stabilizes both the 14-3-3/PMA2
and 14-3-3/ERa(pT%4) PPIs[?* 28] and 2 binds to the FC pocket of the non-canonical
14-3-3/PMA2 complex (the PMA2 peptide used was non-phosphorylated), we
decided to investigate 2 as a potential stabilizer of the 14-3-3/ERa(pT®%*) complex.
We developed fluorescence polarization (FP) and surface plasmon resonance (SPR)
assays based on 14-3-3¢ and ERa pT®%* phosphopeptides (3 or FITC-3, sequence
AEGFPApPT>%4V-COOH).

The Kq of the 14-3-3/3 interaction was 227 + 14 nM (Figure S3.1) as measured
by SPR. In a 14-3-3/ERa(pT>°4) FP assay (based on a labelled derivative of 3, FITC-
3), 2 showed very low activity (1.4-fold stabilization at 200 puM, Fig. 3.1c) compared
to 1 (ECs0 1.7 £ 0.6 uM, 4-fold stabilization at 200 uM). In the 14-3-3/ERa(pT>?*) SPR
assay, a comparable ECso was determined for 1 (ECso 1.8 + 0.2 uM), while the PPI
stabilization effect of 2 was undetectable, with only binding of 2 to 14-3-3 protein
being observed (Figure S3.2, S3.3). The enantiomers of 2 were then separated by
chiral HPLC. In the 14-3-3/ERa(pT®%*) FP and SPR assays, (-)-2 was found to be
more active than rac-2 and (+)-2 was shown to be inactive (Figure 3.1d and S3.9).
(-)-2 was shown to be stable with respect to epimerization under basic conditions
(see Supporting Information).

NMR experiments were conducted using 14-3-3cAC" and 3 to determine if (-)-
2 binds to the FC pocket of the 14-3-3/ERa(pT®%%) complex. WaterLOGSY
experiments28 were performed with (-)-2 in the presence and absence of either 14-
3-36AC or the 14-3-3cAC/3 complex. Positively phased *H signals for (-)-2 confirmed
binding to 14-3-3cAC alone (Figure S3.4, red spectrum) and the 14-3-3cAC/3
complex (Figure S3.4, green spectrum). Protein-based NMR experiments were then
carried out to determine the binding site of (-)-2 on 14-3-3cAC. By observing changes
in the intensity ratio (I/lo) of resonances in the fully-assigned *H-1*N TROSY-HSQC
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spectrum of 14-3-3cAC29 in the presence (l) or absence (lo) of (-)-2 (Figure S3.5,
S3.6), a mapping of the residues most affected by (-)-2 binding (Figure 3.1e) was
generated, indicating that the binding site of (-)-2 corresponds to the FC pocket.[?]
Phosphopeptide 3 induced significant chemical shift perturbations in the 14-3-3cAC
1H-15N TROSY-HSQC spectrum, with some resonances showing characteristics of
a slow exchange regime on the NMR time scale (Figure S3.7), which is compatible
with the high affinity observed by SPR. These strong chemical shift perturbations
prevented a comprehensive determination of the binding site of (-)-2 to the 14-3-
30AC/3 complex by NMR. Nonetheless, two resonances with chemical shifts
minimally but specifically affected by the presence of (-)-2 were identified. These
signals, corresponding to G171 and 1219 (Figure S3.8), lie in the FC pocket and were
already affected by the presence of (-)-2 alone, indicating that (-)-2 binds to the FC
pocket of both 14-3-36AC alone and in the 14-3-3cAC/3 complex.

(R)-2 is the active enantiomer of 2: reassignment of binding mode and
absolute configuration by X-ray crystallography

Having confirmed by NMR that (-)-2 binds to the FC pocket of the 14-3-
3/ERa(pT5%4) complex, we set out to obtain an X-ray crystal structure of the 14-3-
3c/ERa(pT>%4) phosphopeptide 3/(-)-2 ternary complex. By co-crystallization, we
obtained crystals which diffracted reproducibly at a resolution of 1.85 A. The 3.25 A
X-ray crystal structure of the ternary complex of (S)-2 bound to the Nicotiana
tabacum 14-3-3 like protein C/PMA2 complex[®d (Figure 3.2a, magenta sticks) was
initially used to model the binding orientation of 2 . However, it was not possible to
model (S)-2 into the observed ligand-derived electron density of the 14-3-3cAC/3/(-
)-2 ternary complex. The 1.85 A resolution was sufficient to model the ligand ab initio,
confirming that (-)-2 binds to the FC pocket as well as unambiguously assigning the
(R) absolute configuration to (-)-2 (Figure 3.2a, yellow sticks). This assignment
agreed with that obtained by vibrational circular dichroism on (+)-2 (assigned (S),
see Figure S23). Testing of (-)-2 and (+)-2 by SPR on the 14-3-3e/PMA2 PPI (Figure
S3.10) showed that only (-)-2 stabilized this complex, as was the case for 14-3-
3/ERa(pT5%4). The fact that only (-)-2 stabilizes both PPIs, together with the higher
resolution of the 14-3-3cAC/3/(-)-2 ternary complex crystal structure compared to
the published 14-3-3e/PMA2/2 structure supports our revised binding mode of 2
(Figure 3.2a) and reassignment of the absolute configuration for the active 14-3-3
PPI stabilizing enantiomer of 2 as (R) (from this point in the text, (-)-2 and (+)-2 will
be referred to as (R)-2 and (S)-2 respectively).

Overall, (R)-2 binds in a T-shaped conformation, with each of its phenyl rings
pointing into separate sub-pockets (Figure 3.2b) and with all three phenyl rings
oriented orthogonally to the pyrrolidone ring. The salicylate moiety of (R)-2 occupies
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Figure 3.2 | X-ray crystal structure of 14-3-3/ERa(pT>**)/(R)-2 ternary complex and identification of (R)-
2-chelated Mg?* ion. (a) Comparison of binding mode of 2 from 3.25 A 14-3-3/PMA2 complex structure
(magenta sticks, assigned as (S), rendered from PDB 3M51) with revised binding mode derived from the
1.85 A 14-3-3/ERa(pT*) complex structure (yellow sticks, assigned (R) absolute configuration, PDB
6TJIM). (b) Binding mode of (R)-2 in the FC pocket, showing surface contributions from 14-3-3 (grey
surface) and ERa(pT**) phosphopeptide 3 (green surface). (c) Details of interactions of salicylate moiety
of (R)-2. (d) Details of interactions of nitrophenyl moiety of (R)-2, showing the nitro group acting as H-
bond acceptor from 14-3-3 Lys122 and water-mediated interaction with the C-terminus of ERa(pT*%)
phosphopeptide 3 (green). (e) Additional ligand-associated electron density (2Fqs-Fca map contoured at
1 o) corresponding to a fully-hydrated Mg?* ion (shown in green) chelated by the vinylogous carboxylate
moiety of (R)-2

a narrow, largely negatively charged cleft (Figure 3.2c) not exploited by 1 (Figure
S3.11). The carboxylate group participates in a bidentate interaction with Arg41 and
accepts a H-bond from Asn42. The carbonyl of the pyrrolidone ring participates in
an attractive antiparallel interaction with the sidechain of Asn42.13% The nitro group
accepts a H-bond from Lys122 (Figure 3.2d) which is also in direct contact with the
C-terminus of 3, thus (R)-2 bridges 14-3-3 and 3 via polar interactions. Unexpectedly,
additional electron density was observed in conjunction with the ligand (Figure 3.2¢),
corresponding to a fully hydrated Mg?* ion (presumably derived from the Mg?*-
containing crystallization buffer) chelated by the vinylogous carboxylate moiety of
(R)-2. A pKa of 3.2 was measured (see Supporting Information) for the vinylogous
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carboxylate moiety of rac-2, supporting the observation of the magnesium
vinylogous carboxylate salt in the ternary complex.

(R)-2 but not 1 stabilizes the 14-3-3/CaMKK2(pS%) PPI

Given the relatively high affinity of the 14-3-3/3 interaction, we sought a 14-3-3
binding partner with a binary complex of similar overall structure to the 14-3-
3/ERa(pT®%4) structure (i.e. with a vacant FC pocket) but with lower 14-3-3 affinity,
in order to investigate the dynamic range of PPI stabilization. We reasoned that such
an interaction would also be useful to evaluate the 14-3-3 PPI stabilization specificity
of (R)-2. pS of calcium/calmodulin-dependent kinase kinase 2 (CaMKK2)B! was
identified as a suitable candidate. Unlike the pT5% ERa phosphosite from which
phosphopeptide 3 is derived, the N-terminal domain of CaMKK2 pS1% phosphosite
is not a canonical mode Il 14-3-3 binder.[32 However, the crystal structure of 14-3-
3¢ in complex with a phosphopeptide derived from the CaMKK2 pS'®site (sequence
RKLpSLQER, PDB ID: 6EWW) indicates that it mimics a canonical mode Ill binder
and that the FC pocket in this complex is largely unoccupied and available for
potential binding of stabilizers such as (R)-2.534

We determined the binding affinity of CaMKK2 pS% 13-mer phosphopeptide 454
to 14-3-3¢ by SPR (estimated Ka 112 + 14 uM, Figure S3.12) and found it significantly
lower than for 14-3-3¢/3 (Ka 227 + 14 nM). An FP assay was then developed based
on a FAM-labelled derivative of 4 (FAM-4). The stabilization of the 14-3-
3/CaMKK2(pS'%9) PPI by rac-, (R)- and (S)-2 and natural product 1 was then
determined using by FP and SPR assays (Figure 3.3a and S3.13). Interestingly,
despite an apparently vacant FC pocket, 1 exhibited only borderline statistically
significant stabilization of the 14-3-3/CaMKK2(pS1%) PPl by FP (p 0.060) and SPR
(p 0.038) at 200 uM (purple inverted triangles). Following the same stereochemical
dependence as for the 14-3-3/ERa(pT%%*) PPI, (R)-2 was a more effective stabilizer
of the 14-3-3/CaMKK2(pS1%) PPI than 1 (green squares), while (S)-2 showed no
significant stabilization activity (red triangles).

(R)-2 exhibits metal ion-dependent 14-3-3 PPI stabilization potency

With stabilization by (R)-2 confirmed in two 14-3-3 PPIs, we investigated a
potential role for the crystallographically-observed Mg?* chelation by (R)-2.
Performing the FP and SPR assays in the presence of Mg?* led to an apparent
increase in stabilization potency and maximum efficacy of (R)-2 in both the 14-3-
3/ERa(pT®%4) and 14-3-3/CaMKK2(pS1%) PPIs (Figure 3.3b and S3.14, S3.15). We
then carried out Mg?* concentration-response experiments in the 14-3-3/ERa(pT>%4)
and 14-3-3/CaMKK2(pS1%) FP assays at a fixed concentration (10 uM) of rac-2, (R)-
2, (S)-2 and 1 (Figure 3.3c). The 14-3-3/ERa(pT>%4) PPI stabilization efficacy of (R)-
2 and rac-2 (green squares and blue circles respectively) and 14-3-3/CaMKK2(pS190)
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Figure 3.3 | Metal ion-dependent stabilization of 14-3-3/ERa(pT>**) and 14-3-3/CaMKK2(pS!®) PPIs by
(R)-2. (a) Stabilization of the 14-3-3/CaMKK2(pS'®) PPl measured in FP assay. Rac-2 (blue circles), (R)-
2 (green squares) are stabilizers while (S)-2 (red triangles) and 1 (purple inverse triangles) are not. (b)
The addition of 10 mM MgCl, increases the apparent potency of (R)-2 for 14-3-3/ERa(pT>*) (light orange
circles vs dark orange squares) and 14-3-3/CaMKK2(pSt®) (light blue triangles vs dark blue inverse
triangles) PPI stabilization. “Relative stabilization” (y-axis, panels a, b and c) is defined in Figure 1. (c)
Mg?* increases PPI stabilization efficacy of 10 uM rac-2 (blue dots) and (R)-2 (green squares) whereas 1
and (S)-2 are unaffected (50 nM 14-3-3¢/10 nM FITC-3 or 30 puM 14-3-3¢/10 nM FAM-4). “Relative
stabilization” (y-axis) is mean fold-increase of signal at a given [Mg?*] over baseline (no added Mg?*). (d)
Increase in apparent Kq of 14-3-3/ERo(pT>%) (10 nM FITC-3, left panel) or 14-3-3/CaMKK2(pS®) (10 nM
FAM-4, right panel) PPIs by FP with increasing (R)-2 concentration, in the presence of 10 mM Mg?. “Fold
increase” (y-axis) is the mean fold-increase of signal over baseline (no (R)-2). (¢) Ca?* (red triangles) and
Mn2* (purple squares) also increase apparent efficacy of (R)-2 in 14-3-3/ERo(pT*%) FP assay.
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PPI stabilization efficacy of (R)-2 (brown diamonds) was shown to be magnesium
concentration-dependent. (S)-2 is not a PPI stabilizer and hence was unaffected by
Mg?* concentration (red triangles). The 14-3-3/ERa(pT>%4) PPI stabilization effect of
1 (purple inverse triangles) was also unaffected by varying Mg2* concentration,
indicating that the Mg?* effect is ligand-specific and not due to effects on 14-3-3
protein or the phosphopeptide (see also Figure S3.16, S3.17).

The addition of 10 mM MgCl: afforded full concentration-response curves for (R)-
2, allowing the determination of apparent ECso values. In the 14-3-3/CaMKK2(pS1%)
FP assay, adding 10 mM MgCl: led to an apparent ECso of 3.2 + 0.3 uM and 2.9-fold
stabilization (Figure 3.3b). The PPI stabilizing potency and efficacy of the Mg?* salt
of (R)-2 on the 14-3-3/CaMKK2(pS%) PPI is comparable to that of 1 on the 14-3-
3/ERa(pT%%4) PPI (ECso 1.7 £ 0.6 uM, 3.9-fold stabilization, Figure 3.1c). Taking the
relative stabilization effect of (R)-2 at 200 uM in the absence of added Mg?* as a
baseline (1.5- and 1.7-fold for 14-3-3/ERa,(pT>%*) and 14-3-3/CaMKK2(pS1%) PPIs
respectively), the addition of 10 mM Mg?* leads to 7-fold and 99-fold increases in
apparent potency (Figure 3.3b). Exploiting the potentiating effect of Mg?* on the PPI
stabilization potency of (R)-2, we investigated the apparent affinity increase between
14-3-3 and phosphorylated binding partners induced by increasing concentrations of
(R)-2 in the 14-3-3/ERa,(p™%*) and 14-3-3/CaMKK2(pS%) FP assays (Figure 3.3d).
At the highest concentration of (R)-2 tested (333 uM), the observed affinity of the 14-
3-3/ERa(pT>%4) PPI (left panel) was increased 57-fold and 3,700-fold for the 14-3-
3/CaMKK2(pS1o) PPI (right panel).

To assess whether this metal ion-assisted 14-3-3 PPI stabilization effect was
specific to Mg?*, we tested by FP the effect of adding increasing concentrations of
MnClz, CaClz and ZnCl: to a fixed concentration of 14-3-3, FITC-3 and (R)-2 on the
overall 14-3-3/ERo(pT®%4) PPI stabilization efficacy (Figure 3.3e and S3.17). The
potency of the assistance effect of Mg?* and Ca?* were comparable, while Mn?* was
approximately 15-fold more effective, with its maximum assistance effect achieved
at less than 1 mM MnCl2.3% All three metals show similar overall stabilization efficacy
in this setting, affording approximately 2-fold stabilization of the interaction. Addition
of Zn?* caused precipitation of phosphopeptide FITC-3 precluding measurement of
its effects.

Mimicry of the chelate by cyclization or intramolecular H-bonds affords metal
independent 14-3-3 PPI stabilizers

Based on the 14-3-3/ERa(pT%%4)/(R)-2 ternary complex crystal structure, the
origin of the metal ion potentiation effect on the PPI stabilization potency of 2 was
assumed to be due to solution phase stabilization of the crystallographically
observed binding conformation of (R)-2. To test this hypothesis, we decided to mimic
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the conformational restriction of the Mg?* chelate of (R)-2 by moieties that would not
depend on the chelation of metal ions. Cyclisation of rac-2 and its analogues to afford
pyrazole derivatives such as 5 has previously been reported as a strategy to improve
their 14-3-3 PPI stabilization activity.[3* However, this was based on a binding mode
(Figure 2a, magenta sticks) determined from a low-resolution crystal structure that
we have now shown to be erroneous. Rac-5 was reported to be a better stabilizer of
the 14-3-3/PMA2 complex than rac-2. A crystal structure of a similar bicyclic
analogue of 5 in the 14-3-3/PMA2 complex was reported, however (S)-2 (the inactive
absolute configuration) was used to model 5 into the observed electron density,
leading to difficulties in interpreting SAR due to incorrect stereochemistry and
binding mode assumptions.

rac-6 (10%) NHR O

COCH COOH
OH OH
rac-7 (6%) rac-8 (26%)
(R)-7 (10%) (R)-8 (16%)
j iv iv
(R)-6 (10%) rac-9 (53%)
(R)-9 (51%)
rac-5 (84%) COOH 7and 8 R = PMB
(RY5(47%) Sy 6and9R=H

Scheme 3.1 | Synthesis of conformationally-restricted analogues of 2. i) H,NNH,, AcOH, 2 h, 120 °C. ii)
ag. NHs, AcOH, 2h, 120 °C. iii) PMBNH,, 2 h, 120 °C. iv) TFA, 30 min, 120 °C.

In addition, based on the 6-membered Mg?*-containing chelate ring observed
(Figure 3.2e), we reasoned that an intramolecular hydrogen bond contained in a 6-
membered pseudo-ring, such as in the regioisomeric vinylogous amides 6 and 9,
would be a better chelate mimic than the 5-membered pyrazole ring. Reaction of rac-
2 with aqueous ammonia in acetic acid under microwave heating afforded only
vinylogous amide rac-6 in 20% yield, with no rac-9 observed (Scheme 1). This
contrasts with literature reports that 4-aroyl substituents favor regiospecific
endocyclic nucleophilic attack by sterically unencumbered amines to afford the
regioisomers corresponding to 9.3540 Reaction of rac-2 with p-methoxybenzylamine
under microwave heating afforded rac-7 (6%) and rac-8 (26%). Removal of the PMB
group of rac-8 using TFA afforded rac-9 in 53% vyield. The single enantiomers (R)-6
and (R)-9 were prepared analogously to rac-9. Treatment of (R)-2 with p-
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methoxybenzylamine yielded the two regioisomeric PMB-protected vinylogous
amides (R)-7 (10%) and (R)-8 (16%), which on deprotection with TFA afforded (R)-
6 and (R)-9 in 10% and 51% vyield, respectively. (R)-5 was prepared in 47% vyield
from (R)-2 by reaction with hydrazine.

a,,. b . ERa
* rac-2 .
S 3.04 = rac-5 i * (R)-2 + 10 mM MgCly
IS * rac-6 330 e m2
F 259 * rac-9 S55] <tR1S
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Figure 3.4 | Metal ion-independent 14-3-3 PPI stabilizers. (a, b) Stabilization of the 14-3-3/ERa(pT>%)
and 14-3-3/CaMKK2(pS!®) PPIs by (R)-6 and -9 as measured by FP. “Relative stabilization” (y-axes) is
defined in Figure 1. (c) Mg?* concentration-response in 14-3-3/ERa/(pT>**) FP assay (50 nM 14-3-3¢/10
nM FITC-3 and 100 uM rac-2, -5, -6 or -9), showing no effect of Mg?* on activity of rac-5, -6 or -9 (orange
squares, pale blue triangles and inverted pink triangles respectively). “Relative stabilization” (y-axis) refers
to mean fold increase of FP signal of a given [Mg?*] over signal observed in absence of added [Mg?*].

(R)-5, (R)-6 and (R)-9 were then tested by FP and SPR for their 14-3-
3/ERa(pT%%4) and 14-3-3/CaMKK2(pSi®) PPI stabilization effect (Figure 3.4a,b and
S3.19). Gratifyingly, (R)-6 (inverted blue triangles) and (R)-9 (pink circles) were more
potent and efficacious stabilizers of both PPIs than (R)-2 (without added Mg?*, green
squares). Pyrazole (R)-5 (orange triangles) was somewhat more potent and
efficacious than (R)-2 alone but was less active than either (R)-6 or (R)-9, suggesting
that a 6-membered ring is preferable to a 5-membered ring. In the 14-3-
3/CaMKK2(pS1%) PPI, (R)-2+10 mM Mg?* is still the most potent, suggesting that
the ordered water molecules of the Mg?*-(R)-2 chelate may contribute to binding
affinity/PPI stabilization in this case. As expected, increasing concentrations of Mg2*
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did not affect the 14-3-3/ERa(pT>%4) PPI stabilization efficacy of rac-5, 6 or 9 (Figure
3.4c, see Figure S3.18 for PPI stabilization data in absence of Mg?*) as they lack the
chelation-competent vinylogous carboxylate moiety. The salicylate moiety of 2, 5, 6
and 9 can potentially chelate metals, but the fact that 5, 6 or 9 did not show metal-
dependent potency (Figure 3.4c) suggests that the salicylate moiety does not affect
the potency of these compounds in our system. Therefore the effect of chelation by
the salicylate moiety can be discounted for our purposes.

Potency increase upon metal chelation is due to stabilization of bioactive
conformation

In the 14-3-3/ERoa(pT®%*)-bound conformation of 2 (Figure 3.2b), the O- and
carbonyl oxygen of the vinylogous carboxylate moiety are in a syn relationship (syn-
(R)-2, Figure 3.5a). In solution, and in the absence of chelatable metal ions, repulsive
electrostatic allylic strain was expected to disfavor this conformation relative to the
anti conformation (anti-(R)-2, Figure 3.5a). Comparing the DFT calculated gas phase
free energies of syn- and anti-(R)-2 (see Supporting Information) shows the protein-
bound and chelation-stabilized syn-(R)-2 conformation to be significantly higher
energy. Accounting for solvation effects by using two different implicit solvation
models for water reduced the energy difference between syn- and anti-(R)-2 (Table
1).

Table 3.1 | Calculated relative energies for syn and anti-conformations of (R)-2, -6 and -9.

Cpd Conformation of Free energies in water
exocyclic B3LYP-D3 MO06-2X-D3
carbonyl? PRF SM6°

(R)-2 syn 0 2.2

(R)-2 anti 0.4 0

(R)-6 syn 0.0 0.0

(R)-6 anti 5.9 7.5

(R)-9 syn 0.0 0.0

(R)-9 anti 2.9 2.6

[a] The conformation of the salicylate was selected according to the crystal structure of (R)-2 (Figure 5).
[b] PBF = Poisson Boltzmann Finite element method; a solvation model. [c] SM6 = Solvation Model 6

Both confirm that the syn-(R)-2 conformation is not favored in water. Therefore,
the anti-(R)-2 conformation is predicted to be present in significant amounts in the
solution phase in the absence of Mg?* or other metals. For the vinylogous amides
(R)-6 and (R)-9, both solvation models favor the corresponding syn- conformations
(i.e. corresponding to the protein bound conformation of 2) as the lowest energy
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solution conformation, as expected and as borne out by their increased, metal ion-
independent 14-3-3 PPI stabilization compared to (R)-2.

To confirm the calculations, 1D ROE difference NMR experiments were
performed on rac-2, rac-6 and rac-9 (Figures S3.20-S3.22) to determine their
preferred solution conformations. Irradiation of protons of either the benzoyl or
nitrophenyl rings of rac-2 showed only a small resonance transfer between these
rings, suggesting that they prefer not to be in close spatial proximity and
corresponding to the anti conformation (Figure 3.5a). On the other hand, strong
resonance transfer was observed between the protons of the benzoyl and
nitrophenyl rings for both rac-6 and rac-9, indicating close spatial proximity
suggestive of the syn conformation induced by intramolecular hydrogen bonding.
Precipitation precluded determination by NMR of the conformational effects of Mg2*
on rac-2, but these may be inferred from the X-ray crystal structure (Figure 3.5b)

a
A~ b { ~ if
s\(‘» ¥ s(\’ l
AOA = YA
7\ 7\ '
b

Figure 3.5 | Conformational analysis of 2 and binding mode of (R)-6 in 14-3-3/ERa(pT>%*) complex. (a)
Comparison of syn and anti conformations of the vinylogous carboxylate moiety of (R)-2. Calculated free
energies of (R)-2 conformations show that protein-bound conformation syn-(R)-2 is not favored in solution.
(b) and (c) Binding modes and 2Fus-Fca €lectron density (contoured at 1 o) of the magnesium complex
of (R)-2 (panel b, PDB 6TJM) and (R)-6 (panel ¢, PDB 6TL3), shown in the same orientation of the 14-3-
3/ERa(pT>**) complex, indicating absence of chelated metal ion in (R)-6 structure and intramolecular
hydrogen bond-stabilized conformation of (R)-6 that mimics syn-(R)-2 conformation

Rac-6 was then selected for crystallization studies in the 14-3-3/ERa(pT®%%4)
complex. A 2.45 A resolution X-ray crystal structure of the ternary 14-3-3cAC/3/(R)-
6 complex was obtained (Figure 3.5c), confirming the absolute configuration of the
active enantiomer as (R) and a binding mode analogous to (R)-2. No additional
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ligand-associated electron density attributable to a chelated metal ion was observed,
indicating that the intramolecular hydrogen bond successfully stabilizes the syn
conformation as demonstrated computationally.

3.3 DISCUSSION

Ligand conformational restriction is a widely used strategy to increase potency,
and minimizes the entropic loss observed on ligand binding if the preferred solution
and bound conformations differ.[41431 This is typically achieved by cyclisation,
introducing intramolecular hydrogen-bonding or by exploiting steric/stereoelectronic
effects. Ligand chelation by solution phase metal ions can now be added to this list
of strategies. However, given the lack of control over metal ion concentration in
medicinally-relevant settings (e.g. intracellularly) and the requirement that the
binding site accommodate a metal ion and associated ordered water molecules, it
may prove to be difficult to easily and reliably exploit this effect in drug substances.

On the other hand, metal contamination has been reported to be a cause of false
positives due to assay interferencel*¥! or by ligands complexing to bioactive metal
centers.*®! To our knowledge, no incidences of such ligand-specific conformational
effects due to metal ions have been reported. Given that many assays require the
presence of metal ions (such as Ca?', Mg?" or Zn?") and high intracellular
concentrations of some of these metals, such conformational effects should be
considered as a potential cause of difficult to interpret assay data for chelation
competent ligands. In principle, such behavior could lead to false negatives in
screening campaigns and should be considered when analyzing screening data,
especially in the case of conflicting results from samples that may have been
subjected to more or less rigorous purification procedures which could result in
different metal ion content. This effect could also be at play if unexpected
discrepancies are observed between potencies in biochemical and cellular assays,
where there may be differences in metal ion concentration. It has been proposed
that chelating moieties should be used in substructure alerts to filter out compounds
with potential to cause assay interference and frequent hitters.?? However, the
application of such filters needs to be considered on a case by case basis, with the
assay technology and particular target in question taken into account. As we have
shown, in some cases metal chelation can act as a ligand conformational probe and
provide valuable hints as to the optimizability of low potency hits.

3.4 CONCLUSION

We have shown that by leveraging the serendipitously discovered Mg?+-chelate
and resulting chelation-controlled stabilization of bioactive ligand conformation, (R)-
2 can be optimized to afford stabilizers of canonical 14-3-3 PPIs with potency rivaling
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natural product 1. We also show that this metal-assisted PPI stabilization effect is
due to solution phase stabilization of the bioactive conformation of 2 and can be
mimicked by an intramolecular H-bond to afford metal-independent PPI stabilizers
such as (R)-6 and (R)-9. Compared to 1, these compounds have the advantage of
higher synthetic tractability and stabilize a 14-3-3 PPI that is refractive to stabilization
by 1 and they should be useful tool compounds for the study of 14-3-3 PPI
stabilization. This work gives new insights into the SAR of small molecule, non-
natural product-derived 14-3-3 PPI stabilization and provides opportunities for
structure-based drug design to identify new, small molecule 14-3-3 PPI stabilizers.
More broadly, this work indicates that ligand-specific conformational effects due to
metal ion chelation should be considered during the interpretation of assay and
screening data, especially for chelation-competent ligands.
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3.5 EXPERIMENTAL SECTION

3.5.1 Chemistry section

General Information

All solvents and reagents were obtained from commercially available sources and used without
further purification. The microwave syntheses were performed in a Biotage Initiator with an external
surface IR probe. Flash column chromatography was carried out on prepacked silica gel columns
supplied by Biotage and using Biotage automated flash systems with UV detection.

UHPLC-MS experiments were performed using a Waters Acquity UHPLC system combined with a
SQD mass spectrometer. The UHPLC system was equipped with both a BEH C18 column 1.7 um
2.1x50 mm in combination with a 46 mM (NH,4).COs/NHj3 buffer at pH 10 and a HSS C18 column
1.8 ym 2.1x50 mm in combination with 10 mM formic acid or 1 mM ammonium formate buffer at
pH 3. The mass spectrometer used ESI+/- as ion source. UPLC was also carried out using a Waters
UPLC fitted with Waters QDa mass spectrometer (Column temp 40°C, UV = 190-400 nm, MS =
ESI with pos/neg switching) equipped with a Waters Acquity BEH 1.7 ym 2.1x100 mm in
combination with either 0.1% formic acid in water, 0.05% TFA in water or 0.04% NHjs in water. The
flow rate was 1 mL/min.

Preparative HPLC was performed by Waters Fraction Lynx with ZQ MS detector on either a Waters
Xbridge C18 OBD 5 pm column (19x150 mm, flow rate 30 mL/min or 30x150 mm, flow rate 60
mL/min) using a gradient of 5-95% MeCN with 0.2% NH3; at pH 10 or a Waters SunFire C18 OBD
5 pm column (19x150 mm, flow rate 30 mL/min or 30x150 mm, flow rate 60 mL/min) using a
gradient of 5-95% MeCN with 0.1 M formic acid or on a Gilson Preparative HPLC with a UV/VIS
detector 155 on a Kromasil C8 10 pm column (20 x 250 mm, flow rate 19 mL/min, or 50 x 250 mm,
flow rate 100 mL/min) using a varying gradient of ACN with 0.1% formic acid (FA) in water or 0.2%
trifluoroacetic acid (TFA) in water or 0.2% acetic acid (AcOH) in water or 0.2% ammonia (NHs) in
water. Molecular mass (HR-ESI-MS) was recorded using a Shimadzu LCMS-2020 instrument
(ESI+). Purity of all test compounds was determined by LCMS. All screening compounds had a
purity >95%.

General 'H NMR spectra were recorded on a Bruker Avance II, Ill, AV300, AV400 or AVIII500
spectrometer at a proton frequency of 400, 500 or 600 MHz at 25 °C or at a temperature and
frequency stated in each experiment. 13C NMR spectra were recorded at 101 MHz or 126 MHz.
The chemical shifts (&) are reported in parts per million (ppm) with residual solvent signal used as
a reference (CD,Cl, at 5.32 ppm for *H NMR and 53.84 ppm for *C NMR, (CD3),SO at 2.50 ppm
for 'H NMR and 39.52 ppm for 1*C NMR, CDCl; at 7.26 ppm for *H NMR and 77.16 ppm for 13C
NMR). Coupling constants (J) are reported as Hz. NMR abbreviations are used as follows: br =
broad, s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet. Protons on heteroatoms such
as COOH protons are only reported when detected in NMR and can therefore be missing.

Synthetic procedures and compound characterization

P O\/
o

Ethyl 2,4-dioxo-4-phenyl-butanoate.
In a 250 mL round-bottomed flask, acetophenone (2.9 mL, 25.0 mmol) was dissolved in THF (100
mL) and the resulting solution cooled to 0 °C. Sodium ethanolate (14 mL, 37.5 mmol) was then
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added dropwise and the reaction allowed to stir for 15 min at 0 °C. Diethyl oxalate (3.7 mL, 27.5
mmol) was finally added dropwise, the cooling bath removed, and the reaction allowed to stir
overnight at rt.

The reaction was quenched with 1M HCI (50 mL). The resulting suspension was poured into a
separatory funnel and the crude product was extracted with DCM (3x). The combined organic layers
were dried using a phase separator and solvent was removed under reduced pressure.

The crude product was purified by preparative HPLC (40-80% ACN in H,O/ACN/AcOH 95/5/0.2
buffer over 20 minutes). Collected fractions were freeze-dried, to give ethyl 2,4-dioxo-4-phenyl-
butanoate (4.25 g, 77%) as a yellow solid.

IH NMR (400 MHz, CDCl3) 8 7.99 (d, J = 7.4 Hz, 2H), 7.60 (t, J = 7.4 Hz, 1H), 7.50 (t, J = 7.6 Hz,
2H), 7.07 (s, 1H), 4.39 (q, J = 7.1 Hz, 2H), 1.41 (t, J = 7.1 Hz, 3H). *C NMR (101 MHz, CDCI3) &
190.82, 169.89, 162.29, 135.00, 133.89, 129.00, 127.99, 98.05, 62.72, 14.21. Matches with a
previously reported characterization.34

COOH
OH

5-[3-Benzoyl-4-hydroxy-2-(4-nitrophenyl)-5-oxo0-2H-pyrrol-1-yl]-2-hydroxy-benzoic acid (2).
In a 20 mL vial, to a solution of ethyl 2,4-dioxo-4-phenylbutanoate (603 mg, 2.74 mmol) in AcOH (7
mL), 4-nitrobenzaldehyde (422 mg, 2.74 mmol) and 5-amino-2-hydroxybenzoic acid (441 mg, 2.74
mmol) were added. The vial was capped and heated at 120 °C for 180 min in a single node
microwave reactor. The pressure monitored was 1 bar.

The mixture was diluted with diethyl ether and filtered. The filtered solid was washed with diethyl
ether and dried under reduced pressure to give compound 2 (543 mg, 43%) as a pale yellow solid.
IH NMR (400 MHz, DMSO) & 7.97 — 8.18 (m, 3H), 7.66 — 7.77 (m, 5H), 7.52 — 7.61 (m, 1H), 7.45
(t, J = 7.6 Hz, 2H), 6.91 (d, J = 8.9 Hz, 1H), 6.46 (s, 1H). 3C NMR (101 MHz, DMSO) & 189.01,
171.17, 164.47, 158.76, 151.04, 147.20, 144.40, 137.87, 132.70, 130.55, 129.26, 128.71, 128.17,
127.49, 124.91, 123.51, 119.08, 117.57, 113.01, 60.83. HRMS (ESI) m/z [M + H]" calcd for
Ca24H16N,0g : 461.0985, found: 461.0974. Matches with a previously reported characterization. 3

COOH

OH

2-Hydroxy-5-[4-(4-nitrophenyl)-6-ox0-3-phenyl-1,4-dihydropyrrolo[3,4-c]pyrazol-5-
yl]benzoic acid (5).

In 20 mL vial, compound 2 (98 mg, 0.21 mmol) was suspended in AcOH (6 mL). Hydrazine (35%
in water) (0.025 mL, 0.28 mmol) was added, while stirring at room temperature. The vial was capped
and heated at 120 °C for 120 min in a single node microwave reactor. The pressure monitored was
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1 bar. After solvent removal, the crude mixture was dissolved in EtOAc and washed with HCI aq
1M (3x). The organic layer was dried using a phase separator and concentrated under reduced
pressure. The residue was purified by preparative HPLC (15-35% acetonitrile in H,O/ACN/NH3
95/5/0.2 buffer over 20 minutes), to give compound 5 (82 mg, 84.0%) as an off-white solid.

H NMR (500 MHz, DMSO) & 8.07 (d, J = 8.7 Hz, 2H), 7.97 (d, J = 2.6 Hz, 1H), 7.61 — 7.71 (m, 3H),
7.59 (d, J=7.5Hz, 2H), 7.37 (t, J = 7.5 Hz, 2H), 7.29 (t, J = 7.3 Hz, 1H), 7.02 (s, 1H), 6.93 (d, J =
8.9 Hz, 1H). 13C NMR (126 MHz, DMS0) & 171.30, 161.19, 159.21, 150.07, 147.35, 144.55, 136.83,
130.95, 129.28, 129.04, 128.78, 128.04, 127.54, 125.93, 124.87, 123.92, 117.19, 114.57, 59.33.
HRMS (ESI) m/z [M + H]*" calcd for CasH1sN4Og: 457.1148, found: 457.1147. Matches with a
previously reported characterization.4

COOH

OH

(R)-2-Hydroxy-5-[4-(4-nitrophenyl)-6-ox0-3-phenyl-1,4-dihydropyrrolo[3,4-c]pyrazol-5-
yllbenzoic acid ((R)-5).

In 5 mL vial, compound (R)-2 (110 mg, 0.24 mmol) was suspended in AcOH (3 mL). Hydrazine
(35% in water) (0.028 mL, 0.31 mmol) was added, while stirring at room temperature. The vial was
capped and heated at 120 °C for 120 min in a single node microwave reactor. The pressure
monitored was 1 bar. After solvent removal, the residue was purified by preparative HPLC (25-65%
acetonitrile in H,O/ACN/FA 95/5/0.2 buffer over 20 minutes), to give compound (R)-5 (51 mg,
46.8 %) as an off-white solid. 'H NMR (500 MHz, DMSO) & 8.02 — 8.11 (m, 2H), 7.94 (d, J = 2.7
Hz, 1H), 7.6 — 7.69 (m, 3H), 7.58 (d, J = 7.4 Hz, 2H), 7.39 (br, 2H), 7.25 — 7.35 (br, 1H), 7.02 (s,
1H), 6.92 (d, J = 8.9 Hz, 1H). *3C NMR (126 MHz, DMSO) § 171.31, 161.13, 158.70, 149.91, 147.34,
144.46, 136.75, 131.55, 129.24, 129.07, 128.83, 128.58, 127.46, 125.89, 125.71, 124.80, 123.91,
117.47,113.08, 59.16. HRMS (ESI) m/z [M + H]* calcd for C24H16N4Og : 457.1148, found: 457.1158.
[a]o?°: +20.0 (c 0.125, MeOH).

NH;
Daw:
Ny
=0

COOH
OH

5-[3-[Amino(phenyl)methylene]-2-(4-nitrophenyl)-4,5-dioxo-pyrrolidin-1-yl]-2-hydroxy-
benzoic acid (6).

In a 5 mL vial, to a suspension of 2 (100 mg, 0.22 mmol) in AcOH (3 mL), ammonium hydroxide
(0.328 mL, 2.17 mmol) was added. The vial was capped and heated at 120 °C for 120 min in a
single node microwave reactor. The pressure monitored was 1 bar. After solvent removal, the
residue was purified by preparative HPLC (10-50% acetonitrile in HoO/ACN/FA 95/5/0.2 buffer over
20 minutes), to give compound 6 (20 mg, 20.0 %) as a yellow solid.
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H NMR (500 MHz, DMSO) & 10.18 (d, J = 3.3 Hz, 1H, H36), 9.02 (d, J = 3.3 Hz, 1H, H35), 7.93 (d,
J = 2.7 Hz, 1H, H10), 7.72 (d, J = 8.7 Hz, 2H, H18 and H20), 7.60 (dd, J = 9.0, 2.7 Hz, 1H, H6),
7.41—7.49 (m, 1H, H31), 7.3 - 7.39 (m, 4H, H29, H30, H32 and H33), 6.92 (d, J = 8.5 Hz, 2H, H17
and H21), 6.85 (d, J = 9.0 Hz, 1H, H7), 6.36 (s, 1H, H15). 3C NMR (151 MHz, DMSO) & 178.00,
171.13, 164.05, 163.17, 158.93, 146.64, 146.27, 133.49, 130.86, 130.52, 128.56, 128.44, 127.85,
127.63, 125.25, 122.77, 117.31, 113.11, 105.53, 58.89. HRMS (ESI) m/z [M + H]" calcd for
024H17N307: 4601145, found: 460.1147.

o}
\
o}
NH
D W,
+
=0
ON O \
COOH COOH
OH OH
7 8

2-Hydroxy-5-[3-[[(4-methoxyphenyl)methylamino]-phenyl-methylene]-2-(4-nitrophenyl)-4,5-
dioxo-pyrrolidin-1-yl]benzoic acid (7) and 5-[3-benzoyl-4-[(4-methoxyphenyl)methylamino]-
2-(4-nitrophenyl)-5-o0x0-2H-pyrrol-1-yl]-2-hydroxy-benzoic acid (8)

In a 20 mL vial, to compound 2 (536 mg, 1.16 mmol) in AcOH (5 mL), (4-
methoxyphenyl)methanamine (1.1 mL, 8.15 mmol) was added. The vial was capped and heated at
120 °C for 120 min in a single node microwave reactor. The pressure monitored was 1 bar. After
solvent removal, the residue was purified by preparative HPLC (45-85% acetonitrile in
H>O/ACN/TFA 95/5/0.2 buffer over 20 minutes), to afford compound 7 (40 mg, 5.9%) and compound
8 (174 mg, 25.8%), both as yellow solids.

7: *H NMR (500 MHz, DMSO) 5 11.33 (t, J = 6.2 Hz, 1H), 7.88 (d, J = 2.7 Hz, 1H), 7.73 (d, J = 8.7
Hz, 2H), 7.62 (br, 2H), 7.55 (dd, J = 9.0, 2.7 Hz, 1H), 7.45 (t, J = 7.5 Hz, 1H), 7.07 (d, J = 8.6 Hz,
3H), 6.89 (d, J = 8.6 Hz, 2H), 6.75 — 6.85 (m, 3H), 6.51 (br, 1H), 6.05 (s, 1H), 4.31 (dd, J = 15.0,
5.3 Hz, 1H), 4.19 (dd, J = 14.9, 7.2 Hz, 1H), 3.73 (s, 3H).*C NMR (126 MHz, DMSO) & 177.19,
171.19, 164.30, 163.32, 158.85, 158.80, 146.47, 146.33, 130.99, 130.14, 129.07, 128.79, 128.38,
128.10, 127.92, 126.97, 125.23, 122.93, 117.41, 114.12, 112.83, 106.90, 104.55, 59.09, 55.12,
47.10. HRMS (ESI) m/z [M + H]* calcd for Cs2H2sN3Os: 580.1720, found: 580.1722.

8: 'H NMR (600 MHz, DMSO) & 8.96 (br, 1H), 7.93 (d, J = 2.7 Hz, 1H), 7.80 (d, J = 8.7 Hz, 2H),
7.58 (dd, J = 9.0, 2.7 Hz, 1H), 7.37 — 7.45 (m, 3H), 7.32 (t, J = 7.6 Hz, 2H), 7.25 (br, 2H), 7.07 (d, J
=8.7 Hz, 2H), 6.90 (d, J = 8.4 Hz, 2H), 6.85 (d, J = 8.9 Hz, 1H), 6.47 (s, 1H), 4.55-5.19 (br d, 2H),
3.73 (s, 3H). 3C NMR (126 MHz, DMSO) & 190.23, 171.08, 163.78, 159.12, 158.48, 146.59,
145.24, 140.16, 131.23, 130.82, 129.02, 128.94, 128.16, 127.13, 126.98, 125.85, 123.00, 117.35,
113.90, 113.39, 111.37, 62.05, 55.07, 45.10. HRMS (ESI) m/z [M - H] calcd for CsaHzsN3Os:
578.1564, found: 578.1559.
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COOH
OH

5-[4-Amino-3-benzoyl-2-(4-nitrophenyl)-5-0x0-2H-pyrrol-1-yl]-2-hydroxy-benzoic acid (9).
In a5 mL vial, compound 8 (50 mg, 0.09 mmol) was dissolved in trifluoroacetic acid (1 mL, 0.09
mmol). The vial was capped and heated at 120 °C for 30 min in a single node microwave reactor.
The pressure monitored was 3 bar. After solvent removal, the residue was purified by automated
flash chromatography on a Biotage® KP-SIL 10 g column (40-100% heptane in EtOAc + 2% FA
over 18CV), to give compound 9 (21 mg, 53.0%) as a pale yellow solid.
H NMR (500 MHz, DMSO) & 11.15 (br, 1H, H32), 7.98 (d, J = 2.5 Hz, 1H, H26), 7.80 (d, J = 8.4
Hz, 2H, H18 and H20), 7.76 (br, 2H, H34), 7.65 (dd, J = 8.9, 2.5 Hz, 1H, H22), 7.48 (d, J = 7.7 Hz,
2H, H12 and H16), 7.43 (t, J = 7.1 Hz, 1H, H14), 7.34 (t, J = 7.5 Hz, 2H, H13 and H15), 7.13 (d, J
= 8.5 Hz, 2H, H17 and H21), 6.89 (d, J = 8.9 Hz, 1H, H23), 6.58 (s, 1H, H2). 3C NMR (126 MHz,
DMSO) 5 190.40, 171.19, 163.75, 158.92, 148.27, 146.61, 145.29, 140.12, 131.26, 130.73, 128.99,
128.23, 127.31, 126.88, 125.48, 123.05, 117.54, 112.96, 110.22, 62.13. HRMS (ESI) m/z [M + H]*
calcd for C24H17N3O7Z 460.1145, found: 460.1137.
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(R)-7 (R)-8
(R)-2-Hydroxy-5-[3-[[(4-methoxyphenyl)methylamino]-phenyl-methylene]-2-(4-nitrophenyl)-
4,5-dioxo-pyrrolidin-1-yl]benzoic acid ((R)-7) and (R)-5-[3-benzoyl-4-[(4-
methoxyphenyl)methylamino]-2-(4-nitrophenyl)-5-ox0-2H-pyrrol-1-yl]-2-hydroxy-benzoic
acid ((R)-8).

In a 20 mL vial, to compound (R)-2 (78 mg, 0.17 mmol) in AcOH (2 mL), (4-
methoxyphenyl)methanamine (0.16 mL, 1.19 mmol) was added. The vial was capped and heated
at 120 °C for 120 min in a single node microwave reactor. The pressure monitored was 1 bar. After
solvent removal, the residue was purified by preparative HPLC (45-85% acetonitrile in
H,O/ACN/TFA 95/5/0.2 buffer over 30 minutes). Collected fractions were freeze-dried, to give
compounds (R)-7 (10 mg, 10.2%) and (R)-8 (16 mg, 16.3%), both as yellow solids. (R)-7: m/z (ESI-
MS): [M+H*]* calculated mass = 580.2, observed = 580.4. (R)-8: m/z (ESI-MS): [M-H*] calculated
mass = 578.2, observed = 578.3 Compounds were not further characterized but used directly for
the next step.
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COOH
OH

(R)-5-[3-[Amino(phenyl)methylene]-2-(4-nitrophenyl)-4,5-dioxo-pyrrolidin-1-yl]-2-hydroxy-
benzoic acid ((R)-6).

In a5 mL vial, compound (R)-7 (10 mg, 0.02 mmol) was dissolved in trifluoroacetic acid (1 mL, 0.09
mmol). The vial was capped and heated at 120 °C for 30 min in a single node microwave reactor.
The pressure monitored was 2 bar. After solvent removal, the residue was purified by preparative
HPLC (25-50% acetonitrile in H,O/ACN/TFA 95/5/0.2 buffer over 20 minutes). Collected fractions
were freeze-dried, to afford compound (R)-6 (3.2 mg, 40.5%, 91.8% ee) as a pale yellow solid.

'H NMR (600 MHz, DMSO) & 11.11 (br, 1H), 10.18 (br, 1H), 8.99 (br, 1H), 7.93 (d, J = 2.7 Hz, 1H),
7.72 (d, J = 8.4 Hz, 2H), 7.61 (dd, J = 9.0, 2.7 Hz, 1H), 7.42 — 7.48 (m, 1H), 7.3 — 7.39 (m, 4H), 6.93
(br, 3 =5.9 Hz, 2H), 6.86 (d, J = 9.0 Hz, 1H), 6.35 (s, 1H). 13C NMR (151 MHz, DMSO) & 177.92,
171.14, 164.01, 163.18, 158.82, 146.61, 146.28, 133.48, 130.98, 130.52, 128.56, 128.42, 127.95,
127.65, 125.22, 122.78, 117.36, 112.82, 105.49, 58.85. HRMS (ESI) m/z [M + H]* calcd for
C24H17N307: 460.1145, found: 460.1156.

COOH
OH

(R)-5-[4-Amino-3-benzoyl-2-(4-nitrophenyl)-5-o0x0-2H-pyrrol-1-yl]-2-hydroxy-benzoic acid
((R)-9).

In a 5 mL vial, compound (R)-8 (16 mg, 0.03 mmol) was dissolved in trifluoroacetic acid (1 mL, 0.09
mmol). The vial was capped and heated at 120 °C for 30 min in a single node microwave reactor.
The pressure monitored was 2 bar. After solvent removal, the residue was purified by preparative
HPLC (35-65% acetonitrile in Ho,O/ACN/TFA 95/5/0.2 buffer over 20 minutes). Collected fractions
were freeze-dried, to afford compound (R)-9 (6.4 mg, 50.5%, 89.8% ee) as a pale yellow solid.

IH NMR (600 MHz, DMSO0) & 11.13 (br, 1H), 7.97 (d, J = 2.7 Hz, 1H), 7.81 (d, J = 8.8 Hz, 2H), 7.73
(br, 2H), 7.65 (dd, J = 9.0, 2.7 Hz, 1H), 7.46 — 7.5 (m, 2H), 7.43 (t, J= 7.4 Hz, 1H), 7.34 (t, J = 7.6
Hz, 2H), 7.13 (d, J = 8.8 Hz, 2H), 6.89 (d, J = 9.0 Hz, 1H), 6.57 (s, 1H). 3C NMR (151 MHz, DMSO)
6190.36,171.11, 163.71, 158.87, 148.19, 146.60, 145.25, 140.08, 131.21, 130.67, 128.95, 128.18,
127.28,126.83, 125.45, 123.00, 117.49, 112.94, 110.21, 62.13. HRMS (ESI) m/z [M + H]* calcd for
Cz4H17N307: 4601145, found: 460.1153.
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Chiral separation, VCD analysis and racemization studies of 2
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Chiral separation

) and (+)-5-[3-Benzoyl-4-hydroxy-2-(4-nitrophenyl)-5-ox0-2H-pyrrol-1-yl]-2-hydroxy-
benzoic acid ((-)-2 and (+)-2).

The enantiomers of rac-2 (1.2 g, 2.61 mmol) were separated by chiral column chromatography on
a Chiralpak IC (250x20 mm, 5 ym) column. 50 mg (50 mg/mL in EtOH/TEA 10:0.1) were injected
and eluted with 100% EtOH/TEA (100:0.1), 120 bar at 25 °C, a flow rate of 12 mL/min and detected
at 270 nm. The first eluted compound was collected and evaporated to afford (-)-2 (759 mg, 97.3%
ee) as a yellow solid. [a]p?°: -96.8 (¢ 0.5, MeOH). *H NMR (500 MHz, DMSO0) & 8.01 —8.11 (m, 3H),
7.68 —7.77 (m, 5H), 7.52 — 7.59 (m, 1H), 7.44 (t, J = 7.7 Hz, 2H), 6.92 (d, J = 8.9 Hz, 1H), 6.47 (s,
1H). C NMR (126 MHz, DMSO) & 189.13, 171.32, 164.58, 158.88, 151.15, 147.28, 144.48,
137.95, 132.80, 130.64, 129.35, 128.82, 128.26, 127.58, 124.99, 123.61, 119.18, 117.68, 113.08,
60.92. HRMS (ESI) m/z [M + H]* calcd for Cp4H16N2Og: 461.0985, found: 461.0966.

The second eluted compound was collected and evaporated to afford (+)-2 (644 mg, 99.6% ee) as
a yellow solid. [a]p?: +103.6 (c 0.5, MeOH). 1H NMR (500 MHz, DMSO) & 8.02 — 8.08 (m, 3H),
7.67—7.77 (m, 5H), 7.56 (it, J = 7.0, 1.3 Hz, 1H), 7.41 — 7.49 (m, 2H), 6.91 (d, J = 8.9 Hz, 1H), 6.47
(s, 1H).13C NMR (126 MHz, DMSO) 6 189.10, 171.32, 164.60, 158.91, 151.27, 147.27, 144.53,
137.97, 132.77, 130.56, 129.34, 128.82, 128.24, 127.54, 125.00, 123.61, 119.12, 117.64, 113.23,
60.92. HRMS (ESI) m/z [M + H]* calcd for C24H16N2Og: 461.0985, found: 461.0987.
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8SL Report Request type Separation of isomers

Sample Information

Sample ID EN Number Incoming amount Compound name Project name

Rac-2 12g

Preparative Conditions

Incoming rac-2

Column Dimensions (mm) Particle Size (pm)
Chiralpak IC 250 % 20 5
Mobile Phase Gradient

EtOH/TEA 100/0.1

Flow {ml/min) Detection (nm) Temperature (C}

12 270 RT

Injected Amount Injection Volume Cycle time (min)

50 mg 1ml

Sample Conc. (mgiml) Instrument Qperator
50 mg/ml in EtOH/TEA Semi 3

Date

2019-02-07 10:25:28

Comment

Outgoing  Peak 1 (P1) and peak 2 (P2)
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Column
Chiralpak 1B-N3

Mobile Phase

Dimension (mm)

150 x 4.6

Particle Size (pm)

3

25% EtOH/DEA 100/20mM in CO2, 120 bar

Flow {mlfmin)

Detection {nm)

3.5 247 40

Gradient Instrument Sample concentration {mg/ml)
Sample ID Purity Chiral purity Weight

Peak:1 97.3 ee 700 mg

Sample ID Purity Chiral purity Weight

Peak:2 99.6 ee 600 mg
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Sample Name: P1
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Column: Chiralpak 1B N-3
Mobile Phase A: CO:

Mobile Phase B: EtOH/DEA 100/20mM
Gradient: 25% B, 120 bar
Temperature: 40°C

Sample Concentration: Sample in E{CH

0.45-

B
0.40 o
0.35 !
030_
025
> |
2 R
020
|
015
010~ |
0.05 |
- I
0.00 - S
o ' | ! ' o !
0.00 0.50 1.00 1.50 2.00 250 3.00
Minutes
Retention Time| Area | % Area| k' N |USP Resolution
1 2.887| 7119325| 98.63|0.000| 7785
2 4.948| 98593 1.37| 0.714] 7638 3.042
~ Peak #
1.00- 0.0084
0.0
0.005+
080
347.9 oo
040 _ o
0.002
020
Q00— 0 0004
2sbm 30000 35000 e
Ret: 2.89

1
3.50

10f1
Date Acquired: 2019-02-07 11:04.32
Column ID:
Column Dimensich: 150 * 4.6
Particle Size: 3
Injection volume: 2.00ul
Flow: 3.5 mi/min
Wav elength: PDA Spactrum PDA
Vial: 1.F.6
@
<
o
<
-- — - - S
400 as0 500 550 '6.00
ee =973
Peak #2
347.9
25000 3UD‘D§ ' ‘35000 s 4CC.00
Ret: 4.95

Report Method: ee_spektrum
Acy Method Set 120bar_ B2_25 40deg
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Sample Name: P2
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10f1

Date Acquired: 2019-02-07 10:58:08

Column:
Mobile Phase A:
Mobile Phase B:
Gradient:

Temperature:

Sample Concentration:

024 |
02
020 |
018 |
016

0147

012

AU

010
0.08
0.06
004
002
0.00

002

.00 0.50

1.00

Chiralpak 1B N-3

CO2

EtOH/DEA 100/20mM
25% B, 120 bar

40°C
Sample in EtOH

1.50 200

L3524

300
Minutes

250

Retention Time

Area

% Area

K

USP Resolution

1 35624

11980

019

0.000

1627 9

2 4.003

6374643

99.81

0.136

598.5

0.878

00025

0.0020

0.0005

0.0006]

250.00

30000

Ret; 3

52

35000

Peak #1

40000

Column ID:

Column Dimensich: 150 * 4.6

Particle Size: 3
Injection volume: 2.00ul
Flow: 3.5 mi/min
Wav elength: PDA Spactrum PDA
Vial: 1.F7
o0
(=
=N
¥
[
| .
I
|
|
|
" 400 450 500 550 '6.00
ee =998
Peak #2
R 3479
250,00 SDC‘IDC 35000 I4CCDIJ
Ret; 4.00

Report Method: ee_spektrum
Acy Method Set 120bar_B2_25_40deg
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Date Acquired: 2019-01-31 09:49:02

Sample Name: rac-2
Column: Chiralpak IC Column ID:
Mobile Phase A: Celumn Dimension: 150*4.6 mm
Mobile Phase B: EtOH/TEA 100/0.1 Particle Size: 3
Gradient: 100%B Injection volume: 15.00 ul
Flow: 0.8 m¥min
Temperature: 25°C Wav elength: 2898 PDA 269.0 nm
Sample Concentration: Sample in EtOH Vial: 2:a,1
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Ret; 2.67 Ret: 3.88

Injection Id 1556

Report Method: nomal_spektrum
Acq Method Set: C_25C_08ml|
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10f1
Sample Name: rac-2 Date Acquired: 2019-02-07 10:39:18
Column: Chiralpak IB N-3 Column ID:
Mobile Phase A: CO» Column Dimension: 150 * 4.6
Mobile Phase B: EtOH/DEA 100/20mM Particle Size: 3
Gradient: 25% B, 120 bar Injection volume: 5.00ul
Flow: 3.5 mifmin
Temperature: 40°C Wayv elength: PDA Spectrum PDA
Sample Concentration: Sample in EtOH Vial: 1:£,5
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2 4.845| 445738|  49.32| 0.429] 545.1 2.015| 5.344113-001
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Ret: 3.39 Ret: 4.85

Report Method: normal_spektrum
Act) Method Set 120bar_B2_25 40deg
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Vibrational Circular Dichroism (VCD)

Summary. VCD analysis was performed on (+)-2 only. The data collected suggest that (+)-2 is likely
to be the (S) enantiomer. All spectra, experimental and simulated, are shown in Figure 1.
Experimental. (+)-2 (5.0 mg) was dissolved in 110 yL CDCls. Approximately 90 uL of the solution
was transferred to a 0.100 mm BaF; cell and VCD spectra acquired for 12 hours in a Biotools
ChirallR2X instrument. The resolution was 4 cm™. A VCD spectrum was collected on a CDCI3 blank
in the same cell to act as a baseline reference and subtracted from the experimental spectrum.
Computational Spectral Simulation. A Monte Carlo molecular mechanics search for low energy

geometries was conducted for the S enantiomer. MacroModel within the Maestro graphical interface
(Schrédinger Inc.) was used to generate 123 starting coordinates for conformers. All conformers
within 5 kcal/mol of the lowest energy conformer were used as starting point for density functional
theory (DFT) minimizations within Gaussian09. Optimized structures, harmonic vibrational
frequencies/intensities, VCD rotational strengths, and free energies at STP (including zero-point
energies) were determined at B3LYP/6-31G* level of theory. Three conformations were found that
contributed over 10% to the Boltzmann distribution. An in-house built program was used to fit
Lorentzian line shapes (12 cm? line width) to the computed spectrum of a Boltzmann distributed
average thereby allowing direct comparisons between simulated and experimental spectra.
Comparison of the calculated and experimental spectra is illustrated in Figure S3.23.
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Racemization studies on (R)-2

Sample was dissolved in EtOH, then triethylamine (TEA, 10 eq) was added and the resulting

solution was stirred overnight at room temperature. The reaction mixture was then transferred into
a vial and analyzed directly.

SSL Report Request type Racemisation test

Sample Information

Sample ID EN Number Incoming amount Compound name Project name
rac-2, (R)-2 2mg

Analytical Conditions

Column Dimension (mm) Particle Size (pm)
Chiralpak 1B-N3 150 x 4.6 3
Mobile Phase

30% EtOH/DEA 100/20mM in CO;, 120 bar

Flow (mlimin) Detection Temperature (C)

3.5 40

Gradient Instrument Sample concentration (mg/ml)

Sample ID Purity Chiral Purity Weight

Peak 1 (R)-2

Comments

Peak 2 (S)-2

Comments
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Column: Chiralpak 1B N-3 CO2 Column ID:
Mobile Phase A: EtOH/DEA 100/20mM Column Dimension: 150 * 4.6
Mobile Phase B: 30% B, 120 bar Particle Size: 3
Gradient: Injection v olume: 10.00 ul
40°C Flow : 3.5 ml/min
Temperature: Wav elength: PDA Spectrum PDA
Sample Concentration: Samplein EtOH Vial: 1:b,3
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Report Method: nomal_spektrum_x Injection Id 29152

Acq Method Set: 120bar_B2 30_40deg
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Sample Name: (R)-2

Column: Chiralpak IB N-3 Column ID:
Mobile Phase A: CcO2 Column Dimension: 150 * 4.6
Mobile Phase B: EtOH/DEA 100/20mM Particle Size: 3
Gradient: 30% B, 120 bar Injection v olume: 10.00 ul
Flow : 3.5 ml/min

Temperature: 40°C Wav elength: PDA Spectrum PDA
Sample Concentration: Sample in EtOH Vial: 1:b,1
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Act Method Set: 120bar_B2_30_40deg
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Sample Name: (R)-2 + TEA
Column: Chiralpak IB N-3 Column ID:
Mobile Phase A: co2 Column Dimension: 150 * 4.6
Mobile Phase B: EtOH/DEA 100/20mM Particle Size: 3
Gradient: 30% B, 120 bar Injection v olume: 10.00 ul
Flow : 3.5 ml/min
Temperature: 40°C Wav elength: PDA Spectrum PDA
Sample Concentration: Sample in EtOH Vial: 1:B,2
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Peptide synthesis and characterization

ERa(pT®%*) phosphopeptide 3 (AEGFPApTV-COOH), CaMKK2(pS!%) phosphopeptide 4
(GSLSARKLpSLQER) and fluorescein-labelled CaMKK2(pS'®) phosphopeptide FAM-4 were
purchased from Chinese Peptide Company Inc. (Hangzhou, China). FITC-labeled ERa(pT>%*)
phosphopeptide FITC-3 was synthesized according to a standard solid-phase peptide synthesis
(Fmoc SPPS) procedure. PMA2 C-terminal 52-mer (corresponding to PMA2 amino acids 905-956)
was prepared according to refl?3],

FITC-labeled ERa(pT%) phosphopeptide 3 synthesis (FITC-3)

General information. Fmoc-amino acids were purchased from Chem-Impex International, Inc., with
the following side-chain protection: Fmoc-Ala-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Gly-OH, Fmoc-Phe-
OH, Fmoc-Pro-OH, Fmoc-Thr(PO(Obzl)OH)-OH, Fmoc-Val-OH. I-Amino acids were used in every
case. Fluorescein 5-isothiocyanate (5-FITC) was purchased from Sigma-Aldrich.
Diisopropylethylamine (DIPEA) was purchased from Sigma-Aldrich, 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium  3-oxide hexafluorophosphate
(HATU) was purchased from Chem-Impex International, Inc. 2-Chlorotrityl chloride resin (200-400
mesh) was purchased from Chem-Impex International, Inc. Peptide synthesis was monitored by
reversed-phase (RP) ultra-performance liquid chromatography tandem mass spectrometer (UPLC-
MS). Analytical RP-UPLC-MS was performed on a Waters Acquity UPLC system (PDA, sample
manager, sample organizer, column oven modules) and Waters SQD2 mass spectrometer using
the following column: Waters Acquity CSH C18 column, 130 A, 1.7 um, 50 x 2.1 mm at a flow rate
of 0.5 mL/min at 45 °C. A linear gradient of mobile phase: A = H20 + 10 mM formic acid (FA), 1
mM ammonia and 0.03% trifluoroacetic acid (TFA) and B = ACN/H20 95/5 (vol/vol-%) + 10 mM
FA, 1 mM ammonia and 0.03% TFA was used with detection at 220 nm.

Resin loading. In a peptide reactor 2-chlorotrityl chloride resin 0.8 mmol/g (0.2 mmol, 250 mg) was
swollen in CH2CI2 for 10 min, then the solvent was drained. Fmoc-I-Val-OH (1 eq) was dissolved
in CH2CI2 and DIPEA (3 eq) was added. The clear solution was added to the resin which was
agitated for 10 min. Additional DIPEA (7 eq) was added and the resin was agitated for further 45
min. The remaining trityl groups were capped adding MeOH (0.8 uL/mg of resin), the resin was
agitated for 10 min. The mixture was drained and the resin beads washed with DMF (3 x) and
CH2CI2 (3 x).

Fmoc cleavage. The N-terminal Fmoc protecting group was removed with a 20% solution of
piperidine in DMF (2 x 5 min). The mixture was drained and the resin beads washed with DMF (3
x) and CH2CI2 (3 x).

Peptide elongation. Fmoc-I-AA-OH (4 eq) and HATU (4 eq) were dissolved in DMF, then DIPEA (6
eq) was added. After a pre-activation period of 2 min, the mixture was added to the resin, which
was agitated for 45-60 min. The mixture was drained and the resin beads washed with DMF (3 x)
and CH2CI2 (3 x). Successful coupling was indicated by ninhydrin test. Coupling of the spacer
Fmoc-6-aminohexanoic acid (Fmoc-6-Ahx-OH, 4 eq) was performed using the same procedure as
above. The peptide was finally reacted with Fluorescein-5-isothiocyanate (5-FITC, 4 eq) and DIPEA
(6 eq) for 2h in the dark to yield fluorescent-immobilized peptidyl-resin.

Cleavage from resin. The resin-bound peptide was cleaved from resin using a solution of
TFA/TIS/H20/EDT (94:1:2.5:2.5). After shaking for 60 min, the TFA solution was filtered and the
reaction mixture was poured into cold diethyl ether. Upon precipitation, the suspension was
centrifuged, the precipitate dissolved in ACN/H20 and lyophilized.
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Purification. The compound was purified by preparative HPLC on a Kromasil C8 column (10 ym
250x20 ID mm) using a gradient of 43-63% ACN in H20/ACN/FA 95/5/0.2 buffer, over 20 minutes
with a flow of 19 mL/min. The compounds were detected by UV at 220 nm. Collected fractions were
lyophilized, to yield the purified peptide FITC-3 (26 mg, 9.47%) as a yellow solid, in ca. 95% purity
as estimated by analytical UPLC.

2: UV Detector: TIC (2) 3.076e+l
94% Range: 3.095e+1
7.03
3.0e+l
2.0e+l
2
(2)
1.0e+l 94%
7.60
0.0 - Time
2.00 4.00 6.00 8.00 10.00
Peak Number Compound Time AreaAbs Area %Total Width Height Mass Found
2 7.03 4e+006 94.18 1 3e+007
4 7.60 2e+005 5.82 1 1e+006
100- 687.7183
ES 687.6264.)
667.2809.]
|.687.8698
699.1080
0 235.1471 459.1530 587'1705“_L 9249633 1/04310?4 13?31727z142500121745'33321331-7931135455%51
200 400 600 800 1000 = 1200 1400 1600 1800

R; = 7.03 min (3-60% B over 10 min, 0.5 mL/min). m/z (ESI-MS): [M+2H*]?>* calculated mass =
687.2, observed = 697.7

Final sequence: 5-FITC-Ahx- AEGFPApTV-OH (FITC-3)

HO

(o]
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FAM-4 sequence: 5-FAM-GSLSARKLpSLQER-OH

GYSTLISIAIR KL S L QJE]R B
P

pKa determination

O
O / OH PpKe=3.19£002

=0
OzN O N

coon  PKar=2.23+0.01

OH

Protocol summary. pKas were determined using the SiriusT3 instrument from Sirius Analytical by
performing an acid/base titration. The technique uses an in situ UV probe to measure the UV
absorbance profile of the compound at each pH point during the titration. Measured pK, values are
reported as mean + SEM.

Experimental procedure. The sample pKss are investigated using the fast UV-metric method. This
involves measuring the UV absorbance profile at each pH point during an acid/base titration using
an in situ UV probe in the titration cell of a SiriusT3 instrument. Each sample is titrated in a triple
titration over a nominal pH range of 2 to 12 in approximately 50, 40, 30 % methanol. Sample
concentrations are typically in the range 35 -15 yM. All titrations are carried out at 25 °C.

The pKa(s) were determined by monitoring the change in UV absorbance with pH as the compound
undergoes ionization. This information is used to produce a 3D matrix of pH vs. Wavelength vs.
Absorbance data. A mathematical technique called Target Factor Analysis is applied to the matrix
to produce molar absorbance profiles for the different light absorbing species present in solution
and also a “Distribution of Species” plot showing how the proportion of each species varies with pH.
Sample pK,s are extrapolated to aqueous conditions using the Yasuda-Shedlovsky method.

The method requires that the sample compound possesses a chromophore and that changes in
ionization influence the absorbance spectrum of the compound. This procedure will measure pKa
values in the range 2-12.

3.5.2 NMR data

Production of **N?H-labeled 14-3-354C for *H-1°>N TROSY-HSQC NMR spectroscopy. The °N2H-
labeled 14-3-3cAC (AC17, cleaved after T231) for NMR studies was expressed in E. coli BL21
(DE3) cells transformed with a pProExHtb vector carrying the cDNA to express an N-terminally
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Hise-tagged human 14-3-3cAC. Bacterial cells were grown in 1 L of deuterated M9 minimal medium
supplemented with 2 g/L '2C¢?H; glucose, 1 g/L *>N ammonium chloride, 0.4 g/L Isogro *N*2C?H
Powder — Growth Medium (Sigma Aldrich) and 100 pg/mL ampicillin. The recombinant protein was
then purified from the bacterial extract by affinity chromatography using a Ni-NTA column (GE
Healthcare). The Hise-tag was further cleaved by the TEV protease. The protein was finally dialyzed
overnight at 4 °C against NMR buffer (100 mM sodium phosphate, pH 6.8, 50 mM NacCl),
concentrated, aliquoted, flash frozen and stored at -80 °C. A detailed protocol was previously
published can be found at ref(?],

IH-1’N TROSY-HSQC NMR experiments H-1>N TROSY-HSQC (Transverse Relaxation Optimized
Spectroscopy - Heteronuclear Single Quantum Coherence Spectroscopy) spectra were acquired at
32 °C in 3 mm tubes (sample volume 200 uL) using a 900 MHz Bruker Avance Neo spectrometer,
equipped with a cryoprobe. All samples were prepared in a buffer containing 100 mM sodium
phosphate, 50 mM NacCl, pH 6.8, 4% (v/v) DMSO-ds, 1 mM DTT, EDTA-free protease inhibitor
cocktail (Roche, Basel, Switzerland) and 10% (v/v) D,O. The experiments were recorded with 3072
complex data points in the direct dimension and 128 complex data points in the indirect dimension,
with 184 scans per increment. For the evaluation of the binding of (-)-2 to 14-3-3cAC, spectra of
100 pM ®N?H-labeled 14-3-3cAC were recorded in the presence and absence of 2000 uM (-)-2.
For the evaluation of the binding of (-)-2 to the 14-3-36AC/ERa. complex, spectra of **N?H-labeled
14-3-3c6AC 100 puM with 60 uM ERa(pT%%*) phosphopeptide 3 were recorded in the presence and
absence of 1000 uM and 2000 uM (-)-2. For the evaluation of the binding of (+)-2 to 14-3-3cAC,
spectra of 100 uM *°N?H- labelled 14-3-3cAC were recorded in the presence and absence of 2000
uM (+)-2. The reference for the *H chemical shift was relative to TMSP (trimethylsilylpropanoic acid)
while ®N chemical shift values were referenced indirectly. Assignments of the backbone
resonances of >N?H-labeled 14-3-36AC have previously been reported.?®! Spectra were collected
and processed with Topspin 4.0 (Bruker Biospin, Karlsruhe, Germany) and analysed with Sparky
3.12 (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco).

WaterLOGSY NMR experiments. WaterLOGSY spectra were acquired at 16 °C in 5 mm tubes
(sample volume 530 plL) using a 600 MHz Bruker Avance lll HD spectrometer equipped with a
CPQCI cryogenic probe. The spectra were recorded with 32768 complex data points, with 384
scans per increment and with a mixing time of 1.7 s (acquisition time of 35 minutes). All samples
were prepared in a buffer containing 100 mM sodium phosphate, 50 mM NaCl, pH 6.8 and 10%
(v/iv) D,O. The final concentration of DMSO-ds was 2% (v/v) and was kept constant for all
experiments. To examine the binding of both (-)-2 and (+)-2 to either 14-3-3cAC alone or in complex
to the ERay(pT>%*) phosphopeptide 3, WaterLOGSY spectra were recorded on solutions containing
each of the enantiomers of 2 at 500 uM in the presence of 25 uM 14-3-3cAC alone or together with
35 uM ERo(pT®**) phosphopeptide 3, respectively. A *H spectrum with water-suppression was
additionally recorded for each sample. The reference for the *H chemical shift was relative to TMSP
(trimethylsilylpropanoic acid). Spectra were collected, processed and analyzed with Topspin 3.6
(Bruker Biospin, Karlsruhe, Germany).

3.5.3 Protein expression & purification and X-ray crystallography
Protein expression & purification. Proteins were expressed and purified as previously reported. 6!
Purification protocol. Prior to purification, the cell pellets were thawed and resuspended in 10 mL/g

pellet lysis buffer (25 mM Tris, pH = 8.0, 150 mM NacCl, 5% v/v glycerol, 10 mM imidazole, 4 mM
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BME and 1 mM PMSF). The cells were then lysed twice by homogenization using an EmulsiFlex-
C3 homogenizer. The lysate was incubated with benzonase (Merck Millipore) for 15 minutes and
then centrifuged at 20000 g for 15 minutes. The supernatant was applied in overnight circulation at
4 °C to a 5 mL HisTrap column pre-equilibrated with 20 column volumes (CV) lysis buffer. The
column was then washed with 20 CV wash buffer (25 mM Tris, pH = 8.0, 300 mM NacCl, 5% v/v
glycerol, 25 mM imidazole and 4 mM BME) and the protein eluted with 40 mL elution buffer (20 mM
HEPES, pH 8.0, 100 mM NacCl, 5% v/v glycerol, 250 mM imidazole and 4 mM BME). The protein
was then pipetted into a SpectrumLabs Spectra/Por 10000 Da MWCO dialysis bag and dialysed
overnight at 4 °C against dialysis buffer (25 mM HEPES, pH = 8.0, 100 mM NacCl, 4 mM BME, 2
mM MgCly). For 14-3-3cAC, 1:500 mg/mg TEV protease was added to the dialysis bag. The full
length proteins were then concentrated to ~50 mg/mL using 10000 Da MWCO Amicon spinfilters,
aliquoted, flash frozen in liquid nitrogen and stored at -80 °C until further usage. The 14-3-3cAC
protein was instead applied to a 5 mL HisTrap column pre-equilibrated with 20 CV dialysis buffer.
The flowthrough was captured and concentrated to ~50 mg/mL using 10000 Da MWCO Amicon
spinfilters. The concentrated 14-3-3cAC protein was then applied to a HiLoad superdex 75 16/60
SEC column using an Akta FPLC apparatus. The fractions containing protein were then pooled,
concentrated to ~50 mg/mL protein, flash frozen in liquid nitrogen and stored at -80 °C until further
use.

X-ray crystallography. Crystals of the ternary complexes were grown by mixing 12.5 mg/mL 14-3-
3cAC with 3 in a molar ratio of 1:2 in 10 mM HEPES pH 7.4, 150 mM NaCl, 2 mM BME and 2 mM
of the compound of interest and incubating overnight at 277 K. The formed complex was then set
up for crystallization by mixing 1:1 (v/v) 0.1 M Tris, pH 7.0, 0.2 M magnesium chloride hexahydrate
and 10 % v/v PEG 8000 and incubating in a sitting drop at 277 K. Crystals grew within a week and
were cryoprotected by adding a grain of sucrose to the crystallization drop and incubating for 10
minutes. Crystals were then fished and stored in liquid nitrogen. Data collection and processing are
described in the Supporting Information. The crystal structures were deposited in the Protein Data
Bank (PDB ID 6TJM and 6TL3).

Data collection and analysis. X-ray diffraction data for the 14-3-3cAC/ERa(pT>%*) phosphopeptide
3/(R)-2 complex was collected at 100 K at the p11 beamline of the PETRA-III synchrotron of the
DESY facility in Hamburg, Germany using a Pilatus 6M-F detector.*”#8 X-ray diffraction data for
the 14-3-36AC/ERa(pT>%¥) phosphopeptide 3/(R)-6 complex was collected at 100 K on a Rigaku
Micromax-003 sealed tube X-ray source and a Dectris Pilatus 200K detector. The data was indexed,
integrated, scaled and merged using xia2 DIALS."! Phasing was done by molecular replacement
using Phaser® and PDB 4JC3 as a starting model and was followed by iterative rounds of
refinement and manual model building using Phenix.Refine®®! and Coot®, respectively. Model
validation was performed using MolProbity.®%! Figures were created using PyMol. See Table S3.1
for data collection and refinement statistics.
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Table S3.1. XRD statistics

14-3-3cAC 14-3-3cAC
/ERa/(R)-2 /ERa/(R)-6
PDB code 6TIM 6TL3
Data collection
Resolution (A)® 1.85(1.85-1.88) 2.46 (2.50 — 2.45)
Space group C222 C222
a=62.84,b=152.31, a=63.69, b=152.23,
Cell parameters (A)®! ¢=76.79 €=76.26
a=B=y=90"° a=B=y=90°
Rmergel®®! 0.042 (1.17) 0.17 (0.64)
Average l/o(1)&®! 24.0 (1.0) 7.72 (2.03)
CC1/2 ()20 100 (80.3) 99.1 (86.3)
Completeness (%) 99.9 (99.1) 99.8 (100)
Redundancy®"! 12.5(11.6) 6.2 (6.6)
Refinement
Number of
protein/solvent/ligand 3770/127/50 3749/194/49
atoms
Rwork/Rfree (%) 19.7/21.8 21.0/25.9
Unique reflections used in 31888 13882

refinement

R.m.s. deviations from
ideal values bond lengths 0.006/0.617 0.006/0.600
(A) / bond angles (°)

Average
protein/solvent/ligand B- 52.5/55.7/47.7 36.4/40.7/34.21
factor (A?)

Ramachandran favored

(%) 98.22 97.25
Ramachandran allowed 178 275
(%)

Ramachandran outliers 0 0

(%)

[a] Number in parentheses is for the highest resolution shell [b] As reported by xia2 DIALS. [c] CCy.2
= Pearson's intradataset correlation coefficient, as described by Karplus and Diederichs.*
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3.5.4 Fluorescence Polarization (FP)

For affinity measurements, fluorescently-labeled peptides FITC-3 or FAM-4 were dissolved in FP
buffer (10 mM HEPES, 150 mM NacCl, 0.05% TWEEN 20, pH 7.4) to a final concentration of 10 nM.
Dilution series of 14-3-3¢ protein were made in black, flat-bottomed 384-well microplates (Greiner
Bio-One, model n. 784076) in a final sample volume of 12 pL. Following 1 h incubation at room
temperature, plates were read on an PHERAstar plate reader (BMG Labtech, Ortenberg, Germany)
for FP signal (filter set Aex 485 nm, Aem 520 Nm). For PPI stabilization experiments, dilution series
of compounds (10 mM DMSO stock solution) were added to a solution of FITC-3 or FAM-4 (10 nM)
and 14-3-3¢ protein (50 nM for ERa(pT%%*)/FITC-3 and 30 uM for CaMKK2(pSi®)/FAM-4,
corresponding to approximately 20% occupancy of 14-3-3 by FITC-3 or FAM-4). Final DMSO
concentration was 2% (vol/vol). All experiments were performed in triplicate (n = 3), unless
otherwise stated. Data reported are at end point. Ky and ECs values were obtained from fitting the
data with a four-parameter logistic model (4PL) using GraphPad Prism version 8.3.0 for Windows,
GraphPad Software, San Diego, California USA, www.graphpad.com. Errors bars indicate standard
deviation of individual measurements.

3.5.5 Surface Plasmon Resonance (SPR)

Unless otherwise stated, SPR measurements were performed on a Biacore 3000 (GE Healthcare)
using as running buffer 10 mM HEPES, 150 mM NaCl, 0.05% TWEEN 20, pH 7.4. 14-3-3( protein
was immobilized on a CMD200M Biacore Sensor Chip (XanTec Bioanalytics GmbH, Diisseldorf,
Germany) at approximately 4000 RUs using EDC/NHS coupling chemistry. Phosphopeptides 3 or
4 (50 nM and 30 uM respectively in running buffer) and test compounds 2, 5, 6 or 9 (dissolved in
running buffer and prepared from 10 mM DMSO stock solution to afford final test concentration and
1% final DMSO concentration) were premixed and injected at a flowrate of 20 puL/min and 20 °C for
60 s or 120 s in running buffer. All experiments were performed in triplicate (n = 3) unless otherwise
stated. For each curve, the values at equilibrium response (i.e. binding coverage) were extracted
and fitted using a four-parameter logistic model (4PL) using GraphPad Prism version 8.3.0 for
Windows, GraphPad Software, San Diego, California USA, www.graphpad.com. Errors bars
indicate standard deviation of individual measurements.

3.5.6 Computational details

All calculations were performed within the Schrodinger Small-Molecule Drug Discovery Suite 2019-
2.9 nitial geometries were derived from MCMM®8! conformational searches in Macromodel version
12.4 using the OPLS3el*"! force field in combination with the GB/SA continuum solvation model for
water.® Density functional theory calculations were performed using Jaguar version 10.4.059
Structures were optimized using the B3LYP-D3[% a posteriori-corrected hybrid functionall® with
the 6-31G**+ basis set and the PBF solvation modell® for water. Normal-mode analysis were used
to estimate the Gibbs free energies. Final energies were calculated using B3LYP-D3/6-311G**+
with the PBF solvation model for water and with M06-2X-D3/6-31**+ together with SM6.[53-64 M06-
2X-D3/6-311**+ together with PBF (water) energies were calculated to compare the two functionals.
For comparative purposes, some combinations were also included.

For each compound, six different conformations were examined in detail starting from the
conformation as found for (R)-2 in the crystal structure. The torsion changed next was then the
bond to the exocyclic carbonyl in combination with the attached phenyl group resulting in two
different anti-conformations. For these three variants the salicylate was also rotated 180°.
Structures of the optimized conformations are illustrated in Figure S3.24.
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3.5.7 Supporting Figures
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Figure S3.1. Determination of affinity ERa(pT**%) phosphopeptide 3 for 14-3-3( by SPR. (a)
Representative example of an SPR sensorgram in which increasing concentrations of 3 were flowed over
immobilized 14-3-3¢. The response units (RUs) achieved (y axis) are presented as a function of time in
seconds (x axis). For each curve, the RU values at equilibrium response were extracted and fitted in a
dose-response curve using a four-parameter logistic model (4PL), shown in (b), against the log of the
molar concentration of 3 (mean + SD, n = 3). To account for the variations in protein immobilization
between runs, the equilibrium RU values were normalized to a 0-100 % interval, where 0% is baseline
response and 100% is the mean curve plateau value. Experiment was performed in 1:3 dilution series
from an initial concentration of 3 of 500 uM.
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Figure S3.2. Stabilization of the 14-3-3/ERa.(pT°*#) complex by Fusicoccin A (1) measured by SPR.
1 was titrated (1:3 dilution series, initial concentration 100 uM) in the presence of 50 nM ERa(pT>%)
phosphopeptide 3 and surface-immobilized 14-3-3¢. Binding affinity was estimated to be ECso = 1.8 £ 0.2
UM by curve fitting using a four-parameter logistic model (4PL). Error bars show standard deviation from
the mean for each data point (n = 3). To account for the variations in protein immobilization between runs,

the equilibrium RU values were normalized to a 0-100 % interval, where 0% is baseline response and
100% is the mean curve plateau value.
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Figure S3.3. Comparison of the stabilization effect of rac-2 and 1 on the 14-3-3/ERa,(pT*%*) complex
measured by SPR (in the absence of added Mg?*). Compound (rac-2 or 1) concentration (x axis) is
plotted as the log of the molar compound concentration. (a) “Total effect” is the total RUs obtained by
adding compound (rac-2 or 1) to immobilised 14-3-3( in the presence of 50 nM ERa(pT%)
phosphopeptide 3), i.e. (affinity for 14-3-3C + affinity for 14-3-3(/3 complex + stabilization of 14-4-4¢/3
interaction). RUs obtained from 14-3-3(/3 interaction (“3 only”) indicated by dashed line (10.7 + 2.6 RUs).
(b) Determination of contribution of compound affinity for immobilized 14-3-3¢ protein in the absence of
ERa(pT***) phosphopeptide 3. (c) “Net stabilization effect” (ARUs, y-axis) is defined as (total RUs from

14-3-3¢/3/compound interactions)-((RUs from 14-3-3(/3 interaction)+(RUs from 14-3-3¢/compound
interaction)).
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"H spectrum: 500 pM (-)-2

WaterLOGSYspectrum: 500 uM (-)-2 + 25 pM 14-3-30AC
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WaterLOGSYspectrum: 500 M (-)-2 + 25 uM 14-3-30AC + 35 uM ERa 3
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Figure S3.4. WaterLOGSY NMR experiments indicate that (-)-(R)-2 binds to 14-3-36AC both in the
absence and presence of ERa(pT>**) phosphopeptide 3. *H spectrum (blue) and WaterLOGSY spectra
of 500 uM (-)-2 in the presence of either 25 uM 14-3-36AC (red) or 25 uM 14-3-36AC+35 uM ERa(pT*)

phosphopeptide 3 (green).
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Figure S3.5. *H-**N TROSY-HSQC spectra of 100 uM **N2H labeled 14-3-3cAC alone (black), or in the
presence of 2000 uM (-)-2 (superimposed in blue).
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a
1.2 1/10 100 UM 14-3-30AC + 2000 pM(-)-2 (1) vs 100 uM 14-3-3cAC (10)
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Figure S3.6. Determination of (-)-(R)-2 binding site on 14-3-3 by chemical shift mapping. (a) The
binding site of (-)-(R)-2 on 14-3-3cAC was identified by determining the intensity ratio (I/lo) for each pair
of corresponding resonances in the 14-3-3cAC spectrum in the presence of (-)-(R)-2 (I) compared to the
absence of (-)-(R)-2 (lo). Plot of the I/l values of *H-°N correlation peak intensities in the spectrum of
100 uM 5N2H-labeled 14-3-3cAC in the presence of 2000 uM (-)-(R)-2 (I), compared to corresponding
resonances in the reference spectrum of 100 uM 14-3-3cAC (lo) (y axis) versus 14-3-3cAC amino acid
sequence (x axis, not proportional to sequence length). A total of 131 correlation peak intensity ratios are
shown. The helices of 14-3-3cAC are identified below the x axis as blue cartoons, while disordered
regions are represented by red lines. (b) Ranking of the most affected residues of 14-3-3cAC by the
binding of (-)-(R)-2. The 5 most affected residues are colored red, the next 5 orange and the next 5 yellow.
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Figure S3.7. *H-*®*N TROSY-HSQC spectra of 100 uM **N?H-labeled 14-3-3cAC alone (black), or in the
presence of 60 uM ERa(pT**¥) phosphopeptide 3 (superimposed in red). Note that for some resonances,
both the free and the bound form are observed, suggesting a slow exchange regime on the NMR time

scale.
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Figure S3.8. 'H-5N TROSY-HSQC experiments show that (-)-(R)-2 binds in the FC pocket. (a) H-
5N TROSY-HSQC spectra of 100 uM >N2H-labeled 14-3-3cAC alone (black), or in the presence of 60
uM ERa(pT>%*) phosphopeptide 3 (superimposed in red), 60 uM ERa(pT>*¥) phosphopeptide 3+1000 uM
(9)-(R)-2 (superimposed in blue) or 60 puM ERa(pT**%) phosphopeptide 3+2000 uM (-)-(R)-2
(superimposed in green). The spectral regions delimited by orange dashes are enlarged in b and c. (b,c)
Overlaid enlarged spectral regions showing the resonances corresponding to G171 (b) and 1219 (c). 1000
puM (-)-(R)-2 induced broadening of the resonance of G171 (blue spectrum), while 2000 uM (-)-(R)-2
induced broadening beyond detection (green spectrum). For 1219, broadening beyond detection of the

resonance (blue spectrum) was observed already at 1000 uM (-)-(R)-2.
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Figure S3.9. Comparison of the stabilization effect of rac-2, (R)-2 and (S)-2 on the 14-3-3/ ERa(pT>%)
complex measured by SPR (in the absence of added Mg?). Compound (rac-, (R)- or (S)-2)
concentration (x axis) is plotted as the log of the molar compound concentration. (a) “Total effect” is the
total RUs afforded by adding compound (rac-, (R)- or (S)-2) to immobilized 14-3-3¢ in the presence of 50
nM ERa/(pT***) phosphopeptide 3, i.e. (affinity for 14-3-3¢ + affinity for 14-3-3¢/3 complex + stabilization
of 14-4-4¢/3 interaction). RUs obtained from 14-3-3¢/3 interaction (“3 only”) indicated by dashed line (11.5
+ 0.9 RUs). (b) Determination of compound (rac-, (R)- or (S)-2) affinity for immobilized 14-3-3¢ protein in
the absence of ERa(pT***) phosphopeptide 3. (c) “Net stabilization effect” (ARUs, y axis) is defined as
(total RUs from 14-3-3¢/3/compound interactions)-((RUs from 14-3-3¢/3 interaction)+(RUs from 14-3-
3¢/compound interaction)).
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Figure S3.10. (-)-2 but not (+)-2 stabilizes the 14-3-3/PMA2 PPI. Measurement by SPR of the
stabilization of the 14-3-3n/PMA2 PPI by rac-2 (blue dots), (-)-2 (green squares), (+)-2 (red triangles) and
1 (purple inverse triangles), in the presence of 10 mM MgCl,. PMA2 peptide was immobilised on a
CMD200M chip via EDC/NHS coupling chemistry, at 8000 RUs. 14-3-3n (10 uM) and increasing
concentrations of compound (1:2 dilution series, 100 uM initial concentration, n = 1) were premixed and
injected at a flowrate of 20 uL/min at 20 °C for 120 s in running buffer, followed by a single injection of
0.5% SDS for 60 s as regeneration step between concentrations.

- -
Figure S3.11. The salicylate moiety of (R)-2 occupies a subpocket not utilized by Fusicoccin A.

Comparison of the binding modes in the FC pocket of Fusicoccin A 1 (dark blue sticks, rendered from
PDB 4JDD) and (R)-2 (yellow sticks, rendered from PDB 6TJIM) in 14-3-3cAC/ERa(pT>*%) phosphopeptide
3 complex (rendered from PDB 4JDD, 14-3-3 cAC protein surface coloured according to electrostatic
potential, ERa(pT>*%) phosphopeptide 3 surface coloured green.
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Figure S3.12. Estimation of affinity of CaMKK2(pS*®) phosphopeptide 4 for 14-3-3¢ by SPR. (a)
Representative example of an SPR sensorgram in which increasing concentrations of 4 were flowed over
immobilized 14-3-3¢. The Response Units (RUs) achieved (y axis) are presented as a function of time in
seconds (x axis). For each curve, the values at equilibrium response (i.e. binding coverage) where
extrapolated and fitted in a dose-response curve using a four-parameter logistic model (4PL), shown in
(b), against the log of the molar concentration of 4 (mean + SD, n = 3). Titration was performed in 1:3
dilution series from an initial concentration of 4 of 667 uM. Unspecific binding at higher concentrations of
4 precluded determination of a full dose-response curve.
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Figure S3.13. Comparison of the stabilization effect of 1 and rac-, (R)- or (S)-2 on the 14-3-
3/CaMKK2(pS'®) complex measured by SPR (in the absence of added Mg?"). Compound
concentration (x axis) is plotted as the log of the compound concentration in molar. (a) “Total effect” is the
total RUs afforded by adding compound (1, rac-, (R)- or (S)-2) to immobilised 14-3-3( in the presence of
30 uM CaMKK2(pS!®) phosphopeptide 4, i.e. (affinity for 14-3-3¢ + affinity for 14-3-3¢/4 complex +
stabilization of 14-3-3(/4 interaction). RUs obtained from 14-3-3(/4 interaction (“4 only”) indicated by
dashed line (26.1 £ 7.5 RUSs). (b) Determination of contribution of compound affinity for immobilized 14-
3-3( protein in the absence of phosphopeptide 4. (c) “Net stabilization effect” (ARUs, y axis) is defined as
(total RUs from 14-3-3¢/4/compound interaction)-((RUs from 14-3-3C /4 interaction)+(RUs from 14-3-
3¢/compound interaction)).
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Figure S3.14. Determination by FP and SPR of the effect of MgCl, on the stabilization of rac-2, (R)-
2, (S)-2 and 1 towards the 14-3-3/ERa(pT***) complex. (a) Concentration-response of compounds in
FP assay (10 nM FITC-3 and 50 nM 14-3-3() in the absence of MgCl, (orange circles), 1 mM MgCl, (light
blue squares), 5 mM MgCl, (red triangles) or 10 mM MgCl, (gold inverse triangles). “Relative stabilization”
(y axis) is the mean fold-increase of FP signal over baseline (i.e. FP signal from interaction between 14-
3-3¢ and ERa/(pT***) phosphopeptide FITC-3 alone). (b) Concentration-response of compounds in SPR
assay in the absence of MgCl, (orange circles) or with 10 mM MgClI; (gold squares). Compound titration
was performed in the presence of 50 nM ERa(pT>%*) phosphopeptide 3. “Relative compound effect” is the
mean fold-increase of SPR signal over baseline (without correcting for compound binding to 14-3-3¢
alone). The error bars indicate +/- SD (n=3).
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Figure S3.15. Determination by FP and SPR of the effect of MgCl, on the stabilization of 2, (S)-2
and 1 towards the 14-3-3/CaMKK2(pS'®) complex. (a) Concentration-response of compounds in FP
assay (10 nM FAM-labelled CaMKK2(pS®) phosphopeptide FAM-4 and 30 uM 14-3-3¢) in the absence
of MgCl, (orange circles), 1 mM MgCI; (light blue squares), 5 mM MgCI; (red triangles) or 10 mM MgCl,
(gold inverse triangles). “Relative stabilization” (y axis) is the mean fold-increase of FP signal over
baseline (i.e. FP signal from interaction between 14-3-3¢ and labelled CaMKK2(pS'®) phosphopeptide
FAM-4 alone). (b) Concentration-response of compounds in SPR assay in the absence of MgCl, (orange
circles) or with 10 mM MgCl, (gold squares). Compound titration was performed in the presence of 30 uM
CaMKK2(pS!?) phosphopeptide 4. “Relative compound effect” is the mean fold-increase of SPR signal
over baseline (without correcting for compound binding to 14-3-3( alone). The error bars indicate +/- SD
(n=3).

130



CHAPTER 3

a b
4004 3.0
+0.05% P20
. =0.10% P20 Sa5
0300{ «0.20% P20 2
E o
9 E 2.0
é 200 o
0 = 1.5
o ©
& 1004 2.0
0 5
12 -10 -8 6 -4 2 -8 7 -6 -5 4 3

log [14-3-3¢] (M)

log [(R)-2] (M)

Figure S3.16. Detergent tolerability test to discount assay interference due to potential
aggregation behavior. Determination of effect of different detergent (Tween20 — P20) concentrations on
the affinity of the ERa(pT>**) phosphopeptide FITC-3 for 14-3-3¢ (panel a) and on the stabilization effect
promoted by (R)-2 for the 14-3-3¢/ERa(pT>**) complex (panel b) measured by FP and in the presence of
10 mM Mg?. (a) The FP response (mP, y axis) plotted against the log of the 14-3-3¢ concentration (in
molar) at different detergent concentrations: 0.05% (black dots), 0.10% (pink squares) and 0.20% (teal
triangles). (b) “Relative stabilization” (expressed as mean fold-increase of FP signal over baseline, i.e.
interaction between 14-3-3¢ and ERa(pT>%**) phosphopeptide FITC-3 alone) plotted versus increasing
concentrations of (R)-2. The error bars indicate +/- SD (n=3).
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Figure S3.17. Effect of bivalent metal ions on stabilization of 14-3-3/ERa(pT**) and 14-3-
3/CaMKK2(pS'®) PPIs by (R)-2 in FP assay and various counterscreens. “Relative response” (y axes)
is the mean fold-increase of FP signal over baseline (i.e. interaction between 14-3-3C and labelled
phosphopeptides FITC-3 or FAM-4 alone). Relative response (black circles) plotted versus metal ion
concentration (1:3 dilution series, 50 mM initial concentration) at fixed concentrations of (R)-2 (10 uM),
phosphopeptide (10 nM FITC-3 in panels a-c and FAM-4 in panel d) and 14-3-3( (50 nM in panels a-c,
30 pM in panel d). For the 14-3-3¢/ERa(pT***) complex magnesium (panel a), calcium (panel b) and
manganese (panel c) were tested, while for the 14-3-3(/CaMKK2(pS®) complex only magnesium was
tested (panel d). To rule out protein independent effects, and/or unspecific binding, counterscreens with
compound + phosphopeptide only (pink squares) and compound alone (teal triangles) were performed.

a ERw b CaMKK2
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Figure S3.18. rac-5, rac-6 and rac-9 stabilize the 14-3-3/ERa,(pT°%*) and 14-3-3/CaMKK2(pS'®) PPIs
in the absence of bivalent metal ions. Stabilization effects of rac-5, rac-6 and rac-9 measured in FP
assays in the absence of added MgCl,. (a) Stabilization of the 14-3-3/ERa/(pT>**) PPI (10 nM FITC-3, 50
nM 14-3-3¢). (b) Stabilization of the 14-3-3/CaMKK2(pS'®) PPI (10 nM FAM-4, 30 uM 14-3-3(). “Relative
stabilization” (y axis) refers to mean fold increase of FP signal at a given compound concentration over
signal observed in absence of compound. The error bars indicate +/- SD (n=3).

a 14-3-3:ERa PPI b 14-3-3:CaMKK2 PPI
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Figure S3.19. Stabilization of the 14-3-3/ERa/(pT>%*) PPI (panel a) and 14-3-3/CaMKK2(pS*®) PPI (panel
b), measured by SPR assay. “Relative stabilization” (y axes) is defined as ((RUs from 14-3-3(/3 or
4/compound interactions)-(RUs from 14-3-3(/compound interaction))/((RUs from 14-3-3(/3 or 4
interaction).
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Figure S3.20a. 'H NMR spectrum of rac-2 in D,0O, with assignments. Rac-2 (2.5 mg, 5.43 umol) was
dissolved in 1 mM NaOH in D,O (109 pL, 10.86 pmol) transferred into a 3 mm NMR tube and D,0 added

to bring final volume to 160 pL.
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Figure S3.20d. 1D selective ROESY of rac-2 (excitation of H18-H22, 7.50 ppm).
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Figure S3.20e. 1D selective ROESY of rac-2 (excitation of H13-H17, 7.61 ppm).
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Figure S3.21a. *H NMR spectrum of rac-9 in D,0, with assignments. Rac-9 (3.0 mg, 6.53 pmol) was
dissolved in 1 mM NaOH in D,O (131 pL, 13.06 umol) transferred into a 3 mm NMR tube and D,O was

added to bring final volume to 160 pL.
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Figure S3.21b. *H-'H COSY spectrum of rac-9.

139



CHAPTER 3

(wdd) 14
S 85 65 09 T9 T9 £9 9 5§9 99 [£9 89 69 0L Ve €L €L VYL SL 9L L 8L 64 08 18 €8 €8
Il 1

L| I /_ 9
= o C._ b
D o o &
£ ¥
D
AN N ey ...,
‘ ol oe'st
I @
e 9T'sT'ET'ZT
9z
¢4
HO
o\ a2
Y \xﬂm/ 4
Bt
e/ oz f
HO 2 — 0
/m,,m/g\\ 27 Ve
/h W// \mﬁ
N .~ =07 s
b /7 e = /3
oH/aL/ I
FOY N
(¢H) 2z'9'd€0 sia1aweed BN mo
0 JUsNOS e

JO¥Ies (BWeN juawuadxg

7HI £1°009 Aouanbay (8) p1oB S10ZUBG-AX0IPAY-g-[|A-L-jolAd-Hz-0x%0-G-(| Auaydalyiu-f)-z-|A0zZusg-g-oulwe-¢ |-G

140

Figure S3.21c. 1D selective ROESY of rac-9 (excitation of H2, 6.22 ppm).
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Figure S3.21d. 1D selective ROESY of rac-9 (excitation of H17-H21, 7.05 ppm).
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9 (excitation of H12-H16, H13-H15 overlapping, 7.34 ppm).
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Figure S3.21e. 1D selective ROESY of rac-
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Figure S3.22a. *H NMR spectrum of rac-6 in DMSO-ds with assignments. Rac-6 (5.2 mg, 11 umol)
was dissolved in DMSO-ds (160 pL) and transferred into a 3 mm NMR tube. For full spectrum
assignments, refer to NMR spectra of 6 in the spectroscopic data section.
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Figure S3.22b. 1D selective ROESY of rac-6 (excitation of H15, 6.36 ppm).
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Figure S3.23. Comparison of calculated and experimental spectra: the calculated spectrum for the (S)
enantiomer is shown in pink and the (R) enantiomer (by inversion) in green. There is a reasonable, but
not high certainty match between the experimental spectrum of (+)-2 and the calculated spectrum for the
(S) enantiomer, particularly in the region 1200-1300 cm™.
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Figure S3.24. Optimized geometries of the 6 conformations of (R)-2 studied in detail illustrating the

naming scheme also employed for compounds (R)-6 and (R)-9.
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NOTE. Computational tables reporting conformational energies for ligands (R)-2,
(R)-6, (R)-9, the coordinates in Angstrom of the structures optimized by B3LYP-
D3/6-31G**+ in combination with the PBF model for water and spectroscopic data of
all product can be found at chem202001608-sup-0001-misc_information.pdf
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CHAPTER 4

Synthetic Strategies For The Development Of Six-
Membered Bicyclic Rigid Analogues Of
Pyrrolidonel

Abstract

In order to further explore the enhanced potency and stabilization observed upon
addition of bivalent metal ions, a different strategy was envisaged for the mimicry of
the ligand conformational restriction imposed by the chelation of such ions. The
approach aimed at obtaining six-membered rigid analogues of Pyrl rather than six-
membered pseudo-rings by intramolecular H-bonding. Multiple synthetic routes
implementing different sets of reagents and reaction conditions were investigated. A
viable synthetic route was established but characterization of the desired product
has not been fully elucidated yet due to complex NMR data interpretation. As of
today, further experiments are still required in order to achieve the desired six-
membered bicyclic rigid analogues of Pyr1.



CHAPTER 4

4.1 CONFORMATIONAL RESTRICTION IN DRUG DISCOVERY

Conformational restriction of flexible ligands is a widely employed synthetic
strategy in medicinal chemistry.! Indeed, application of conformational control by
introducing some degree of structural constraints can potentially lead to an
improvement in potency, selectivity and/or physiochemical properties by
improvement of metabolic stability or cell/membrane penetration.

For ligands with rotatable bonds, a number of different low energy conformations
are typically allowed when free (unbound), in solution. However, the conformation
assumed by a ligand upon binding to its target (bioactive conformation), very often
does not correspond to the conformation when free in solution (solution
conformation).2 In energetic terms, these ligands suffer an entropic penalty upon
binding because of the shift and subsequent lock into an energetically less favorable
conformation. Hence, molecules that instead are purposely designed to prefer the
bioactive conformation in solution will account for higher affinities, due to their
conformational pre-organization. This pre-organization reduces the conformational
entropy penalty payout for the transition from the ligand’s unbound conformation(s)
to its bioactive one.3*

Different conformational control features can be applied in order to bias the
conformational preference of the free ligand towards its bioactive conformation.
Among them, we find: steric or stereoelectronic effects, intramolecular hydrogen-
bonding and cyclization.> For our purposes, we opted to employ the cyclization
strategy.

4.2 BACKGROUND

As discussed in chapter 3, it was demonstrated, both computationally and
experimentally, that the bioactive conformation (syn) the O- and carbonyl oxygen of
the vinylogous carboxylate of (R)-2 (from here on named (R)-4.1) differs from the
lower energy conformation (anti), preferred in solution due to repulsive electrostatic
allylic strain (Figure 4.1a). Addition of bivalent metal ions led to stabilization of the
bioactive ligand conformation by chelation. Mimicry of this effect was successfully
exploited by intramolecular H-bonding, yielding regioisomeric compounds (R)-6 and
(R)-9, whose 14-3-3 PPI stabilization potency was metal-independent.

Mimicry of this metal ion effect by cyclization using hydrazine to obtain 5-
membered rigid analogues was also achieved,® but was much less efficient in terms
of 14-3-3 PPI stabilization potency. This was most probably related to different
orientation of the phenyl ring of the benzoyl moiety, if compared with the 6-
membered pseudo-ring formed upon addition of Mg?*. It was reasoned that a 6-
membered ring would better mimic the hexagonal geometry induced by bivalent
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metal ions and therefore a synthetic route towards 6-membered bicyclic rigid
analogues of (R)-4.1 was sought (Figure 4.1b).

a

i : J {
w A = SaW ;

7\ 7\
Solution conformation Bioactive conformation
anti-(R)-4.1 syn-(R)-4.1

COOH COOH

OH OH

Figure 4.1 | Mimicry of the M?* effect. (a) Comparison between the solution conformation (anti) and
bioactive conformation (syn) of (R)-4.1. (b) Cyclization of the vinylogous carboxylate moiety as a synthetic
strategy for the mimicry of the Mg?* effect.

Due to the time-consuming chiral separation procedure, all the reactions
performed in this chapter made use of racemic 4.1 (rac-4.1, from this point on simply
referred to as 4.1). In order to obtain a 6-membered bicyclic derivative of 4.1 (4.2),
namely a 5,6-dihydro-1H-pyrrolo[3,4-d]pyrimidine-2,7-dione, urea was initially
chosen as reactant. Upon reaction of 4.1 with an excess of urea (5 eq) under the
same conditions used previously for the synthesis of the 1,4-dihydropyrrolo[3,4-
c]pyrazole 5-membered rigid analogue 5 (microwave heating, 120 °C, 3 h in AcOH),
only starting material was recovered. In the attempt to gauge the feasibility of the
reaction, different reaction conditions were therefore evaluated, varying solvent,
reaction times and temperatures (Table 4.1).

Increasing reaction times or temperatures in AcOH (entries 1-3), as well as
shifting to polar aprotic solvents such as dimethylformamide (4-7) or acetonitrile (8-
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10), afforded only traces (< 2% conversion, monitored by LC-MS, Figure S4.1) to no
product, even under harsher conditions (entries 6-7). Use of polar protic solvents
under neutral (entries 11-12) or basic (entry 13) conditions, also led to unsatisfactory
outcomes, with only traces observed at best (isopropanol, 11, Figure S4.2). It was
reasoned that the much lower nucleophilicity of urea, compared to the hydrazine
used for the synthesis of 5, represented the main issue for such negative results.
Therefore, it was decided to attempt the reaction using O-methylisourea and
guanidine in place of urea, to obtain derivatives 2-methoxy-5,7-dihydro-6H-
pyrrolo[3,4-d]pyrimidin-7-one  (4.3) and 2-amino-5,7-dihydro-6H-pyrrolo[3,4-
d]pyrimidin-7-one (4.4), respectively (Figure 4.2).

Table 4.1 | Test reactions for the synthesis of 4.2.@
2
N ONH
) o (o
heat, time N

N O
SN
H,N” “NH, solvent
0N COOH e COOH

OH 5H
4.1 4.2
Entry Solvent Temperature Time Conversion
(°C) (min) (%)®)
1 AcOH 120 300 0
2 AcOH 160 20 0
3 AcOH reflux© ON 0
4 DMF 130 30 0
S) DMF 160 15 0
6 DMF 220 5 0
7 DMF 220 15 0
8 ACN 100 60 traces
9 ACN 100 180 0
10 ACN + HCI 100 120 .
cat.
11 IPA 120 180 traces
12 EtOH 100 180 0
0,
13 Eti?] '\é?o(al) ’ 100 120 0

(a) Reactions were performed using 30 mg of 4.1, an excess of urea (5.00 eq) and a total volume
of 3 mL, in a sealed vial under microwave heating (unless otherwise noted).

(b) Conversion rates were monitored by LC-MS.

(c) Reaction was performed using conventional heating.
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A summary of the test reactions performed is reported in Table 4.2. Unfortunately,
in both cases, only starting material was recovered and no product was observed.
Due to the repeated failures, an in-depth literature investigation was conducted,
together with a more careful investigation of the possible reaction mechanism(s)

involved.

4.1

OH

4.3

COOH

HaN

OH

4.4

NH.

COOH

Figure 4.2 | Use of more nucleophilic reagents than urea to achieve 6-membered rigid analogues of 4.1:
O-methylisourea, to synthesize 4.3 (left) and guanidine, to synthesize 4.4 (right).

Literature research focused on cyclization reactions between vinylogous
carboxylic acids or corresponding esters and substrates such as ureas and
thioureas. It was found that for vinylogous carboxylic acids, reactions were
conducted under either neutral or acidic conditions, while for vinylogous esters
reactions were performed under basic conditions. Each case and the relative
attempts made to synthesize the desired cyclized product will be discussed in the
next sections.

Table 4.2 | Test reactions for the synthesis of 4.2.®

Entry Reagent Solvent Temperature Time Conversion
(°C) (min) (%)®)
14 O-methylisourea AcOH 120 180 0
15 O-methylisourea AcOH 120 300 0
16 O-methylisourea DMF 130 60 0
17 O-methylisourea ACN 100 60 0
18 O-methylisourea IPA 120 180 0
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19 O-methylisourea Eti?] '\é?éf_'l)% 100 120 0
20 guanidine AcOH 120 120 0
21 guanidine AcOH 190 10 0
22 guanidine DMF 130 60 0
23 guanidine ACN 100 60 0
24 guanidine IPA 120 180 0

(@) Reactions were performed using 30 mg of 4.1, an excess of urea (5.00 eq) and a total volume
of 3 mL, under microwave heating (unless otherwise noted).
(b) Conversion rates were monitored by LC-MS.

4.3 VINYLOGOUS CARBOXYLIC ACIDS AS SUBSTRATES

Reactions involving vinylogous carboxylic acids were found to be conducted either
under acidic or neutral conditions. For acidic conditions, the use of strong acids such
as hydrochloric acid (HCI)7-® or sulfuric acid (H2S04)° was reported (Scheme 4.1a
and b). In the former case, HCI was used stoichiometrically, added in two portions
over 40 hours to give 4.6 in 73% vyield.” In the latter, H.SO4 was added in catalytic
amount to obtain 4.8 in 78% yield.®

(@]
0 OH NJLNH
a) CF3\©,)R/\/\ i CF3\©)V/M
45 4.6

X
O OH
P ii N™ N
b) CoOMe  — ©)|\/L
COOMe
4.7 4.8

Scheme 4.1 | Examples of urea cyclization in the presence of strong acids. i) Urea (1.50 eq), HCI (5 M,
0.75 eq), EtOH, 16 h, reflux. Then further addition of urea (1.00 eq) and HCI (5 M, 0.75 eq), EtOH, 24 h,
reflux. ii) Urea (2.50 eq), H,SO, cat., MeOH, o/n, reflux.

Chapter 3 highlighted how, for this type of substrates, the regiochemistry of the
nucleophilic attack was hard to predict and rationalize. Indeed, reaction of 4.1
(named 2 in chapter 3) with aqueous ammonia afforded only vinylogous amide 6
(chapter 3), the 1,2-addition product (exocyclic nucleophilic attack on the carbonyl
group), and no vinylogous amide 9 (chapter 3), the 1,4-addition product (endocyclic
nucleophilic attack) was observed. On the other hand, reaction of 4.1 with p-
methoxybenzylamine (and other primary amines not reported) afforded a mixture of
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both 1,2- and 1,4-addition products. Nevertheless, we hypothesized a reaction
mechanism as depicted in Scheme 4.2, starting with a 1,4 conjugate addition of urea
to 4.1. Proton transfer to the hydroxyl of the vinylogous carboxylic acid and
subsequent rearrangement causes the release of a water molecule. A second
nucleophilic attack of the urea onto the carbonyl group generates a tetrahedral
intermediate which, upon proton transfer and following dehydration, leads to the
desired cyclized product.

it HZNYO HsN._.O
HoN™ “NH _ -
@ on T T NH, Gt
Ol _ PhTXAOH _ ph KCOH,
0 0 o)
R N R N R N
Rz Rz Rz
H,N._ O 0 o)
! A o A
(O) NH _OHZN NH H(o'”hb NH
Ph
Ri N R N. R4 N
Ry Ry Rz
0
N/l(
Y NH
———  Ph =
0
R/~ N
Ra

Scheme 4.2 | Proposed reaction mechanism for the possible condensation of urea with 4.1 under acidic
conditions. Ry = 4-nitrophenyl; R, = 3-carboxy-4-hydroxyphenyl; Ph = phenyl.

Under strongly acidic conditions, both the carboxylic acid of the salicylate ring and
the vinylogous carboxylic acid of 4.1 will be protonated. The presence of strong acids
might also help the dehydration steps and/or might promote protonation of the
oxygen of the benzoyl group in addition to protonation of the vinylogous carboxylate,
thus making it more susceptible to nucleophilic attack from urea, and therefore
pushing the reaction forward. On the other hand, urea is known to protonate in strong
acidic medial®, therefore decreasing even more its nucleophilic character and
possibly compromise the reaction initiation. As such, it is difficult to predict if
stochiometric amounts of strong acids would allow the reaction to start.

The only procedure found that made use of neutral conditions was reported by
Coppola et al.** Here, 3-hydroxy-1,2-diphenyl-2-propen-1-one (4.9) was reacted with
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an excess of urea in dimethylacetamide (DMA) for one hour at 150-160 °C, to obtain
the desired 2-pyrimidinone product (4.10), in 37% yield (Scheme 4.3). Under neutral
conditions, the vinylogous carboxylate of 4.1 will be deprotonated. In this specific
case, it might be that the electrostatic repulsion of the negative charge on the
vinylogous carboxylate oxygen and the nucleophile lone pair could favor the 1,2-
addition to the carbonyl over 1,4 conjugate addition. It is also true, however, that the
negative charge will be delocalized over the two oxygens, thus making more difficult
to predict the favored addition position.

4.9 410
Scheme 4.3 | Urea cyclization reaction under neutral conditions. i) urea (3.70 eq), DMA, 1 h, 150-160 °C.

As previously discussed in section 4.2, attempts both under neutral and acidic
conditions did not yield any desired 6-membered rigid analogue. Hence, based on
the proposed reaction mechanism, two possible points of intervention that would
potentially help in driving the reaction forward were identified. The first was the
addition of a Lewis acid in order to make the carbonyl group more electrophilic and
therefore promoting the second nucleophilic attack of urea and subsequent
cyclization. The second was to convert the hydroxyl group of the vinylogous
carboxylic acid into a vinylogous ester and thus provide a better leaving group as
well as circumvent the electrostatic repulsion between the nucleophile and the
charged vinylogous carboxylate.

Lewis acids, compounds capable of accepting a pair of electrons, have a
widespread use in organic synthesis.!? One of their common applications is the
activation of carbonyl groups. In fact, coordination of the Lewis acid to a lone electron
pair on the carbonyl oxygen induces a greater polarization of the C=0O bond,
effectively enhancing the carbonyl susceptibility to nucleophilic attack.?

For our purpose, we found literature reports for the synthesis of pyrimidinones
starting from urea that made use of Lewis acids such as boron trifluoride diethyl
etherate (BF3OEtz)!* and chlorotrimethylsilane (TMSCI), either alone!®16 or in
combination with catalytic amount of cupric chloride (CuClz2).1” BFzOEt2 was used in
catalytic amount to promote the reaction of B-methoxyvinyl trifluoromethyl ketones
with urea. Reactions were carried out in IPA and stirred for 20 h at reflux to obtain
the desired cyclized products in moderate to good yield. TMSCI or the combination
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Table 4.3 | Test reactions for the synthesis of 4.2 or 4.3 using different Lewis
acids.®

. . Temperature Time Conversion
(b)

Entry Lewis acid (eq) Solvent C) (min) ©%)©
25 BF3;OEt, (0.10) IPA 130 100 0
26 BFsOEt, (0.10) IPA reflux(@ ON 0

27 BF30Et: (0.10) IPA 130 100 0

28®)  BF30Et (0.10) IPA reflux® ON 0
29 TMSCI (2.00) AC(Nll, %MF 90 ON 0
30 TMSCI (2.00) AC(Nll, %MF 150 110 0
31 TMSCI (2.00) DMF 220 15 0

TMSCI + CuClz 0
2 (d)
3 (L.00/10% ma) ACN reflux 360
TMSCI + CuClz
33
(1.00/10% mol) ACN 130 140 traces
34  TMSCl+ CucCl ACN 160 20 0

(1.00/10% mol)

(a) Reactions were performed using 30 mg of 4.1, an excess of urea (2.50 eq) and a total volume of
3 mL, under microwave heating (unless otherwise noted).

(b) Number of equivalents in respect to 4.1.

(c) Conversion rates were monitored by LC-MS.

(d) Reaction was performed using conventional heating

(e) Reaction was performed using O-methylisourea (2.50 eq).

of TMSCI/CuCl2 was instead used to promote chemical activation of ketones
involved in Biginelli reactions, formally a one-pot multicomponent reaction of an
aldehyde, a B-ketoester and urea to synthesize dihydropyrimidinones.8-1° TMSCI
has also been reported to function as water scavenger, thus effectively promoting
dehydration reactions and could therefore potentially be twice as helpful in our
reactions.2%-2t A summary of the reactions performed on 4.1 in the presence of Lewis
acids is reported in Table 4.3. The use of BFs:OEt2 did not give any desired product
with urea, but a peak of unknown product with MW of 488 Da (expected mass for
desired product: 498 Da) was observed for O-methylisourea (35% conversion). The
unknown compound was not characterized. A possible explanation for the failure of
these reactions was that BFsOEt2 could potentially have formed a stable chelate or
carboxylate complex, rather than coordinating to the carbonyl oxygen, therefore
causing the reaction to stall and to not give product TMSCI alone also did not yield
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any product, but traces were observed when tested in combination with CuCl2
(Figure S4.3).

In parallel, in pursuing the strategy to have a better leaving group, it was decided
to convert the vinylogous carboxylic acid into a triflate by means of Comins’ reagent
(Scheme 4.4). Comins’ reagent, formally a N-(5-chloro-2-pyridyltriflimide, has been
reported to be an efficient reagent for conversion of ketone enolates or dienolates
into the corresponding vinyl triflates.22-23

COOH O:N COOH
OH OH
4.1 4.1
Gl o
| %-CF3

Comins' reagent: N™ TNy

0=8=0
CF,

Scheme 4.4 | Application of Comins’ reagent to generate a better leaving group for 4.1. i) a) LIHMDS, dry
THF, -78 °C, 30 min, b)Comins’ reagent, -78 °C to RT, o/n.

4.1 was initially reacted with lithium bis(trimethylsilyl)amide (LIHMDS) for 30 min
at -78 °C under nitrogen. Upon addition of one equivalent of Comins’ reagent, the
initial brownish suspension turned into orange. Addition of another equivalent turned
the suspension into a clear solution. After 3 hours, 31% of product was observed
(monitored by LC-MS). However, the reaction did not progress any further even after
overnight stirring at room temperature. After purification by flash column
chromatography, 4.11 was subsequently reacted with either urea or O-methylisourea
under microwave conditions. LC-MS for both test reactions did not show formation
of any desired product (4.2 or 4.3, respectively). However, a peak of mass equal to
488 Da was observed in both chromatograms, which could suggest that some side-
reaction might have taken place instead. It needs to be noted that 4.11 was
characterized by LC-MS (Figure S4.4) but not by NMR. The lack of full structural
characterization for 4.11, together with the two unknown by-products with equal
mass from two independent and different reactions, could potentially indicate that
4.11 was not the desired triflated product to begin with. Characterization of the
above-mentioned unknown by-products (MW 488 Da) was then attempted. The
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unknown by-product from the urea reaction was successfully isolated, however a
malfunction in the HPLC machine prevented the isolation of the one from the O-
methylisourea reaction. NMR characterization resulted to be complex, and without
further information it was not possible to elucidate the structure of such products.
Another possible reason for the reaction failure might involve steric aspects. Indeed,
the bulky triflate group might hinder the nucleophilic addition of urea at the conjugate
position, thus preventing the reaction to follow the proposed mechanism. Due to time
restrictions and more fruitful outcomes using vinylogous carboxylate esters under
basic conditions (which will be discussed in the next paragraph), this synthetic route
was not pursued any further.

4.4 VINYLOGOUS CARBOXYLATE ESTERS AS SUBSTRATES

For the reaction investigation under basic conditions, a “simplified” version of 4.1,
4.12, was used (Scheme 4.5). 4.12 was synthesized from ethyl 2,4-dioxo-4-phenyl-
butanoate, 4-nitrobenzaldheyde and aniline under microwave heating in fair yields
(55%).

O oH
0o 0 O NH; =
i 0
cooet t H + —_— N
OoN O
05N

412
Scheme 4.5 | Synthesis of 4.12. i) AcOH, 120 °C, 3 h, MW.

It was reasoned that the lack of both the carboxylate and phenol functional groups
would minimize possible competing side-reactions and improve solubility in organic
solvents as well as simplify the overall work-up and purification procedures.

Literature research showed that these cyclization reactions are performed
starting from the vinylogous carboxylates (Scheme 4.6a)2* or B-keto esters (Scheme
4.6b).2 In the former case, 4.14 was prepared from the ethyl vinylogous carboxylate
4.13 and urea in the presence of sodium ethoxide (NaOEt) in ethanol under heating.
In the latter, 4.15 was reacted with thiourea and sodium methoxide in methanol under
heating to give 4.16.

Under basic conditions, the vinylogous carboxylic acid of 4.12 would be
deprotonated and the presence of a negative charge would most probably prevent a
nucleophilic attack at the conjugate position. Moreover, OH- is a poor leaving group
and its loss after initial urea attack would be unlikely to happen. Based on these
observations as well as literature reports, 4.12 was then converted into its
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5 COOCEt
a) R4ﬂ\[cooa N
\ NYN
OEt o
413 4,14
SH
0 O i )§

4.15 4.16

Scheme 4.6 | Examples of pyrimidine formation by cyclization under basic conditions. i) urea, NaOEt,
EtOH, reflux, N, ii) thiourea, NaOMe, MeOH, 0 °C to reflux.

corresponding methyl ester 4.17 in good vyields (76%) by reaction with
trimethylsilyldiazomethane (TMS-CHN2).

412 4.17
Scheme 4.7 | Synthesis of vinylogous methyl ester 4.17. i) TMSCHN,, MeOH/ACN (1:4), RT, 30 min, N,

In addition, a different mechanism was proposed for such reaction when
performed under basic conditions (Scheme 4.8). Here, addition of urea at the
conjugate position leads to an intermediate transition state which results in the
elimination of the alkoxide molecule (MeO-). Afterwards, abstraction of a proton from
the urea NHz* is followed by the second nucleophilic attack onto the electrophilic
carbon of the carbonyl group. Proton transfer and subsequent aromatization by
dehydration lead to the final cyclized product.
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Scheme 4.8 | Proposed mechanism for cyclization of urea and 4.17 under basic conditions. R = 4-
nitrophenyl; Ph = phenyl

Next, the reaction of 4.17 in the presence of urea was carried out, using sodium
methanolate 30% solution as reaction medium (Scheme 4.9). After refluxing the
reaction overnight, the crude product was purified and isolated in 8% yield (4.18).

O

N/&

25 2

O,

417 4.18

Scheme 4.9 | Synthesis of 6-membered rigid analogue 4.18. i) urea, NaOMe, reflux, o/n, N..

LC-MS analysis returned the correct expected mass for the product (424.12 Da),
both in positive (m/z [M + H]* = 425.08 Da) and negative (m/z [M - H]- = 423.06 Da)
ionization mode. An additional peak of twice the mass of 4.18 was also observed
(849.34 Da and 847.24, respectively in positive and negative ionization mode),
suggesting that a dimer could be present in solution (Figure 4.3). It is worth pointing
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out that the impurity peak present (Rt = 1.13 min, m/z [M + H]* = 385.09 Da) does
not belong to either 4.17 (Rt = 1.34 min) or 4.12 (Rt = 1.21 min).

uv Intensity: 2.322e+1 MS ES+ :BPI Intensity: 2.8e+007  MS ES-:BPI Intensity 6.2e+006
(1) (1) (1)
95% 100 57%| 100 100%
20e+1 1.03 % 102 o) 8 1.03 |
23%
1.5e+1 &0 5 o0
=) E S ®
1.0e+1 2 40 ‘ @ 40 ‘
5%
50 2 17% o
. 113 157 0 |
Li | ‘|
00 . Time 0 M B’ fTime o0 ! Time
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Peak ID Time Mass Found
1 1.02 425

1:(Time: 1.02) Combine (108:120-(101:106+128:134)) 13B7AES+EOSO+6
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24223 329.18 679.25 848.80
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Peak ID Time Mass Found
1 1.02 423
1:(Time: 1.03) Combine (108:120-(100:105+128:134)) gg‘leigg-s
423.06
100
847.24
® 50
41503 | yogos 848.22
m/z
200.0 400.0 600.0 800.0 1000.0 12000

Figure 4.3 | LC-MS analysis of purified compound 4.18. Top: UV trace (left panel) and base peak intensity
(BPI) chromatograms in positive (ES+, middle panel) and negative (ES-, right panel) ionization detection
mode. Peak intensities are reported at the top right-hand corner of each panel. Method: ACN/H,0 (pH =
3), 20:80 — 90:10 over 2 min. AU = absorbance units. Bottom: mass traces in positive and negative
ionization mode of 4.18. m/z [M + H]* = 425.08 Da; m/z [2M + H]* = 849.34 Da; m/z [M - H]" = 423.06 Da;
m/z [2M - H] = 847.24 Da.

Structure characterization became puzzling when NMR analysis was performed.
In fact, the *H NMR spectrum of 4.18 did not show the characteristic singlet peak
around 6.5 ppm belonging to the chiral proton (Figure S4.5), which was clearly visible
in the *H spectrum of 4.17 (Figure S4.6). On the other hand, the singlet integrating
three protons from the methoxy group of 4.17 at 3.96 ppm was not visible in the
spectrum of 4.18, also confirming that starting material 4.17 was not present in the
sample. The aromatic region of 4.18 presents a high base line, with rather broadened
peaks and what appears to be background noise, which contrasts with the sharp and
well separated peaks of 4.17 (Figure S4.7) It was speculated that the origin of high
background noise could be related to the 5% impurity observed in the LC-MS
chromatogram. However, this hypothesis was later discarded as the UV peak of such
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impurity was much lower intensity when compared to the peak of 4.17, and a high
UV absorbance would be expected from a sample whose peaks have a chemical
shift in the aromatic region (6.5 ppm to 8.5 ppm).

Pyrimidinones and closely related pyridones can exist in tautomeric equilibrium
with their respective enolic form. The preference for one form over the other is strictly
dependent on the regioisomer in study and the experimental conditions (gas vs
condensed phase).?> Moreover, pyrimidinones and pyridones are also known to exist
as hydrogen-bonded dimers and that significant amounts of dimers can also be
present in solution.1”- 26 Although it has been reported that interconversion of these
species is rapid in solution and only averaged signals are observed in 'H NMR even
at low temperatures (-120 °C),2¢ it was speculated that for our substrate this might
not be the case and that 4.18 might exist in a relatively stable form with its tautomers
and/or dimers.

4.5 CONCLUSIONS

The aim of this chapter was to find an alternative conformational restriction
strategy for the mimicry of the ligand-specific conformational effect induced by
bivalent metal ions. With this intent, multiple synthetic routes towards the synthesis
of six-membered bicyclic rigid analogues of 4.1 were explored.

Reactions involving the vinylogous carboxylate 4.1 and different reactants such

as urea, O-methylisourea and guanidine were performed. Different reaction
conditions were screened, varying solvent, temperature, time and pH. The
implementation of Lewis acids was also evaluated, but none of the conditions tested
afforded the desired bicyclic products in satisfactory amounts.
On the other hand, the use of vinylogous carboxylate ester 4.17, reacted with urea
under basic conditions seemed to be more successful. However, structural
characterization resulted to be complex. LC-MS analysis showed the presence of a
peak with twice the exact mass of the desired product 4.18. *H NMR analysis
revealed the absence of the characteristic singlet peak of the chiral proton and a
marked background noise around the aromatic region. It was speculated that 4.18
could exist in solution as a stable dimer, but further investigation is required to
elucidate the structure of the reaction product.
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4.6 EXPERIMENTAL SECTION

4.6.1 Supporting Figures
Sample: 4.2 Reaction conditions: ACN, 100 °C, 60 min
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Figure S4.1 | LC-MS analysis of 4.2, entry 33. Green peak (R; = 0.84 min) exhibits the correct mass both
in positive and negative ionization mode. Expected mass for 4.2: 484.1; m/z [M + H]* = 485.2 Da; m/z [M
- H] = 483.0 Da. The red peak (n° 3, R; = 1.01 min) corresponds to 4.1.
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Sample: 4.2 Reaction conditions: IPA, 120 °C, 180 min
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Figure S4.2 | LC-MS analysis of 4.2, entry 11. Green peak (R = 0.83 min) exhibits the correct mass in
positive ionization mode. Expected mass for 4.2: 484.1; m/z [M + H]* = 485.1 Da. The red peak (n° 2, R;
= 0.99 min) corresponds to 4.1.
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Sample: 4.2 Reaction conditions: TMSCI/CuClz, ACN, 130 °C, 140 min
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Figure S4.3 | LC-MS analysis of 4.2, entry 33. Green peak (R; = 0.83 min) shows the correct mass in
positive ionization mode. Expected mass for 4.2: 484.1; m/z [M + H]* = 485.0 Da. The red peak (n° 4, R;

= 0.93 min) corresponds to 4.1.
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Figure S4.4 | LC-MS analysis of 4.11. Green peak (R; = 1.16 min) exhibits the correct mass both in
positive and negative ionization mode. Expected mass for 4.11: 592.04; m/z [M + H]" = 592.95 Da; m/z
[M - H] = 590.98 Da.
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Figure S4.5 | *H NMR spectra in DMSO-d6 of 4.17 with relative assignments.
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Figure S4.6 | *H NMR spectra in DMSO-d6 of 4.18.
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4.6.2 Chemistry

General Information

All solvents and reagents were obtained from commercially available sources and used without
further purification. The microwave syntheses were performed in a Biotage Initiator with an external
surface IR probe. Flash column chromatography was carried out on prepacked silica gel columns
supplied by Biotage and using Biotage automated flash systems with UV detection.

UHPLC-MS experiments were performed using a Waters Acquity UHPLC system combined with a
SQD mass spectrometer. The UHPLC system was equipped with a HSS C18 column 1.8 pm 2.1x50
mm in combination with 10 mM formic acid or 1 mM ammonium formate buffer at pH 3. The mass
spectrometer used ESI+/- as ion source. UPLC was also carried out using a Waters UPLC fitted
with Waters QDa mass spectrometer (Column temp 40°C, UV = 190-400 nm, MS = ESI with
pos/neg switching) equipped with a Waters Acquity BEH 1.7 ym 2.1x100 mm in combination with
either 0.1% formic acid in water, 0.05% TFA in water or 0.04% NH3 in water. The flow rate was 1
mL/min.

Preparative HPLC was performed by Waters Fraction Lynx with ZQ MS detector on either a Waters
Xbridge C18 OBD 5 pym column (19x150 mm, flow rate 30 mL/min or 30x150 mm, flow rate 60
mL/min) using a gradient of 5-95% ACN with 0.2% NHs; at pH 10 or a Waters SunFire C18 OBD 5
pgm column (19x150 mm, flow rate 30 mL/min or 30x150 mm, flow rate 60 mL/min) using a gradient
of 5-95% ACN with 0.1 M formic acid or on a Gilson Preparative HPLC with a UV/VIS detector 155
on a Kromasil C8 10 ym column (20 x 250 mm, flow rate 19 mL/min, or 50 x 250 mm, flow rate 100
mL/min) using a varying gradient of ACN with 0.1% formic acid (FA) in water or 0.2% trifluoroacetic
acid (TFA) in water or 0.2% acetic acid (AcOH) in water or 0.2% ammonia (NH3) in water. Molecular
mass (HR-ESI-MS) was recorded using a Shimadzu LCMS-2020 instrument (ESI+). Purity of all
test compounds was determined by LCMS. All screening compounds had a purity >95%.

General 'H NMR spectra were recorded on a Bruker Avance I, Ill, AV300, AV400 or AVIII500
spectrometer at a proton frequency of 500 MHz at 25 °C or at a temperature and frequency stated
in each experiment. *C NMR spectra were recorded at 126 MHz.

The chemical shifts (8) are reported in parts per million (ppm) with residual solvent signal used as
a reference ((CD3).SO at 2.50 ppm for *H NMR and 39.52 ppm for 1*3C NMR). Coupling constants
(J) are reported as Hz. NMR abbreviations are used as follows: br = broad, s = singlet, d = doublet,
t = triplet, g = quartet, m = multiplet. Protons on heteroatoms such as COOH protons are only
reported when detected in NMR and can therefore be missing.

Synthetic procedures and compound characterization

5-(3-Benzoyl-2-(4-nitrophenyl)-5-oxo0-4-(((trifluoromethyl)sulfonyl)oxy)-2,5-dihydro-1H-
pyrrol-1-yl)-2-hydroxybenzoic acid (4.11). To a suspension of 4.1 (150 mg, 0.33 mmol) in
anhydrous THF (3 mL) at -78 °C, lithium bis(trimethylsilyl)amide (0.977 ml, 0.98 mmol) was added.
The reaction mixture was stirred for 30min at -78°C under inert atmosphere. Subsequently, N-(5-
chloropyridin-2-yl)-1,1,1-trifluoro-N-((trifluoromethyl)sulfonyl)methanesulfonamide (154 mg, 0.39
mmol) (Comins' reagent), previously dissolved in anhydrous THF (1mL), was added dropwise. The
resulting mixture was allowed to warm up at room temperature while stirring, over two hours.
Another equivalent of Comin’s reagent was then added, which turned the suspension into a clear
orange solution. After solvent removal, the residue was purified by automated flash chromatography
on a Biotage® KP-SIL 10g column. A gradient from 0% to 20% of MeOH + 10% formic acid in
CH.Cl, over 20CV was used as mobile phase. The product was collected using the wavelength 254
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nm. Product fractions were collected, to afford the title compound (18 mg, 9 %) as pale yellow solid.
MS (ESI) m/z [M + H]* calcd for CasH1sF3N2010S: 593.05, found: 592.95. Purity: 97%. R;=1.16 min

4-Benzoyl-3-hydroxy-5-(4-nitrophenyl)-1-phenyl-1,5-dihydro-2H-pyrrol-2-one  (4.12). In
vial, to a solution of ethyl 2,4-dioxo-4-phenylbutanoate (430 mg, 1.95 mmol) in AcOH (6 mL), 4-
nitrobenzaldehyde (295 mg, 1.95 mmol) and aniline (0.178 mL, 1.95 mmol) were added. The vial
was capped and heated at 120 °C for 180 min in a single node microwave reactor. The pressure
monitored was 1 bar. The mixture was diluted with diethyl ether and filtered. The filtered solid was
washed with diethyl ether and dried under reduced pressure to give the title product (425 mg, 54%)
as an off-white solid. *H NMR (500 MHz, DMSO) & 12.20 (bs, 1H), 8.04 (d, J = 8.8 Hz, 2H), 7.69 —
7.78 (m, 4H), 7.65 (d, J = 7.8 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.7 Hz, 2H), 7.32 (1, J =
7.9 Hz, 2H), 7.12 (t, J = 7.4 Hz, 1H), 6.52 (s, 1H). *3C NMR (126 MHz, DMSO) & 189.08, 164.60,
150.98, 147.15, 144.63, 137.88, 136.05, 132.77, 129.27, 128.90, 128.76, 128.21, 125.67, 123.47,
122.52,119.15, 60.33. HRMS (ESI) m/z [M + H]* calcd for C23H16N2Os: 401.1137, found: 401.1128.
Purity: 99%. R; = 1.21 min.

4-Benzoyl-3-methoxy-5-(4-nitrophenyl)-1-phenyl-1,5-dihydro-2H-pyrrol-2-one (4.17). In a
vial, to a suspension of 4.12 (200 mg, 0.50 mmol) in MeOH/ACN (1:4), (diazomethyl)trimethylsilane
(0.325 mL, 0.65 mmol) was added portion-wise over 10 min while stirring at room temperature,
under inert atmosphere. The reaction was monitored by LC-MS until complete consumption of the
starting material was observed. Reaction was quenched by addition of few drops of acetic acid,
then volatiles were removed under reduced pressure. The residue was purified by automated flash
chromatography on a Biotage® KP-SIL 10g column. A gradient from 30% to 70% of EtOAc in
heptane over 15CV was used as mobile phase. The product was collected using the wavelength
254 nm. Product fractions were collected, to afford the title compound (157 mg, 76 %) as a off-white
solid. *H NMR (500 MHz, DMSO) & 8.03 (d, J = 8.7 Hz, 2H), 7.77 (d, J = 7.4 Hz, 2H), 7.71 (d, J =
8.7 Hz, 2H), 7.63 (dd, J = 14.3, 7.8 Hz, 3H), 7.50 (t, J = 7.7 Hz, 2H), 7.31 (t, J = 7.9 Hz, 2H), 7.11
(t, J = 7.4 Hz, 1H), 6.55 (s, 1H), 3.96 (s, 3H). MS (ESI) m/z [M + H]* calcd for C4H1sN2Os: 415.1,
found: 415.4. Purity: 100%. R;= 1.34 min.

5-(4-Nitrophenyl)-4,6-diphenyl-5,6-dihydro-1H-pyrrolo[3,4-d]pyrimidine-2,7-dione (4.18).
In a vial, 4.17 (50 mg, 0.12 mmol) and urea (72.5 mg, 1.21 mmol) were dissolved in sodium
methanolate 30% solution in MeOH (3 mL) at room temperature under inert atmosphere. The
reaction was refluxed overnight. Volatiles were removed, then the crude mixture was re-dissolved
in DMSO and purified directly. The compound was purified by preparative HPLC (25-65% ACN in
H.O/ACN/FA 95/5/0.2 buffer, over 20 min), to give the title compound (4 mg, 8 %) as a pale orange
solid. MS (ESI) m/z [M + H]* calcd for C4H16N4O: 425.13, found: 425.06. Purity: 95%. R; = 1.03
min.
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CHAPTER 5

Optimization Of Pyrrolidone-Based Druglike
Molecules For The Stabilization Of 14-3-3 Protein-
Protein Interactions: Achieving Full-Length PPI
Stabilization

Abstract

Stabilization of protein-protein interactions (PPIs) has recently emerged as a
promising, yet still relatively unexplored, drug discovery strategy. Progress is
hampered by the paucity of available high-quality chemical starting points for the
rational study of PPI stabilization. In this regard, the PPI of 14-3-3 adapter proteins
with phosphorylated binding partners represent a model system for the study of PPI
stabilization. The synthetically tractable Pyrrolidonel and a number of its derivatives
have been previously shown to selectively stabilize different 14-3-3 PPIs. Starting
from these compounds, an expanded library of Pyrrolidonel analogues was
synthesized and characterized by means of two biophysical assay. Structure-activity
relationship analysis was performed, highlighting new selective stabilizers. A crystal
structure of two of the synthesized derivatives was obtained, revealing new structural
insights of these class of stabilizers. Moreover, we report for the first time the
stabilization of a 14-3-3 PPI with a full-length binding partner, proving the feasibility
of the use of phosphopeptides as 14-3-3 binding partner mimics. The work presented
in this chapter demonstrates the potential of rational design approaches in the
development of selective PPI stabilizers and provides new insights for a more in-
depth understanding of the structural drivers underlying 14-3-3 PPIs.
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5.1 INTRODUCTION

Stabilisation of protein-protein interactions (PPIs) by small molecules has
emerged as an interesting strategy in drug discovery over the past decade.
Testimony to the feasibility of this approach comes both from nature and from a
growing number of synthetic molecules reported in literature!. However, the ab initio
discovery of druglike, small molecule PPI stabilizers remains elusive, as most of the
reported ones were discovered serendipitously.?2 The reason for this needs to be
mostly ascribed to the lack of high-quality starting points. This paucity of chemical
probes limits, on one hand, the druggability assessment of the desired PPI target
and, on the other, complicates the evaluation of the possible biological effects
associated to that PPI target.2

COOH

OH
Pyrrolidone1 (5.1)

Figure 5.1 | (R)-Pyrrolidonel ((R)-5.1) stabilizes different 14-3-3 PPlIs. (a) Chemical structure of 5.1. (b)
Crystal structure of 14-3-3c (pink surface), ERa(pT**) (5.2, blue sticks) and (R)-5.1 (orange sticks) (PDB
6TJM) ternary complex. (c) Crystal structure of 14-3-3¢ (pink surface) and CaMKK2(pS®) (5.3, yellow
sticks) binary complex. (d) Superimposition of the 14-3-35:5.2:(R)-5.1 and 14-3-3(:5.3.

In this context, the 14-3-3 proteins represent a viable platform for the
development of new conceptual approaches to study the principles of PPI
stabilization.* 14-3-3s are ubiquitously expressed adapter proteins, comprising
seven human isoforms (B, ¢, v, n, o, 1, and §), that act by binding to phosphorylated
consensus motifs through their highly conserved amphipathic groove.5 Upon binding
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to their protein partners, 14-3-3s regulate protein localization, protein folding and
modulation of other PPIs.® Several hundreds of potential 14-3-3 binding partners
have been identified,” of which many are relevant to disease, and therefore targeting
these PPIs represents a potentially attractive strategy for therapeutic purposes.8°

Chapters 3 dealt with the synthetic molecule pyrrolidonel (5.1, Figure 5.1a) and
a number of its derivatives that act as stabilizers of different 14-3-3 PPI partners,
highlighting principles of selectivity and potential scope for SAR investigation.
Moreover, Chapter 3 described the metal ion-dependent 14-3-3 PPI stabilization
potency of 5.1, whereby addition of Mg?* and other bivalent metal ions to the assay
buffer resulted in up to a 100-fold increase in stabilization potency.'® This was due
to preferential stabilization of the bioactive conformation by chelation of bivalent
metal ions by the vinylogous carboxylate moiety, which eventually lead to an
improved assay window and wider dynamic range of stabilization. The effect could
be recapitulated by installing an intramolecularly H-bonding vinylogous amide. But
this was at the expense of additional synthetic steps and therefore, in this chapter,
the chelation effect was exploited to carry out SAR analysis to explore the effect of
varying of R-R3 in the synthetically more accessible vinylogous carboxylates
(Scheme 5.1).

The two 14-3-3 binding partners initially presented in chapter 3, namely estrogen
receptor alpha (ERa) and calcium/calmodulin-dependent protein kinase kinase 2
(CaMKK?2) (Figure 5.1c-d) were selected for this purpose. In this study, we report the
synthesis and SAR characterization of novel pyrrolidone derivatives and their
biophysical evaluation against both targets using assays based on truncated
phosphopeptides derived from ERa and CaMKK2. Furthermore, we show that 5.1 is
able to stabilize the interaction between 14-3-3 and full-length CaMKK2, hence
proving that the use of phosphopeptides seems to be predictive of stabilization for
full-length proteins as well as that the applicability of this class of compounds can be
extended to the study of full-length PPIs.

5.2 LIBRARY SINTHESIS AND ASSAY SET-UP

The racemic pyrrolidones 5.4 - 5.63 were synthesized in parallel fashion via a
Biginelli-type reaction, a one-pot multicomponent condensation reaction involving a-
ketoesters, amines and aldehydes as starting materials, reacted in acetic acid under
microwave heating (Scheme 5.1).2° Non-commercially available o-ketoesters 5.5
and 5.9 were prepared by Claisen condensation starting from the corresponding
methyl ketone and diethyl oxalate.?

179



CHAPTER 5

, OH
R
0 0
NH " -
\)]\cooa RzlJ\H rZ N
R3
{i 5.4 -5.63
0
OEt
R'-CH; + EtO)Hf
O

Scheme 5.1 | Synthesis of pyrrolidone-based derivatives of 5.1. i) EtONa, THF, 0 °C — RT, o/n. ii) AcOH,
3 h, 120 °C.

For the evaluation of compound stabilization effect we established fluorescence
polarization (FP) and surface plasmon resonance (SPR) assays based on 14-3-3(
and ERo- and CaMKK2-derived phosphopeptides, namely ERo(pT5%) (5.2,
sequence AEGFPApT®4V-COOH)? and CaMKK2(pS'%) (5.3, sequence:
GSLSARKLpSI9LQER)®3, with pT®%* and pS!% denoting the threonine and serine
phosphosites (Figure 5.1).

All vinylogous carboxylates were tested in both FP and SPR assays in the
presence of 10 mM MgClz, the concentration at which the maximum metal-promoted
stabilization effect is achieved for 5.1. Moreover, due to laborious chiral separation
procedures, all the final pyrrolidones here presented were tested as racemates.

For most of the compounds discussed herein, a full concentration-response curve
could not be obtained. Therefore, for the FP assay, we defined the parameter “EC1.2”
to be used for SAR analysis and comparison among the different compounds instead
of the more customary ECso. EC1.2 is defined as the concentration of compound,
expressed in uM, that causes a 1.2-fold increase in stabilization of the 14-3-
3/phosphopeptide complex. For compounds which did not reach 1.2-fold
stabilization, an ECi2 is not reported. For compounds that achieved a full
concentration-response curve, both ECso and ECi.2 were reported. For 5.1, the
potency and stabilization effect of the 14-3-3/ERa(pT%%4) and 14-3-3/CaMKK2(pS1)
PPIs were found to be in accordance with previously reported data in chapter 3. In
SPR assay, for 14-3-3/CaMKK2(pSt®)/5.1, a ECso value of 4.2 uM could be
determined (Figure S5.1). From this point in the text, 14-3-3/ERa(pT®%4) and 14-3-
3/CaMKK2(pS) PPIs will be simply referred as by their respective 14-3-3 binding
partners, ERa and CaMKK2.

5.3 STRUCTURE-ACTIVITY RELATIONSHIP (SAR)

Modifications to R® (Table 5.1, Figure 5.3). Based on our published crystal
structure of 5.1 in complex with 14-3-3/ERa (PDB 6TJM),10 the benzoyl moiety of
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(R)-5.1 points mainly toward a hydrophobic pocket formed by Leu218, 11e219 and
Leu222 of 14-3-3c (residues numbering based on 6TJM) and also partly faces
Val595 of the phosphopeptide 5.2 (residues numbering based on full length ERa,'2
Figure 5.2). Therefore, we reasoned that modifications to R would be beneficial for
two main reasons. Firstly, additional affinity for 14-3-3 protein can be gained by
introducing non-polar interactions with the hydrophobic residues. Secondly,
selectivity against different 14-3-3 PPI client partners could be conferred by
introducing specific compound-phosphopeptide interactions.

Figure 5.2 | Binding mode of (R)-5.1 in ERa(pT***).The phenyl ring of (R)-5.1 points towards hydrophobic
residues Leu218, 1le219 and Leu222 and faces Val595 of the ERa(pT***) peptide.

2-Chlorobenzoyl (5.4) afforded an EC1.2 of 65 uM for ERa, and 8 uM for CaMKK2.
2-Bromobenzoyl (5.5) led to an improvement in both potency (EC12 39 uM) and
stabilization effect at 200 uM (1.65-fold versus 1.40-fold for 5.4) in ERa. 5.5 was also
more potent than 5.4 for CaMKK2 (EC1.2 5.4 uM), but not in maximum stabilization
effect at 200 uM (2.45-fold vs 2.40-fold for 5.4). Due to greater overall potency for
CaMKK2 compared to ERa, ECso values for both 5.4 (55 uM) and 5.5 (41 uM) could
be generated for CaMKK2, showing an analogous trend as for the EC1.2.

A 2-acetylpyrid-1-yl (5.9) moiety introduces polarity at the 2 position relative to
the carbonyl, which appears to be tolerated, with EC1.248 uM for ERa. and EC127
puM and ECso 33 uM for CaMKK2, with similar stabilization effect to 5.4 and 5.5 (1.60-
fold for ERa. and 2.42-fold for CaMKK2). SPR testing of 5.9 did not show a clear
stabilization effect for ERa, but confirmed the FP data for CaMKK2 (Figure S5.2).
Difluoromethoxy substitution at the meta position of the phenyl ring (5.6), was
detrimental for ERa, with the stabilization effect dropping below 1.2-fold (1.17-fold),
but was tolerated by CaMKK2 (EC1.2 17 uM). The tolerance of both lipophilic and
polar substituents at this position, with no marked differences in terms of potency
and stabilization effect among them, is presumably ascribed to the fact that such
substituents are pointing towards a solvent-exposed space.

6-chlorobenzoyl analogue 5.7 was as potent as 5.1 for ERa in the FP and SPR
assay, both in terms of potency and stabilization effect. For CaMKK2, in FP 5.7
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exhibited analogous potency to 5.1 (ECso 8.9 vs 8.6 uM) and slightly higher
stabilization effect (2.95-fold vs 2.74-fold). In SPR, although a strong stabilization
effect was measured at the highest concentration tested (4.42-fold at 100 uM), an
ECso value could not be determined due to the lack of a full concentration response
curve (Figure S5.2). Replacement of the chlorine atom with a methyl substituent (5.8)
resulted in a slight loss in both potency (EC1.2 52 uM for ERa and ECso 14 uM for
CaMKK2) and stabilization effect (1.68-fold for ERa. and 2.68-fold for CaMKK2) in
FP assay.

Replacement of the carbonyl with a methylene (compounds 5.10 — 5.12) was
shown to be detrimental in both ERa and CaMKK2. Interestingly, comparison of
compounds 5.10 and 5.12 shows how a phenyl ring (5.10) is still preferred over
smaller alkyl groups such as isopropyl (5.12). Also, comparison of 5.10 with its 4-
chloro analogue 5.11 highlights an inverted trend compared to their corresponding
benzoyl analogues (5.1 and 5.7, respectively). Replacement of the carbonyl by a
methylene introduces significant variations to the molecule. Flexibility is increased
due to the lack of chelatable moiety but also due to loss of conjugation. The loss of
conjugation indeed makes the molecule more flexible even in the absence of bivalent
metal ions and will also affect the pKa of the vinylogous OH and hence the electronics
of the whole pyrrolidone ring. The higher flexibility probably also results in a steric
clash of the bulkier 4-chlorobenzyl group of 5.11 (when compared to the benzyl
group of 5.10) with the protein. Overall, these combined effects led to a drastic drop
in potency (EC1.2 could not be defined), as well as stabilization effect (1.10-fold for
ERa and 1.19 for CaMKK2).

Table 5.1 | Stabilization effect of compounds 5.4 - 5.13 on 14-3-3/ERa,(pT%%4) and
14-3-3/CaMKK2(pS109)

OH
R1
=)
N
O:N Q\COOH
OH
FP SPR
Stabilization effect? Total activity®
Cpd R ECy2 (uM)P Net stabilization effect®
ECso ],LM)C ECso (MM)C
ERa CaMKK2 ERa CaMKK2
o 1.90+0.05 2.74+0.05 6.49+042 | 741+113
5.1 Q)Ly 28 (25 to 31) 11(1.0t01.2) | 399026 | 7.15+0.13
o 8.6 (7.9109.4)° - 42 (3.7t04.7)
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cr o 1.40 +0.15 2.40 +0.02
5.4 o 65 (39 to 96) 8 (6t0 10)
- 55 (34 to 163)°
Br O 1.65+0.12 2.45+0.01
55 g 39 (25 to 57) 5.4 (4.7105.2)
- 41 (34 to 53)
0 1.17 £ 0.04 2.05+0.13
5.6 FZ”COO)S“ - 17 (10 to 25)
o
2.09 +0.07 2.95 +0.09 5.25 4.90
5.7 /@Af’ 20 (18 to 24) 1.0 (0.7t0 1.3) 4.02 441
ol - 8.9 (7.2t011.2) - -
1% 1.68 +0.05 2.68 +0.01
5.8 N 52 (37 to 71) 22 (1.7t02.7)
- 14 (12 t019)
o 1,60 +0.02 27‘1&23 fool'(l);‘ 3.95 418
N
59 S Nod 48 (4510 52) 33 (25 t054) 2.09 3.18
/ - R - -
” 1.23+0.10 1.81+0.09
5.10 ©A 173 (136 to 200+) 27 (18 to 40)
< 1.10+0.15 1.19+0.20
5.11 @A i ]
cl B .
1.06 + 0.07 1.27+0.26
5.12 YJF - 90 (22 to 200+)
_N 1.18+0.12 1.34+0.34
5.13 [\ ]\ - 77 (18 to 200+)
N7 ; -

(a) The stabilization effect is expressed as the mean fold-increase of FP signal over baseline (i.e.
interaction between 14-3-3¢ and FITC-2 or FAM-3 alone). Measurements were performed in the presence
of 50 nM 14-3-3¢ /10 nM FITC-2 or 30 uM 14-3-3¢/10 nM FAM-3. Values are reported as mean + SD (n
22).

(b) EC1, (uM). 95% confidence interval (Cl) is reported for each value, in brackets.

(c) ECso (uM) values were reported for those compounds where a full concentration-response curve was
observed, otherwise the symbol “-“ was used, meaning that the value could not be determined. 95%
confidence interval (Cl) is reported for each value, in brackets.

(d) “Total activity” is defined as the ratio between the “Total effect” and “peptide effect”. “Total effect”
corresponds to the total signal obtained by adding compound to immobilized 14-3-3¢ in the presence of

phosphopeptides 2 or 3, i.e. (intrinsic affinity for 14-3-3¢ + affinity for 14-3-3(:2 or 3 complex + stabilization
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of 14-3-3C:2 or 3 interaction). The “peptide effect” is the signal relative to the affinity of the corresponding
phosphopeptide for the protein (i.e. 14-3-3(:2 or 3 binary complex interaction). Measurements were
performed with ~ 4000 RUs of immobilized 14-3-3¢ and 50 nM of 2 or 30 uM of 3. Values are reported as
mean * SD (n 2 2). Values without a SD were performed in singlicates.

(e) The net stabilization effect is defined as: (“Total effect” — “compound effect”)/“peptide effect”. “Total
effect” and “peptide effect” are defined in point d. “Compound effect” is the compound intrinsic affinity for
14-3-3¢ in the absence of phosphopeptide (i.e. 14-3-3(:compound interaction). Measurements were
performed with ~ 4000 RUs of immobilized 14-3-3¢ and 50 nM of 2 or 30 uM of 3. Values are reported as
mean * SD (n = 2). Values without a SD were performed in singlicates. Blank cells mean that the
compound was not tested in that particular assay.

Taken together, these results confirm our previously reported observations
regarding the role of the vinylogous carboxylic acid chelatable moiety and overall
conformation in the pyrrolidone scaffold in driving the stabilization potency of these
class of compounds for these two 14-3-3 PPIs.

ERa compounds 5.4 -5.13 CaMKK2 compounds 5.4 - 5.13
24 a5t mss 32 o1 mse
=54 &510 d -
é 201 ~55 w5 % 2Bl =sa asn
g ] ~55 W51
£ -56 512 = 2.4
§ 18] 57 ~sm § =56 #5412
2 | ess 3201 =57 =513
o o
% 12 5 1,64 ®58
3 31.2
< 0.84 E
0.8
0.4 T T T T 1 0.4-—r T T T T T T J
6.0 -5.5 -5.0 -4.5 -4.0 -3.5 -70 -65 6.0 -55 -50 -45 40 -35
log [compound] (M) log [compound] (M)

Figure 5.3 | Stabilization of 14-3-3¢/ERa/(pT>%*) (left panel) and 14-3-3¢/CaMKK2(pS®) (right panel) PPIs
by compounds 5.1 and 5.4 — 5.13 measured by FP. “n-fold increase stabilization” (y-axes) is the mean
fold-increase of FP signal over baseline (i.e. interaction between 14-3-3¢ and either ERo(pT**) or
CaMKK2(pS'®) alone). The error bars in all plots indicate +/- SD (n = 2).

Modifications R? (Table 5.2, Figure 5.6). The crystal structure of (R)-5.1 in
complex with 14-3-3¢ and ERa(pT®%#) (PDB 6JTM) shows that the nitro group of 5.1
acts as a H-bond acceptor from Lys122 of 14-3-3( and makes polar contact with the
C-terminal Val595 of 2 by a water-bridge (Figure 5.4). Nitro groups are less-than
ideal H-bond acceptors, are known to be highly metabolized and to induce severe
toxicity.** Although they have found useful application, especially as antineoplastic
or antibiotic agents,’®> their use in medicinal chemistry is usually avoided.4
Therefore, alternative groups able to exploit this H-bond interaction were sought.

The importance of this H-bond in driving both the affinity and the stabilization
effect of this class of compounds was highlighted when reduction of the nitro
functionality to the corresponding amine (5.14), removal of either the nitro group
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Figure 5.4 | The nitro group of (R)-5.1 accepts and H-bond from Lys122 of 14-3-3 protein and interacts
with Val595 of ERa(pT>%*) via a molecule of water.

(5.15) or the entire nitrophenyl ring (5.16), as well as its substitution with a carboxyl
group (5.17), completely abrogated compound activity (EC1.2 could not be defined in
either ERa or CaMKK?2). Introduction of an acetamidoyl group at either the para or
meta position of the phenyl ring (5.18 and 5.19) was detrimental in the CaMKK2
system, but showed a similar, moderate stabilization effect in ERa (1.21-fold and
1.29 fold, respectively), with a preference for the para position in terms of potency
(EC1.2 191 uM for 5.18 and 131 uM for 5.19). SPR assay performed 5.19 also
showed only a weak net stabilization effect, with major contribution to the total activity
deriving only from the intrinsic affinity of the compound for 14-3-3( (Figure S3).
Next, the nitrophenyl moiety was replaced by a number of oxygen- and/or
nitrogen-containing heterocyclic aromatic substituents (5.20 — 5.29). Benzolactone
5.20 was found to be well-tolerated in ERa, with potency (ECi2 76 uM) and
stabilization effect (1.56-fold) similar to the nitro derivative 5.1. Analogously, in
CaMKK2, an equal stabilization effect at 200 uM to that of 5.1 was achieved, with a
two-fold lower ECso (16 uM vs 8.6 uM of 5.1). In the SPR assays, 5.20 showed similar
net stabilization effect in both systems (2.47-fold in ERa and 2.67-fold in CaMKK2,
Figure S3). For benzotriazole 5.21 and its N-methyl isomer 5.22, in the ERa system,
no EC1.2 was found, having both a maximum stabilization effect below 1.2-fold. On
the other hand, both promoted stabilization of CaMKK2. 5.21 registered an EC1.2 of
22 uM and a stabilization effect at 200 uM of 1.61-fold, while N-methylation (5.22)
resulted in a loss of both potency (EC1.2 150 uM) and stabilization effect (1.34-fold).
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Table 5.2 | Stabilization effect of compounds 5.14 - 5.29 on 14-3-3/ERa/(pT%%4) and
14-3-3/CaMKK2(pS100).

R2
Q\COOH
OH
FP SPR
Cpd R2 Stabilization effect? Total act_ivityd
EC12(uM)® Net stabilization effect®
ECso IJM)C EC50 (},LM)C
ERa CaMKK2 ERa CaMKK?2
; /@/3 1.90 +0.05 2.74£0.05 6.49 + 0.42 7414113
ON 28 (25 to 31) 11(1.0t01.2) 3.99+0.26 7.15+0.13

8.6 (7.9 10 9.4)° 42 (3.7104.7)

s 14 O/ 100008 108011
H,oN ]

5.15 ©/ 1.02 = 0.01 1.04 t 0.14

5.16 S 0.93 i 0.02 1.12 i 0.07
% 1.02 +0.03 1.02 +0.07
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Y
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) - 16 (13 to 20)° - -

186



CHAPTER 5
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H
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. NQ 169 (146 to 195) 48 (19 to 98) (154£005) | (216+0.11)
\
524 N %, 0.96 0.04 1534041 3.20+0.26 3.93+1.00
: N, - 23 (0 to 75) (113£007) | (2.65%055)
5.5 th@* 1.13+0.03 1.18+0.02
\ ) )
H -
& 1.00 % 0.02 1214017
5.26 HNgj/ A ? . . ? .
(@] -
. 0.99 +0.02 1.05+0.04
5.27 Ng/ij/ S mEE
[e) -
528 N A 1.1940.02 1.82+0.18 462+0.25 3.76 £1.30
. O - 61 (33 to 101) (1.32 £ 0.20) (2.29 £ 0.33)
529 - A 1.16£0.08 145+0.12 6.29%0.20 319+0.48
: Ne - 115(7310152) | (L10£0.09) | (L57+0.25)

(a) — (e) are defined in Table 5.1. Values are reported as mean + SD (n = 2). Values without a SD were
performed in singlicates. Blank cells mean that the compound was not tested in that particular assay. .

Indazoles 5.24 — 5.26 also showed only weak to null stabilization effect in ERq,
with 5.23 reporting an EC1.2 of 169 uM, while the other two did not show stabilization
above 1.2-fold. A similar outcome was observed in SPR, where 5.23 showed a better
net stabilization effect than 5.24 (1.54-fold and 1.13-fold, respectively). In CaMKK2,
5.23 and 5.24 both registered about 1.5-fold stabilization in FP, while 5.25 only 1.18-
fold. Conversely to what has been observed for benzotriazoles 5.21 and 5.22, N-
methylation here improved the EC1.2 by approximately two-fold (23 uM for 5.24 vs 48
uM for 5.23). This improvement was also observed in SPR, where 5.24 showed a
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2.65-fold net stabilization effect compared to 2.16-fold for 5.23 (Figure S3 and S4).
N-methylation, on the other hand, had no influence on either system for lactams 5.26
and 5.27, which showed only a very marginal stabilization effect.

\
L W 4
Figure 5.5 | Dockings of the enantiomers of isoquinoline 5.29 in 14-3-3cAC/ERa(pT***) (PDB 6JTM). (a)
Overlay of (R)-5.1(pink sticks) and (R)-5.29 (green sticks), showing analogous binding poses. (b) Binding
pose of (R)-5.29 (green sticks) with its nitrogen forming a H-bond interaction with Lys122. (c) Binding
pose of (S)-5.29 (beige sticks) similar to the one of (R)-5.29, but due to inverted stereochemistry, no H-
bond contact of the nitrogen with Lys122 is observed. (d) overlay of (R)-5.29 (green sticks) and (S)-5.29
(beige sticks) highlighting the different orientation of the isoquinoline substituent due to opposed

stereochemistry. In all panels, ERo(pT**) is shown in grey sticks and 14-3-3cAC surface is coloured
based on charge (red for acidic residues, blue for basic residues).

Finally, neither 2,1,3-benzoxadizole 5.28 nor isoquinoline 5.29 showed
stabilization above 1.2-fold towards ERa, but were moderately active towards
CaMKK2, with 5.28 being the second best of the series in terms of stabilization effect
(1.82-fold), but not in terms of potency (EC12 61 uM). Interestingly, in CaMKK2, 5.29
exhibited only a minimal net stabilization effect by SPR in agreement with FP data
(1.10-fold in ERa and 1.57-fold in CaMKKZ2), but displayed about three times higher
affinity for 14-3-3¢ alone than any other compound tested (Figure S5.4, red curves).
The isoquinoline nitrogen of 5.29 is a better H-bond acceptor than a nitro group but
the lower stabilization effect observed might suggest that a stronger affinity for the
protein can make the compound a better 14-3-3 binder, but also negatively impact
its stabilization effect.
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Another hypothesis relies on the fact that 5.29 was tested as a racemate. In
chapter 3 it was shown that (S)-5.1, although not a stabilizer of either 14-3-3/ERa or
14-3-3/CaMKK2 PPI, binds to 14-3-3 alone with comparable affinity to the active PPI
stabilizer (R)-5.1. It was then speculated that (S)-5.29 may also equally bind to 14-
3-3, thus negatively affecting the stabilization effect of its corresponding racemate.
To test this supposition, a docking protocol was established for the enantiomers of
5.29 in both 14-3-3 PPIs, in the presence and absence of the respective
phosphopeptide. In ERa, (R)-5.1 gave a docking score of -7.0 (Figure 5.5a). The
predicted binding pose of (R)-5.29 matched the crystal structure binding pose of (R)-
5.1, with its isoquinoline nitrogen engaging Lys122 via a H-bond, and also displayed
a similar docking score (- 6.9, Figure 5.5a and b). Due to the inverted
stereochemistry, (S)-5.29 did not form a H-bond with Lys122 (Figure 5.5c). Despite
the lack of the H-bond interaction, (S)-5.29 reported a docking score of -6.4, only
slightly lower than (R)-5.29, thus suggesting that it still docks relatively well into the
binding pocket. It is worth pointing out, however, that the vinylogous carboxylate of
(S)-5.29 is in a low energy conformation (not in the syn- conformation as for (R)-5.1
and (R)-5.29), which has probably influenced the docking score obtained (Figure
5.5¢).

Docking of (R)- and (S)-5.29 in the 14-3-3/CaMKK2 crystal structure (PDB

6EWW) returned binding poses that did not match the experimentally and
computationally demonstrated syn- conformation of the vinylogous carboxylate
(chapter 3, section 3.2). A clash of 5.29 with the CaMKK2(pS%°) peptide was also
observed. However, it was not possible to verify the accuracy of these docking poses
due to the lack of structural data about the conformation assumed by the
CaMKK2(pS'®) peptide in a ternary complex. Dockings using 14-3-3 apo structure
were also wrong, as the enantiomers were docked in correspondence of the
phospho-binding pocket. This was not surprising, as given the size and open nature
of the phospho-binding pocket compared to the Fc pocket, it could be expected that
the docking protocol would try to satisfy some polar interactions.
Taken together, these dockings point at the fact that the (S)-5.29 could indeed affect
the overall stabilization effect of rac-5.29. Nonetheless, confirmation of this through
separation of the enantiomers and subsequent SPR testing for their intrinsic affinity
towards the 14-3-3 protein (in the absence of compound) is still required.
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Figure 5.6 | Stabilization of 14-3-3¢/ERa(pT**) (left panel) and 14-3-3(/CaMKK2(pS®) (right panel) PPIs
by compounds 5.1 and 5.14 — 5.29. “n-fold increase stabilization” (y-axes) is defined in Figure 5.2. The
error bars in all plots indicate +/- SD (n = 2).

Modifications to R® (Table 5.3, Figure 5.8). The choice of the R3 variations was
performed before obtaining the high resolution crystal structure of (R)-5.1 (PDB
6JTM, Figure 5.7a). The rationale behind the design of this library was therefore
based on the incorrect binding pose observed in the low resolution (3.25 A) X-ray
crystal structure of the ternary complex of (S)-5.1 bound to the Nicotiana tabacum
14-3-3 like protein C/PMA2 complex (PDB 3M51, Figure 5.7b).16 In that structure,
the salicylate ring of 5.1 points towards the PMA2 peptide, with no polar interactions
with 14-3-3 observed. Hence, the initial design strategy focused on replacing the
salicylate moiety with non-polar groups, thereby avoiding the overall desolvation
penalty incurred by the salicylate group not making productive, polar interactions in
the PPl complex.

The salicylate moiety was first replaced by various monosubstituted phenyl
derivates at the ortho-, meta- and para- positions. Halogen-bearing phenyl rings at
the ortho position were not well-tolerated in ERa, with an EC1.2 of 169 uM for the 2-
Cl derivative (5.30) and 99 uM for the 2-F (5.31). In terms of stabilization effect, 5.30
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Figure 5.7 | Comparison of binding mode of 5.1 (orange sticks), from two different resolution data sets
with different absolute stereochemistry. (a) 5.1 modelled as (R), with the carboxylate of the salicylate ring
of forming a bidentate interaction with Arg41 and Asn42 (PDB 6JTM). (b) 5.1 modelled as (S), with the
salicylate ring pointing towards the PMA2 peptide (green sticks) and not interacting with any protein
residue (PDB 3M51).

showed a 1.87-fold increase, while 5.31 1.29-fold increase. For 5.30, the
concentration-response curve raised from the baseline only at the highest
concentration point, and very steeply (Figure 5.8 red squares), while 5.31 showed a
linear increase (Figure 5.8, green triangles), which could suggest that they might be
false positives for ERa. SPR counter-test showed that both 5.30 and 5.31 have an
intrinsic affinity for 14-3-3 protein alone (red curves, Figure S5.5) but do not elicit a
stabilization effect above the 1.2-fold threshold on the 14-3-3/ERa complex (0.87-
fold for 5.30 and 1.17-fold for 5.31). On the other hand, for CaMKK2, both
compounds showed high potency (5.30 11 uM and 5.31 16 uM) and stabilization
effect (2.32-fold and 2.19-fold, respectively). SPR testing confirmed the comparable
total activity (3.79-fold and 3.60-fold) and net stabilization effect (2.61-fold and 2.83-
fold). These two derivatives displayed a clear preference for the CaMKK2 PPI over
the ERa one, showing a good degree of selectivity, without heavily affecting the
potency (about ten-fold loss in EC1.2 when compared to 5.1).

2-CN (5.32) and 2-NO:2 (5.33) were not able to stabilize ERa but showed potency
in the range of 30 to 50 uM for CaMKK2. In ERa, the 2-COOH derivative (5.34)
displayed only a two-fold loss in EC12 (52 uM vs 28 uM) when compared to 5.1 in
FP assay, but did not show stabilization by SPR (0.82-fold). When tested in
CaMKK2, 5.34 showed a hundred-fold loss in EC12 (104 uM vs 1.1 uM for 5.1) and
also did not show stabilization by SPR (0.97-fold, Figure S5.5) 2-OH (5.35) was
shown to be a good stabilizer of both systems. In FP, 5.35 displayed a EC1.. of 99
puM and 1.39-fold stabilization effect in ERa and of 9.4 uM and 2.31-fold in CaMKK2.
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Its stabilization effect was confirmed by SPR (1.81-fold for ERa and 3.06-fold for
CaMKK2). Methylation of the hydroxy group (5.36) negatively impacted potency and
stabilization effect in both systems. This detrimental effect was presumably due to
the loss of the H-bond interaction with Asn42. Indeed, etherification nullifies the HBD
ability of the hydroxyl group and could also potentially hinder or prevent the HBA
interaction from Asn42 (discussed in section 5.5).

For ERa, of the electron-withdrawing groups at the meta- position (5.39 — 5.43),
only the trifluoromethyl substituent (5.41) showed an EC12 below 150 uM (73 uM),
with a good stabilization effect at 200 uM (2.26-fold). SPR analysis showed a net
stabilization effect of 1.88-fold at 100 uM, but the curve was otherwise flat, thus
suggesting that is probably a very weak stabilizer for ERa. A similar profile was
observed for CaMKK2 in both FP and SPR assays.

Carboxylic acid 5.42 (a matched pair of 5.1 which lacks the salicylate hydroxyl
group), showed only a minimal stabilization effect in FP for ERa (1.20-fold), which
was confirmed in the SPR assay (1.08-fold vs 4.10 of 5.1). On the other hand, in the
CaMKK2 system, 5.42 was found to be the best compound among the electron-
withdrawing substituents at the meta- position in the FP assay, with an EC1.2 of 18
uM and stabilization effect of 1.99-fold, which was then confirmed by SPR, with a net
stabilization effect of 2.31-fold at 100 uM (Figure S5.7).

Substituents at the para- position (5.46 — 5.50) were not well tolerated in ERq, all
displaying EC1.2 above 100 uM. 4-CN derivative 5.46 showed a stabilization effect
only at the highest concentration in FP, and with high variability (1.90 + 0.54). SPR
was performed to ascertain if it was a true hit or simply an artifact due to high
concentration. This showed only weak net stabilization effect (1.17-fold) and high
variability as well in the CR curve, therefore suggesting that 5.46 might not be a true
stabilizer of the 14-3-3/ERa interaction (Figure S5.7). Derivatives 5.46 — 5.50
exhibited a better potency when tested in CaMKK2, with only compound 5.48 having
an ECi2 above 100 pM in FP and minimal stabilization effect in SPR (1.24-fold,
Figure S5.8). Sulfonamide derivative 5.50 was the best of the para- substituted
derivatives (EC1.2 32 uM and stabilization effect of 1.87-fold in FP).

Compound 5.51, the 4-hydroxyl matched pair of 5.1 which lacks the salicylate
carboxylate function, was found to be still active in both ERa and CaMKK2, and its
stabilization effect was confirmed in SPR (~ 2-fold in both ERa. and CaMKK2, Figure
S5.8). For CaMKK2, an ECso of 25 uM was found.

An unsubstituted phenyl ring (5.52) showed a good degree of stabilization effect
and potency for both ERo. and CaMKK?2 in both assay platforms (Figure 5.8 and
S5.8). In FP, a ECi1.2 of 55 uM and 1.64-fold stabilization effect was found for ERa.,
and of 17 uM and 2.09-fold for CaMKK2. Notably, while for CaMKK2 no difference
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in either potency or stabilization effect was observed when comparing 5.52 with the
3-COOH derivative (5.42), for ERa the absence of the carboxylate moiety resulted
in a better stabilization effect (1.51-fold vs 1.20-fold) as well as higher potency (EC1.2
55 uM vs nd). Removal of the 4-OH (5.42) is more detrimental than removal of the
3-COOH (5.51), both in terms of potency and stabilization effect. When comparing
3-COOH derivative 5.42 with its unsubstituted phenyl ring matched pair (5.52),
neither potency nor stabilization effect is affected in CaMKK2 and it is indeed
beneficial for ERa. These observations suggest a particular role for the 4-OH. It
could mask the negative charge on the 3-carboxylate by intramolecular hydrogen
bonding, thus reducing the electrostatic repulsion experienced by the salicylate
moiety upon penetration into a negatively charged pocket prior to bidentate bond
formation with Arg41 and H-bond interaction with Asn42.

We then studied the effects adding linkers of various lengths between the phenyl
ring and the pyrrolidone scaffold of 5.51: methylene (5.53), ethylene (5.54),
propylene (5.55) and ethoxy (5.56). In CaMKKZ2, increasing linker length led to a
marked drop in both stabilization effect and potency when compared to 5.52, with
only ethylene linker (5.54) showing at least 1.2-fold stabilization effect (1.24-fold),
which was confirmed by SPR (1.16-fold net stabilization effect). On the other hand,
although a clear trend was not identified, ERa was found to be less susceptible to
increasing linker lengths, with 5.55 being the best compound (EC1.2 75 uM and 2.00-
fold stabilization effect by FP). When compared to 5.52, 5.55 shows a higher
stabilization (2.00-fold vs 1.64-fold) effect but slightly lower potency (75 uM vs 55
uM).

Replacement of the phenyl ring with an isopropyl group (5.57) or a 4-pyridinyl
group (5.58) was found to be detrimental in both systems. Isonicotinic acid derivative
5.59 was synthesized in an attempt to pick up a polar interaction with the side chain
of Asp215 on 14-3-3( (Figure 5.7a). 2,4-dimethoxyphenyl derivative (5.60) showed
good potency (49 uM for ERa and 38 uM for CaMKK2) and stabilization in both
systems (1.68-fold and 2.22-fold). Compared to its mono methoxy analogue 5.36,
5.60 showed improved potency and stabilization in ERa, but only better stabilization
effect in CaMKK2 (2.22-fold vs 1.87-fold). Modification of the salicylate ring by
introduction of a methylene spacer at the meta- position in between the ring and the
carboxylate function (5.61) resulted in an almost total loss of potency and
stabilization effect when compared to its match pair 5.1, probably due to a steric
clash with the 14-3-3 protein surface.

Finally, bulkier substituents such as 3-biphenyl (5.62) and 1-naphthyl (5.63) were
also synthesized. 5.62 showed a high stabilization effect in ERa (1.93-fold) and fairly
good potency (ECi12 64 uM). Similar potency was found in CaMKK2 (60 uM) but
lower stabilization effect (1.41-fold). However, when tested by SPR, only a minimal
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stabilization effect was observed, about 1.15-fold in both systems, but a pronounced
affinity for 14-3-3 was detected, roughly twice as much as most of the synthesized
derivative (~ 40 RUs vs ~ 15 — 25 RUs, Figure S9, red curves). 5.63 showed peculiar
behavior when tested against ERa by FP. In both runs, high raw data were observed,
but only at the highest concentration point (200 uM). In brief, FP works by exciting a
fluorescent sample by polarized light, and emission intensities are measured in both
the parallel (I) and perpendicular (I1) planes (to the excitation light). These
measurements, i.e. the raw data, can then be used to calculate the final FP values.
An arbitrary cut-off value of £ 3000 units in respect to the averaged I recorded for
the fluorescein labelled 5.2 peptide (FITC-5.2) alone at assay concentration (10 nM),
was set to define outliers. The values recorded for 5.63 at 200 uM in the two
independent runs were above 10000 units. This behavior was not observed when
5.63 was tested against CaMKK2, thus suggesting that is not due to a ligand-specific
effect (ie auto-fluorescence) but rather to a possible aggregation with FITC-5.2 at
the tested concentration. For this reason, the stabilization effect was calculated at
the second highest concentration point, where the raw data were within the cut-off
range (66.7 uM, Figure 5.7). When measured in CaMKK2, a ECso of 22 uM could be
defined. In SPR, a similar total activity was found in the two systems (5.22-fold for
ERa and 5.33-fold for CaMKK2), but the net stabilization effect was almost two-fold
higher for CaMKK2 (4.07-fold vs 2.59-fold).

Table 5.3. Stabilization effect of compounds 5.30 — 5.63 on 14-3-3/ERa.(pT>%*) and
14-3-3/ CaMKK2(pS190),

SPR
Stabilization effect? Total activity®
Cpd R? EC12 (uM)P Net stabilization effect®
ECso (UM)° ECso (LM)°
ERa CaMKK?2 ERa CaMKK?2
1.90 +0.05 2.74+0.05 6.49 + 0.42 7414113
5.1 28 (25t0 31) 11(10t01.2) 3.99+0.26 7154013
COOH - 8.6 (7.9 t0 9.4) - 42 (3.7t04.7)
OH
T al 1.87+0.11 2.32+0.03 3.07 3.79
5.30 169 (63 to 200) 11 (9t0 13) (0.87) (2.61)
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37 (24 t056)

. 1.29 +0.09 2.19+0.03 2.66 3.60
5.31 99 (59 to 150) 16 (14 to 18) (1.17) (2.83)
N 0.72+0.53 1.80 +0.22
5.32 - 32 (24 t0 41)
NO, 1.04 +0.37 142 +0.22
5.33 - 50 (21 to 96)
COOH 1.60 +0.11 1.38+0.27 2.78 £0.05 1.41+0.22
5.34 52 (38 to 70) 104 (50 to 170) (0.82 +0.33) (0.97 £0.11)
oH 1.39 +0.09 2.31+0.09 4.26 044 5.03+1.03
5.35 99 (79 to 118) 9.4 (7.9t011.1) (1.81+0.17) (3.06 + 0.60)
OMe 1.27 +0.01 1.87 +0.04
5.36 193 (70 to 200+) 29 (23 to 36)
1.86 +0.13 1.71 +0.06 4.79 3.45
5.37 172 (68 to 200) 33 (25 to 43) (2.35) (1.65)
Cl - - - -
1.16+0.38 1.97 +0.06
5.38 - 22 (17 to 27)
- ] )
1.66 +0.03 1.71+0.05
5.39 174 (65 to 200) 34 (29 to 40)
CN - h
1.46 +0.03 1.68 +0.05
5.40 184 (67 to 200) 41 (35 to 48)
NO, - -
2.26 +0.37 142 +0.18 3.17 2.45
5.41 73 (40 to 129) 84 (52 to 119) (1.88) (1.81)
CF3 - - - -
1.20 +0.02 1.99 +0.11 2.68+0.38 2.65+0.24
5.42 - 18 (15 to 21) (1.08 £ 0.25) (2.31+0.13)
COOH - - - -
1.03 +0.06 1.73+0.05
5.43 - 42 (27 to 60)
CONH, - -
1.36 +0.12 1.73+0.11
5.44 126 (59 to 186)

OMe
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1.18+0.14 2.00+0.01 2.25 3.00
5.45 - 24 (22 1028) (0.95) (2.32)
7 ] ; ) i
1.90+0.54 159 +0.06 2.85 253
5.46 136 (58 to 196) 57 (42 t073) (1.17) (1.62)
CN i i i i
1.62+0.46 151+0.13
5.47 180 (65 to 200) 61 (41 to 83)
NO,
1.22+0.23 1.30£0.04 2.27+0.36 1.57 £0.06
5.48 178 (96 to 200+) 133 (114 to 151) (0.86 + 0.19) (1.24 £0.12)
COOH i i i i
1.01+0.33 1.34+0.10
5.49 - 88 (49 to 137)
CF3
1.46 £0.11 1.87£0.12
5.50 123 (54 to 180) 32 (20 to 51)
SO,NH,
1.57 £0.05 2.35+0.13 432+0.86 2.36+0.10
5.51 41 (35 to 49) 57 (4.6107.1) (2.03 +0.19) (2.07 £0.12)
- 25 (21 to 33) - -
OH
1.64+0.05 2.09+0.01 2.98+0.07 3.25+0.44
5.52 55 (46 to 65) 17 (15 to 20) (1.22 +0.07) (2.36 £0.12)
1.51+0.13 1.12 £0.06
5.53 145 (79 to 189) -
T
(CHa), 1.34+0.01 1.24£0.10 3.32 2.06
5.54 104 (71 to 139) 168 (109 to 200+) (1.22) (1.16)
T
(CHa)s 2.00+0.23 1.07 £0.08
5.55 ;

75 (44 t0 116)
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T
(CHy), 1.54+0.30 1.14+0.11
5.56 ©/o 114 (50 to 169) -
s 053+0.31 1.23+0.15
5.57 )\ - 142 (59 to 200+)
1.10 +0.02 1.33+0.04
5.58 = ‘ - 113 (81 to 145)
\N - -
1.44+0.03 1.40 £0.20
559 | N° 86 (74 to 98) 91 (49 to 139)
Z > COOH - -
OMe 1.68+0.08 222 +0.04
5.60 49 (40 to 60) 38 (0 to 84)
OMe
1.03+0.01 1.13+0.04
5.61 COOH - -
OH i i
1.93+0.36 1.41+0.15 483 2.86
5.62 I 64 (38 to 102) 60 (26 to 109) (1.17) (1.11)
2.20 +0.01% 2.67+0.07 5.22 5.33
5.63 3.5 (2.5 10 4.8) 48(3.0t07.3) (2.59) (4.07)
- 22 (17 to 35)° - -

(a) — (e) are defined in Table 5.1. Values are reported as mean + SD (n = 2). Values without a SD were

performed in singlicates. Blank cells mean that the compound was not tested in that particular assay. .*
Stabilization effect calculated on the second highest concentration point (66 puM).

5.4 SELECTIVITY BETWEEN ERa AND CAMKK2

In terms of selectivity, overall, the synthesized derivatives were more potent in
the 14-3-3/CaMKK2(pS'%) PPI. This can be due to the lower intrinsic affinity of
phosphopeptide 5.3 for 14-3-3 (Ka = 112 + 14 uM) compared to 5.2 (Kq = 227 + 14
nM), which presumably accounts for a wider range of stabilization allowed.©
Selectivity ratios of CaMKK2 over ERa for all compounds tested are reported in
Table 5.4.
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Figure 5.8 | Stabilization of 14-3-3¢/ERa/(pT>%*) (left panel) and 14-3-3{/CaMKK2(pS®) (right panel) PPIs
by compounds 5.1 and 5.30 — 5.63. “n-fold increase stabilization” (y-axes) is defined in Figure 5.2. The

error bars in all plots indicate +/- SD (n = 2).
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Table 5.4 | EC12 and selectivity ratios of compounds 5.1 and 5.4 - 5.63 on 14-3-
3/ERa(pT5%) and 14-3-3/CaMKK2(pS190).a

ERa | CaMKK2 Fold

Cpd ECi, ECL, selectivity
CaMKK2:

(M) (uM) ERa
51 28 1.1 25
5.4 65 7.8 8
55 39 5.4 7
5.6 >200 17 >12
5.7 20 1.0 20
5.8 52 2.2 24
5.9 48 7.3
5.10 173 27 6
5.11 - - -
5.12 >200 90 >?2
5.13 >200 77 >3
5.14 - - _
5.15 - - -
5.16 - - -
5.17 - - -
5.18 191 >200 <1
5.19 131 >200 <07
5.20 73 2.4 31
5.21 >200 22 >9
5.22 >200 150 >1
5.23 169 48 4
5.24 >200 23 >9
5.25 - - -
5.26 - - -
5.27 - - -
5.28 >200 61 >3
5.29 >200 115 >2
5.30 169 11 15
5.31 99 16 6
5.32 >200 32 >6
5.33 >200 50 >4
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5.34 52 104 05
5.35 99 9.4 11
5.36 193 29 7
5.37 172 33 5
5.38 >200 22 >9
5.39 174 34 5
5.40 184 41 4
5.41 73 84 1
5.42 >200 18 >11
5.43 >200 42 >5
5.44 126 37 3
5.45 >200 24 >8
5.46 136 57 2
5.47 180 61 3
5.48 178 133

5.49 >200 88 >2
5.50 123 32 4
5.51 41 5.7

5.52 55 17

5.53 145 >200 <0.7
5.54 104 168 0.6
5.55 75 >200 <0.4
5.56 114 >200 <0.6
5.57 >200 142 >1
5.58 >200 113 >2
5.59 86 91 1
5.60 49 38 1
5.61 - - -
5.62 64 60 1
5.63 35 4.8 1
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(a) Selectivity ratios have been calculated from FP EC, , data. For those compounds whose EC; , could
not be defined due to stabilization effect lower than 1.2-fold, the value “>200” has been reported, meaning
that the EC,; is higher than 200 uM and their respective selectivity ratios are preceded by the > or <
symbols.

For the R! variations, 4-chlorophenyl 5.7 and 4-methylphenyl 5.8 showed a
preference, respectively, of 20-fold and 24-fold for CaMKK2 over ERa, which is
comparable to the one of 5.1 (25-fold). 3-Difluoromethyloxyphenyl (5.6) also showed
a good degree of selectivity, of at least 12-fold. None of the R? variations showed an
increased selectivity when compared to 5.1. This can be presumably ascribed to the
fact that the substituents on the benzoyl ring are still too far from 5.2 or 5.3 to engage
in additional interactions that can confer selectivity towards either of the
phosphopeptides.

Within the R? variations, benzolactone 5.20 was the most selective of all
compounds for CaMKK2, with a 31-fold ratio. The other nitro replacements (R?2)
showed a 9-fold difference at best instead.

As for the R3 derivatives, 2-chlorophenyl 5.30 demonstrated high selectivity (15-
fold) for CaMKK2 over ERa. The 3-carboxylate 5.42, match pair of 5.1, preserved a
good degree of selectivity (> 11-fold vs 25-fold). The 2-OH-Ph derivative 5.35, also
displayed at least a ten-fold selectivity ratio (11). 1-Naphtyl 5.63, although potent in
both systems (EC1.2 < 5 uM), did not show any preference.

Only few of the synthesized compounds exhibited selectivity towards ERa, albeit
minimal. 4-phenylacetamide 5.18 and its matched pair 3-phenylacetamide 5.19 (R?)
had a preference for ERa slightly higher than 1.1-fold and 1.5-fold respectively, while
phenethyl 5.54, phenylpropyl 5.55 and ethyloxyphenyl 5.56 (R3) showed at least a
1.8-fold selectivity.

5.5 CRYSTAL STRUCTURES OF DERIVATIVES 5.20 AND 5.35

Due to their good potency and selectivity, benzolactone 5.20 and 2-OH 5.35 were
selected for crystallization studies. By co-crystallization, crystal structures of the
ternary 14-3-3cAC/ERa(pT®%4)/5.20 (yet to be submitted to PDB) and 14-3-
3cAC/ERa(pT5%4)/5.35 (PDB 6YSM) complexes were obtained at a resolution of 2.50
A and 2.38 A, respectively (Figure 5.9a and b). The crystal structure of 14-3-
3cAC/ERa(pT%%4)/(R)-5.1 (PDB 6TJM) was used as initial model for refinement.

Compounds 5.20 and 5.35 were unequivocally modelled with (R) absolute
configuration, therefore they have the same stereochemical dependence as (R)-5.1
Additional ligand-associated electron density allowed to also model a Mg?* ion
chelated by their vinylogous carboxylate moieties, thus further confirming the ligand-
specific, metal ion induced conformational restriction previously described in chapter
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3. No major differences in orientation or spatial localization were observed when
compared to the binding mode of (R)-5.1, with the three molecules nicely overlapping

Figure 5.9 | X-ray crystal structure of 14-3-3c/ERa(pT*%4)/5.20 and 14-3-3c/ERa.(pT**4)/5.35 (PDB 6YSM)
ternary complexes. (a) Binding mode and details of interactions between 5.20 (modelled as (R), green
sticks) and 14-3-3c (white helices). (b) Binding mode and details of interactions between 5.35 (modelled
as (R), pink sticks) and 14-3-3cAC (white helices). The vinylogous carboxylate of both 5.20 and 5.35
chelates a Mg?* ion (green sphere) (c) Overlay of (R)-5.1, (R)-5.20 and (R)-5.35 showing analogous
binding modes. 14-3-3c is shown as white surface, while ERa(pT***) as blue surface.

with one another. As for (R)-5.1, (R)-5.20 and R-5.35 bind in a T-shaped
conformation with their three phenyl rings pointing towards three different sub-
pockets (Figure 5.9¢c). The endocyclic oxygen of the benzolactone ring of (R)-5.20
accepts a H-bond from Lys122 and its salicylate moiety exhibits the same polar
interactions observed for (R)-5.1 (Figure 5.8a). The phenolic OH of (R)-5.35 forms a
H-bond interaction with Arg42, interestingly a novel interaction not made by any other
compounds in the series. Arg42 was modelled in two possible different
conformations, possibly suggesting a less productive H-bond when compared to the
salicylate moiety.
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5.6 STABILIZATION OF PPl BETWEEN FULL-LENGTH CaMKK2 AND 14-3-3

In the context of studying 14-3-3 PPIs at a molecular level, the use of synthetic
phosphopeptides derived from the main phosphorylated motifs of the 14-3-3 client
proteins is a commonly employed approach. In fact, for phosphorylation-dependent
14-3-3 PPls, these short phosphorylated sequences recapitulate the main
interactions of the PPI, and mutation of the single phosphorylation site can
significantly impact their intrinsic affinity, both in vitro and in vivo.8 Moreover, from a
merely practical standpoint, the use of short synthetic phosphopeptides considerably
simplifies the biophysical and biochemical study of these PPIs, as expression,
purification and implementation in assays of either long protein constructs or full-
length proteins is very often complex and time-consuming, especially for the ones
that are site-specifically phosphorylated.

This is supported by the paucity of structural data reported for 14-3-3 complexes
with full length proteins or longer constructs.1”-2° Notably, the interaction between
tobacco 14-3-3cAC (deleted of its C-terminal 18 amino acids) and the entire 14-3-3
binding motif of PMA2 H+-ATPase comprising 52 amino acids (PMA2-CT52,
residues 905-956) is, to date, the only successful case where Fc-A mediated
stabilization has been investigated in more complex systems.

(R)-5.1 has been shown to effectively stabilize the 14-3-3/CaMKK2(pS1%)
complex (chapter 3), with an ECso of about 3 uM and a 3,700-fold increase in
apparent Kq.1° We therefore aimed at evaluating its stabilizing effect on a larger
CaMKK2 construct. Our collaborators in the ObSil group have reported the
expression and isolation of phosphorylated human CaMKK2 (residues 93 — 517),
comprising its two known 14-3-3 binding motifs, located around pS% and pS®!?, the
kinase domain and the Ca?*/CaM binding region (from here on referred to as FL-
pCaMKK?2, Figure 5.10) and show the formation of a stable complex with 14-3-3y.13

RKLS!"LQ RSLSSIIAP
N | L | Kinase domain [ | [l |c
1 1 160 450 ¢ 1 588

[ carcam | [ 1433 |

Figure 5.10 | Domain structure of human CaMKK2. The 14-3-3 binding motifs (gold), the kinase domain
(green) and the CaM binding region (light blue) are highlighted.

In order to investigate the potential stabilization effect of (R)-5.1 towards the 14-
3-3y/FL-pCaMKK2 complex, sedimentation velocity analytical ultracentrifugation
(SV-AUC) experiments were performed in collaboration with the ObSil laboratory.
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SV-AUC is an analytical ultracentrifugation method that measures the rate at which
molecules move in response to centrifugal force generated in a centrifuge, when
spun at high speed (usually 40,000 — 60,000 rpm). Mass will redistribute in the
gravitational field forming a boundary starting from the center of the rotor
(corresponding to the meniscus region at the air/test solution interface), which
progressively moves towards the outside over time. The rate at which the
sedimentation boundary moves is a measure of the sedimentation coefficient (S) of
the protein. The sedimentation coefficient depends on the molecular weight (larger
proteins sediment more quickly) and also on molecular shape.?1-22
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Figure 5.11 | Human CaMKK2 construct FL-pCaMKK2 forms a stable complex with 14-3-3y in the
presence of (R)-5.1. (a and b) Series of area-normalized c(s) distributions of mixtures of FL-pCaMKK2
and 14-3-3y at various molar ratios, using 6 pM 14-3-3y and 0.3-30 uM FL-pCaMKK2 in the absence

(panel a) or presence (panel b) of (R)-5.1 (20 uM).(c and d) Isotherms of weight-averaged sedimentation
coefficients sy, obtained from SV AUC, used for estimation of dissociation constant values (Kg) for 14-3-
3y/FL-pCaMKK2 in the absence (panel c) and presence (panel d) of (R)-5.1 (20 uM).

A range of different molar ratios of 14-3-3y/FL-pCaMKK2 were examined. The
normalized continuous sedimentation coefficient distributions c(s) showed that,
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when 14-3-3y and FL-pCaMKK?2 are in high molar excess, they form single peaks
with a weight-averaged sedimentation coefficient (sw) of ~ 3.5 S (purple curve) and
~ 3.1 S (yellow curve), respectively (Figure 5.11a). Intermediate 14-3-3y: FL-
pCaMKK2 ratios (navy blue, cyan and green curves) show the presence of a
complex with a sw of ~ 5.5 S. Notably, when in a molar ratio of 2:1 (cyan curve), the
peak corresponding to the complex is almost the only visible one, thus suggesting a
2:1 M stoichiometry for 14-3-3y/FL-pCaMKK2. SV-AUC analysis was then performed
in an analogous way in the presence of (R)-5.1 (20 uM) as depicted in Figure 5.11b.
Data revealed the formation of a complex with a sw of ~ 5.2 S. This sw value
corresponds to a molar ratio of 2:1 (cyan curve) as well, thus suggesting that the 2:1
M stoichiometry of the complex is maintained when (R)-5.1 is present. Subsequently,
equilibrium dissociation constants (Kd) were estimated by analyzing the isotherms of
weight-averaged sedimentation coefficients (sw isotherms) derived from the SV-AUC
distributions as a function of FL-pCaMKK2 concentration (Figure 5.11c and d). The
direct modeling of the sw values using the Lamm equation?3-?4 returned a Ka of 250
+ 20 nM for the binary 14-3-3y: FL-pCaMKK?2 interaction, whereas for the ternary
complex 14-3-3y/FL-pCaMKK2:(R)-5.1 a Kq of 9 + 1 nM was found, corresponding
to a ~ 27-fold stabilization of the 14-3-3y/FL-pCaMKK?2 in the presence of 20 uM (R)-
5.1. When Fc-A was tested against 14-3-3y/FL-pCaMKK2, a very weak stabilization
effect was observed only at very high Fc-A concentration,?® therefore confirming the
FP and SPR data generated in chapter 3 using the corresponding phosphopeptide
CaMKK2(pS109),

5.7 CONCLUSION

The main aim of this chapter was to explore the structure activity relationship of
pyrrolidone-based 14-3-3 PPI stabilizers, evaluating potency, stabilization effect and
selectivity against two 14-3-3 PPIs, namely 14-3-3/ERa(pT®**) and 14-3-
3/CaMKK2(pS'%). A number of derivatives of starting compound 5.1 was
synthesized (5.4 - 5.63), varying each of the three positions on the pyrrolidone
scaffold (R, R? and R3, scheme 5.1). Each compound was initially tested in FP
assay, and SPR was used as secondary assay for the most interesting compounds.
In terms of potency and stabilization effect, 4-chlorophenyl 5.7 for R, benzolactone
5.20 for R? and 1-naphthyl 5.63 for R® were shown to be the best substituents. It is
also worth pointing out that the isoquinoline derivative 5.29 (R?) showed more than
three times the affinity for 14-3-3 protein (alone) than any other derivative when
tested by SPR. This was, however, at the expense of potency and stabilization.

In terms of selectivity, overall, the synthesized derivatives were more potent in
the 14-3-3/CaMKK2(pSt®) PPI. Specifically, 4-chlorophenyl 5.7 (20-fold) and 4-
methylphenyl 5.8 (24-fold) for R, the benzolactone 5.20 (31-fold) for R and the 2-
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chlorophenyl 5.30 (15-fold) for R3 exhibited the highest degree of selectivity for 14-
3-3/CaMKK2(pS1t9) over 14-3-3/ERa(pT®%4). In this sense, 5.20 was even more
selective than 5.1 (25-fold). On the other hand, phenylpropyl 5.55 (R?), was the only
derivative with at least a 2-fold selectivity (2.7-fold) for ERa(pT5%4).

X-ray crystal structures of the 14-3-3c6/ERa(pT®94)/5.20 and 14-3-
3c/ERa(pT?94)/5.35 ternary complexes were obtained, showing how the nitro and the
salicylate groups can be successfully be replaced, while maintaining good potency
and selectivity between 14-3-3 PPIs.

Finally, the stabilization effect of compound (R)-5.1 was tested against full-length
doubly phosphorylated CaMKK2 (14-3-3y/FL-pCaMKK2), displaying a 27-fold
stabilization at 20 puM. This result, together with others,?® show how short
phosphopeptides can recapitulate key interactions between 14-3-3 and the full-
length phosphorylated client partner, therefore providing a valuable proof-of-concept
for the study of 14-3-3 PPlIs.

As next steps, it will be of great importance to obtain a x-ray crystal structure of
the ternary complex 14-3-3/CaMKK2(pS1%)/(R)-5.1 in order to gain structural insight
on this PPI, to synthesize a new derivative bearing all the most relevant modifications
here described, that combine the R! - R3® modifications together to check if the
observed SAR is additive, and to further investigate the 14-3-3y/FL-pCaMKK2 PPI
with metal-insensitive pyrrolidone-based stabilizers.
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5.8 EXPERIMENTAL SECTION

5.8.1 Supporting Figures
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Figure S5.1 | Total activity and net stabilization effect for compound 5.1, measured by SPR assay in ERa
(left panel) and CaMKK2 (right panel). Compound concentration (x-axis) is plotted as the log of the molar
compound concentration. Three curves are defined. “Tot activity” (total activity, blue curve) is the total
RUs (left y-axis) afforded by adding 5.1 to immobilized 14-3-3C in the presence of either 50 nM 5.2
(ERa(pT®%), left panel) or 30 uM 5.3 (CaMKK2(pS'®), right panel). It corresponds to the affinity for 14-3-
3¢ + affinity for 14-3-3¢/5.2 or 5.3 complex + stabilization of 14-4-4¢/5.2 or 5.3 interaction). “5.1 alone”
(red curve) is the RUs (left y-axis) obtained from 5.1 affinity for immobilized 14-3-3¢ protein in the absence
5.2 (or 5.3). “Net stab. effect” (Net stabilization effect, expressed as n-fold, green curve, right y-axis) is
defined as (“Total activity” - “Compound alone”)/(“Peptide effect”). “Peptide effect” is the RUs obtained
from the 14-3-3¢:5.2 (or 5.3) interaction, using a fixed concentration of phosphopeptide 5.2 (50 nM) or 5.3
(30 uM), corresponding approximately to 20% occupancy of 14-3-3 by 5.2 or 5.3. The lines connecting
the concentration points do not represent a fitted curve. Bottom panel: as saturation could be observed
for the 14-3-3¢: CaMKK2(pS®):5.1, an ECs (4.2 uM, 3.7 to 4.7 uM 95% CI) value was obtained from
fitting the data with a four-parameter logistic model (4PL) using GraphPad Prism.
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Figure S5.2 | Total activity and net stabilization effect for compounds 5.7 and 5.9 (R'), measured by SPR
assay in ERa (left panels) and CaMKK2 (right panels). Compound concentration (x-axis) is plotted as the
log of the molar compound concentration. For each compound, three curves are defined. “Tot activity”
(total activity, blue curve) is the total RUs (left y-axis) afforded by adding the specific compound to
immobilized 14-3-3¢ in the presence of either 50 nM 5.2 (ERa(pT>%), left panels) or 30 uM 5.3
(CaMKK2(pS'®), right panels). It corresponds to the affinity for 14-3-3¢ + affinity for 14-3-3¢/5.2 or 5.3
complex + stabilization of 14-4-4¢/5.2 or 5.3 interaction). “Compound alone” (red curve) is the RUs (left
y-axis) obtained from compound affinity for immobilized 14-3-3¢ protein in the absence 5.2 (or 5.3). “Net
stab. effect” (Net stabilization effect, expressed as n-fold, green curve, right y-axis) is defined as (“Total
activity” - “Compound alone”)/(“Peptide effect”). “Peptide effect” is the RUs obtained from the 14-3-3(:5.2
(or 5.3) interaction, using a fixed concentration of phosphopeptide 5.2 (50 nM) or 5.3 (30 uM),
corresponding approximately to 20% occupancy of 14-3-3 by 5.2 or 5.3. The lines connecting the
concentration points do not represent a fitted curve.
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Figure S5.3 | Total activity and net stabilization effect for compounds 5.19, 5.20 and 5.23 (R?), measured

by SPR assay in ERa (left panels) and CaMKK2 (right panels). Figure description as in Figure S5.2.

208



CHAPTER 5

ERw 5.24 CaMKK2 5.24
50 3.5
il P
) % §40 3.0 g—
< El z 1255
1] = @ Q
= 8 £ 30 Loo 8
o g 3 - 3
8 2 %20 15
g g 2 .
= @ ... - N
8 B e 10 g
S 0.5 5
0 0.0 0 . . . . v 0.0
65 60 55 50 45 40 65 60 55 50 -45 -40 -35
log [5.24] (M) log [5.24] (M)
= Tot activity = 5.24 alone # Net stab. effect & Tot activity w* 5,24 alone = Net stab. effect
ERw 5.28 CaMKK2 5.28
30 r2.0 60 r2.5
o ?
0) g %50 .-
2 155 2 20
20 g 540 g
E & T 1.5 8
= L1.0 230 %
$ w0 3 w
5 g 5 1.0 &
210 = 220 =
3] L0.5 o 8
@ % “ 10 o5 5
3
o 0.0 o - r v . v 0.0
65 60 55 50 45 40 -35 65 60 -55 50 45 -40 -35
log [5.28] (M) log [5.28] (M)
® Totactivity = 5.28alone  * Net stab. effect ® Totactivity = 5.28alone ™ Net stab. effect
ERw 5.29 CaMKK2 5.29
2.0 140 r2.5
:'l 3
g —~120 .0 5
o] v a
155 EZ100 5
= 0 Q
2 £ 80 1.5 8
7] =2 8
1.0 @ @ %)
g 560 1.0 8
o 2 =
losy & ¥ §
H 20 0.5 5
3
1 0.0 0 0.0
65 60 -55 50 -45 -40 -35 65 60 55 50 45 40 35
log [5.29] (M) log [5.29] (M)
® Totactivity + 5.29alone  * Net stab. effect ® Tot activity * 5.29 alone = Net stab. effect

Figure S5.4 | Total activity and net stabilization effect for compounds 5.24, 5.28 and 5.29 (R?), measured
by SPR assay in ERa (left panels) and CaMKK?2 (right panels). Figure description as in Figure S5.2.
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Figure S5.5 | Total activity and net stabilization effect for compounds 5.30, 5.31 and 5.34 (R®), measured
by SPR assay in ERa (left panels) and CaMKK2 (right panels). Figure description as in Figure S5.2.
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Figure S5.6 | Total activity and net stabilization effect for compounds 5.35, 5.37 and 5.41 (R®), measured
by SPR assay in ERa (left panels) and CaMKK2 (right panels). Figure description as in Figure S2.
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Figure S5.7 | Total activity and net stabilization effect for compounds 5.42, 5.45 and 5.46 (R®), measured
by SPR assay in ERa (left panels) and CaMKK2 (right panels). Figure description as in Figure S2.
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Figure S5.8 | Total activity and net stabilization effect for compounds 5.48, 5.51 and 5.52 (R®), measured

by SPR assay in ERa (left panels) and CaMKK?2 (right panels). Figure description as in Figure S2.
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Figure S5.9 | Total activity and net stabilization effect for compounds 5.54, 5.62 and 5.63 (R®), measured
by SPR assay in ERa (left panels) and CaMKK?2 (right panels). Figure description as in Figure S2.
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5.8.2 Chemistry section

General Information

All solvents and reagents were obtained from commercially available sources and used without
further purification. The microwave syntheses were performed in a Biotage Initiator with an external
surface IR probe. Flash column chromatography was carried out on prepacked silica gel columns
supplied by Biotage and using Biotage automated flash systems with UV detection.

UHPLC-MS experiments were performed using a Waters Acquity UHPLC system combined with a
SQD mass spectrometer. The UHPLC system was equipped with both a BEH C18 column 1.7 ym
2.1x50 mm in combination with a 46 mM (NH,4).COs/NHj3 buffer at pH 10 and a HSS C18 column
1.8 ym 2.1x50 mm in combination with 10 mM formic acid or 1 mM ammonium formate buffer at
pH 3. The mass spectrometer used ESI+/- as ion source. UPLC was also carried out using a Waters
UPLC fitted with Waters QDa mass spectrometer (Column temp 40°C, UV = 190-400 nm, MS =
ESI with pos/neg switching) equipped with a Waters Acquity BEH 1.7 ym 2.1x100 mm in
combination with either 0.1% formic acid in water, 0.05% TFA in water or 0.04% NH3; in water. The
flow rate was 1 mL/min.

Preparative HPLC was performed by Waters Fraction Lynx with ZQ MS detector on either a Waters
Xbridge C18 OBD 5 pm column (19x150 mm, flow rate 30 mL/min or 30x150 mm, flow rate 60
mL/min) using a gradient of 5-95% MeCN with 0.2% NH3; at pH 10 or a Waters SunFire C18 OBD
5 pm column (19x150 mm, flow rate 30 mL/min or 30x150 mm, flow rate 60 mL/min) using a
gradient of 5-95% MeCN with 0.1 M formic acid or on a Gilson Preparative HPLC with a UV/VIS
detector 155 on a Kromasil C8 10 pm column (20 x 250 mm, flow rate 19 mL/min, or 50 x 250 mm,
flow rate 100 mL/min) using a varying gradient of ACN with 0.1% formic acid (FA) in water or 0.2%
trifluoroacetic acid (TFA) in water or 0.2% acetic acid (AcOH) in water or 0.2% ammonia (NH3s) in
water. Molecular mass (HR-ESI-MS) was recorded using a Shimadzu LCMS-2020 instrument
(ESI+). Purity of all test compounds was determined by LCMS. All screening compounds had a
purity >95%.

General 'H NMR spectra were recorded on a Bruker Avance II, Ill, AV300, AV400 or AVIII500
spectrometer at a proton frequency of 400, 500 or 600 MHz at 25 °C or at a temperature and
frequency stated in each experiment. 1*C NMR spectra were recorded at 101 MHz or 126 MHz.
The chemical shifts (&) are reported in parts per million (ppm) with residual solvent signal used as
a reference (CD,Cl, at 5.32 ppm for *H NMR and 53.84 ppm for *C NMR, (CD3),SO at 2.50 ppm
for 'H NMR and 39.52 ppm for 1*C NMR, CDCl; at 7.26 ppm for *H NMR and 77.16 ppm for 13C
NMR). Coupling constants (J) are reported as Hz. NMR abbreviations are used as follows: br =
broad, s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet. Protons on heteroatoms such
as COOH protons are only reported when detected in NMR and can therefore be missing.

Synthetic procedures and compound characterization

Ethyl 2,4-dioxo-4-phenyl-butanoate. Synthesized as described in ref.l° Matches with previously
reported characterization.

Ethyl 4-(2-bromophenyl)-2,4-dioxobutanoate (5.5a).

In a RBF, 1-(2-bromophenyl)ethan-1-one (2.03 mL, 15.1 mmol) was dissolved in THF (100 mL) and
the resulting solution cooled to 0 °C. Sodium ethanolate (8.4 mL, 22.6 mmol) was then added
dropwise and the reaction allowed to stir for 15 min at O °C. Diethyl oxalate (2.25 mL, 15.6 mmol)
was finally added dropwise, the cooling bath removed, and the reaction allowed to stir overnight at
rt. The reaction was quenched with 1M HCI (50 mL). The resulting suspension was poured into a
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separatory funnel and the crude product was extracted with DCM (3x). The combined organic layers
were dried using a phase separator and solvent was removed under reduced pressure. The residue
was purified by automated flash chromatography on a Biotage® KP-SIL 10g column. A gradient
from 0 to 10% of EtOAc in heptane over 20 CV was used as mobile phase. Collected fractions were
dried under reduced pressure, to give ethyl 4-(2-bromophenyl)-2,4-dioxobutanoate (3.25 g, 72.1 %)
as a dark red solid. *H NMR (400 MHz, CDCl3) & 7.67 (dd, J = 7.9, 1.1 Hz, 1H), 7.57 (dd, J = 7.6,
1.8 Hz, 1H), 7.42 (td, J = 7.5, 1.2 Hz, 1H), 7.35 (id, J = 7.7, 1.8 Hz, 1H), 5.89 (s, 1H), 4.39 (q, J =
7.1 Hz, 2H), 1.39 (t, J = 7.1 Hz, 3H). *C NMR (101 MHz, CDCls) & 194.33, 167.43, 161.97, 138.13,
134.34, 132.79, 130.20, 127.74, 120.28, 103.15, 62.83, 14.21.

Ethyl 2,4-dioxo-4-(pyridin-2-yl)butanoate (5.9a).

In a RBF, 1-(pyridin-2-yl)ethan-1-one (2.78 mL, 24.8 mmol) was dissolved in THF (50 mL) and the
resulting solution cooled to 0 °C. Sodium ethanolate (13.9 mL, 37.2 mmol) was then added dropwise
and the reaction allowed to stir for 15 min at 0 °C. Diethyl oxalate (3.70 mL, 27.2 mmol) was finally
added dropwise, the cooling bath removed, and the reaction allowed to stir overnight at rt. The
reaction was quenched with 1M HCI (50 mL). The resulting suspension was poured into a
separatory funnel and the crude product was extracted with DCM (3x). The combined organic layers
were dried using a phase separator and solvent was removed under reduced pressure. The residue
was purified by automated flash chromatography on a Biotage® KP-SIL 10g column. A gradient
from 0 to 10% of EtOAc in heptane over 20 CV was used as mobile phase. Collected fractions were
dried under reduced pressure, to give ethyl 2,4-dioxo-4-(pyridin-2-yl)butanoate (2.015 g, 35.8 %)
as a yellow solid. *H NMR (400 MHz, CDCl3) & 8.68 — 8.79 (m, 1H), 8.17 (d, J = 7.9 Hz, 1H), 7.90
(td, J=7.8, 1.7 Hz, 1H), 7.61 (br, 1H), 7.51 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H), 4.39 (q, J = 7.1 Hz, 2H),
1.40 (t, J = 7.1 Hz, 3H). *C NMR (101 MHz, CDCIlz) & 190.55, 162.29, 151.95, 149.25, 137.53,
127.57,123.00, 99.51, 62.68, 14.25.

General procedure for the synthesis of compounds 5.1, 5.4 - 5.63.

In'a 20 mL vial, to a solution of methyl/ethyl 2,4-dioxobutanoate analogue (1.0 equiv) in ACOH (2.5-
5.0 mL/mmol), the corresponding aldheyde (1.0 equiv) and amine (1.0 equiv) were added. The vial
was capped and heated at 120 °C for 180 min in a single node microwave reactor. The pressure
monitored was 1 bar.

Rac- and (R)- 5-[3-Benzoyl-4-hydroxy-2-(4-nitrophenyl)-5-ox0-2H-pyrrol-1-yl]-2-hydroxy-
benzoic acid (5.1 and (R)-5.1). Synthesized as described in ref.'® Matches with previously reported
characterization.

5-(3-(2-Chlorobenzoyl)-4-hydroxy-2-(4-nitrophenyl)-5-ox0-2,5-dihydro-1H-pyrrol-1-yl)-2-
hydroxybenzoic acid (5.4). Prepared from methyl 4-(2-chlorophenyl)-2,4-dioxobutanoate (130 mg,
0.54 mmol), 4-nitrobenzaldehyde (83 mg, 0.54 mmol) and 5-amino-2-hydroxybenzoic acid (87 mg,
0.54 mmol). After solvent removal, the crude product was purified by preparative HPLC (5-95%
ACN with 0.1 M FA, flow rate 30 mL/min). Collected fractions were freeze-dried, to give the title
compound (99 mg, 37.1%) as an off-white solid. *H NMR (600 MHz, DMSO) & 8.10 (d, J = 8.8 Hz,
2H), 7.99 (d, J = 2.7 Hz, 1H), 7.61 — 7.71 (m, 3H), 7.39 — 7.49 (m, 2H), 7.33 — 7.39 (m, 1H), 7.27
(d, J = 7.2 Hz, 1H), 5.87 (d, J = 8.9 Hz, 1H), 5.36 (s, 1H). HRMS (ESI) m/z [M + H]* calcd for
C24H15CIN2Og: 495.0595, found: 495.0583. Purity: 99%.
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5-(3-(2-Bromobenzoyl)-4-hydroxy-2-(4-nitrophenyl)-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)-2-
hydroxybenzoic acid (5.5). Prepared from 5.5a (350 mg, 1.04 mmol), 4-nitrobenzaldehyde (157
mg, 1.04 mmol) and 5-amino-2-hydroxybenzoic acid (159 mg, 1.04 mmol). After solvent removal,
the crude product was purified by preparative HPLC (5-95% ACN in 0.1 M FA, with a flow rate of
60 mL/min). The collected fractions were freeze-dried, to give the title compound (133 mg, 24%) as
a yellow solid. *H NMR (600 MHz, DMSO) & 8.10 (d, J = 8.7 Hz, 2H), 8.00 (d, J = 2.7 Hz, 1H), 7.63
—7.69 (m, 3H), 7.60 (d, J = 8.0 Hz, 1H), 7.42 (t, J = 7.5 Hz, 1H), 7.35 (t, J = 7.7 Hz, 1H), 7.24 (d, J
= 7.5 Hz, 1H), 5.89 (d, J = 8.9 Hz, 1H), 5.38 (s, 1H). HRMS (ESI) m/z [M + H]* calcd for
C24H15BrN208: 539.0090, found: 539.0073. Purity: 98%.

5-(3-(3-(Difluoromethoxy)benzoyl)-4-hydroxy-2-(4-nitrophenyl)-5-o0x0-2,5-dihydro-1H-pyrrol-
1-yl)-2-hydroxybenzoic acid (5.6). Prepared from methyl 4-(3-(difluoromethoxy)phenyl)-2,4-
dioxobutanoate (120 mg, 0.44 mmol), 4-nitrobenzaldehyde (68.0 mg, 0.44 mmol) and 5-amino-2-
hydroxybenzoic acid (71.1 mg, 0.44 mmol). After solvent removal, the crude product was purified
by preparative HPLC (5-95% ACN with 0.1 M FA, flow rate 30 mL/min). Collected fractions were
freeze-dried, to give compound the title compound (42 mg, 18.1%) as a off-white solid. HRMS (ESI)
m/z [M + H]* calcd for C25H16F2N209: 527.0902, found: 527.0887.

5-(3-(4-Chlorobenzoyl)-4-hydroxy-2-(4-nitrophenyl)-5-ox0-2,5-dihydro-1H-pyrrol-1-yl)-2-
hydroxybenzoic acid (5.7).

Prepared from methyl 4-(4-chlorophenyl)-2,4-dioxobutanoate (150 mg, 0.62 mmol), 4-
nitrobenzaldehyde (96 mg, 0.62 mmol) and 5-amino-2-hydroxybenzoic acid (100 mg, 0.62 mmol).
The mixture was diluted with diethyl ether and filtered. The solid residue was washed with diethyl
ether and dried under reduced pressure to give the title compound (60.0 mg, 19.5%) as a yellow
solid. *H NMR (400 MHz, DMSO) 8 8 — 8.11 (m, 3H), 7.65 — 7.77 (m, 5H), 7.48 — 7.57 (m, 2H), 5.91
(d, J = 8.9 Hz, 1H), 5.44 (s, 1H). *C NMR (101 MHz, DMSO) & 187.77, 171.14, 164.34, 158.78,
151.71, 147.21, 144.36, 137.47, 135.62, 130.56, 129.28, 128.31, 127.43, 124.94, 123.50, 118.66,
117.58, 113.01, 60.75. HRMS (ESI) m/z [M + H]* calcd for C24H15CIN208 : 495.0595, found:
495.0577.

2-Hydroxy-5-(3-hydroxy-4-(4-methylbenzoyl)-5-(4-nitrophenyl)-2-ox0-2,5-dihydro-1H-pyrrol-
1-yl)benzoic acid (5.8). Prepared from methyl 2,4-dioxo-4-(p-tolyl)butanoate (250 mg, 1.14 mmol),
4-nitrobenzaldehyde (175 mg, 1.14 mmol) and 5-amino-2-hydroxybenzoic acid (183 mg, 1.14
mmol). After solvent removal, the crude product was purified by preparative HPLC (5—-95% ACN
with 0.1 M FA, flow rate 30 mL/min). Collected fractions were freeze-dried, to give compound xx1
(14 mg, 3%) as a off-white solid. HRMS (ESI) m/z [M + H]* calcd for C25H18N208: 475.1141,
found: 475.1125.

2-Hydroxy-5-(3-hydroxy-5-(4-nitrophenyl)-2-oxo-4-picolinoyl-2,5-dihydro-1H-pyrrol-1-
yh)benzoic acid (5.9). Prepared from 5.9a (150 mg, 0.64 mmol), 4-nitrobenzaldehyde (97 mg, 0.64
mmol) and 5-amino-2-hydroxybenzoic acid (99 mg, 0.64 mmol). After solvent removal, the crude
product was purified by preparative HPLC (5-95% ACN in 0.1 M FA, flow rate 60 mL/min). The
collected fractions were freeze-dried, to give the title compound (29 mg, 10%) as a pale yellow
solid. *H NMR (600 MHz, DMSO) & 8.99 (d, J = 4.4 Hz, 1H), 8.36 (td, J = 7.9, 1.6 Hz, 1H), 8.15 (d,
J =8.0 Hz, 1H), 7.97 — 8.08 (m, 4H), 7.57 — 7.72 (m, 3H), 5.86 (d, J = 8.9 Hz, 1H), 5.35 (s, 1H).
HRMS (ESI) m/z [M + H]* calcd for C23H15N308: 462.0937, found: 462.0941. Purity: 100%
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5-(3-Benzyl-4-hydroxy-2-(4-nitrophenyl)-5-o0x0-2,5-dihydro-1H-pyrrol-1-yl)-2-
hydroxybenzoic acid (5.10). Prepared from ethyl 2-oxo-4-phenylbutanoate (250 mg, 1.21 mmol),
4-nitrobenzaldehyde (183 mg, 1.21 mmol) and 5-amino-2-hydroxybenzoic acid (186 mg, 1.21
mmol). After solvent removal, the crude mixture was purified by preparative SFC (MeOH/NH3; 20
mM). The collected fractions were dried under reduced pressure, to give the title compound (10 mg,
2%) as a pale yellow solid. HRMS (ESI) m/z [M + H]* calcd for C24H18N207: 447.1192, found:
447.1169. Purity: 96%.

5-(3-(4-Chlorobenzyl)-4-hydroxy-2-(4-nitrophenyl)-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)-2-
hydroxybenzoic acid (5.11). Prepared from ethyl 4-(4-chlorophenyl)-2-oxobutanoate (274 mg,
1.14 mmol), 4-nitrobenzaldehyde (172 mg, 1.14 mmol) and 5-amino-2-hydroxybenzoic acid (175
mg, 1.14 mmol) After solvent removal, the reaction mixture was triturated with diethyl ether. The
solid residue was washed with diethyl ether and subsequently purified by preparative HPLC (5-95%
ACN in 0.2% NHs, flow rate 60 mL/min). The collected fractions were freeze-dried, to give the title
compound (119 mg, 18%) as a HRMS (ESI) m/z [M + H]* calcd for C24H17CIN207: 481.0802,
found: 481.0808. Purity: 86%.

2-Hydroxy-5-(3-hydroxy-4-isobutyl-5-(4-nitrophenyl)-2-ox0-2,5-dihydro-1H-pyrrol-1-
yh)benzoic acid (5.12). Prepared from ethyl 5-methyl-2-oxohexanoate (196 mg, 1.14 mmol), 4-
nitrobenzaldehyde (172 mg, 1.14 mmol) and 5-amino-2-hydroxybenzoic acid (175 mg, 1.14 mmol)
After solvent removal, the reaction mixture was triturated with diethyl ether. The solid residue was
washed with diethyl ether and subsequently purified by preparative HPLC (5-95% ACN in 0.2%
NHs, flow rate 60 mL/min). The collected fractions were freeze-dried, to give the title compound
(141 mg, 27%) as a HRMS (ESI) m/z [M + H]* calcd for C21H20N207: 413.1349, found: 413.1360.
Purity: 100%

2-Hydroxy-5-(3-hydroxy-5-(4-nitrophenyl)-2-oxo0-4-(pyrazin-2-yl)-2,5-dihydro-1H-pyrrol-1-
yhbenzoic acid (5.13). Prepared from ethyl 2-oxo-3-(pyrazin-2-yl)propanoate (221 mg, 1.14
mmol), 4-nitrobenzaldehyde (172 mg, 1.14 mmol) and 5-amino-2-hydroxybenzoic acid (175 mg,
1.14 mmol) After solvent removal, the reaction mixture was triturated with diethyl ether. The solid
residue was washed with diethyl ether and subsequently purified by preparative HPLC (5-95% ACN
in 0.2% NHs;, flow rate 60 mL/min). The collected fractions were freeze-dried, to give the title
compound (180 mg, 36%) as an off-white solid. HRMS (ESI) m/z [M + H]* calcd for C21H14N407:
435.0941, found: 435.0960. Purity: 86%.

5-(2-(4-Aminophenyl)-3-benzoyl-4-hydroxy-5-oxo0-2,5-dihydro-1H-pyrrol-1-yl)-2-
hydroxybenzoic acid (5.14). Ina RBF, 5.1 (100 mg, 0.22 mmol) and Pd/C 5% (45 mg, 0.011 mmol)
were suspended in MeOH (5 mL). The reaction was allowed to stir at RT under an atmosphere of
H2 (1 bar) until complete consumption of starting material (6 hr). The catalyst was removed by
filtration through a plug of celite, the filtrate was concentrated under vacuum and the resulting solid
was purified by preparative HPLC (5-95% ACN in 0.1 M FA, flow rate 60 mL/min). The collected
fractions were freeze-dried, to give the title compound (8 mg, 9%) as an off-white solid. HRMS (ESI)
m/z [M + HJ]* calcd for C24H18N206: 431.1243, found: 431.1245. Purity: 97%.

5-(3-Benzoyl-4-hydroxy-5-oxo-2-phenyl-2,5-dihydro-1H-pyrrol-1-yl)-2-hydroxybenzoic acid
(5.15). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (300 mg, 1.36 mmol), benzaldehyde
(0.138 mL, 1.36 mmol) and 5-amino-2-hydroxybenzoic acid (209 mg, 1.36 mmol) After solvent
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removal, the reaction mixture was triturated with diethyl ether. The solid residue was washed with
diethyl ether and subsequently purified by preparative HPLC (2-94% ACN in 0.2% NHjs, flow rate
60 mL/min). The collected fractions were freeze-dried, to give the title compound (124 mg, 22%) as
an off-white solid. HRMS (ESI) m/z [M + H]* calcd for C24H17NOG6: 415.1134, found: 415.1127.
Purity: 95%.

5-(4-Benzoyl-3-hydroxy-2-ox0-2,5-dihydro-1H-pyrrol-1-yl)-2-hydroxybenzoic  acid  (5.16).
Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (71 mg, 0.32 mmol), formaldehyde (30 pl, 0.32
mmol), and 5-amino-2-hydroxybenzoic acid (52.0 mg, 0.32 mmol). After solvent removal, the crude
product was purified by preparative HPLC (5—-95% ACN with 0.1 M FA, flow rate 30 mL/min).
Collected fractions were freeze-dried, to give the title compound (23 mg, 21.0%) as an off-white
solid. *H NMR (600 MHz, DMSO) & 8.23 (d, J = 2.8 Hz, 1H), 7.93 (dd, J = 9.0, 2.8 Hz, 1H), 7.78 —
7.84 (m, 2H), 7.60 (t, J = 7.4 Hz, 1H), 7.50 (t, J = 7.7 Hz, 2H), 7.01 (d, J = 9.0 Hz, 1H), 4.64 (s, 2H).
HRMS (ESI) m/z [M + H]* calcd for C18H13NO6: 340.0821, found: 340.0802. Purity: 100%.

5-(3-Benzoyl-2-(4-carboxyphenyl)-4-hydroxy-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)-2-
hydroxybenzoic acid (5.17). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (300 mg, 1.36
mmol), 4-formylbenzoic acid (205 mg, 1.36 mmol) and 5-amino-2-hydroxybenzoic acid (209 mg,
1.36 mmol) After solvent removal, the reaction mixture was triturated with diethyl ether. The solid
residue was washed with diethyl ether and subsequently purified by preparative HPLC (5-95% ACN
in 0.1 M FA, flow rate 60 mL/min). The collected fractions were freeze-dried, to give title compound
(58 mg, 9%) as an off-white solid. *H NMR (400 MHz, DMSO) & 8.01 (d, J = 2.7 Hz, 1H), 7.77 (d, J
=8.3 Hz, 2H), 7.66 — 7.73 (m, 3H), 7.57 (t, J = 7.4 Hz, 1H), 7.4 — 7.52 (m, 4H), 5.90 (d, J = 8.9 Hz,
1H), 5.35 (s, 1H). HRMS (ESI) m/z [M + H]* calcd for C25H17NO8: 460.1032, found: 460.1029.
Purity: 96%.

5-(2-(4-Acetamidophenyl)-3-benzoyl-4-hydroxy-5-ox0-2,5-dihydro-1H-pyrrol-1-yl)-2-
hydroxybenzoic acid (5.18). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (250 mg, 1.14
mmol), N-(4-formylphenyl)acetamide (185 mg, 1.14 mmol) and 5-amino-2-hydroxybenzoic acid
(174 mg, 1.14 mmol) After solvent removal, the crude product was purified by preparative HPLC
(5-95% ACN in 0.2% NHs, flow rate 60 mL/min). The collected fractions were freeze-dried, to give
the title compound (21 mg, 4%) as a yellow solid. HRMS (ESI) m/z [M + H]* calcd for C26H20N207:
473.1349, found: 473.1338. Purity: 95%.

5-(2-(3-Acetamidophenyl)-3-benzoyl-4-hydroxy-5-ox0-2,5-dihydro-1H-pyrrol-1-yl)-2-
hydroxybenzoic acid (5.19). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (256 mg, 1.16
mmol), N-(3-formylphenyl)acetamide (190 mg, 1.16 mmol) and 5-amino-2-hydroxybenzoic acid
(178 mg, 1.16 mmol). After solvent removal, the reaction mixture was triturated with diethyl ether.
The filtrate was evaporated under reduced pressure and purified by preparative HPLC (0-20%
acetonitrile in HoO/ACN/FA 95/5/0.2 buffer, over 15 minutes with a flow rate of 19 mL/min.). The
collected fractions were freeze-dried, to give the title compound (46 mg, 8%) as a yellow solid.
HRMS (ESI) m/z [M + H]* calcd for C26H20N207: 473.1349, found: 473.1334. Purity: 69%.

5-(3-Benzoyl-4-hydroxy-5-o0x0-2-(1-ox0-1,3-dihydroisobenzofuran-5-yl)-2,5-dihydro-1H-

pyrrol-1-yl)-2-hydroxybenzoic acid (5.20). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate
(250 mg, 1.14 mmol), 1-oxo-1,3-dihydroisobenzofuran-5-carbaldehyde (185 mg, 1.14 mmol) and 5-
amino-2-hydroxybenzoic acid (174 mg, 1.14 mmol). After solvent removal, the reaction mixture was
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triturated with diethyl ether. The solid residue was washed with diethyl ether and subsequently
purified by preparative HPLC (5-95% ACN in 0.1 M FA, flow rate 60 mL/min). The collected fractions
were freeze-dried, to give the title compound (192 mg, 35%) as a yellow solid. *H NMR (500 MHz,
DMSO) & 8.02 (d, J = 2.8 Hz, 1H), 7.67 — 7.75 (m, 4H), 7.65 (dd, J = 8.9, 2.7 Hz, 1H), 7.62 (d, J =
8.0 Hz, 1H), 7.53 - 7.59 (m, 1H), 7.44 (t, J = 7.7 Hz, 2H), 5.86 (d, J = 8.9 Hz, 1H), 5.42 (s, 1H), 5.28
(s, 2H). 3C NMR (126 MHz, DMSO) & 188.90, 171.19, 170.01, 164.65, 159.03, 147.55, 143.75,
138.03, 132.62, 130.23, 128.77, 128.15, 127.33, 125.02, 124.94, 124.85, 122.35, 119.17, 117.41,
113.77,69.70, 61.38. HRMS (ESI) m/z [M + H]* calcd for C26H17NO8: 472.1032, found: 472.1045.
Purity: 97%.

5-(2-(1H-Benzo[d][1,2,3]triazol-5-yl)-3-benzoyl-4-hydroxy-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)-

2-hydroxybenzoic acid (5.21). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (250 mg, 1.14
mmol), 1H-benzo[d][1,2,3]triazole-5-carbaldehyde (177 mg, 1.14 mmol) and 5-amino-2-
hydroxybenzoic acid (174 mg, 1.14 mmol) After solvent removal, the reaction mixture was triturated
with diethyl ether. The solid residue was washed with diethyl ether and subsequently purified by
preparative HPLC (5-95% ACN in 0.1 M FA, flow rate 60 mL/min). The collected fractions were
freeze-dried, to give the title compound (173 mg, 33%) as a yellow solid. HRMS (ESI) m/z [M + H]*
calcd for C24H16N406: 457.1148, found: 457.1141. Purity: 97%.

5-(3-Benzoyl-4-hydroxy-2-(1-methyl-1H-benzo[d][1,2,3]triazol-5-yl)-5-0x0-2,5-dihydro-1H-
pyrrol-1-yl)-2-hydroxybenzoic acid (5.22). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate
(250 mg, 1.14 mmol), 1-methyl-1H-benzo[d][1,2,3]triazole-5-carbaldehyde (193 mg, 1.14 mmol)
and 5-amino-2-hydroxybenzoic acid (174 mg, 1.14 mmol) After solvent removal, the reaction
mixture was triturated with diethyl ether. The solid residue was washed with diethyl ether and dried
under reduced pressure, to give the titte compound (167 mg, 31%) as a yellow solid. *H NMR (600
MHz, DMSO) & 8.07 (s, 1H), 8.00 (d, J = 2.6 Hz, 1H), 7.73 (d, J = 7.3 Hz, 2H), 7.62 — 7.68 (m, 2H),
7.54 (t, J =7.4 Hz, 1H), 7.49 (d, J = 8.8 Hz, 1H), 7.43 (t, J = 7.7 Hz, 2H), 5.80 (d, J = 8.9 Hz, 1H),
5.43 (s, 1H), 4.16 (s, 3H). HRMS (ESI) m/z [M + H]* calcd for C25H18N406: 471.1304, found:
471.1299. Purity: 96%.

5-(3-Benzoyl-4-hydroxy-2-(1H-indazol-6-yl)-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)-2-
hydroxybenzoic acid (5.23). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (250 mg, 1.14
mmol), 1H-indazole-6-carbaldehyde (170 mg, 1.14 mmol) and 5-amino-2-hydroxybenzoic acid (174
mg, 1.14 mmol) After solvent removal, the reaction mixture was triturated with diethyl ether. The
solid residue was washed with diethyl ether and subsequently purified by preparative HPLC (5-90%
ACN in 0.2% NHjs, flow rate 60 mL/min). The collected fractions were freeze-dried, to give the title
compound (128 mg, 24%) as a off-white solid. *H NMR (500 MHz, DMSO) & 12.99 (s, 1H), 7.99 (d,
J=2.7 Hz, 1H), 7.88 — 7.93 (m, 1H), 7.68 — 7.73 (m, 2H), 7.65 (dd, J = 8.9, 2.6 Hz, 1H), 7.51 — 7.59
(m, 3H), 7.44 (t, J = 7.7 Hz, 2H), 5.94 — 7.04 (m, 1H), 5.81 (d, J = 8.9 Hz, 1H), 5.37 (s, 1H). 3C
NMR (126 MHz, DMSO) 6 189.28, 171.19, 164.48, 158.88, 150.23, 139.60, 137.88, 134.16, 133.28,
132.72, 130.36, 128.78, 128.22, 127.59, 124.90, 122.52, 120.81, 119.92, 118.52, 117.24, 113.47,
110.77, 62.01. HRMS (ESI) m/z [M + HJ]* calcd for C25H17N306: 455.1195, found: 455.1198.
Purity: 97%.

5-(3-Benzoyl-4-hydroxy-2-(1-methyl-1H-indazol-6-yl)-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)-2-
hydroxybenzoic acid (5.24). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (250 mg, 1.14
mmol), 1-methyl-1H-indazole-6-carbaldehyde (187 mg, 1.14 mmol) and 5-amino-2-hydroxybenzoic
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acid (174 mg, 1.14 mmol). After solvent removal, the reaction mixture was triturated with diethyl
ether. Purified by recrystallization from 1,4-dioxane, to give the title compound (61 mg, 11%) as a
yellow solid. *H NMR (500 MHz, DMSO) & 8.03 (d, J = 2.7 Hz, 1H), 7.86 — 7.89 (m, 1H), 7.69 — 7.77
(m, 4H), 7.52 - 7.6 (m, 2H), 7.44 (t, J = 7.7 Hz, 2H), 7.07 (dd, J = 8.4, 1.2 Hz, 1H), 5.87 (d, J = 8.9
Hz, 1H), 5.37 (s, 1H), 3.97 (s, 3H). **C NMR (126 MHz, DMSO) 5 189.36, 171.25, 164.53, 158.69,
150.25, 139.41, 137.90, 134.40, 132.71, 132.19, 130.73, 128.84, 128.21, 127.79, 125.05, 123.19,
120.89, 119.98, 119.43, 117.36, 112.94, 109.80, 62.15, 35.34. HRMS (ESI) m/z [M + H]* calcd for
C26H19N306: 470.1352, found: 470.1345. Purity: 99%.

5-(3-Benzoyl-4-hydroxy-2-(1H-indazol-5-yl)-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)-2-
hydroxybenzoic acid (5.25). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (272 mg, 1.14
mmol), 1H-indazole-5-carbaldehyde (174 mg, 1.14 mmol) and 5-amino-2-hydroxybenzoic acid (174
mg, 1.14 mmol). After solvent removal, the reaction mixture was triturated with diethyl ether. The
filtrate was evaporated under reduced pressure and the crude product was purified by preparative
HPLC (5-95% ACN in 0.1 M FA, flow rate 60 mL/min). The collected fractions were freeze-dried, to
give the title compound (40 mg, 7%) as a pale yellow solid. HRMS (ESI) m/z [M + H]* calcd for
C25H17N306: 455.1195, found: 455.1208. Purity: 84%.

5-(3-Benzoyl-4-hydroxy-5-0x0-2-(1-oxoisoindolin-5-yl)-2,5-dihydro-1H-pyrrol-1-yl)-2-
hydroxybenzoic acid (5.26). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (250 mg, 1.14
mmol), 1-oxoisoindoline-5-carbaldehyde (184 mg, 1.14 mmol) and 5-amino-2-hydroxybenzoic acid
(174 mg, 1.14 mmol) After solvent removal, the reaction mixture was triturated with diethyl ether.
The solid residue was washed with diethyl ether and subsequently purified by preparative HPLC ().
The collected fractions were freeze-dried, to give the titte compound (43 mg, 8%) as an orange
solid. HRMS (ESI) m/z [M + H]* calcd for C26H18N207: 471.1192, found: 471.1188. Purity: 82%.

5-(3-Benzoyl-4-hydroxy-2-(2-methyl-1-oxoisoindolin-5-yl)-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)-
2-hydroxybenzoic acid (5.27). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (250 mg, 1.14
mmol), 2-methyl-1-oxoisoindoline-5-carbaldehyde (200 mg, 1.14 mmol) and 5-amino-2-
hydroxybenzoic acid (174 mg, 1.14 mmol) After solvent removal, the reaction mixture was triturated
with diethyl ether. The solid residue was washed with diethyl ether and dried under reduced
pressure, to give the title compound (300 mg, 55%) as a pale yellow solid. *H NMR (400 MHz,
DMSO0) 5 8.02 (d, J = 2.6 Hz, 1H), 7.65 — 7.75 (m, 3H), 7.53 — 7.62 (m, 2H), 7.4 — 7.52 (m, 4H),
5.89 (d, J = 8.9 Hz, 1H), 5.37 (s, 1H), 4.32 (s, 2H), 2.96 (s, 3H). 3C NMR (101 MHz, DMSO) &
189.11, 171.18, 165.62, 164.48, 158.69, 150.50, 141.87, 139.89, 137.90, 132.65, 132.42, 130.55,
128.72, 128.16, 127.65, 127.53, 124.89, 122.60, 122.51, 119.70, 117.42, 113.00, 61.60, 51.14,
28.84. HRMS (ESI) m/z [M + H]* calcd for C27H20N207: 485.1349, found: 485.1339. Purity: 97%.

5-(2-(Benzo[c][1,2,5]oxadiazol-5-yl)-3-benzoyl-4-hydroxy-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)-

2-hydroxybenzoic acid (5.28). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (250 mg, 1.14
mmol), benzo[c][1,2,5]oxadiazole-5-carbaldehyde (174 mg, 1.14 mmol) and 5-amino-2-
hydroxybenzoic acid (174 mg, 1.14 mmol) After solvent removal, the reaction mixture was triturated
with diethyl ether. The solid residue was washed with diethyl ether and dried under reduced
pressure, to give the title compound (167 mg, 32%) as an off-white solid. *H NMR (500 MHz, DMSO)
0 8.22 (s, 1H), 8.06 (d, J = 2.7 Hz, 1H), 7.86 — 7.91 (m, 1H), 7.7 — 7.78 (m, 3H), 7.53 — 7.63 (m,
2H), 7.45 (t, J = 7.7 Hz, 2H), 5.91 (d, J = 8.9 Hz, 1H), 5.45 (s, 1H). *3C NMR (126 MHz, DMSO) &
189.09, 171.15, 164.50, 158.85, 152.05, 148.61, 148.48, 141.51, 137.89, 132.71, 131.14, 130.66,
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128.78, 128.17, 127.29, 125.13, 117.57, 117.45, 115.70, 115.40, 113.10, 61.09. HRMS (ESI) m/z
[M + H]* caled for C24H15N307: 458.0988, found: 458.0980. Purity: 97%.

5-(3-Benzoyl-4-hydroxy-2-(isoquinolin-6-yl)-5-o0x0-2,5-dihydro-1H-pyrrol-1-yl)-2-
hydroxybenzoic acid (5.29). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (268 mg, 1.22
mmol), isoquinoline-6-carbaldehyde (201 mg, 1.22 mmol) and 5-amino-2-hydroxybenzoic acid (186
mg, 1.22 mmol). After solvent removal, the reaction mixture was triturated with diethyl ether. The
solid residue was washed with diethyl ether, then taken up in 1,4-dioxane and stirred for 15 min.
The resulting suspension was filtered, the filtrate was evaporated under reduced pressure and
purified by preparative HPLC (5-95% ACN in 0.1 M FA, flow rate 60 mL/min). The collected fractions
were freeze-dried, to give the titte compound (20 mg, 4%) as a yellow solid. *H NMR (500 MHz,
CDz;0OD) 6 9.09 (s, 1H), 8.34 (d, J =5.9 Hz, 1H), 7.97 (d, J = 8.0 Hz, 3H), 7.71 — 7.8 (m, 3H), 7.60
(d, J=8.7 Hz, 1H), 7.43 — 7.53 (m, 2H), 7.38 (t, J = 7.5 Hz, 2H), 5.73 (d, J = 8.8 Hz, 1H), 5.31 (s,
1H). HRMS (ESI) m/z [M + H]* calcd for C27H18N206: 467.1243, found: 467.1241. Purity: 99%.

4-Benzoyl-1-(2-chlorophenyl)-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one
(5.30). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-
nitrobenzaldehyde (137 mg, 0.91 mmol) and 2-(trifluoromethyl)aniline (0.114 mL, 0.91 mmol). After
solvent removal, the crude mixture was dissolved in DCM and washed with ag. HCI 1 M (3x). The
crude was then back-extracted with NaOH 1 M (3x). The combined aqueous layers were made
acidic with ag. HCI 3 M, extracted with DCM (3x) and then the solvent was removed under vacuum.
The resulting solid was purified by preparative HPLC (5-95% ACN in 0.2% NHs, flow rate 60
mL/min). Collected fractions were freeze-dried, to give the title compound (24 mg, 5.1%) as a pale
yellow solid. *H NMR (600 MHz, DMSO) & 8.02 (d, J = 8.8 Hz, 2H), 7.75 — 7.83 (m, 2H), 7.56 (d, J
=8.4 Hz, 2H), 7.45(d, J =7.1 Hz, 1H), 7.39 (d, J = 7.4 Hz, 1H), 7.33 (t, J = 7.5 Hz, 2H), 7.23 - 7.3
(m, 2H), 5.99 — 7.22 (m, 1H), 5.98 (s, 1H). HRMS (ESI) m/z [M + H]* calcd for C23H15CIN205:
435.0748, found: 435.0739. Purity: 95%.

4-Benzoyl-1-(2-fluorophenyl)-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one
(5.31). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-
nitrobenzaldehyde (137 mg, 0.91 mmol) and 2-fluoroaniline (101 mg, 0.91 mmol). After solvent
removal, the crude product was purified by preparative HPLC (5-95% ACN with 0.1 M FA, flow rate
30 mL/min). Collected fractions were freeze-dried, to give the title compound (84 mg, 22.0%) as a
off-white solid. *H NMR (600 MHz, DMSO) & 8.05 (d, J = 8.6 Hz, 2H), 7.76 (d, J = 7.3 Hz, 2H), 7.64
(d, J=8.4 Hz, 2H), 7.60 (t, J = 7.3 Hz, 1H), 7.55 (t, J = 7.3 Hz, 1H), 7.45 (t, J = 7.6 Hz, 2H), 7.27 —
7.32 (m, 1H), 7.21 — 7.26 (m, 1H), 7.19 (t, J = 7.6 Hz, 1H), 5.28 (s, 1H). HRMS (ESI) m/z [M + H]*
calcd for C23H15FN205: 419.1043, found: 419.1014.

2-(3-Benzoyl-4-hydroxy-2-(4-nitrophenyl)-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)benzonitrile

(5.32). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (300 mg, 1.36 mmol), 4-
nitrobenzaldehyde (206 mg, 1.36 mmol) and 2-aminobenzonitrile (161 mg, 1.36 mmol). After
solvent removal, the reaction mixture was diluted with ag HCI (1M) and extracted with EtOAc (3x).
The combined organic layers were dried using a phase separator and solvent was removed under
reduced pressure. The crude product was purified by preparative HPLC (5-95% ACN in 0.2% NHs,
flow rate 60 mL/min). Collected fractions were freeze-dried, to give the title compound (14 mg,
2.4%) as a pale yellow solid. *H NMR (600 MHz, DMSO) & 8.07 (d, J = 8.8 Hz, 2H), 7.8 — 7.83 (m,
1H), 7.76 — 7.79 (m, 3H), 7.7 — 7.76 (m, 1H), 7.65 (d, J = 8.6 Hz, 2H), 7.48 — 7.58 (m, 1H), 7.4 —
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7.46 (m, 3H), 5.42 (s, 1H). HRMS (ESI) m/z [M + H]* calcd for C24H15N305: 425.1090, found:
425.1067. Purity: 99%.

4-Benzoyl-3-hydroxy-1-(2-nitrophenyl)-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one (5.33).
Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (300 mg, 1.36 mmol), 4-nitrobenzaldehyde (206
mg, 1.36 mmol) and 2-nitroaniline (188 mg, 1.36 mmol). After solvent removal, the crude product
was purified by preparative HPLC (5-95% ACN in 0.2% NHs, flow rate 30 mL/min). Collected
fractions were freeze-dried, to give the title compound(4 mg, 1%) as a yellow solid. *H NMR (600
MHz, DMSO) & 8.07 — 8.12 (m, 2H), 7.9 — 7.95 (m, 1H), 7.8 — 7.85 (m, 3H), 7.74 — 7.78 (m, 2H),
7.69 —7.74 (m, 1H), 7.55 (t, J = 7.5 Hz, 1H), 7.45 (t, J = 7.7 Hz, 3H), 5.54 (s, 1H). HRMS (ESI) m/z
[M + HJ* calcd for C23H15N307: 445.0988, found: 445.1008. Purity: 99%.

2-(3-Benzoyl-4-hydroxy-2-(4-nitrophenyl)-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)benzoic acid
(5.34). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (300 mg, 1.36 mmol), 4-
nitrobenzaldehyde (206 mg, 1.36 mmol), and 2-aminobenzoic acid (187 mg, 1.36 mmol). After
solvent removal, the reaction mixture was triturated with diethyl ether. The filtrate was evaporated
under reduced pressure and the crude product was purified by preparative HPLC (30-70% ACN in
H>O/ACN/TFA 95/5/0.2 buffer over 20 minutes with a flow of 200 mL/min). Collected fractions were
freeze-dried, to give the title compound (20 mg, 1.6%) as an off-white solid. HRMS (ESI) m/z [M +
HJ* calcd for C24H16N207: 445.1036, found: 445.1039.

4-Benzoyl-3-hydroxy-1-(2-hydroxyphenyl)-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one
(5.35). In a RBF, to a solution of ethyl 2,4-dioxo-4-phenylbutanoate (1000 mg, 4.54 mmol) in AcOH
(20 mL), 4-nitrobenzaldehyde (686 mg, 4.54 mmol) and 2-aminophenol (496 mg, 4.54 mmol) were
added. The reaction mixture was stirred at RT for 3 days. After filtration, the solid residue was
purified by preparative HPLC (25-65% ACN in H,O/ACN/FA 95/5/0.2 over 20 min, flowrate of 100
mL/min). Collected fractions were freeze-dried, to give the title compound (743 mg, 39%) as a white
solid. *H NMR (500 MHz, DMSO) & = 10.00 (s, 1H), 8.01 —8.07 (m, 2H), 7.71 — 7.77 (m, 2H), 7.61
—7.67 (m, 2H), 7.54 — 7.61 (m, 1H), 7.42 — 7.5 (m, 2H), 7.14 (dd, J=7.9, 1.7, 1H), 7.06 (ddd, J=8.2,
7.3,1.7, 1H), 5.86 (dd, J=8.1, 1.4, 1H), 5.72 (td, J=7.6, 1.4, 1H), 5.24 (s, 1H). *C NMR (126 MHz,
DMSO) 6 189.28, 164.69, 152.86, 151.78, 147.26, 144.51, 137.94, 132.80, 129.38, 128.94, 128.92,
128.85, 128.82, 128.27, 123.45, 122.53, 119.21, 119.15, 118.19, 115.67, 61.58. HRMS (ESI) m/z
[M + HJ* calcd for Co3H16N20s: 417.1086, found: 417.1079.

4-Benzoyl-3-hydroxy-1-(2-methoxyphenyl)-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one
(5.36). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-
nitrobenzaldehyde (137 mg, 0.91 mmol) and 2-methoxyaniline (0.103 mL, 0.91 mmol).

After solvent removal, the crude mixture was dissolved in DCM and washed with ag. HCI 1 M (3x).
The crude was then back-extracted with NaOH 1 M (3x). The combined aqueous layers were made
acidic with ag. HCI 3 M, extracted with DCM (3x) and then the solvent was removed under vacuum.
The resulting solid was purified by preparative HPLC (5-95% ACN in 0.2% NHj;, flow rate 60
mL/min). Collected fractions were freeze-dried, to give the title compound (54 mg, 13.7%) as an
off-white solid. *H NMR (400 MHz, DMSO) & 8.03 (d, J = 8.8 Hz, 2H), 7.71 — 7.77 (m, 2H), 7.61 (d,
J = 8.8 Hz, 2H), 7.54 — 7.59 (m, 1H), 7.46 (t, J = 7.6 Hz, 2H), 7.18 — 7.27 (m, 2H), 7.02 — 7.1 (m,
1H), 5.83 —5.92 (m, 1H), 5.18 (s, 1H), 3.80 (s, 3H). 1*C NMR (126 MHz, DMSO) & 189.06, 164.69,
154.55, 147.19, 144.36, 137.96, 132.64, 129.31, 129.22, 128.80, 128.74, 128.17, 123.86, 123.31,
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120.46, 112.53, 61.92, 55.81. HRMS (ESI) m/z [M + H]* calcd for C24H18N206: 431.1243, found:
431.1254. Purity: 99%.

4-Benzoyl-1-(3-chlorophenyl)-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one
(5.37). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-
nitrobenzaldehyde (137 mg, 0.91 mmol) and 3-chloroaniline (0.096 mL, 0.91 mmol). After solvent
removal, the reaction mixture was triturated with diethyl ether. The solid residue was washed with
diethyl ether and subsequently purified by preparative HPLC (30-70% ACN in H,O/ACN/FA 95/5/0.2
buffer, over 20 minutes with a flow of 19 mL/min). Collected fractions were freeze-dried, to give the
titte compound (95 mg, 24%) as a pale yellow solid. *H NMR (400 MHz, DMSO) & 8.06 (d, J = 8.8
Hz, 2H), 7.82 — 7.87 (m, 1H), 7.76 (d, J = 8.8 Hz, 2H), 7.67 — 7.73 (m, 2H), 7.57 (t, J = 7.3 Hz, 2H),
7.45 (t, J = 7.6 Hz, 2H), 7.34 (t, J = 8.1 Hz, 1H), 7.13 — 7.24 (m, 1H), 5.54 (s, 1H). 3C NMR (101
MHz, DMSO, 26°C) 5 188.91, 164.85, 147.20, 144.31, 137.80, 137.45, 133.17, 132.74, 130.48,
129.21, 128.71, 128.16, 125.40, 123.48, 121.99, 120.72, 119.28, 60.20. HRMS (ESI) m/z [M + H]*
calcd for C23H15CIN205: 435.0748, found: 435.0725. Purity: 99%.

4-Benzoyl-1-(3-fluorophenyl)-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one
(5.38). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-
nitrobenzaldehyde (137 mg, 0.91 mmol) and 3-fluoroaniline (0.088 mL, 0.91 mmol). After solvent
removal, the crude mixture was dissolved in DCM and washed with ag. HCI 1 M (3x). The crude
was then back-extracted with NaOH 1 M (3x). The combined aqueous layers were made acidic with
ag. HCI 3 M, extracted with DCM (3x) and then the solvent was removed under vacuum. The
resulting solid was purified by preparative SFC (MeOH/H,O/NH3 97/3/50 mM. Column: Waters BEH
5um 30x250mm). Collected fractions were dried under reduced pressure, to give the title compound
(40 mg, 11%) as a pale yellow solid. HRMS (ESI) m/z [M + H]* calcd for C23H15FN205: 419.1043,
found:419.1029. Purity: 98%.

3-(3-Benzoyl-4-hydroxy-2-(4-nitrophenyl)-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)benzonitrile
(5.39). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-
nitrobenzaldehyde (137 mg, 0.91 mmol), and 3-aminobenzonitrile (108 mg, 0.91 mmol). After
solvent removal, the reaction mixture was triturated with diethyl ether. The filtrate was evaporated
under reduced pressure and the crude product was purified by preparative SFC (MeOH/H,O/NH3
97/3/50 mM). Collected fractions were dried under reduced pressure, to give the title compound (78
mg, 20%) as an off-white solid. *H NMR (600 MHz, DMSO) 5 8.21 (s, 1H), 8.03 (d, J = 8.5 Hz, 2H),
7.94 (d,J=7.8 Hz, 1H), 7.73 (d, J = 7.3 Hz, 2H), 7.66 (d, J = 8.4 Hz, 2H), 7.44 — 7.54 (m, 2H), 7.39
(t, J=7.2 Hz, 1H), 7.31 (t, J = 7.6 Hz, 2H), 5.95 — 7.26 (m, 3H), 5.30 (s, 1H). HRMS (ESI) m/z [M +
HJ* calcd for C24H15N305: 425.1090, found: 425.1075. Purity: 99%.

4-Benzoyl-3-hydroxy-1-(3-nitrophenyl)-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one (5.40).
Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-nitrobenzaldehyde (137
mg, 0.91 mmol) and 3-nitroaniline (126 mg, 0.91 mmol). After solvent removal, the reaction mixture
was triturated with diethyl ether. The solid residue was washed with diethyl ether and subsequently
purified by preparative SFC (MeOH/H,O/NH3; 97/3/50 mM). Collected fractions were dried under
reduced pressure, to give the title compound (102 mg, 25%) as a yellow solid. *H NMR (500 MHz,
DMSO) & 12.32 (br, 1H), 8.70 (s, 1H), 8.06 (d, J = 8.2 Hz, 2H), 8.02 (d, J = 8.1 Hz, 1H), 7.96 (d, J
=8.1Hz, 1H), 7.82 (d, 3 = 8.2 Hz, 2H), 7.73 (d, J = 7.3 Hz, 2H), 7.53 — 7.66 (m, 2H), 7.39 - 7.5 (m,
2H), 5.67 (s, 1H). *C NMR (126 MHz, DMSO) & 189.04, 165.14, 150.38, 147.94, 147.29, 143.90,
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137.69, 137.14, 132.90, 130.36, 129.35, 129.03, 128.92, 128.78, 128.24, 127.85, 123.60, 120.04,
119.65, 115.56, 60.28. HRMS (ESI) m/z [M + H]" caled for C23H15N307: 445.0988,
found:445.0983. Purity: 98%.

4-Benzoyl-3-hydroxy-5-(4-nitrophenyl)-1-(3-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-
2-one (5.41). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-
nitrobenzaldehyde (137 mg, 0.91 mmol) and 3-(trifluoromethyl)aniline (0.114 mL, 0.91 mmol). After
solvent removal, the reaction mixture was triturated with diethyl ether. The solid residue was
washed with diethyl ether and subsequently purified by preparative SFC (MeOH/H,O/NH3 97/3/50
mM). Collected fractions were dried under reduced pressure, to give the title compound (18 mg,
4%) as a pale yellow solid. HRMS (ESI) m/z [M + H]* calcd for C24H15F3N205: 469.1011,
found:469.0997. Purity: 99%.

3-(3-Benzoyl-4-hydroxy-2-(4-nitrophenyl)-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)benzoic acid
(5.42). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-
nitrobenzaldehyde (137 mg, 0.91 mmol) and 3-aminobenzoic acid (125 mg, 0.91 mmol). After
solvent removal, the reaction mixture was triturated with diethyl ether. The solid residue was
washed with diethyl ether and subsequently purified by preparative HPLC (5-95% ACN in 0.2%
NHs, flow rate 60 mL/min). Collected fractions were freeze-dried, to give the title compound (90 mg,
22%) as a pale yellow solid. *H NMR (600 MHz, DMSO) & 13.01 (br, 1H), 8.32 — 8.38 (m, 1H), 8.03
(d, J=8.9 Hz, 2H), 7.78 — 7.84 (m, 1H), 7.73 — 7.78 (m, 2H), 7.65 (d, J = 8.8 Hz, 2H), 7.62 (d, J =
7.8 Hz, 1H), 7.38 — 7.43 (m, 2H), 7.33 (t, J = 7.6 Hz, 2H), 7.18 (br, 2H), 5.29 (s, 1H). *H NMR (600
MHz, DMSO) & 13.01 (br, 1H), 8.32 — 8.38 (m, 1H), 8.03 (d, J = 8.9 Hz, 2H), 7.78 — 7.84 (m, 1H),
7.73—-7.78 (m, 2H), 7.65 (d, J = 8.8 Hz, 2H), 7.62 (d, J = 7.8 Hz, 1H), 7.38 — 7.43 (m, 2H), 7.33 (,
J =7.6 Hz, 2H), 7.18 (br, 3H), 5.29 (s, 1H). **C NMR (126 MHz, DMSO) & 185.42, 168.92, 165.95,
149.14, 145.37, 140.42, 137.61, 131.27, 130.22, 129.02, 128.82, 128.74, 127.14, 125.41, 125.33,
123.02, 122.59, 60.10. HRMS (ESI) m/z [M + H]* caled for C24H16N207: 445.1036,
found:445.1025. Purity: 98%.

3-(3-Benzoyl-4-hydroxy-2-(4-nitrophenyl)-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)benzamide
(5.43). Prepared from ethyl 24-dioxo-4-phenylbutanoate (311 mg, 1.41 mmol), 4-
nitrobenzaldehyde (213 mg, 1.41 mmol) and 3-aminobenzamide (192 mg, 1.41 mmol) After solvent
removal, the reaction mixture was triturated with diethyl ether. The solid residue was washed with
diethyl ether and dried under reduced pressure, to give the title compound (303 mg, 48%) as a
yellow solid. *H NMR (500 MHz, DMSOQ) & 12.22 (br, 1H), 8.14 (t, J = 1.8 Hz, 1H), 8.03 — 8.08 (m,
2H), 7.97 (br, 1H), 7.81 (dd, J = 8.1, 1.3 Hz, 1H), 7.7 — 7.78 (m, 4H), 7.64 (d, J = 7.8 Hz, 1H), 7.53
— 7.6 (m, 1H), 7.37 — 7.5 (m, 4H), 5.56 (s, 1H). **C NMR (126 MHz, DMSO) & 189.08, 165.97,
164.65, 150.76, 147.21, 144.37, 137.79, 135.06, 134.91, 132.81, 129.18, 128.87, 128.77, 128.21,
125.27, 124.64, 123.51, 121.57, 119.32, 60.27. HRMS (ESI) m/z [M + H]* calcd for C24H17N306:
444.1195, found: 444.1183. Purity: 99%.

4-Benzoyl-3-hydroxy-1-(3-methoxyphenyl)-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one

(5.44). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-
nitrobenzaldehyde (137 mg, 0.91 mmol) and 3-methoxyaniline (0.105 mL, 0.91 mmol). After solvent
removal, the reaction mixture was triturated with diethyl ether. The solid residue was washed with
diethyl ether and subsequently purified by preparative HPLC (5-95% ACN in 0.2% NHs, flow rate
60 mL/min). Collected fractions were freeze-dried, to give the title compound (10 mg, 3%) as a off-
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white solid. *H NMR (600 MHz, DMSO) & 8.03 (d, J = 8.7 Hz, 2H), 7.73 (d, J = 7.3 Hz, 2H), 7.66 (d,
J=8.4Hz, 2H), 7.43 (t, J = 7.5 Hz, 1H), 7.34 (t, J = 7.5 Hz, 2H), 7.26 — 7.29 (m, 1H), 7.2 — 7.25 (m,
1H), 7.17 (t, J = 8.1 Hz, 1H), 5.64 (dd, J = 8.1, 2.4 Hz, 1H), 5.28 (s, 1H), 3.69 (s, 3H). HRMS (ESI)
m/z [M + H]* calcd for C24H18N206: 431.1243, found: 431.1245. Purity: 98%.

4-Benzoyl-1-(4-fluorophenyl)-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one
(5.45). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-
nitrobenzaldehyde (137 mg, 0.91 mmol) and 4-fluoroaniline (101 mg 0.91 mmol). After solvent
removal, the crude mixture was dissolved in DCM and washed with aq. HCI 1 M (3x). The crude
was then back-extracted with NaOH 1 M (3x). The combined aqueous layers were made acidic with
ag. HCI 3 M, extracted with DCM (3x) and then the solvent was removed under vacuum. The
resulting solid was purified by preparative HPLC (5-95% ACN in 0.2% NHs, flow rate 60 mL/min).
Collected fractions were freeze-dried, to give the title compound (52 mg, 14%) as a pale yellow
solid. *H NMR (600 MHz, DMSO) & 8.03 (d, J = 8.8 Hz, 2H), 7.71 — 7.75 (m, 2H), 7.62 — 7.69 (m,
4H), 7.44 (t, J = 7.4 Hz, 1H), 7.35 (t, J = 7.6 Hz, 2H), 7.1 — 7.16 (m, 2H), 5.28 (s, 1H). HRMS (ESI)
m/z [M + H]* calcd for C23H15FN205: 419.1043, found:419.1065. Purity: 99%.

4-(3-Benzoyl-4-hydroxy-2-(4-nitrophenyl)-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)benzonitrile
(5.46). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-
nitrobenzaldehyde (137 mg, 0.91 mmol) and 4-aminobenzonitrile (108 mg, 0.91 mmol). After
solvent removal, the crude mixture was purified by preparative SFC (MeOH/NH; 20 mM). The
collected fractions were dried under reduced pressure, to give the titte compound (25 mg, 6%) as
a pale yellow solid. *H NMR (500 MHz, DMSO) & 8.03 — 8.09 (m, 2H), 7.87 — 7.93 (m, 2H), 7.76 —
7.84 (m, 4H), 7.69 — 7.74 (m, 2H), 7.53 — 7.58 (m, 1H), 7.41 — 7.47 (m, 2H), 5.58 (s, 1H). 3C NMR
(126 MHz, DMSO) & 188.72, 165.51, 151.69, 147.18, 144.44, 140.22, 137.89, 133.14, 132.68,
129.22, 128.77, 128.13, 123.51, 123.42, 121.89, 119.12, 118.50, 107.28, 59.92. HRMS (ESI) m/z
[M + HJ* calcd for C24H15N305: 425.1090, found: 425.1079. Purity: 98%.

4-Benzoyl-3-hydroxy-1,5-bis(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one  (5.47). Prepared
from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-nitrobenzaldehyde (137 mg, 0.91
mmol), and 4-nitroaniline (126 mg, 0.91 mmol). After solvent removal, the reaction mixture was
triturated with diethyl ether. The filtrate was evaporated under reduced pressure and the crude
product was purified by preparative SFC (MeOH/NHs; 20mM). Collected fractions were dried under
reduced pressure, to give the title compound (57 mg, 14%) as a off-white solid. *H NMR (500 MHz,
DMSO) & 8.16 — 8.22 (m, 2H), 8.04 — 8.09 (m, 2H), 7.95 — 8.01 (m, 2H), 7.77 — 7.85 (m, 2H), 7.68
—7.77 (m, 2H), 7.53 — 7.6 (m, 1H), 7.41 — 7.49 (m, 2H), 5.61 (s, 1H). 3C NMR (126 MHz, DMSO)
0 188.77, 165.65, 151.02, 147.22, 144.31, 143.69, 141.94, 137.84, 132.75, 130.04, 129.26, 128.97,
128.80, 128.70, 128.16, 124.56, 123.80, 123.56, 123.45, 121.64, 119.32, 60.11. HRMS (ESI) m/z
[M + H]* calcd for C23H15N307: 445.0988, found: 445.0957. Purity: 99%.

4-(3-Benzoyl-4-hydroxy-2-(4-nitrophenyl)-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)benzoic acid
(5.48). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-
nitrobenzaldehyde (137 mg, 0.91 mmol) and 4-aminobenzoic acid (125 mg, 0.91 mmol). After
solvent removal, the reaction mixture was triturated with diethyl ether. The solid residue was
washed with diethyl ether and subsequently purified by preparative HPLC (2-94% ACN in 0.2%
NHs, flow rate 60 mL/min). The collected fractions were freeze-dried, to give the title compound (8
mg, 2%) as a pale yellow solid. *H NMR (500 MHz, DMSO) & 12.88 (s, 1H), 8.05 (d, J = 7.6 Hz,
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2H), 7.86 (d, J = 7.7 Hz, 2H), 7.81 (d, J = 7.7 Hz, 2H), 7.76 (d, J = 7.6 Hz, 2H), 7.72 (d, J = 7.7 Hz,
2H), 7.55 (t, J = 7.1 Hz, 1H), 7.43 (t, J = 7.3 Hz, 2H), 5.54 (s, 1H). 23C NMR (126 MHz, DMSO) &
187.45, 165.66, 145.83, 140.51, 138.90, 131.74, 130.05, 129.07, 128.78, 127.75, 125.84, 123.29,
121.11, 59.99. HRMS (ESI) m/z [M + H]* calcd for C24H16N207: 445.1036, found: 445.0993.
Purity: 99%.

4-Benzoyl-3-hydroxy-5-(4-nitrophenyl)-1-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-
2-one (5.49). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-
nitrobenzaldehyde (137 mg, 0.91 mmol) and 4-(trifluoromethyl)aniline (0.114 mL, 0.91 mmol). After
solvent removal, the reaction mixture was triturated with diethyl ether. The solid residue was
washed with diethyl ether and subsequently purified by preparative HPLC (20-40% ACN in
H,O/ACN/FA 95/5/0.2 buffer, over 20 minutes with a flow of 19 mL/min). Collected fractions were
freeze-dried, to give the title compound (17 mg, 4%) as a off-white solid. *H NMR (400 MHz, DMSO)
0 8.06 (d, J = 8.8 Hz, 2H), 7.92 (d, J = 8.5 Hz, 2H), 7.79 (d, J = 8.8 Hz, 2H), 7.66 — 7.74 (m, 4H),
7.57 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.6 Hz, 2H), 5.60 (s, 1H). 33C NMR (101 MHz, DMSO, 26°C) &
189.01, 165.09, 150.46, 147.23, 144.13, 139.59, 137.72, 132.84, 129.21, 128.75, 128.20, 125.08,
125.04, 125.49, 125.31, 125.17, 123.54, 122.61, 122.09, 119.53, 60.07. HRMS (ESI) m/z [M + H]*
calcd for C24H15F3N205: 469.1011, found:469.0990. Purity: 99%.

4-(3-Benzoyl-4-hydroxy-2-(4-nitrophenyl)-5-ox0-2,5-dihydro-1H-pyrrol-1-
yl)benzenesulfonamide (5.50). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91
mmol), 4-nitrobenzaldehyde (137 mg, 0.91 mmol) and 4-aminobenzenesulfonamide (157 mg, 0.91
mmol). After solvent removal, the crude mixture was purified by preparative HPLC (5-95% ACN in
0.1 M FA, flow rate 60 mL/min). The collected fractions were freeze-dried, to give the title compound
(55 mg, 12%) as a pale yellow solid. HRMS (ESI) m/z [M + H]* calcd for C23H17N307S: 480.0865,
found: 480.0842. Purity: 100%.

4-Benzoyl-3-hydroxy-1-(4-hydroxyphenyl)-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one
(5.51). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (480 mg, 2.18 mmol), 4-
nitrobenzaldehyde (329 mg, 2.18 mmol) and 4-aminophenol (238 mg, 2.18 mmol). After solvent
removal, the crude product was purified by preparative HPLC (25-65% ACN H,O/ACN/FA 95/5/0.2
buffer over 20 minutes with a flow of 100 mL/min). Collected fractions were freeze-dried, to give the
title compound (48 mg, 5.3%) as an off-white solid. *H NMR (500 MHz, DMSO) & 12.13 (br, 1H),
9.48 (s, 1H), 8.02 — 8.08 (m, 2H), 7.69 — 7.73 (m, 2H), 7.64 — 7.69 (m, 2H), 7.53 — 7.59 (m, 1H),
7.44 (t, J = 7.7 Hz, 2H), 7.34 — 7.4 (m, 2H), 5.65 — 5.7 (m, 2H), 5.36 (s, 1H). *3C NMR (126 MHz,
DMSO) 6 188.98, 164.26, 163.09, 155.39, 147.11, 144.94, 138.02, 132.62, 129.25, 128.72, 128.15,
127.45,124.71, 123.42, 118.66, 115.33, 60.92. HRMS (ESI) m/z [M + H]* calcd for C23H16N206:
417.1086, found: 417.1089.

4-Benzoyl-3-hydroxy-5-(4-nitrophenyl)-1-phenyl-1,5-dihydro-2H-pyrrol-2-one (5.52).
Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (430 mg, 1.95 mmol), 4-nitrobenzaldehyde (295
mg, 1.36 mmol) and aniline (0.178 mL, 1.95 mmol) After solvent removal, the reaction mixture was
triturated with diethyl ether. The solid residue was washed with diethyl ether and dried under
reduced pressure, to give the title compound (425 mg, 55%) as a off-white solid. *H NMR (500 MHz,
DMSO) 6 12.20 (br, 1H), 8.04 (d, J = 8.8 Hz, 2H), 7.69 — 7.78 (m, 4H), 7.65 (d, J = 7.8 Hz, 2H),
7.57 (t,J=7.4Hz, 1H), 7.45 (t, J = 7.7 Hz, 2H), 7.32 (t, J = 7.9 Hz, 2H), 7.12 (t, J = 7.4 Hz, 1H),
5.52 (s, 1H). 3C NMR (126 MHz, DMSO) & 189.08, 164.60, 150.98, 147.15, 144.63, 137.88,
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135.05, 132.77, 129.27, 128.90, 128.76, 128.21, 125.67, 123.47, 122.52, 119.15, 60.33. HRMS
(ESI) m/z [M + H]* calcd for C23H16N205: 401.1137, found: 401.1128. Purity: 99%.

4-Benzoyl-1-benzyl-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one (5.53). Prepared
from ethyl 2,4-dioxo-4-phenylbutanoate (250 mg, 1.14 mmol), 4-nitrobenzaldehyde (172 mg, 1.14
mmol) and phenylmethanamine (0.125 mL, 1.14 mmol). After solvent removal, the reaction mixture
was triturated with diethyl ether. The solid residue was washed with diethyl ether and subsequently
purified by preparative HPLC (5-95% ACN in 0.1 M FA, flow rate 60 mL/min). The collected fractions
were freeze-dried, to give the title compound (269 mg, 57%) as a pale yellow solid. *H NMR (600
MHz, DMSO) 5 8.09 (d, J = 8.3 Hz, 2H), 7.65 (d, J = 7.7 Hz, 2H), 7.44 — 7.5 (m, 3H), 7.36 (t, J =
7.6 Hz, 2H), 7.2 — 7.31 (m, 3H), 7.02 - 7.1 (m, 2H), 5.29 (s, 1H), 4.81 (d, J = 15.2 Hz, 1H), 3.84 (d,
J = 15.2 Hz, 1H). HRMS (ESI) m/z [M + H]* calcd for C24H18N205: 415.1294, found: 415.1305.
Purity: 98%.

4-Benzoyl-3-hydroxy-5-(4-nitrophenyl)-1-phenethyl-1,5-dihydro-2H-pyrrol-2-one (5.54).
Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-nitrobenzaldehyde (110
mg, 0.73 mmol), and 2-phenylethan-1-amine (114 pl, 0.91 mmol). After solvent removal, the crude
product was purified by preparative SFC (MeOH/H20/NH3; 97/3/50mM). Collected fractions were
dried, to give the title compound (20 mg, 5.2%) as a off-white solid. *H NMR (400 MHz, DMSO) &
8.16 (d, J = 8.8 Hz, 2H), 7.62 — 7.69 (m, 2H), 7.59 (d, J = 8.8 Hz, 2H), 7.53 (t, J = 7.4 Hz, 1H), 7.41
(t, J=7.6 Hz, 2H), 7.24 — 7.33 (m, 2H), 7.18 — 7.24 (m, 1H), 7.11 — 7.17 (m, 2H), 5.49 (s, 1H), 3.8
—3.94 (m, 1H), 2.85 (dq, J = 10.9, 5.7 Hz, 2H), 2.67 — 2.8 (m, 1H). 13C HRMS (ESI) m/z [M + H]*
calcd for C25H20N205: 429.1450, found: 429.1441.

4-Benzoyl-3-hydroxy-5-(4-nitrophenyl)-1-(3-phenylpropyl)-1,5-dihydro-2H-pyrrol-2-one
(5.55). Prepared from ethyl 24-dioxo-4-phenylbutanoate (250 mg, 1.14 mmol), 4-
nitrobenzaldehyde (172 mg, 1.14 mmol) and 3-phenylpropan-1-amine (0.162 mL, 1.14 mmol). After
solvent removal, the reaction mixture was triturated with diethyl ether. The solid residue was
washed with diethyl ether and subsequently purified by preparative HPLC (2-94% ACN in 0.2%
NHs, flow rate 60 mL/min). The collected fractions were freeze-dried, to give the title compound
(191 mg, 38%) as a pale yellow solid. *H NMR (600 MHz, DMSO) & 8.13 (d, J = 8.6 Hz, 2H), 7.65
(d, J=7.0 Hz, 2H), 7.60 (d, J = 8.3 Hz, 2H), 7.52 (t, J = 7.4 Hz, 1H), 7.41 (t, J = 7.7 Hz, 2H), 7.20
(t, J=7.5Hz, 2H), 7.07 — 7.15 (m, 3H, H4), 5.59 (s, 1H), 2.73 (ddd, J = 13.8, 8.2, 5.4 Hz, 1H), 2.42
—2.48 (m, 1H), 1.73 (dp, J = 14.1, 7.3 Hz, 1H), 1.65 (dp, J = 14.7, 7.5 Hz, 1H). HRMS (ESI) m/z [M
+ HJ* calcd for C26H22N205: 443.1607, found: 443.1618. Purity: 99%.

4-Benzoyl-3-hydroxy-5-(4-nitrophenyl)-1-(2-phenoxyethyl)-1,5-dihydro-2H-pyrrol-2-one
(5.56). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (250 mg, 1.14 mmol), 4-
nitrobenzaldehyde (172 mg, 1.14 mmol) and 2-phenoxyethan-1-amine (0.149 mL, 1.14 mmol). After
solvent removal, the reaction mixture was triturated with diethyl ether. The solid residue was
washed with diethyl ether and subsequently purified by preparative HPLC (5-95% ACN in 0.2%
NHs, flow rate 60 mL/min). The collected fractions were freeze-dried, to give the title compound
(190 mg, 38%) as a pale yellow solid. *H NMR (600 MHz, DMSO) & 8.12 (d, J = 8.7 Hz, 2H), 7.65
(d, 3 = 7.1 Hz, 2H), 7.58 (d, J = 8.3 Hz, 2H), 7.45 (t, J = 7.1 Hz, 1H), 7.35 (t, J = 7.6 Hz, 2H), 7.25
(t, I =7.9 Hz, 2H), 5.92 (t, J = 7.3 Hz, 1H), 5.85 (d, J = 8.1 Hz, 2H), 5.62 (s, 1H), 3.97 — 4.09 (m,
2H), 3.89 — 3.96 (m, 1H), 2.99 — 3.07 (m, 1H). HRMS (ESI) m/z [M + H]* calcd for C25H20N206:
445.1400, found: 445.1407. Purity: 99%.
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4-Benzoyl-3-hydroxy-1-isopropyl-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one (5.57).
Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (250 mg, 1.14 mmol), 4-nitrobenzaldehyde (172
mg, 1.14 mmol) and propan-2-amine (0.10 mL, 1.14 mmol). After solvent removal, the crude mixture
was dissolved in DCM and washed with aq. HCI 1 M (3x). The crude was then back-extracted with
NaOH 1 M (3x). The combined aqueous layers were made acidic with aq. HCI 3 M, extracted with
DCM (3x) and then the solvent was removed under vacuum. The resulting solid was purified by
preparative HPLC (5-95% ACN in 0.2% NHjs, flow rate 60 mL/min). Collected fractions were freeze-
dried, to give the title compound (8 mg, 2%) as a pale yellow solid. HRMS (ESI) m/z [M + H]* calcd
for C20H18N205: 367.1294, found: 367.1285. Purity: 98%.

4-Benzoyl-3-hydroxy-5-(4-nitrophenyl)-1-(pyridin-4-yl)-1,5-dihydro-2H-pyrrol-2-one  (5.58).
Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (250 mg, 1.14 mmol), 4-nitrobenzaldehyde (172
mg, 1.14 mmol) and pyridin-4-amine (107 mg, 1.14 mmol). After solvent removal, the crude mixture
was purified by preparative HPLC (5-95% ACN in 0.1 M FA, flow rate 60 mL/min). The collected
fractions were freeze-dried, to give the title compound (3 mg, 1%) as a pale yellow solid. HRMS
(ESI) m/z [M + H]* calcd for C22H15N305: 402.1090, found: 402.1073. Purity: 99%.

2-(3-Benzoyl-4-hydroxy-2-(4-nitrophenyl)-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)isonicotinic acid
(5.59). Prepared from ethyl 24-dioxo-4-phenylbutanoate (250 mg, 1.14 mmol), 4-
nitrobenzaldehyde (172 mg, 1.14 mmol) and 2-aminoisonicotinic acid (157 mg, 1.14 mmol). After
solvent removal, the reaction mixture was triturated with diethyl ether. The filtrate was evaporated
under reduced pressure and the crude product was purified by preparative HPLC (5-95% ACN in
0.2% NHs, flow rate 60 mL/min). The collected fractions were freeze-dried, to give the title
compound (42 mg, 8%) as a pale yellow solid. HRMS (ESI) m/z [M + H]* calcd for C23H15N307:
445.0988, found: 445.0994. Purity: 97%.

4-Benzoyl-1-(2,4-dimethoxyphenyl)-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-
one (5.60). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (250 mg, 1.14 mmol), 4-
nitrobenzaldehyde (172 mg, 1.14 mmol) and 2,4-dimethoxyaniline (0.167 mL, 1.14 mmol). After
solvent removal, the reaction mixture was triturated with diethyl ether. The solid residue was
washed with diethyl ether and subsequently purified by preparative HPLC (5-95% ACN in 0.2%
NHs, flow rate 60 mL/min). The collected fractions were freeze-dried, to give the title compound
(278 mg, 53%) as a pale yellow solid. *H NMR (400 MHz, DMSO) & 8.05 (d, J = 8.8 Hz, 2H), 7.7 —
7.77 (m, 2H), 7.54 — 7.64 (m, 3H), 7.46 (t, J = 7.6 Hz, 2H), 7.10 (d, J = 8.7 Hz, 1H), 5.58 (d, J = 2.6
Hz, 1H), 5.44 (dd, J = 8.7, 2.6 Hz, 1H), 5.07 (s, 1H), 3.78 (s, 3H), 3.71 (s, 3H). HRMS (ESI) m/z [M
+ HJ* calcd for C25H20N207: 461.1349, found: 461.1330. Purity: 99%.

2-(3-(3-Benzoyl-4-hydroxy-2-(4-nitrophenyl)-5-0x0-2,5-dihydro-1H-pyrrol-1-yl)phenyl)acetic
acid (5.61). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (200 mg, 0.91 mmol), 4-
nitrobenzaldehyde (110 mg, 0.73 mmol) and 2-(3-aminophenyl)acetic acid (137 mg, 0.91 mmol).
After solvent removal, the crude product was purified by preparative HPLC (5-95% ACN with 0.2
M NHs, flow rate 30 mL/min). Collected fractions were freeze-dried, to give the title compound (111
mg, 25.7%) as an off-white solid. HRMS (ESI) m/z [M + H]* calcd for C25H18N207: 459.1192,
found: 459.1193.
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1-([1,1'-Biphenyl]-3-yl)-4-benzoyl-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one

(5.62). Prepared from ethyl 2,4-dioxo-4-phenylbutancate (250 mg, 1.14 mmol), 4-
nitrobenzaldehyde (172 mg, 1.14 mmol) and [1,1'-biphenyl]-3-amine (193 mg, 1.14 mmol). After
solvent removal, the reaction mixture was triturated with diethyl ether. The solid residue was
washed with diethyl ether and subsequently purified by preparative HPLC (5-95% ACN in 0.2%
NHs, flow rate 60 mL/min). The collected fractions were freeze-dried, to give the title compound
(131 mg, 24%) as a pale yellow solid. *H NMR (600 MHz, DMSO) & 8.02 (d, J = 8.4 Hz, 2H), 7.91
(s, 1H), 7.65 — 7.77 (m, 4H), 7.53 — 7.64 (m, 3H), 7.41 — 7.49 (m, 3H), 7.32 — 7.41 (m, 5H), 5.43 (s,
1H). HRMS (ESI) m/z [M + H]* calcd for C29H20N205: 477.1450, found: 477.1449. Purity: 99%.

4-Benzoyl-3-hydroxy-1-(naphthalen-1-yl)-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one
(5.63). Prepared from ethyl 2,4-dioxo-4-phenylbutanoate (250 mg, 1.14 mmol), 4-
nitrobenzaldehyde (172 mg, 1.14 mmol) and naphthalen-1-amine (163 mg, 1.14 mmol). After
solvent removal, the crude mixture was dissolved in DCM and washed with ag HCI 1 M (3x) The
crude was then back-extracted with NaOH 1M (3x). The combined aqueous layers were made
acidic with aq HCI 1 M, extracted with DCM (3x) and then solvent was removed under vacuum. The
solid residue was subsequently purified by preparative HPLC (5-95% ACN in 0.2% NHg, flow rate
60 mL/min). The collected fractions were freeze-dried, to give the title compound (2 mg, 0.5%) as
a pale yellow solid. HRMS (ESI) m/z [M + H]* calcd for C27H18N205: 451.1294, found: 451.1284.
Purity: 99%.

5.8.3 Fluorescence Polarization (FP)

PPI stabilization measurements were performed in FP buffer (10 mM HEPES, 150 mM NacCl, 0.05%
TWEEN 20, pH 7.4), using black, flat-bottomed 384-well microplates (Greiner Bio-One, model n.
784076) in a final sample volume of 12 uL. Following 1 h incubation at room temperature, plates
were read on an PHERAstar plate reader (BMG Labtech, Ortenberg, Germany) for FP signal (filter
set Aex 485 NM, Aem 520 Nm). Dilution series of compounds (10 mM DMSO stock solution) were
added to a solution of FITC-5.2 or FAM-5.3 (10 nM) and 14-3-3( protein (50 nM for
ERa(pT**4)/FITC-5.2 and 30 uM for CaMKK2(pS*?°)/FAM-5.3, corresponding to approximately 20%
occupancy of 14-3-3 by FITC-5.2 or FAM-5.3). Final DMSO concentration was 2% (vol/vol). All
experiments were performed in two or more independent replicates (n = 2), unless otherwise stated.
Data reported are at end point. EC1, and ECso values were obtained from fitting the data with a
four-parameter logistic model (4PL). With the exception of compounds for which a ECso could be
defined, for all the others a top value was set to 3.92-fold for ERa. (corresponding to the saturation
value, i.e. the max stabilization value, of Fusicoccin-A at 200 uM) and to 2.75-fold (corresponding
to the saturation value, i.e. the max stabilization value, of (R)-5.1 at 200 uM).° The software used
for model fitting was GraphPad Prism version 8.3.0 for Windows, GraphPad Software, San Diego,
California  USA, www.graphpad.com. Errors bars indicate standard deviation of individual
measurements. 95% confidence intervals (Cl) were reported as calculated from GraphPad Prism.

5.8.4 Surface Plasmon Resonance (SPR)

Unless otherwise stated, SPR measurements were performed on a Biacore 3000 (GE Healthcare)
using as running buffer 10 mM HEPES, 150 mM NacCl, 0.05% TWEEN 20, pH 7.4. 14-3-3( protein
was immobilized on a CMD200M Biacore Sensor Chip (XanTec Bioanalytics GmbH, Disseldorf,
Germany) at approximately 4000 RUs using EDC/NHS coupling chemistry. Phosphopeptides 5.2
or 5.3 (50 nM and 30 uM respectively in running buffer) and test compounds (dissolved in running
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buffer and prepared from 10 mM DMSO stock solution to afford final test concentration and 1% final
DMSO concentration) were premixed and injected at a flowrate of 20 uL/min and 20 °C for 60 s or
120 s in running buffer. All experiments were performed in at least two independent replicates (n =
2), unless otherwise stated. For each curve, the values at equilibrium response (i.e. binding
coverage) were extracted and fitted using a four-parameter logistic model (4PL) using GraphPad
Prism version 8.3.0 for Windows, GraphPad Software, San Diego, California USA,
www.graphpad.com. Errors bars indicate standard deviation of individual measurements.

5.8.5 Analytical ultracentrifugation

Sedimentation velocity (SV) experiments were performed using a ProteomLabTM XL-I analytical
ultracentrifuge (Beckman Coulter). Samples were dialyzed against buffer containing 50 mM Tris-
HCI (pH 7.5), 150 mM NacCl, and 1mM tris(2-carboxyethyl) phosphine (TCEP) before analysis. For
experiments in the presence of (R)-5.1 (20 uM), 10 mM MgCl. was added to the above-mentioned
buffer. Buffer density, viscosity, and partial specific volume of all proteins were estimated using the
program SEDNTERP (http://sednterp.unh.edu/). SV experiments were conducted in charcoal-filled
Epon centerpieces with 12-mm optical path length, at 20 °C, and at 42,000 rpm rotor speed (An-50
Ti rotor, Beckman Coulter), and all sedimentation profiles were recorded with interference and
absorption optics (280 nm).

The analysis of mixtures of FL-pCaMKK2 and 14-3-3y at various molar ratios was performed with
0.3-30 uM FL-pCaMKK2 and 6 uM 14-3-3y. The sedimentation coefficients c(s) distributions were
calculated from the raw interference data using SEDFIT software package. The procedure was
followed by integration of calculated distributions to establish the weight-average s-values (Sw).
Calculated sy, values were plotted as a function of FL-pCaMKK2 concentration to construct Sy
isotherms. Obtained isotherms were fitted with A + B = AB model as implemented in the SEDPHAT
software package with previously known s values of each component. Resulting parameters were
verified and loading concentrations were corrected using global Lamm equation modelling also
implemented in the SEDPHAT software.3-24

5.8.6 Protein expression and purification

14-3-3¢ was expressed and purified as previously reported.?”

14-3-3y was expressed and purified as previously reported.*3

CaMKK2 (residues 93 — 517, FL-pCaMKK?2), was expressed and purified and phosphorylated at
the pS® and pS®! sites as previously reported.*?

5.8.7 Peptide synthesis and characterization

ERa(pT®*%) phosphopeptide 5.2 (AEGFPApTV-COOH), CaMKK2(pS%®) phosphopeptide 5.3
(GSLSARKLpPSLQER) and fluorescein-labelled CaMKK2(pS'®®) phosphopeptide FAM-5.3 were
purchased from Chinese Peptide Company Inc. (Hangzhou, China). FITC-labeled ERa(pT>%*)
phosphopeptide FITC-5.2 was synthesized according to ref.*

5.8.8 In silico experiments

In silico experiments were performed using Schrédinger's Maestro software (version 11.4). X-ray
crystal structures of 14-3-3 crystallized with ERa(pT>%*) or CAMKK2(pS®’) was obtained from the
PDB bank (PDB ID: 6TIM and 6EWW, respectively).
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Protein preparation. Protein Preparation Wizard with default settings was used to prepare the
imported X-ray crystal structures. 28272827 282728272827282828282727272727272727272727272727 Standard
procedures for the preprocessing was carried out (preprocessed by assigning bond orders, adding
hydrogens, maintaining all waters within 15 A from het groups, and generating het states using Epik
at pH 7.0£2.0). Magnesium ion in the binding pocket of the 6 TIJM-structure was removed.

Ligand Preparation. Ligands were prepared for modeling using LigPrep with default settings.
OPLS3e was used for ligand optimization and all possible states generated at pH 7.0+2.0 using
Epik with desalting and generation of tautomers. Chiralities were retained or varied (generating all
possible stereocisomeric combinations).

Docking Grid Generation. The Receptor Grid Generation tool in Maestro with default settings was
used for docking grid generation. The ligand was identified in the complex. Van der Waals radius
scaling was performed with a scaling factor of 1.0 and partial charge cutoff of 0.25. The center and
size of the enclosing box were defined based on the centroid and size of the ligand.

Docking and Scoring. Glide with default settings was used for ligand docking and scoring. Prepared
ligands were selected and van der Waals radi scaled to 0.80 with a partial charge cutoff of 0.15.
Precision mode was set to SP (standard precision). Ligand sampling was set to flexible, with
sampling of nitrogen inversion and ring conformations. Epik state penalties were added to the
docking score. Docking minimization was performed on 10 poses per ligand. Glide docking
performed with a receptor and ligand van der Waals scaling of 0.50, the number of poses set to 5-
10, and residues within 5.0 A of the ligand pose refined and side chains optimized. The highest
scoring pose (selected by Glide based on DScore and Emodel) was used for evaluation of docking
results, but the remaining poses were also analyzed.

5.8.9 X-ray crystallography

X-ray crystallography. Crystals of the ternary complexes were grown by mixing 12.5 mg/mL 14-3-
30AC with 5.2 in a molar ratio of 1:2 in 10 mM HEPES pH 7.4, 150 mM NaCl, 2 mM BME and 2
mM of the compound of interest and incubating overnight at 277 K. The formed complex was then
set up for crystallization by mixing 1:1 (v/iv) 0.1 M Tris, pH 7.0, 0.2 M magnesium chloride
hexahydrate and 10 % v/v PEG 8000 and incubating in a sitting drop at 277 K. Crystals grew within
a week and were cryoprotected by adding a grain of sucrose to the crystallization drop and
incubating for 10 minutes. Crystals were then fished and stored in liquid nitrogen. Data collection
and processing are described in the next section. The crystal structure of 5.35 was deposited in the
Protein Data Bank (PDB ID 6YSM).

Data collection and analysis. X-ray diffraction data for both complexes was collected at 100 K on a
Rigaku Micromax-003 sealed tube X-ray source and a Dectris Pilatus 200K detector. The data was
indexed, integrated, scaled and merged using xia2 DIALS.?® Phasing was done by molecular
replacement using Phaser®® and PDB 4JC3 as a starting model and was followed by iterative rounds
of refinement and manual model building using Phenix.Refine3 and Coot,? respectively. Model
validation was performed using MolProbity.3® Figures were created using PyMol. See Table S5.1
for data collection and refinement statistics.
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14-3-36AC/ERa/5.35

14-3-36AC/ERa/5.20

PDB code

6YSM

Data collection

Resolution (A)? 2.38(2.42 -2.38) 2.50 (2.54 —2.50)
Space group C222 C222
a=63.84,b=151.08, A=64.17,b=

Cell parameters (A)° c=71.72 151.62, c=78.95
a=pB=y=90° a=B=y=90°
Rmerge™ 0.148 (0.488) 0.153 (0.579)
Average 1/ 5.98 (1.52) 6.02 (1.71)
CCia (%)*b¢ 98.2 (92.8) 98.4 (89.9)
Completeness (%)>P 98.4 (99.0) 98.4 (92.1)
Redundancy®? 5.7(5.2) 6.0 (6.2)
Refinement
_ Number of 1869/224/31 1827/161/35
protein/solvent/ligand atoms
Ruwork/Riree (%) 22.8/25.35 27.53/32.96
Unique reflections used in 15977 13480
refinement
R.m.s. deviations from ideal
values bond lengths (A) / 0.008/0.850 0.002/0.450
bond angles (°)
Average
protein/solvent/ligand B- 46398/45.81/77.76 53.66/53.08/77.39
factor (A?)
Ramachandran favored (%) 96.40 97.31
Ramachandran allowed (%) 3.60 2.24
Ramachandran outliers (%) 0 0.45

(a) Number in parentheses is for the highest resolution shell

(b) As reported by xia2 DIALS.

(c) CCy; = Pearson's intradataset correlation coefficient, as described by Karplus and Diederichs.
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CHAPTER 6

6.1 INTRODUCTION

Targeting protein-protein interactions (PPIs) for potential therapeutic intervention
has recently drawn a great deal of attention and effort, in both academia and
industry. Over the last twenty years, the long-standing ‘one target, one drug’ drug
discovery paradigm has started to shift towards ‘multispecifics’,! drugs that can
target multiple entities at a time. Hence, the once deemed ‘undruggable’ PPIs have
now become attractive tractable targets for the development of innovative
therapeutic strategies.

In this sense, the PPIs of the 14-3-3 protein family represent a viable platform
and have been here presented as a case study for the exploration of the molecular
principles governing, particularly, PPI stabilization.

The main aim of this chapter is to highlight the relevant achievements of this
thesis and frame them in the broader context of 14-3-3 PPI stabilization. By analysing
in turn the individual components of what constitute a stabilized 14-3-3 PPI ternary
complex (i.e. 14-3-3, the protein partner and the stabilizer), some of the current
challenges and future prospects of the field are also discussed.

6.2 THE 14-3-3 PROTEIN

As discussed in chapter 1, human 14-3-3 proteins exist in seven different
isoforms.2 These seven isoforms share about 50% amino acid identity, with the
majority of conserved residues present in the amphipathic binding groove that serves
as the phosphate-binding pocket.2 Due to the high degree of homology, it was initially
thought that 14-3-3 isoforms were redundant and that, in the absence of one isoform,
the others would act as backups.*

However, while the highly conserved nature of 14-3-3 structure among
eukaryotes speaks to their essential role in regulating vital cell functions, the
divergence into so many isoforms suggests additional, more specific roles for each
one of them.® Indeed, different studies have reported a tissue-specific expression of
14-3-3 isoforms as well as isoform-specific functions.67 Moreover, as 14-3-3s exist
in cells as homo- and hetero-dimers, it has also been suggested that 14-3-3s can
elicit different functions based on the dimerization pattern.8

For example, the heterodimer of 14-3-3¢ with y or £, previously known as
mitochondrial import stimulating factor (MSF) is a unique cytoplasmic chaperone
responsible for the ATP-dependent transport of preproteins to the mitochondrial
surface prior to their import.° 14-3-3y and ¢ are the only isoforms able to bind to
phospholipids in vesicles and cell membranes.10-11

Isoform-specific functions have been also studied in the context of disease. 14-
3-3¢, for example, is highly overexpressed in a variety of cancers, including breast,
prostate, lung, and stomach cancers. It acts as a suppressor of apoptosis and plays
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a crucial role in tumorigenesis and cancer progression.1? 14-3-3c has been shown
to be a tumour suppressor protein whose downregulation has been frequently
detected in many types of cancer. Conversely, its increased expression causes
resistance to anticancer agents.13 It is worth pointing out that the distinction in terms
of pro-/anti-apoptotic role of these two isoforms is not always clear-cut, as 14-3-3c
is for example overexpressed in certain types of cancer, where it has been shown to
drive cell survival.®* Other isoforms, such as 14-3-33 and 14-3-3t have been
implicated as positive regulators of cell-cycle progression and tumorigenesis.15-16

As 14-3-3s are highly expressed in the brain, accounting for about 1% of the total
amount of soluble brain proteins, their role in neurological disorders and
neurodegeneration has been extensively studied.1’-'8 Multiple studies in 14-3-3
isoform-specific knock-out (K/O) mouse models have been very helpful in
understanding 14-3-3 isoform-specific functions in the brain.® For example, K/O of
14-3-3¢ or 14-3-3C has been associated with schizophrenic behaviour, impaired
learning and memory,1%-2! while K/O of 14-3-3y with hyperactive and depressive-like
behaviour.??

Given the multitude of different mechanisms in which specific 14-3-3 isoforms are
involved, in the context of medicinal chemistry, the question whether compounds
that target 14-3-3 PPIs need to be isoform specific remains unanswered. In chapter
1, different modulators of 14-3-3 PPIs were discussed. Despite their use as either
inhibitors or stabilizers, their isoform-specificity has not been investigated. Owing to
the highly conserved phospho-binding pockets of 14-3-3 isoforms, it is difficult to
imagine any isoform selectivity by targeting this pocket. However, 14-3-3c is the only
isoform that contains a native surface-exposed cysteine at the edge of this pocket,
which can be specifically targeted with covalent molecules, as already
demonstrated.?® Another potential strategy is to design a molecule that targets the
divergent C-terminal region of a specific 14-3-3 isoform, that is the region with the
highest variability throughout the 14-3-3 isoforms.3 24

Conversely, in a cancer setting, a non-isoform specific molecule may be
potentially desirable. As discussed in the preceding paragraph, many cancers rely
on high levels of 14-3-3C expression, but given the functional overlap between
different isoforms, targeting the ¢ isoform specifically may simply allow for
compensation by other 14-3-3 isoforms. Thus, a compound that targets multiple 14-
3-3 isoforms may be an advantage in this context.?

6.3 THE BINDING PARTNER

14-3-3 proteins interact with a large number of protein partners with figures as
high as 1,000 protein partners, either identified or predicted.?®> This huge number of
binding partners, together with their similarities in binding sequences (i.e. mode I, Il
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and Il binding motifs, see chapter 1), makes achieving 14-3-3 PPI stabilizer
selectivity a daunting challenge.

In addition to this, as the number of newly reported 14-3-3 binding partners has
been growing steadily, the knowledge about the spatio-temporal organization of the
surrounding 14-3-3 interactome and the possible implications deriving from the
modulation of these 14-3-3 PPIs are very much lagging behind.

Another possible limitation to the current state-of-the-art in the 14-3-3 PPI
stabilisation field, is the use of phosphopeptide mimics as surrogates for full-length
14-3-3 binding partners in assays and biophysical experiments. To date, the use of
short synthetic phosphopeptides (10-40 amino acids) is a commonly employed
strategy in the study of 14-3-3 PPIs. This approach is, in our opinion, indeed very
useful, as long as the model and reagents being studied is validated. In order to do
that, two key questions need to be addressed.

What about phosphorylation? Pure, synthetic phosphopeptides of known
sequence can be easily prepared from phosphorylated amino acid building blocks,
but production of full-length phosphoproteins relies on kinases. Here, the challenge
is two-fold. As full-length proteins can have multiple phosphorylation sites, the first
thing to do is to ascertain which one(s) preferentially bind to 14-3-3. To do that, one
would need site-specific phosphorylations in order to accurately study the individual
phosphorylation sites. However, the endogenous kinase is not always known or
compatible with known in vitro technigues.26

Is the phosphopeptide predictive of the full-length protein? We (see chapter 5)
and other groups?’ have shown that phosphopeptides can indeed be successfully
used as in vitro surrogates of their corresponding full-length proteins for the study of
14-3-3 PPIs and their stabilization. This, however, might not always be the case:
even though phosphorylation is usually the main driver of affinity for 14-3-3 binding,
a peptide simply cannot reproduce, for example, secondary interactions in the
protein structure which can be too weak on their own, but activated upon complex
formation with 14-3-3.28

For this reason, structural data are particularly needed for understanding the
structural basis of binding and, hence, selectivity of specific partners. To date, only
a limited number of 14-3-3 crystal structures with larger protein partners is available.
The main difficulty lies on the fact that the partner proteins themselves are often
multidomain proteins and thus challenging to crystallize and that most of the 14-3-3
binding sequences are localized in intrinsically disordered regions (IDRs), therefore
making crystallographic analysis very difficult.?® To overcome these inherent
limitations, the use of complementary approaches to crystallography such as cryo-
EM, which has been recently shown to be a powerful technique,3° might be of great
help in providing additional structural information required for the validation of a given
14-3-3 PPI.
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6.4 THE STABILIZER

The discovery of tractable, drug-like small molecule stabilizers of 14-3-3 PPIs
represents a current bottleneck in this field. The natural product Fc-A and other
members of the fusicoccane family have been shown to stabilize many 14-3-3
PPIs,31-32 put their synthetic complexity makes them not amenable to medicinal
chemistry SAR studies. With this in mind, more tractable starting points were sought.
As widely discussed in this thesis, this has been a non-trivial challenge.

Studies carried out on epibestatin and CHES in chapter 2 showed how the first is
an artefact and the second is neither a binder nor a stabilizer.

Extensive work has been performed on the Pyrrolidonel scaffold. In chapter 3
Pyrrolidonel, a reported stabilizer of the 14-3-3/PMA2 interaction,®® was shown to
be able to stabilize the 14-3-3/ERa and 14-3-3/CaMKK2 derived-phosphopeptide
complexes, and that its (R) enantiomer is solely responsible for the stabilization
effect on these 14-3-3 PPIs. In chapters 3 and 4, the conformational restriction
induced by bivalent metal ions observed for Pyrrolidonel and its analogues was
investigated. Mimicry of this by an intramolecular hydrogen bond contained in a 6-
membered pseudo-ring resulted in regioisomeric vinylogous amide analogues,
which exhibited higher potency and stabilization effect that their parent compound in
ERa, but not CaMKK2. attempts made towards the synthesis of six-membered
bicyclic rigid analogues did not yield the desired product, proving that the chemistry
around the pyrrolidone scaffold can be complex. SAR studies performed in chapter
5 reported the discovery of Pyrrolidonel derivatives with equal potency and
stabilization effect and better selectivity than Pyrrolidonel, and with improved
physicochemical properties, paving the way towards cell permeable compounds.
Finally, full-length stabilization of (R)-Pyrrolidonel against 14-3-3/CAMKK2 PPI was
described.

Pyrrolidonel is, to date, the best non fusicoccin-based druglike small molecule
that was shown to stabilize a 14-3-3 PPI. The urge for novel scaffolds for the
stabilization of 14-3-3 PPI is therefore highly desirable. To achieve that, it will be
crucial to combine traditional drug discovery approaches such as high-throughput
screening (HTS),3® fragment-based drug design3* and in silico techniques3® with
approaches such as disulphide-2® or imine-based ‘tethering’,3® supramolecular
ligands®” and dynamic combinatorial chemistry,®® whose use in the study of PPIs has
just started to find application.

Finally, selectivity across different 14-3-3 PPI is still an open question, in spite of
the progress reported here. The key factor will be to develop stabilizers able to
selectively interact with a given 14-3-3 binding partner through specific
compound/14-3-3 protein partner interactions.
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6.5 CONCLUSION

The aim of this thesis was to generate new potent and selective druglike
compounds that will find use in elucidating the structural drivers and SAR principles
governing 14-3-3 PPI stabilization. These new compounds will serve as chemical
probes to investigate the 14-3-3 interactome and its underlying biology, with the aim
of achieving pharmacological modulation of specific 14-3-3 PPlIs.

In this sense, (R)-Pyrrolidonel and its vinylogous amide derivatives represent the
first proof of concept of potent and selective druglike 14-3-3 PPI stabilizers. The SAR
studies performed in the pyrrolidone series also demonstrate the chemical tractability
of this class of compounds, highlighting principles of selectivity against different 14-
3-3 PPlIs.

In order to achieve fully functional chemical probes, however, further chemical
optimization is still required. In order for these molecules to be attractive for cell-
based assays, better potency is needed, together with a higher degree of selectivity
towards a wider panel of 14-3-3 PPIs. To achieve that, the use of metal-insensitive
analogues of Pyrrolidonel will be crucial for two reasons. First, due to the lack of
control over metal ion concentration in biologically-relevant settings, the use of the
metal-ion induced bioactive conformation may prove hard to exploit. Second, both
the vinylogous amides and the six-membered bicyclic rigid analogues provide new
exit vectors for the grow of the molecule in different directions within the Fc binding
pocket, which can potentially lead to increased potency and selectivity. Finally, a
more thorough investigation of the benzoyl moiety is required, as that is the portion
closest to the 14-3-3 binding partner and therefore potentially the best position from
which confer selectivity via specific interaction with the 14-3-3 binding partner.
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SUMMARY

For the past 50 years the ‘one target, one drug’ concept has dominated the drug
discovery industry. However, over the last decade, the classical view of drug action
and therapeutic targets has started to shift towards a more holistic approach, as very
often biological systems and diseases are considerably more complex than a two-
variable equation (i.e. a target and a drug).

The wealth of knowledge collected with the advent of the “-omics” era (genomics,
transcriptomics, proteomics) has enabled scientists to study DNA, RNA and proteins
not only as individual cell components, but also in the context of networks, that is
how they are interconnected with each other and how this complex molecular
interplay is regulated.

In this context, the study of the protein-protein interaction (PPI) network, known
as interactome, is of crucial importance, as proteins are involved in almost every
process within a living cell. As such, PPIs are also relevant in the context of diseases
and therefore represent an attractive target for new therapeutic opportunities.

When trying to modulate the protein interactome, one must consider its intrinsic
dynamic nature, as not all PPIs occur all the time at the same location under all
conditions. In order to properly function, Nature has evolved a fine spatio-temporal
control of protein localization, which involves the induction of protein proximity.

Proximity, or the physical closeness of molecules, is a ubiquitous and essential
mechanism in biology. Scientists have exploited this concept of inducing proximity
by the means of molecular entities (for example a small molecule or antibody), also
known as chemical inducers of proximity (CIP), that promote the formation of a non-
native or stabilize a native PPI. This approach has found widespread use in biology
and medicine. Indeed, the use of CIPs has spanned from tools to solve biological
guandaries to drugs with novel mechanism of action.

Despite the many promising examples, the study of PPIs as a therapeutic target
classis still in its early stages. In the effort to expand the chemical repertoire of CIPs,
we found the concept of stabilizing native PPl complexes, already endowed by
Nature itself of a functional response, particularly interesting. In this regard, our
research has focused on the study of a particular class of PPls, that is the
interactome of the 14-3-3 proteins as subject for small molecule PPI stabilization.

14-3-3 proteins are a family of highly conserved adapter proteins involved in
many relevant biological processes and as such they are also implicated in human
diseases. Hence, the modulation of 14-3-3 PPI represents an attractive strategy for
potential therapeutic intervention.

The work performed in this thesis therefore aimed at the study of 14-3-3 PPIs
through the development of small molecule, druglike compounds that will find use in
elucidating the structural drivers and SAR principles governing 14-3-3 PPI
stabilization.
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To begin, chapter 2 deals with epibestatin, one the two reported small molecule
stabilizers of the 14-3-3/PMA2 PPI. Lack of consistent results during the structural
and biophysical evaluation of epibestatin, unequivocally invalidated it as 14-3-3 PPI
stabilizer. The buffer component CHES was proposed as possible interfering
compound. A library of 35 CHES derivatives was synthesized in order to potentially
improve its putative weak activity, but none of them showed any stabilization activity.

Chapter 3 analyzes the role of the other reported 14-3-3/PMA2 small molecule
stabilizer, the racemic compound pyrrolidonel (Pyrl). Pyrl was found to be active
also towards the 14-3-3/ERa and the 14-3-3/CaMKK2 PPls. Testing of Pyrl
enantiomers in biophysical assays showed that only one enantiomer contributes to
PPI stabilisation activity. An X-ray crystal structure was obtained and an unexpected
non-protein interacting, ligand-chelated Mg2* was also observed, the leading to the
discovery of metal ion-dependent 14-3-3 PPI stabilization potency. This effect, also
characteristic of other bivalent metal ions, afforded a ~ 100-fold increase in the
apparent PPI stabilization potency of Pyrl. Mimicry of this effect by intramolecular
H-bonds led to the first potent, drug-like 14-3-3 PPI stabilizers.

The subsequent chapter 4 further describes the efforts made towards the mimicry
of the ligand-specific metal ion effect. Here, the strategy envisioned was to achieve
conformational restriction via six-membered bicyclic rigid analogues of Pyrl. Of the
multiple synthetic routes pursued, only one was found to be promising. However, full
structural characterization of the putative six-membered bicyclic rigid analogue of
Pyrl resulted to be complex and further experiments to fully elucidate the
synthesized compound and its underlying chemistry are still required today.

Chapter 5 continues with the exploration of the synthetically tractable Pyrl
scaffold. A structure-activity relationship study on 59 newly synthesized Pyrl
derivatives was performed. Potency, stabilization effect and selectivity towards two
different 14-3-3 PPIs was evaluated. Crystal structures of two of these derivatives
were obtained, showing analogous binding mode of Pyrl and also the presence of
the Mg?* ion. Finally, the stabilization effect of (R)-Pyrl was evaluated in the 14-3-
3/CaMKK2 PPI using full-length CaMKK2 protein. A 27-fold stabilization was
measured, therefore demonstrating that phosphopeptides can be successfully used
as surrogates of full-length proteins in the study of 14-3-3-mediated PPIs.

In conclusion, this thesis describes the relevant results achieved in the
development of potent and selective stabilizers of 14-3-3 PPIs. In doing so, it also
illustrates the current challenges and future perspectives in the field 14-3-3 PPI
stabilization. Altogether, the data here reported provide a solid foundation for a more
thorough understanding of the structural drivers underlying 14-3-3 PPIs and will help
in the future development of new 14-3-3 PPIs stabilizers.
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