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Summary
Protein-protein interactions (PPIs) are prevalent in Nature and so are attractive targets for
chemical biology and drug discovery. Modulating PPIs is challenging because of the nature of
their interacting surfaces. Nevertheless, recent progress has led to the discovery of small molecule
modulators of PPIs as chemical probes or lead compounds that have entered clinical trials. These
findings have motivated more drug discovery programs to target PPIs. E3 ubiquitin ligases are
attractive targets within the ubiquitin proteasome system, which function via PPIs. The von
Hippel-Lindau protein (VHL) forms part of an E3 ubiquitin ligase for which the main biological
function is to recognize and ubiquitinate the protein hypoxia inducible factor alpha subunit (HIFα), its specific substrate, marking it for degradation by the proteasome. The VHL ligase is an
important target for small drug development in two distinct approaches: in their own right, VHL
inhibitors that block VHL catalytic activity could mimic a hypoxic response inside cell; moreover,
VHL ligands can be conjugated into bifunctional degrader molecules (also known as PROTACs)
to hijack VHL activity to induce targeted protein degradation.
This work aimed to develop novel small molecules that target two different binding sites
on the surface of VHL: 1) the hydroxyproline recognition site of HIF-α; and 2) a newly identified
pocket on the VHL surface, and not involved in the VHL-HIF-α PPI.
For the first binding site, I describe the structure-guided design and synthesis of a series
inhibitors of the VHL:HIF-α PPI interaction, followed by their biophysical and cellular screening.
These efforts led to the discovery of the first inhibitors of this interaction showing double-digit
nanomolar affinities and good cellular activity. This work also led to the disclosure of compound
VH298 as a potent and selective chemical probe of the hypoxia signalling pathway. Additionally,
a series of thioamide containing analogues of VH298 were designed to probe the hydroxyproline
recognition of VHL ligands.
On the second VHL pocket starting from a weak-affinity fragment hit (Kd > 1 mM) I
performed iterative cycles of synthesis, biophysical binding evaluation and fragment growing that
yielded fragments with improved binding affinities to VHL. The most promising fragments
achieved affinities around 100 µM to wild-type VHL. They also exhibited enhanced affinities for
an R200W mutant, one of the most common mutations associated with the rare disease of
Chuvash polycythemia.
The developed efforts on this project disclose to the scientific community the first
selective chemical probe of the hypoxia signalling pathway, and new ligands useful for the
development of a new generation of PROTACs. The improved fragments targeting the second
pocket could in future be developed into more potent and selective ligands targeting the diseaserelevant mutation, and could also be used for novel PROTAC conjugation.
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Introduction
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1.1)

Ubiquitin Proteasome System
In living cells, proteins are continuously degraded and replaced by newly

synthesised proteins. This is a highly regulated process. Rates of protein degradation are
crucial to this process, and have a tremendous impact on cellular regulation. The halflives of proteins can range from several hours to a few days, depending on their roles.1
Additionally, under normal circumstances, misfolded proteins are specifically detected
and quickly degraded to prevent adverse effects.2,3 Intracellular protein degradation in
eukaryotic cells is facilitated by two major pathways: the ubiquitin proteasome system
and lysosomal proteolysis.4 The ubiquitin- proteasome system (UPS) works in a highly
selective and effective fashion as a mechanism to regulate many cellular activities,5
making it a prime target for small molecule intervention.6
Central to the UPS are the polyubiquitin chains that mark target proteins to
proteasomal degradation. Ubiquitination of proteins serves as a versatile tag for many
downstream events, beyond protein degradation. Depending on whether it is marked by
a single ubiquitin (monoubiquitination) or one of the varying types of polyubiquitination
chains, a target protein is marked for degradation, cellular trafficking, activation and
inactivation, and regulation of protein-protein interactions.7 Ubiquitination is dependent
on the coordinated action of three enzymes: E1 activating enzyme, E2 conjugating
enzyme and lastly the E3 ligase enzyme (Figure 1.1).8 The three enzymes work
consecutively to mark target proteins with ubiquitin. Ubiquitin is first attached via its
carboxyl-terminal to a catalytic Cys on the E1 activating enzyme, in an ATP-dependent
manner, forming a thioester bond. Then ubiquitin is transferred from the E1 to a reactive
Cys on an E2 conjugating enzyme. The ubiquitin-charged E2 is then recruited by its
associated E3 ligase where E3 facilitates transfer of ubiquitin from the E2 to its bound
substrate either directly from E2 or via prior transfer to a catalytic Cys on the E3 and then
to substrate. Ubiquitin is linked to the substrate via an isopeptide bond between its C-
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terminus and a specific lysine residue of the substrate.9 Lysine 48-linked polyubiquitin
chains are associated to proteasomal degradation. The polyubiquitin chains are
recognised by the proteasome leading to the destruction of the marked protein.10

Figure 1.1 – The ubiquitin proteasome system. Three enzymes act in sequence to ubiquitinate
target proteins: The E1 is the activating enzyme, to which ubiquitin becomes attached in an ATPdependent reaction (thioester bond). The E2 is the conjugating enzyme, to which ubiquitin is
transferred from an E1. The E3 is the ligase enzyme which catalyses ubiquitin transfer to the
protein substrate.

The human genome encodes more than 600 E3 enzymes, compared with a few
dozens of E2s and only two E1 enzymes.11,12 These vast number of E3 ligases provides
the necessary specificity to the system, allowing the subtle regulation of ubiquitination.

1.2) Cullin RING E3 Ubiquitin Ligases
Cullin RING (Really Interesting New Gene) E3 Ubiquitin Ligases (CRLs),
homologous to the E6AP carboxyl terminus (HECT) and RING-between-RING (RBR)
are the three main types of E3 ligases known to date. They are classified by the presence
of characteristic domains and by the specific mechanism of ubiquitin transfer to their
substrates.13 HECT and RBR ligases contain a conserved cysteine that accepts the
ubiquitin from an E2 and transfers it to the substrate, while RING ligases mediate the
direct transfer of the ubiquitin from an E2 to the substrate.13 CRLs are RING-type ligases
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that are responsible for around 20% of the protein turnover in cells.14 CRLs are implicated
in the control of many cellular processes, and are conserved across many eukaryota.11
Structurally CRLs are multiprotein complexes that contain a common core formed
by a cullin subunit and a zinc-binding RING domain subunit. Cullin N-terminal domain
(NTD) recruits the substrate receptor either directly or indirectly via so-called adaptor
proteins, whereas C-terminal domain (CTD) binds the Rbx (RING-box) protein which
recruits the E2-Ub complex.13 There are eight different cullin proteins, Cul1, Cul2, Cul3,
Cul4a, Cul4b, Cul5, Cul7 and Cul9 (a less known member of this family) and despite
sharing only two different RING proteins (Rbx1 and Rbx2) each of them can assemble a
wide variety of substrate receptors, and assemble into different E3 ligases that can recruit
different substrates (Figure 1.2).15

Figure 1.2 – The CRLs complex. Diagram model of CRLs. The complex is organised around
the central scaffold, Cul, which brings together the substrate and the E2 conjugation enzyme
loaded with ubiquitin. The substrate (S), is recruited by the substrate receptor, which binds to the
N-terminal domain of Cul through adaptor subunits. The E2 enzyme is recruited to the complex
through the RING domain proteins (Rbx).

This combinatorial assembly is an important feature of this family of enzymes
and, allows the ubiquitination of a wide range of substrates. The recognition of posttranslational modifications (PTMs) is a key factor for substrate recognition by the
CRLs.11 Beyond the regulation of CRLs by PTMs there are other mechanisms involved
in the regulation of the catalytic core. For example the covalent attachment of the
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ubiquitin like protein, NEDD8, to a specific lysine residue in cullins is an important step
for the control of the enzyme activity.13 In fact, neddylation appears to induce a
conformational change on the CRLs complex that brings the substrate and the E2-Ub into
close proximity facilitating ubiquitin transfer to the substrate.16 Therefore it is evident
that the succession of cullin neddylated and deneddylated states is a key factor for their
regulation. Neddylation is accomplished through an ubiquitin-like cascade involving the
RING protein (Rbx1 or Rbx2) and specific E2 enzymes that bind to the RING domain of
CRLs and catalyse NEDD8 conjugation with Cullin.17 Conversely, deneddylation is
catalysed by the COP9 signalosome complex (CSN).18 After deneddylation CRLs activity
can be sequestered by formation of an inactive complex with CAND1 (Cullin-associated
NEDD8-dissociated protein 1).19,20 For example, in the absence of NEDD8, CAND1
binds to Cul1 in an extended manner and disrupts Cul1 association with the substrate
receptor Skp1 (Figure 1.3).11

Figure 1.3 – Mechanisms of regulation of CRLs. A) High activity neddylated CRL complex.
B) De-neddylation by the COP9 signalosome (CSN). C) Sequestering by CAND1 keeps a Cullin
in an inactive state.

The key role of CRLs in the control of several cellular processes and in multiple
diseases was rapidly established. For example, a variety of genes encode E3 ligases
subunits and their respective substrates are usually found in oncogenes or tumour
suppressors.21 These among other observations motivate a growing interest on studying
this class of enzymes for research and as potential therapeutic targets in cancer.22
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1.2.1) VHL Ligase: CRL2VHL
1.2.1.1) CRL2VHL function – Role in hypoxic response through HIF regulatory
pathway
The CRL studied in this project is the von Hippel-Lindau ubiquitin ligase,
CRL2VHL. This enzyme plays a key role in the hypoxia signalling pathway by mediating
the polyubiquitylation and subsequent proteasomal degradation of its specific substrate
Hypoxia inducible factor 1 alpha (HIF-1α). HIF-1α is a transcription factor that plays a
key role

in controlling the transcription of several genes in response to hypoxia

adaptation.23,24 Under normoxia (normal oxygen conditions), prolyl hydroxylase domain
(PHD) enzymes use 2-oxoglutarate, Fe2+, ascorbate and molecular oxygen to hydroxylate
two specific proline residues (Pro402 and Pro564), within the N-terminal and C-terminal
oxygen degradation domains (NODD and CODD, respectively) of HIF-1α.25,26 This PTM
promotes HIF-1α recognition by VHL on CRL2VHL complex and allows the substrate to
be polyubiquitinated and marked for degradation by the proteasome.27–30 Under hypoxic
conditions (low oxygen levels) the activity of the PHDs enzymes is inhibited, HIF-1α
escapes recognition by VHL and proteasomal degradation, leading to its accumulation
inside cells. As a consequence of its stabilization, HIF-1α translocates into the nucleus
where it dimerizes with HIF-1β to form an active complex that activates the transcription
of many hypoxia responsive genes (Fig 1.4).31 The expression of these genes is linked to
several biological events including angiogenesis, cell proliferation, anaerobic metabolism
which are often associated with the propagation of diseases like cancer.32
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1.4 – HIF-1α pathway in normoxia (normal oxygen levels) and hypoxia (low oxygen levels).
Under normoxia conditions, HIF-1α is hydroxylated, recognized by the CRL2VHL complex, polyubiquitinated and targeted for hydrolysis by the proteasome. Under hypoxia conditions, HIF-1α
dimerizes with HIF-1β forming a transcriptionally active complex that binds to Hypoxia Response
Elements within the DNA, promoting transcription of genes that support hypoxia adaptation.

Stabilization of HIF-1α, and consequently mimicking the biological response in
hypoxia, has proven beneficial in a wide range of diseases such as anaemia, inflammation,
wound healing, neurodegeneration and mitochondrial dysfunction. For this reason,
CRL2VHL complex is regarded as a potential target for drug development.31,33–35 Moreover
knowing that HIF-1α is the master regulator of the hypoxia signalling pathway,24,36 the
use of small-molecules, with known mode of action, to probe the hypoxic signalling
pathway could lead to new biological insights of the cell’s adaptive responses in
hypoxia.37

1.2.1.2) HIF-independent targets of VHL
The most known and well-studied substrates of CRL2VHL are the HIF-α subunits,
especially HIF-1α and HIF-2α. At least other five proteins have been identified as
potential substrates of CRL2VHL in addition to HIF-α.38 Amongst these is sprouty 2
(Spry2), which regulates cellular migration and proliferation in response to growth
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factors. Spry2 was discovered to be hydroxylated by PHDs in normoxia, and subsequently
recognized by VHL for degradation.39 Rpb1 is the largest subunit of RNA polymerase II,
under oxidative stress conditions this protein is hydroxylated and recognized by VHL and
ubiquitinated. The fate of this protein after polyubiquitylation seems however to be
dependent on the cellular context.40 hsRPB7 is another RNA polymerase that is
recognized by VHL and marked for degradation.41 Similarly VHL was shown to be able
to recognize the Atypical protein kinase C (PKC), a protein that is involved in the tight
junction structure formation and maintenance of cell polarization, marking PKC for
degradation.42,43 VHL is also able to interact with the Epidermal growth factor (EGFR)
and promote its degradation, possibly suppressing tumor growth by blocking EGFR
signaling.44
VHL was also found associated with other proteins such as fibrinogen or collagen,
however without promoting their polyubiquitylation and subsequent degradation.45,46

1.2.1.3) Structure of VHL Cullin RING Ligase
The work developed in this project focuses on the development of small-molecule
probes of protein surfaces and interfaces within CRL2VHL. CRL2VHL is composed of
scaffold protein Cul2, substrate receptor von Hippel-Lindau protein (pVHL), adaptor
proteins Elongin B (EloB) and Elongin C (EloC) and RING box protein, Rbx1 (Figure
1.5).

pVHL is divided into two domains: the α domain at its C-terminus (amino acids

155-192) and the β domain at the N-terminus (amino acids 63-154 and 193-204).47 The α
domain directly interacts with EloBC (binary complex between EloB and EloC adaptor
proteins) which together recruit the scaffold protein Cul2. In contrast, the β domain
contains the binding interface that is responsible for the recognition of HIF1-α.48 This
project focuses on the design of ligands targeting two distinct pockets on the VHL protein
surface: 1) the HIF-α recognition site, and 2) a newly discovered pocket that is located at
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the interface of the VHL α and β domains. EloBC binds to VHL via a well-conserved
sequence known as BC-box within the α domain. This leads to the formation of a stable
ternary complex VHL-EloB-EloC (VBC) which specifically binds to the scaffold protein
Cul2.49 Ring box protein 1 (Rbx1) is the component of the CRL2VHL complex that has a
critical role on the catalytic activity of CRL2VHL.50 Rbx1 promotes the recruitment of an
E2 conjugating enzyme and brings it to proximity with the substrate facilitating ubiquitin
transfer to the substrate.

Figure 1.5 – Surfaces on VBC. Crystal structure of VHL54-213:EloB:EloC (VBC) in two
orientations. VBC is coloured as follows: VHL magenta; EloB light green; EloC light blue. The
protein surface where VHL recognizes HIF-1α is shown in orange. The second VHL pocket is
shown in blue.

As referred in this section the work developed during this thesis will be focussed
in two pockets on pVHL surface: HIF-α binding site and a newly discovered pocket on
VHL. The reader will learn more about these sites biological relevance and previous work
in the following sections.

1.2.1.4) VHL related disease and mutants
VHL E3 ubiquitin ligase activity is crucial for the maintenance of cellular
homeostasis. Mutations in the VHL gene often lead to dysregulation of CRL2VHL ligase
activity, which is associated with a diversity of clinical states. For this reason, VHL is a
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tumour suppressor protein in cancer. For a long time it has been associated with the VHL
disease, an autosomal-dominant, hereditary disease caused by mutations in the VHL gene,
and is associated with a diversity of cancers. Hemangiomas (slow-growing tumours of
the central nervous system) and retinal angiomatosis are two of the most common tumours
observed in the patients with VHL disease, together with clear cell renal carcinoma
(RCC), pheochromocytomas (noncancerous tumours of the adrenal glands), pancreatic
neuroendocrine tumours and endolymphatic tumours. Clinically, VHL disease is divided
into type 1, characterized by the absence of pheochromocytomas (PHE) and a positive
family history; and type 2, characterized by the presence of PHE.51 Type 2 is then further
subdivided into: Type 2A (presence of hemangiomas and PHE), Type 2B (RCC, PHE and
hemangiomas) and Type 2C (presence of only PHE).52 Despite being a familiar disease,
less than 20% of the patients have a family history of the disease therefore VHL
inactivation mainly occurs as a result of de novo mutations.53
Chuvash polycythemia is another disease where CRL2VHL activity is
dysregulated. Chuvash polycythemia patients are homozygous for an arginine-totryptophan missense mutation at the codon 200 (R200W) of the VHL gene.54 As a
consequence of this mutation, the interaction between VHL and HIF-α appears to be
weakened, leading to a decrease of HIF-α ubiquitination and subsequent proteolysis.54
The stabilized HIF-α promotes the overexpression of EPO which leads to an excessive
red blood cell production.55 Therefore patients with Chuvash disease usually present
abnormalities in the respiratory and pulmonary vascular regulation that results in
premature death.56 Until now, phlebotomy is the most common treatment for patients with
Chuvash polycythemia.57 Nonetheless the excessive use of phlebotomies can cause iron
deficiency and decrease PHDs activity leading to an increase of HIF-α.58 Therapeutic
approaches for Chuvash polythethimia are beginning to emerge, such as the use of JAK1 and JAK-2 inhibitors. Nevertheless, a number of molecular mechanisms underlying
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primary polycythemic features of Chuvash polythethimia remain unknown and this lack
of understanding prevents the discovery of more effective drugs against this disease.59,60
The most common mutation site in Chuvash polycythemia is located in the 2nd VHL
pocket. Therefore, the optimization of the ligands that specifically target the 2nd VHL
pocket, described in this project, may lead to the discovery of new chemical tools that
could probe the role of the R200W mutant enzyme in disease and contribute for the
development of better therapies for this disease.

1.3) Previous drug discovery efforts targeting VHL
Due to their role in the control of several key cellular processes, E3 ligases
represent one of the most promising targets for therapeutic intervention. Despite their
potential the nature of these proteins surfaces, that present large surface areas and lack
well defined pockets, makes the delivery of small-molecule drugs against this class of
proteins extremely challenging.61,62 However in recent years, the discovery of smallmolecule inhibitors that specifically target E3 ligases has been rewarded with some
success. One of the first examples was the development of Nutlin, an inhibitor of the
protein-protein interaction between the E3 ubiquitin ligase MDM2 and p53.63 Nutlin was
found to bind in MDM2 surface and disrupt the binding of p53 to the ligase. Subsequently,
a number of inhibitors of the MDM2-p53 PPI has been identified and four of them are
currently being tested in phase I clinical trials.64 This successful case provided an
important precedent to the field, and reinvigorated drug discovery efforts against other
E3 ligases, including the complex that will be studied in this project: the VHL E3
ubiquitin ligase.
A pioneering collaboration between the Ciulli and Crews laboratories led to the
discovery of the first series of inhibitors of the VHL:HIF-1α PPI (Figure 1.6).65–67 The
first generation of inhibitors was built around the key hydroxyproline (Hyp) recognition
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moiety, using fragment-based drug design (Figure 1.6). This choice was motivated by the
knowledge that HIF-1α Hyp PTM is critical for substrate recognition by VHL. The best
inhibitors of the first series were able to achieve single-digit micromolar affinities, as
measured by ITC and FP, against VHL, however no activity in cells was observed.65,66
Nevertheless the crystal structures of the new inhibitors provided critical insights on the
interactions between the residues on the VHL surface and the compounds. Following a
structure-based drug design campaign, and careful medicinal chemistry optimization, a
second series of inhibitors was developed.68 The best inhibitor of this series, VH032,
achieved a Kd of 185 nM and was capable, for the first time, to induce HIF-1α stabilization
in cells (Figure 1.6).69 Additionally following a different approach this inhibitor was
conjugated with different target ligands to generate the first VHL-recruiting bifunctional
degrader molecules (Proteolysis Targeting Chimeras, or in short, PROTACs), which
efficiently hijacked the activity of the CRL2VHL complex to induce the degradation of a
range of different proteins.70–76 Despite the achievement of these milestones VH032 still
presented a low cellular membrane passive permeability, and a considerable mismatch
between its occupancy-driven inhibitory activity in cells and its potency in vitro.69
Therefore, it was decided to conduct further optimization of VH032 with the aim of
improving at the same time both the inhibitor binding affinity and its physicochemical
drug-like properties. This optimization was expected to lead to the discovery of a suitable
chemical probe that could provide a novel and better inhibitor of the hypoxia signalling
pathway, which mechanism of action would be the direct inhibition of the pathway
downstream of HIF hydroxylation upon blockade of the VHL:HIF-α PPI. Moreover, new
improved compounds can augment the arsenal of VHL ligands for PROTAC conjugation
(discussed in more detail in Section 1.8). Interestingly, although VH032 was designed by
fragment growing of the Hyp starting fragment, screening of fragment libraries has so far
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proved unsuccessful at finding other fragments binding in place of Hyp, or targeting other
pockets at the VHL-HIF PPI.67,77

Figure 1.6 – Progressive optimization of VHL ligands from starting Hyp fragment to
VH032.

Nevertheless, previous fragment screening conducted by the Ciulli group identified
two novel binding sites within the trimeric VBC complex. These binding sites were
distant from the HIF-1α binding site, and were identified in a fragment screening cascade
that resulted in the X-ray crystal structures of three fragments in complex with VBC
(work performed by Dr. Inge van Molle, University of Cambridge). One of the binding
pockets was found on pVHL and the other was on EloC. Initial SAR on the new pVHL
pocket revealed that it could be a potential allosteric site for CRLVHL function. In fact, as
proposed by Liu and Nussinov, Pro154 that is present in this pocket could play an
important role on pVHL conformational change needed for the correct positioning of the
substrate for polyuniquitination.78 The residue Arg200 also defines the surface of this
second VHL pocket. Arg200 is the most common mutated site (R200W) observed in
Chuvash polycythemia patients (Figure 1.7).54,79
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Figure 1.7 – X-ray crystal structure of VBC with fragment MB756 (omitted) on the second
VHL pocket. Pocket residues around the fragment pyrrole ring are shown as green stick
representations; Arg200 the residue mutated in Chuvash polycythemia is highlighted in red;
pVHL is shown as a pale green surface.

Hence the discovery of small-molecules specifically designed to target the
Chuvash disease mutation on this pocket could provide new chemical tools for better
understanding of the disease biology. With these motivations in mind an initial SAR was
performed around the chemical structure of MB756, the initial hit fragment found to bind
at the second VHL pocket (work performed by David Dias, University of Cambridge)
(Figure 1.8). A library of bi-aryl compounds, designed to maintain structural similarity
with the hit fragment, was initially screened using CPMG (Carr-Purcell-Meiboom-Gill)
ligand-observed NMR spectroscopy in a competition format. Hits showing the highest
displacements where followed up and their binding affinity against VBC was evaluated
by ITC. Two fragments of this series 40 and 41 presented an increase in binding affinity,
Kds respectively 300 and 156 μM, when compared with the initial fragment MB756 (Kd
= 559 μM). Most importantly fragment 41 presented a notable increase in ligand
efficiency LE (0.43 kcal × mol-1 × NHA-1) when compared with MB756 (0.34 kcal × mol1

× NHA-1). Both fragments, 40 and 41, where followed up by X-ray crystallography trials
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to validate the fragments binding on the novel VHL pocket as well to provide structural
insights for further fragment optimization. However, none of the crystal structures (work
performed by Dr. Morgan Gadd) validated the presence of the fragments. Thus, further
work around the chemical structures of 40 and 41 was discontinued. However, the initial
efforts of optimization around fragment MB756 chemical structure provided important
information that could be used on future fragment optimization campaigns.

Figure 1.8 – Summary of the results of the first SAR around the chemical structure of
MB756.

To summarize, previous medicinal chemistry approaches, guided by structural
and biophysical data has identified promising leads to development of potent VHL probe.
For the HIF-1α pocket of CRL2VHL, it was expected that further optimization of the
inhibitors could lead to the development of novel and active chemical entities to probe
the hypoxia signalling pathway. While for the second VHL pocket the development of
high affinity binders by optimization of initial fragment hit could provide new chemical
tools for probing CRL2VHL biology.
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1.4)

Targeting Protein-Protein Interactions (PPI)

Targeting VHL is challenging because it involves targeting protein-protein interaction
surfaces. PPI interfaces are typically flat and present extended surface areas, usually
between 1000-6000 Å2. This contrasts with the well-defined and deep pockets observed
on traditional drug targets, such as enzymes or GPCRs.80,81 Therefore, the development
of small-molecules that bind to protein surfaces and could modulate PPIs, either by direct
or allosteric effects, remains extremely challenging. In fact less than 0.01% of the PPIs
are currently targeted by an inhibitor.82
PPIs are classified according to the complexity of their binding epitope as
primary, secondary and tertiary PPIs.83 In primary PPIs, the interaction is mostly
characterized by the recognition of a linear peptide on the surface of one of the two protein
partners; in secondary PPIs, a secondary structure, such as an alpha helix, binds to a
typically hydrophobic groove on the surface of one of the two protein partners; in contrast,
tertiary PPIs require a tertiary structures on both sides of the interaction with multiple
contact points (Figure 1.9).83

1.9 – Different Classes of Protein-protein interactions. A) Primary PPI interaction between
HIF-1α peptide (pink sticks) and pVHL (pale green surface) (PDB: 4AJY). B) Secondary PPI
interaction between p53 (red cartoon representation) and MDM2 (pale blue surface) (PDB:
1YCR). C) Tertiary PPI interaction between IL-2 (salmon cartoon representation) and IL-2Rα
(orange surface) (PDB: 1Z92).

In the past few years significant efforts from researchers in academia and industry
has been directed toward these challenging targets. As a result of these studies, a number
of small molecules were reported targeting different PPIs, some of which were developed
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up to clinical trials.61,84,85 Particular attention was placed in optimizing drug-like
physicochemical properties of compounds. To this end, the early PPI inhibitors,
traditionally large and hydrophobic compounds, are starting to become more “drug-like”
for a series of targets. Fragment-based drug discovery approaches had a particular role in
this development within the field.

1.5)

Targeting VHL with Fragment Based Drug Discovery (FBDD) approach
In recent years extensive efforts have been made in the discovery of small-

molecules for therapeutic purposes. In a drug discovery campaign, the most prevalent
approaches to identify new ligands for a given target are either HTS (high-throughput
screening) of large library of compounds and FBDD (fragment-based drug discovery).
HTS screening relies on the screening of large libraries of compounds that most of the
times are prepared for conventional drug targets such as receptors or druggable enzymes
such as protein kinases.86 Therefore in proteins where surfaces need to be addressed (as
is the case of VHL) the initial hits tend not to form many efficient interactions with the
target (Figure 1.10). This will often results in nonspecific and low-affinity hits that hinder
their optimization into good leads.87,88 In contrast, FBDD relies in the screening of small
compounds (fragments) with lower molecular weights and less structural complexity.89
Therefore most of discovered hits bind to a small portion of the protein surface and form
few but much more efficient interactions with the residues on their binding site, thus
providing a better starting point for the generation of new lead compounds targeting
protein surfaces (Figure 1.10).90
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Figure 1.10 – Representation of the HTS screening hits vs FBDD screening hits. Fragment
starting hits on FBDD approach have lower molecular weight than the HTS screening starting
hits and form more efficient interactions with the target protein.

During initial hit validation from FBDD, these small fragments usually present
low affinities and poor selectivity for their targets. Therefore, the initial fragment must be
optimized in order to better complement the binding pocket in order to achieve greater
potency and selectivity against the target. Optimization can be done through three main
approaches (Figure 1.11) 91:
-

Fragment merging: This approach involves the combination of the common
structural features of fragments that are binding in an overlapping position on protein
pocket.

-

Fragment linking: Non-overlapping fragments that bind near the same protein site
are linked together.

-

Fragment growing: Uses medicinal chemistry approaches to elaborate the initial
fragment hit into a larger, more potent binder. This process involves synthesis of
derivatives and establishment of the binding mode at each step during the
optimization.
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Figure 1.11 – Representation of the main approaches of fragment optimization. A) Fragment
merging. B) Fragment linking. C) Fragment growing.

Fragment optimization is best guided by structural information that tells us about
the binding mode of the fragment. Protein X-ray crystallography is a key technique to
obtain such information. The estimation of the fragments affinities is crucial to rank the
fragments in the optimization cycle. For this purpose, typically the actual binding affinity
(measured as dissociation constant from the protein target, or Kd) or the inhibitory
concentration (IC50) in some sort of displacement binding assays, are determined. These
measurements allow the calculation of the Ligand Efficiency (LE) of the ligand, which is
a useful metric to rank and prioritize hits and ligands during drug optimization campaigns.
LE is defined as the free energy of binding (–∆G) divided by the number of non-hydrogen
atoms of the compound (NHA) (Equation 1).92
(1) LE = –∆G / NHA
Instead of representing the binding affinity of the whole compound, LE takes into
account the affinity contribution of each of the individual atoms of the ligand. Therefore,
this metric provides a way to compare binding affinity of different molecules corrected
for their molecular size. This parameter becomes more critical in the decision of which
initial fragment hit to follow for optimization. In fact, it is often observed that LEs
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decreases during the optimization process from fragment to inhibitor. Therefore, starting
from a highly efficient fragment makes it easier to achieve a drug-like compound.93 A
fragment with LE of 0.30 kcal × mol-1 × NHA-1 or higher is often considered an efficient
ligand however this metric is closely dependent on the ligandability of the target. LE of
initial fragments can range from high efficiencies (LE>0.40) in kinases or GPCRs to low
efficiencies in the flat and featureless PPIs or protein surfaces (LE~0.2). In this project,
the starting fragment on the second VHL pocket MB756 presents a LE of 0.34 kcal ×
mol-1 × NHA-1, so it was considered a very good start for fragment optimization
considering it is targeting a non-conventional protein surface that may or may not be
involved in a PPI.
One successful example of the FBDD is the discovery of the clinical candidate
Navitoclax, an inhibitor of Bcl-Bak PPI. Initially the biaryl fragments 1 (Kd = 300 µM)
and 2 (Kd = 6000 µM) were discovered to bind in two adjacent pockets by proteinobserved NMR. The fragments were linked to yield ligand 3 that presented a Ki of 1.4
µM. Further optimization of this ligand led to the discovery of Navitoclax (4). More
recently a potent and orally available analogue of 4, which is more selective for the Bcl2sub-type, entered phase III clinical trials for the treatment of leukemia (Figure 1.12).94–97
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Figure 1.12 – Bcl fragment hits and progress via fragment linking and optimization to the
clinical candidate 4 (Navitoclax).
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There are more and more reports of success using the FBDD approaches for the
discovery of potent lead compounds targeting PPIs. Notable examples include XIAPcaspase9, HIV integrase-LEDGF, RAD51-BRCA2 and bromodomains.84,98,99
In our case, the FBDD approach has brought us our initial fragment, MB756,
targeting a potential allosteric site on VHL (the second VHL pocket). In this work, rounds
of optimization based on MB756, with an emphasis on fragment growing, will be
performed guided by structural information of fragment-VHL complexes from co-crystal
structures.

1.6) Biophysical Techniques
The successful characterization of the interaction of small-molecules with protein
surfaces is a challenging goal that is intrinsically dependent on the data supported by the
different biochemical, biophysical and biological techniques. A brief introduction of the
biophysical techniques used during this thesis to characterize protein-ligand interactions
is given in the following sections. Further information about the different biophysical
techniques that are used to probe protein surfaces and their relative strengths and
limitations is not the main topic of this thesis, hence the reader is referred to recent
reviews on this topic.100,101

1.6.1) Fluorescence Polarization (FP)
FP (fluorescence polarization) is a solution-based technique that has been used to
study a wide range of small molecule-protein, antigen-antibody among other binding
events. This technique principle is based on the fact that the polarization of a fluorophore
increases when its molecular rotation rates are reduced. Processes which could change
the fluorophore rotation rate, such as a fluorescent ligand binding to a protein, could be
monitored as changes in polarization. In order to obtain FP data a fluorescent sample
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needs to be excited by a polarized light source, and then the degree of polarization is
calculated from the emission intensities that are detected on the channels that are parallel
(III) or perpendicular (I⊥) to the vector of the excitation light source. These measurements
can then be use for the calculation of the fluorescence polarization (FP) or of the
fluorescence anisotropy (FA). The magnitude of both FP and FA increase as the
fluorophore rotation decreases (equations 1 and 2).102
FP = (III - I⊥)/(III + I⊥)
FA = (III - I⊥)/(III + 2I⊥)

(Equation 1)
(Equation 2)

In a typical experiment a fluorescent dye is attached to a small molecule or protein
that when free in solution is able to freely rotate resulting in a low value of FP (usually
expressed in milipolarization values), on the other hand when the fluorescent probe binds
to a larger slowly rotating partner, such as a protein the values of FP will increase,
therefore providing direct information on the biding strength of the probe to its interaction
partner.
Most of the small molecules available from any compound libraries generated
during a lead development campaign are not fluorescent, so in order to keep the high
throughput of this technique most if not all the FP screenings are carried as a competition
assay. In this case different concentration of a small molecule are titrated against a sample
containing fixed concentration of a protein and one of its known fluorescent labelled
ligands, this generates a dose dependent curve which after normalization yields an IC50,
from which using the appropriate displacing model yield the back calculated dissociation
constants (Kds) of a given interaction.

1.6.2) Isothermal Titration Calorimetry (ITC)
ITC (isothermal titration calorimetry) is a label-free technique that enables
determination of the thermodynamic parameters of interactions on different biological
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systems. This technique relies on the direct measurement of the heat that is absorbed or
released upon the injection of the solution which contains one of the components of the
reaction into a temperature controlled cell containing the second component. By
measuring the stepwise variation of the interaction heat signals throughout an ITC
titration the association constant (Ka), the change in enthalpy (∆H) and the stoichiometry
of the interaction (N) can be reliably measured. The free Gibbs energy (∆G) of binding
which has a direct correlation with Ka can be calculated by ∆G = −RT ln(Ka). The change
in entropy (∆S) can then be calculated from the thermodynamic equation ∆𝐺𝐺 = ∆𝐻𝐻 −

𝑇𝑇∆𝑆𝑆. Together all these parameters give full insights of the thermodynamic profile of a
studied interaction.103

1.6.3) Surface Plasmon Resonance (SPR)
SPR (surface plasmon resonance) is a label-free technique which relies on the
detection of changes on the refractive index or mass upon complex formation (eg.
protein:ligand complex formation) on a bioespecific sensor surface. Since the signal
responds to the amount of bound analyte in real time this is a very powerful technique to
study the affinity and the kinetic parameters of a given interaction.
In a typical SPR experiment a four-channel chip is used, and while the surface of
one of the flow cells is left untreated and used as reference the other three can be used for
immobilization of one of the binding partners of the interaction. Before immobilization
of one of the components of the interaction it is important to know the amount of
immobilized component (Rimm), and the molecular weight of the binding partner in
solution in order obtain an optimal signal to noise deference upon a binding event. The
optimal signal is defined as the expected maximum response (Rmax) and can be calculated
using the equation:
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𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =

𝑀𝑀𝑀𝑀 (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)
× 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑀𝑀𝑀𝑀(𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)

From this equation is possible to observe that the molecular weight of the binding
partner is a crucial parameter to take in account for a proper SPR experimental design.
During a SPR screening after immobilization of one of the interaction partners on
the surface of the sensor chip a solution of the ligand partner is flown through this surface
and on a reference untreated surface,104 if an interaction occurs a complex is formed on
the treated surface and the SPR angle on this channel changes more than in the reference
surface channel. After a selected time the solution is substituted by buffer and dissociation
is then monitored originating the full SPR sensogram (Figure 1.13). Several sensograms
can be obtained using different concentrations of the injected sample on the surface and
using an appropriate fitting model they can be used for the determination of the interaction
kinetic parameters, defined as association (kon) and dissociation (koff) constants (Figure
1.14).

Figure 1.14 – Typical SPR sensogram of a positive binding compound. When the solution of
a compound passes through the surface observed an increase on the response is observed revealing
the formation of the complex on the surface of the SPR ship (association). After changing the
solution passing through the ship by buffer the observed response decreases until the baseline
revealing dissociation of the ligand from the ship (dissociation)
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Dissociation constants (KD) can be determined independently from the ratio of the
kinetic parameters or by plotting the steady state responses (sensogram observed
responses before dissociation) against the range of concentrations of the binding
partner.104,105

1.6.4) Protein X-ray Crystallography
X-ray crystallography is a fundamental technique to investigate the structure of
protein and protein-ligand complexes that relies on the scattering of X-rays by electrons.
This technique requires a protein that is capable to produced crystals with good
diffraction. The exposure of the crystal to X-rays gives a diffraction pattern that encodes
the tri-dimensional structure of the protein or protein-ligand complex.106 The obtained
information can then be used to reconstruct an electron density map that is interpreted as
individual atoms and molecules. The interpretation of this data leads to the generation of
a molecular model that can subsequently be refined to reach the best agreement between
the reflection amplitudes (Fobs) and the one calculated from the model (Fcalc). Although
the agreement between these parameters can be judged by a few indicators, the most
widely used is the crystallographic R factor.107
Obtaining X-ray crystal structures of a protein target with a ligand bound provides
critical information to facilitate rational optimization approaches employed in most of
drug discovery campaigns. However the correct modelling of new ligands within the
electron densities can be challenging. For example, there could be more than one way to
fit the new ligands structures within electron densities and, the molecules forming noncovalent bond interactions tend to be more disorganized than the nearby residues and thus
presenting hard to interpret electron densities.108 Therefore a careful validation should be
employed to access the quality of small molecules in macromolecule-ligand complexes.
This validation must judge the correlation between the electron density map and the small
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molecule model, the small molecule geometry, atomic occupancy and the B-factors.109
Additionally, the overall structure of the bound ligand needs to satisfy correct geometrical
and conformational restraints. Thus only after applying appropriate quality filters the
novel model could be considered valid and reliably used in structure-based design
approaches.

1.6.5) Nuclear Magnetic Resonance (NMR) spectroscopy
NMR (nuclear magnetic resonance) spectroscopy is a biophysical technique that
allows the study of ligand-protein and protein-protein interactions on a wide range of
affinities. Due to its robustness this technique has been used extensively on a lot of drug
discovery campaigns for hit identification and it is particularly recognized by its huge
contribution on FBDD approaches, as one of the primary techniques for hit identification.
In this technique changes in the chemical shift, Nuclear Overhouser Effect (NOEs),
diffusion constants and relaxation times are measured during a ligand binding
experiment.110
The NMR experiments are available in two formats: ligand-observed NMR and
protein-observed NMR and monitor the resonance of the ligand or of the protein
respectively. If a positive binding event occurs during the experiment changes on the
resonance peaks are expected to be observed.110
Although protein NMR is a very powerful approach which allows to map the
possible place of interaction of a given molecule on the protein surface, in this project
only two ligand observed NMR experiments, CPMG (Carr-Purcell-Meiboom-Gill) and
STD (Saturation Transfer Diference), were employed either for yes/no evaluation of
binding or on a competition format.
GPMG relies on the differences of relaxation times between a protein and a small
molecule. Usually small molecules tend to have slower relaxation times when compared
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with protein macromolecules in solution, which will result in a difference of the T2
relaxation times. If a small molecule binds to a protein it is expected to give a decrease in
the relaxation time of the first, then by addition of a delay on the spectra acquisition time
it is expected to give rise to a decrease in the NMR signals of the small molecule when
compared with the protein alone (Figure 1.15A).111

Figure 1.15 – Ligand-observed NMR experiments. A) Illustration of the peak on a typical
CPMG experiment – in the presence of a protein that binds to the ligand it is expected a decrease
on the ligand signals. B) STD experiment – in the presence of a protein that binds to the ligand it
is expected that the ligand NMR signals appear in the final spectra.

STD relies on the Nuclear Overhauser effect (NOE) for the transfer of
magnetization between a protein and its bound ligands. This experiment is a combination
of two intercalated experiments. In the first experiment the protein resonances are
irradiated for a certain length of time, leading to the fast saturation of the protein
resonances by spin-diffusion. Hence the magnetization can also spread to the bound
ligands leading to the partial saturation of the ligands resonances by NOE. Upon ligand
dissociation its saturation can promote a reduction in the NMR spectrum signals. Then a
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second experiment a normal 1H NMR spectrum is recorded without protein resonances
saturation. Subtraction of the two spectra will only show the peaks of the ligand in case
of a positive binding event (Figure 1.15B).111
Both techniques can be employed on a competition format. In these experiments
a small molecule is used with the aim of displacing a known ligand from its protein target
in solution. Thus if the displacer is able to displace the ligand from its target an inverse
effect should be observed on the NMR spectra of the second.

1.6.6) Differential Scanning Fluorimetry –Thermal Shift (DSF-TS)
DSF (Differential Scanning Fluorimetry) is a thermal based denaturation method
in which a certain protein thermal stability is monitored. In this assay a protein solution
is gradually heated, usually 1ºC/ min at temperatures ranging from 25-95 ºC, in the
presence of an environmentally sensitive fluorescent dye, such as SyproOrangeTM. The
fluorescence signal is monitored continuously during the experiment. With increasing
temperature the protein starts to unfold and exposes its hydrophobic surfaces that are able
to recognize the fluorescence dye leading to an increase on the fluorescence signal
(usually measured in relative fluorescence units-RFU).
Plotting the obtained RFU intensities against the temperature typically results in
a sigmoidal curve from which the protein melting temperature (Tm) is obtained. This value
is therefore defined as the temperature at which half of the protein is denatured and can
be extracted from the inflection point of the curve - or from the minimum of the derivative
function (-dRFU/dT). In the presence of a compound that is capable to bind to the protein
it is expected to observe and increase on its Tm if it behaves as a protein stabilizer and a
decrease if it behaves as a destabilizer.112
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1.7) Motivation and Aim of the project
1) First binding pocket – pVHL-HIF-1α interaction site
The initial VHL ligand VH032 exhibited low cellular permeability, which
contributed to a mismatch between the activity observed in cells (in the high micromolar
range) and the binary binding in vitro (Kd = 185 nM). Such a mismatch could also be a
consequence of the requirement to fully saturate the binding site of VHL. For example,
in order to reach 99% occupancy an inhibitor needs to achieve a concentration inside the
cell that is 100 × Kd. Therefore, in my project I aimed to optimize both the ligand binding
affinity towards double-digit nanomolar Kd, and, at the same time, optimize the ligands
physicochemical drug-like properties to improve cellular membrane permeability. To
achieve these goals I applied structure-based drug design.
2) Second binding pocket - newly identified VHL pocket
A novel pocket on VHL, which was termed 2nd VHL pocket, was discovered with
our previous efforts. The initial hit fragment MB756 still presents high micromolar
affinity and low complementarity towards this 2nd VHL pocket. I planned to grow and
optimize the initial fragment, in a structure-based design approach, to generate fragment
with improved binding affinities. LE would also be an important indicator to prioritize
ligands for optimization.

1.8) Impact of the project
1) First binding pocket – pVHL-HIF-1α interaction site
The development of the new inhibitors on the second VHL pocket will provide
new and better probe for the hypoxia signalling pathway, with improved cellular activity.
In addition, SAR data generated in the process would provide useful information for
making bifunctional PROTAC molecule which can hijack E3 ligase activity of CRLVHL.

53
Contribution of this project towards PROTAC development would be further discussed
in the next section.
2) Second binding pocket - newly identified VHL pocket
The optimization of the ligands and SAR study against the 2nd VHL pocket could
lead to the discovery of new chemical tools to probe VHL, with potential for allosteric
mode of action. Moreover, since the pocket is so close to the site of mutation associated
to Chuvash polycythemia disease, our study could also lead to a mutant-specific probe
for this disease.

1.9) Studying and improving VHL ligand for Proteolysis-targeting chimeras
(PROTACs)
In recent years, PROTAC has proven as a powerful approach to deplete protein
levels by hijacking E3 ligase activity towards target protein of interest.113 One of the most
successful approaches has been made on the design of PROTACs that specifically recruit
CRL2VHL activity.68,69 Structurally PROTAC molecules are formed by two recruiting
ligands connected via a linker. Whilst one of the ligands specifically recognizes the target
protein, the other recruits an E3 ligase to bring the ligase and the target protein in close
proximity forming a ternary complex. Formation of such complex leads to
polyubiquitylation and subsequent degradation of the target protein by proteasomal
dependent proteolysis. (Figure 1.13) As a result, PROTAC induces a post-translational
knockdown of the target protein of interest. Such approach is considered as an exciting
new modality to complement traditional drug discovery approaches. A major advantage
of PROTACs mode of action is its catalysis based activity that lessens the requirement of
target engagement and occupancy of conventional inhibitors.114,115 Therefore, a lower
than stoichiometric concentration is sufficient to achieve efficient protein depletion by
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PROTACs. In addition to that, existing inhibitors/binders that have poor therapeutic
efficacy, or low binding affinities can be derivatised in principle to make active
PROTACs.70–73

Figure 1.13 – The PROTAC approach. PROTACs specifically bind to an E3 ligase brings the
enzyme and the protein of interest (POI) in close proximity, facilitating POI ubiquitination and
subsequent degradation.

The design of small molecule PROTACs has been the subject of intense
investigation by many groups for drug discovery purposes.115,116
Until recently, PROTAC design was based on the optimization of the binding
affinity of each one of the warhead to their respective targets. However recent studies
demonstrated that this approach does not always lead to an increase on the PROTAC
activity.117 In several different studies, it was observed that the length and the points of
attachment of the linkers also influenced the PROTACs cellular potency. For example, in
a recent study the activity of PROTACs to induce the degradation of serine-threonine
kinase TBK1 was demonstrated to be dependent on the linker length.117 In another study
of VHL-based PROTACs conjugating two different target warheads, it was shown that
varying both the linker length and the conjugation point that each component contribute
to the degradation profile of the compounds. Recently, the Ciulli Lab solved the first Xray crystal structure of PROTAC MZ1 bound in a ternary complex with its ligase VHL
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and its target protein Brd4.74 The structure and allied biophysical studies demonstrated
the contribution of PPI towards efficient degradation and enabled the first ever structurebased design of a PROTAC.74 In this study, a new series of PROTAC was developed
utilizing an alternative linker attachment point leading to new degrader AT1 with
selectivity profile different from the original MZ1.74 More recently, PROTACs composed
of two instances of a VHL ligand were shown to induce dimerization of VHL, leading to
VHL degradation inside cell, again in a manner strictly dependent on the conjugation
pattern and nature of the VHL ligand.118
The optimized VHL ligand reported in this PhD project, together with the
structure-activity-relationship (SAR) data will provide valuable information for
PROTAC development. This information includes a series of VHL ligand with different
affinities, physical chemical properties, cell membrane permeability and target residence
times.
So far, reported PROTACs are designed to bind to E3 ligases through the substrate
recognition pocket on the substrate receptor protein.119 By bringing the substrate to close
proximity, it allows ubiquitin to be transferred from the E2 conjugating enzyme to the
target protein. However, the current paradigm leaves us to question whether PROTACs
are capable to induce ubiquitination of targets if recognized by a site on E3 ligase far from
their substrate recognition pockets. The 2nd VHL pocket is situated far from the VHL
HIF-recognition pocket. Hence, discovery of ligands targeting the second VHL pocket
may allow the design of bifunctional molecules that bring target substrate towards
CRLVHL via a pocket other than the HIF recognition site. Through this approach it will
open up a new avenue of utilizing different protein surfaces on E3 ligase for PROTAC
induced ternary complex formation, which may produce a new class of target degradation
inducers.
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Chapter 2
Optimization of small molecules
targeting the pVHL:HIF proteinprotein interaction
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2.1) Introduction
In the recent years pVHL:HIF-1α PPI inhibitors emerged as a novel alternative to
probe the hypoxia signalling pathway, and to treat diseases where mimicking the
physiological response in hypoxia has proven to be beneficial.31,69 The inhibitors bind
specifically to pVHL and block the hypoxia signalling pathway downstream HIF
hydroxylation by the PHD enzymes avoiding HIF-independent off-target effects.69,120
Nevertheless to validate this approach the ligands must penetrate the cells and engage
VHL with enough potency to efficiently block HIF-1α binding.
Following a different approach, the VHL ligands can be used for the design of
pVHL-recruiting bivalent chimeric ligands (PROTACs).121 PROTACs can efficiently
hijack the VHL ligase activity and induce intracellular degradation of the desired target
proteins.70,71,74–76
Starting from the co-crystal structure of pVHL bound with the hydroxyproline
peptide of the HIF-1α carboxy-terminal oxygen-dependent degradation (CODD) motif a
series of pVHL:HIF-1α PPI inhibitors were designed around the hydroxyproline core
fragment.65–67,77 These continuing efforts culminated with the discovery of compound
VH032 which was the first inhibitor to achieve nanomolar binding affinity to VHL (Kd =
185 nM) and to show capacity of disrupting pVHL:HIF-1α PPI in cells, as shown by its
ability of stabilize HIF-1α inside cells by Western Blot.68,69
However despite its high affinity towards VHL, VH032 presented a low cell
membrane passive permeability which resulted in a considerable gap between the
inhibitor activity in cells and in vitro biophysical assays.69 Analysis of the X-ray crystal
structure of VBC with VH032 compound showed an attractive pocket at the LHS (Lefthand side) of the pVHL-HIF interface, not completely filled by the acetamide group and
which could be targeted by other substituents for further inhibitor growth and
optimization (Figure 2.1).
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Figure 2.1 – X-ray crystal structure of VBC with inhibitor VH032 (magenta
carbons) (PDB: 4W9H). This structure suggests a small pocket on the LHS of the pVHL binding
pocket that could be targeted by small inhibitor modifications. pVHL is shown as a pale-green
surface, residues forming the binding pocket as orange stick representations. Inhibitor binding
waters are shown as red spheres. Hydrogen bound interactions between inhibitor, pocket residues
and bond waters are shown as red dashed lines (hydrogen bond distances are measured in
Angstroms).

In this chapter, the group based-optimization of the pVHL-HIF inhibitors starting
from VH032 is described. Optimization of the binding affinity, cell membrane passive
permeability and lastly the cellular activity was expected to deliver a series of optimized
inhibitors that could be used to design new improved PROTACs or lead to the
identification of a new and more selective chemical probe of the hypoxia signalling
pathway.

2.2) Results
2.2.1) pVHL:HIF inhibitors Structure Activity Relationships
Following the information gathered from the X-ray crystal structure of inhibitor
VH032 bound to VBC as a starting point, a new series of inhibitors was designed by
addition of small modifications on the LHS of the inhibitor. On the first series of
inhibitors the carbonyl on the LHS was kept untouched in order to maintain the hydrogen
bond interaction with the structural water inside the pocket. The main design strategy

61
focused on the systematic substitution of the hydrogens of the acetamide methyl group
by alkyl groups to fill the LHS of the pocket or by adding negative charged atoms
(fluorine or chlorine atoms) at the α position of the LHS amide to lock the conformation
of this group.122,123 Additionally, I evaluated the impact of removing the unnecessary
hydrogen-bond group (NH) of the LHS acetamide by cyclization or the effect of
substituting the LHS tert-leucine side chain for a less bulky alanine side chain on the
inhibitors potency (Figure 2.2).

Figure 2.2 – Designed group modifications on inhibitor VH032 structure. The designed
modifications aimed to increase inhibitors binding affinity and activity in cells.

The binding affinity of the new inhibitors was measured against VBC protein
complex using two biophysical techniques; initially the inhibitors ability to displace a
fluorescent labelled high-affinity HIF peptide was screened by FP, then the binding
affinity of the most promising inhibitors was orthogonally validated by ITC (raw data
appendix figure AI1 and AI3). In parallel, the cellular activity of the inhibitors was
evaluated in HeLa cells by monitoring HIF-1α protein levels by Western blot. (Data
obtained by Dr. Julianty Frost, former joint Welcome Trust PhD student from Dr. Alessio
Ciulli (BCDD) and Dr. Sonia Rocha laboratories (GRE)). (Table 2.1)
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Table 2.1. Chemical structure, FP calculated Kds41, ITC measured Kds and group efficiencies (GE)
of inhibitors VH032 and 2-12.
OH
R1
R2

Inhibitor

R1

VH032

t-Leu

2

t-Leu
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t-Leu

4

t-Leu
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N
O O

Kd FP
(nM)
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O
N
H
O
N
H

O

O

NH

S
N
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GEa

HIF-1α Stabilization
(Protein % levels)c
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-
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-

− 0.41

12 ± 2

200 ± 30

105 ± 11

− 0.11

16 ± 3

350 ± 90

-

− 0.36

98 ± 8

450 ± 90

-

− 0.12

65 ± 7

N
H

170 ± 30

132 ± 10

− 0.02

105 ± 8

N
H

270 ± 50

-

− 0.08

95 ± 9

N
H

200 ± 30

-

− 0.04

89 ± 16

N
H

770 ± 30

-

− 0.24

19 ± 2

N
H

90 ± 10

44 ± 9

0.08

175 ± 1
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H

760 ± 20

-

-

12 ± 2

N

1400 ± 100

-

− 0.48

33 ± 3
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H

HO

O
N
H
O
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H

O

6
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7
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8

t-Leu

O
F3C
O
Cl3C
O

9
10

t-Leu
t-Leu

F

F
O

O

11

Ala
O

12

t-Leu

GE informs on the contribution of a group of non-hydrogen atoms added to inhibitor VH032 on
the inhibitors binding affinity [calculated based on FP results and calculated as: GE = ∆pKd/∆HA
(Heavy atoms)]. ∆pKd = [(-log Kd (inhibitor measured by FP)) – (-log Kd (VH032 measured by
FP)).
b
HeLa cells were treated with 50 µM of the respective inhibitor and HIF-1α stabilization levels
were measured by Western blot after 2 h treatment (protein levels normalized to VH032 HIF-1α
stabilization levels).
a
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Substitution of a single hydrogen on the acetamide by a hydroxyl group (3)
resulted in the retention of inhibitor binding affinity but promoted a substantial loss in
cellular potency. On the other hand, expansion of the acetamide methyl group to an ethyl
group (4) retained the cellular activity despite a 2-fold loss in binding affinity. Addition
of a bulkier tert-butyl group (5) resulted in a loss of both binding affinity and cellular
potency. Substitution of the three hydrogens by three fluorine (7) or three chlorine atoms
(8) did not have a significant impact on the inhibitor binding affinity or cellular potency.
However, substitution of the acetamide hydrogens for two methyl groups together with
one fluorine atom (9) led to a significant loss in binding affinity and cellular potency.
Substitution of two hydrogens for a cyclopropyl group (6) allowed a small improvement
on inhibitor binding affinity. Further substitution of the third hydrogen with afluorine (10)
led to a notable increase in both binding affinity and cellular potency when compared
with the starting inhibitor VH032 or inhibitor 6. Additionally, inhibitor 10 is the only
inhibitor of this series presenting a positive group efficiency (GE = 0.08).

Figure 2.3 - Inhibitor 10 Biophysical characterization. Competitive fluorescence polarization
binding assay curve of inhibitor 10 displacing a 20-mer FAM-labeled HIF-1α peptide bound to
VBC (Kd = 3 nM) (Figure A). ITC titrations of 300 µM inhibitor 10 (blue) and 300 µM of its cis
epimer (red) into 30 µM VBC protein.
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Figure 2.3 shows a representative ITC and FP curve obtained for inhibitor 10,
inversion of the proline OH group orientation from trans to cis gives rise to the inactive
epimer cis-10.
Further attempts to modify other parts of the inhibitor LHS did not lead to an
improvement on either binding affinity or cellular activity. Substitution of the tert-leucine
side chain for a less bulky side chain of an alanine (11) or removal of the NH group of
the LHS acetamide through cyclization into a pyrrolidinone (12) yielded a loss in binding
affinity and cellular activity. Finally, the substitution of the LHS inhibitor acetamide to a
Boc protecting group (2) was not tolerated and yielded the least potent inhibitor of this
series.
In order to better understand the SAR results of the first inhibitors series, the Xray crystal structures of inhibitors 6, 10 and 11 bound to VBC complex were obtained (Xray crystal structures of inhibitors 6 and 10 were solved by Dr. Morgan Gadd, former
postdoc in the Ciulli lab) (Figure 2.4). The binding mode of the ligands and their impact
on the inhibitors affinity is discussed in detail in section 2.3 of this chapter.

Figure 2.4 - Crystal structures of VBC in complex with inhibitor 6 (PDB: 5NVW - Figure
A), 10 (PDB: 5NVX - Figure B) and 11 (PDB: 5NVY - Figure C). Inhibitors are shown as
magenta stick representation. VHL is shown as a pale green surface and the VHL residues forming
the binding pocket as orange stick representations. Inhibitor-binding waters are shown as a red
spheres. Hydrogen bond interactions between inhibitors, bound waters and VHL pocket residues
are shown as dashed red lines (hydrogen bond distances are measured in Angstroms).

*

**

*

**
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Figure 2.5 - Activity of inhibitor 10 shown in HeLa cells expressing a HRE-luciferase reporter
plasmid treated with indicated concentrations for 24 h (Figure A). Colony formation (Figure B)
and cell-proliferation assays (Figure C) showing toxicity in cells after treatment with 150 µM of
inhibitor 10 and its cis epimer.

Within the first series, inhibitor 10 represents the first VHL inhibitor to reach the
double digit nanomolar affinity to VHL and high activity in cells (Figure 2.5A). These
are key requisites for a good chemical probe.124 However, further cellular studies with
this inhibitor and its cis inactive epimer revealed a degree of cytotoxicity, as shown by
their effect of decreasing cell proliferation when compared to the DMSO vehicle (Figure
2.5B,C). These findings suggested a potential off target toxicity for inhibitor 10.
The observed cytotoxicity of inhibitor 10 motivated the discovery of a more
suitable candidate for a chemical probe. Based on the information provided by the X-ray
crystal structure of this inhibitor bound to VBC complex, a second series of inhibitors
was designed.
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Figure 2.6 - Designed group modifications on inhibitor 10 structure to improve inhibitor
activity. With the planned modifications it was expected to reduce cellular cytotoxicity while
retaining potency.

As a first approach, in this second series, it was evaluated the impact of
converting the fluorine group into other electron withdrawing groups or for promoters of
intramolecular hydrogen bonds on the inhibitors potency. As a second approach, in order
to explore the observed flexibility of Arg69 in the LHS of the pocket, the cyclopropyl
ring was expanded with larger and more lipophilic groups, or moieties that could form a
hydrogen bond interaction with either Arg69 side chain or with the structural water
present in the left hand side of the pocket. Additionally, it was proposed to study the
impact of methylating the solvent-exposed amide NH group and of replacing the tertleucine side chain for a threonine side chain to explore potential hydrogen bonds on the
LHS of the pocket (Figure 2.6).
The binding affinity and the cellular potency of the inhibitors of this series was
evaluated following the same approach described for previously (Table 2.2, raw data
appendix figure AI2 and AI3).
Although none of the inhibitors of this series showed an increase in binding
affinity and in cellular potency when compared with inhibitor 10, some of the inhibitors
of this series presented a considerable improvement when compared with the starting
inhibitor VH032. Substitution of the fluorine group by a cyano group (also an electron
withdrawing group) (15) led to a 2-fold improvement in both binding affinity and cellular
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potency. Changing fluorine group by a ketone moiety (16) also led to a considerable
improvement of ligand binding affinity and potency in cells. Expansion of cyclopropyl
ring to a cyclobutyl (18) promoted a reasonable improvement in cellular activity despite
a small loss in binding affinity.
Most of the inhibitors of this series still present high binding affinities to VBC
protein complex (Kd ranging between 90-230 nM).
Lastly it was very rewarding to observe that the best inhibitor of this series 15
presented a Kd < 100 nM (Kd = 90 nM), positive group efficiency and cellular activity
comparable with 10. Further investigation with inhibitor 15 pleasingly revealed no
cytotoxicity in cells (Figure 2.7).
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Table 2.2 Chemical structure, FP back calculated Kds, ITC measured Kds and Group
efficiencies (GE) [based on FP results and calculated as: GE = ∆pKda/∆HA (Heavy
atoms)] of inhibitors VH032, 10 and 13-21.
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∆pKd = [(-log Kd (inhibitor measured by FP)) – (-log Kd (VH032 measured by FP))

HeLa cells were treated with 50 µM inhibitors and HIF-1α stabilization levels were
measured by Western blot after 2 h treatment (protein levels normalized to VH032 HIF1α stabilization levels).
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Figure 2.7 - Colony formation (Figure A) and cell-proliferation assays (Figure B) showing no
toxicity in cells after treatment with 150 µM of inhibitor 15 and its cis epimer.

Figure 2.8 - Crystal structures of VBC in complex with inhibitor 15 (PDB: 5LLI - Figure
A), 16 (PDB: 5NW0 - Figure B) and 18 (PDB: 5NW1 - Figure C). Inhibitors are shown as
magenta stick representation. VHL is shown as a pale green surface and the VHL residues
forming the binding pocket as orange stick representations. Inhibitor-binding waters are shown
as a red spheres. Hydrogen bond interactions between inhibitors, bound waters and VHL pocket
residues are shown as dashed red lines (hydrogen bond distances are measured in Angstroms).
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Similarly to the first series as a support of the SAR results the X-ray crystal
structures of inhibitors 15, 16 and 18 bond to VBC were obtained (Figure 2.8) (structures
solved by Dr. Morgan Gadd). The influence of the inhibitors binding mode on their
affinity is discussed in detail in section 2.3 of this chapter.
As a summary in this section I present the results of a group-based optimization
that initially led to the discovery of inhibitor 10 which was more potent than VH032. A
subsequent optimization revealed inhibitor 15 which has potency comparable with 10 and
was not cytotoxic in cells.

2.2.2) pVHL:HIF PPI inhibitors synthesis
The new active inhibitors were synthesised from intermediates 22 or 24 obtained
following the protocol that was described by previous members of Prof. Alessio Ciulli’s
laboratory.68,69
Inhibitors 4, 6-8 were obtained in reasonable yields (45-58%) via acylation
reaction of intermediate 22 by the appropriate anhydride derivative. Using a HATU
assisted amide coupling reaction between intermediate 22 and the appropriate carboxylic
acid, inhibitors 3, 5, 10, 15-20 and intermediate 23 were obtained in reasonable yields
(43-50%) (Scheme 2.1). Treatment of intermediate 22 with 4-chlorobutanoyl chloride,
followed by intramolecular cyclization using KOtBu as base, led to inhibitor 12 with a
62% yield over the two steps (Scheme 2.1). Reductive amination of 22 with formaldehyde
followed by acylation of the secondary amine intermediate with acetic anhydride led to
inhibitor 13 with an overall yield of 52% over two steps (Scheme 2.1). Beprotection of
intermediate 23 with trifluoroacetic acid followed by acylation of the deprotected
intermediate with acetic anhydride furnished inhibitor 21 with a yield of 45% over two
steps (Scheme 2.1).
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Scheme 2.1
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Reagents and conditions: (i) N(Et)3, anhydride derivative, DCM, r.t., 2 h; (ii) 4-chlorobutanoyl
chloride, DCM/NaOH, rt, 1 h; KOtBu, THF, 0 ºC–rt, o.n; (iii) Carboxylic acid derivative, HATU,
DIPEA, DMF, r.t., 1 h; (iv) TFA:DCM, r.t., 30 min.; (v) N(Et)3, acetic anhydride, DCM, r.t., 2 h;
(vi) Formaldehyde, DMF, r.t., 90 min.; NaBH(OAc)3, r.t., 10 min.; (vii) N(Et)3, acetic anhydride,
DCM, r.t., 2 h.

Intermediates 25 and 26 were obtained from intermediate 24 after deprotection
with trifluoroacetic acid followed by HATU assisted amide coupling reaction with Lalanine or L-threonine, respectively with a yield of 78% and 80% over two steps. After
deprotection of intermediate 25, inhibitor 11 was obtained by acylation of the deprotected
intermediate with 48% yield over two steps. Deprotection of 26 with trifluoroacetic acid
followed by HATU assisted amide coupling reaction between the deprotected
intermediate and 1-fluorocyclopropanecarboxylic gave 14 with 65% overall yield over
two steps (Scheme 2.2).
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Scheme 2.2
S
HO
i, ii
S

HO
N
Boc

H
N
O

24

Boc NH

N

H
N

N
O

O

25

O

H
N

Boc NH

O

O

O

O

11

S

N

HO
iii, vi

26

NH

F

NH

N

H
N

OH N
O

N

H
N

N

S

OH N

HO
iii, iv

i, v

HO

S

N

O

O
14

Reagents and conditions: (i) TFA:DCM, r.t., 30 min.; (ii) Boc-L-Ala, HATU, DIPEA, DMF, r.t.,
1 h; (iii) TFA:DCM, r.t., 30 min.; (iv) N(Et)3, acetic anhydride, DCM, r.t., 2 h; (v) Boc-L-Thr,
HATU, DIPEA, DMF, r.t., 1 h; (vi) 1-fluorocyclopropanecarboxylic acid, HATU, DIPEA, DMF,
r.t., 1h.

The new inactive cis- hydroxyproline inhibitors were synthesised from
intermediate 27, which was obtained following the same protocol previously described
for the trans-hydroxyproline epimer 24.69 Deprotection of 27 with trifluoroacetic acid
followed by a HATU assisted amide coupling between the deprotected intermediate and
L-tert-leucine gave intermediate 28 with a 71% overall yield over two steps. After
deprotection of intermediate 28 with trifluoroacetic acid, inhibitors cis 10 and cis 15 were
obtained using a HATU assisted amide coupling reaction between the deprotected
intermediate and the appropriate carboxylic acid derivative respectively with a 47% and
56% overall yield over two steps (Scheme 2.3)
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Scheme 2.3
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1 h; (iii) Carboxylic acid derivative, HATU, DIPEA, DMF, r.t., 1 h.

2.2.2.1) Reaction mechanisms
In this section the mechanisms of some common reactions employed during the
pVHL:HIF PPI inhibitors synthesis are presented, which include: the trifluoroacetic acid
Boc deprotection, the HATU assisted amide coupling reactions, and the acylation
reactions are presented in this section.
On the Boc deprotection mechanism, trifluoroacetic used in excess will be the
main promotor of this reaction. The oxygen of the carbamate group is initially protonated
(A), then the loss of the carbamate group will form the carbamic acid (B), following the
reaction mechanism trifluoroacetic acid will promote the decarboxylation of the carbamic
acid forming the free amine intermediate (C) that will then be protonated by the
trifluoroacetic acid to yield the final product as a TFA salt (D) (Scheme 2.4).
Scheme 2.4 – Boc deprotection reaction mechanism (TFA excess) – Deprotection
reaction originates the final deprotected amine as a TFA sal.
O

O
R

H
N

O
O

H

O

CF3

R

H
N

H
O
O
A

R

H
O

H
N
B
H

O

H
R

O

NH2
C

O
O

O

CF3

CF3

O

CF3

R

NH3
O
D

CO2

O
CF3

74
On the amide coupling reactions performed in this project, HATU is used as a
reagent to activate the reaction of the carboxylic acid with an amine leading to the
formation of an amide bond. On the first step of the mechanism a base deprotonates the
carboxylic acid and the resulting anion will attack the electron deficient carbon of HATU
leading to the formation of the HOAt anion and the activated carboxylic acid (A). The
formed HOAt anion then reacts with the activated carboxylic acid to form HOAt
activated ester intermediate (B), in the last step of the mechanism the amine reacts with
the activated ester and lead to the formation of the final amide product (C) (Scheme 2.5).
Scheme 2.5 – HATU assisted amide coupling mechanism – This reaction originates
the final amide; tetramethylurea and HOAt salt.
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The acylation reaction mechanism describes an alternative approach to obtain the
some of the final inhibitors. The stating amine reacts with the anhydride

(A) and

originates the intermediate anion species (B). The final amide product is then obtained
after elimination of the carboxylic acid by product (C) (Scheme 2.6).
Scheme 2.6 – Acylation reaction mechanism – This reaction was an alternative
approach to obtain some of the final amide inhibitors.
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2.2.3) Evaluation of pVHL:HIF PPI inhibitors permeability
Optimization of compounds cell-membrane passive permeability has a key role
on the early stages of drug development; it can impact the quantity of available inhibitor
inside the cell, therefore having a significant influence on the cellular activity.
Lipophilicity at physiological pH, topological polar surface area (TPSA),number of
rotatable bounds and number of hydrogen bond donors (HDB) are known parameters that
have a direct impact on small molecules cellular passive permeability.125,126 For a
selection of the inhibitors with the higher binding affinity to VBC, the passive
permeability was measured using parallel artificial membrane permeability assay
(PAMPA). Additionally, the lipophilicity of the compounds was measured by
chromatography lipophilicity index LogD7.4 (CHILogD7.4) (measurements done by
Dr.Ola Epemolu and Dr. Lucy Elis from DDU’s DMPK unit) (Table 2.3). Lastly TPSA,
number of rotatable bonds and number of hydrogen bond donor groups were calculated
using Stardrop software. (Table 2.3)
Analysis of calculated parameters revealed that TPSA, number of rotatable bonds
and number of hydrogen bond donors had no impact in the inhibitors cellular
permeability.
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Table 2.3 Structures, Kds measured by ITC, calculated Ligand Efficiency (LE) [LE = −∆G/NHA
= −RT ln Kd/NHA]92 and Ligand Lipophilic Efficiency (LLE) [LLE = pKd-LogD]92 based on ITC
results, PAMPA measured passive permeability, chromatographic hydrophobicity index logD
(CHILogD7.4), calculated topological polar surface area (TPSA) and calculated number of
rotatable bonds of inhibitors VH032, 3, 6, 10 and 15-19.
OH
N
R

O O

NH

S
N

Number of
hydrogen TPSAb
bond donor (Å2)
groupsb

Inhibitor

Kd ITC
(nM)

LE
(kcal × mol-1
× NHA-1)

LLE
(kcal × mol-1
× NHA-1)

Permeability
(nm × s-1)a

CHILogD7.4

VH032

185±6

0.27

5.83

1.2

0.90

3

111.6

10

3

105±11

0.27

6.28

0.1

0.65

4

131.9

11

6

132±10

0.26

5.68

6.1

1.14

3

111.6

11

10

44±9

0.27

5.73

27.1

1.63

3

111.6

11

15

90±5

0.26

5.65

19.4

1.40

3

135.4

12

16

106±14

0.25

5.63

15.0

1.34

3

128.7

12

17

128±21

0.24

6.28

0.1

0.61

4

140.7

13

18

210±12

0.25

5.38

11.6

1.30

3

111.6

11

19

232±20

0.25

5.92

0.3

0.71

3

120.9

11

Rotatableb
bonds

a

Permeability of inhibitors were determined by PAMPA at room temperature using Propanolol
(medium permeability – 62.7 nm/s) as controls.
b
Values calculated using StarDrop software.

Inhibitors 10 (LE = 0.27, LLE = 5.73), 15 (LE = 0.26, LLE = 5.65), and 16 (LE =
0.26, LLE = 5.63) which were the most permeable compounds were also the most
lipophilic and had the higher activity in cells. Overall the results reveal that an increase
of the inhibitors lipophilicity, contrary an the increase of inhibitors binding affinity to
VBC, is directly correlated with the increase of their cell passive permeability leading as
expected to an increase on cellular potency (Figure 2.9).
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Figure 2.9 - ITC pKd vs activity in cells (Figure A) of inhibitors VH032, 3, 6, 10, VH298 and
16-19. Passive permeability of inhibitors VH032, 3, 6, 10, VH298 and 16-19 measured by
PAMPA vs Chromatographic Hydrophobicity Index LogD at pH 7.4 (Figure B) and vs activity
in cells (Figure C); HIF-1α protein levels were measured using Western blot and normalized to
inhibitor 10 protein levels as proxy of cell activity.

2.2.4) Evaluation of pVHL:HIF inhibitors binding kinetics and in vitro plasma and
microsomal stability.
Drug binding kinetics together with cell membrane passive permeability and
binding affinity are known parameters to influence drug cellular activity. Long residence
times of a drug on its specific target leads to an increase on the duration of the
pharmacological on-target effect.127,128 To evaluate how the VHL dissociation/association
rates could influence the inhibitors activity in cells, the binding kinetics were determined
by SPR for inhibitors VH032, 10, 15, 16 and 18, which showed the highest activity in
cells (Table 2.4, raw data appendix figures AI4 and AI5). The SPR experiments were
conducted at 10 and 20ºC in order to compare the binding kinetic parameters at different
temperatures. The VBC protein complex was immobilized on the chip using biotinstreptavidin capture.
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Table 2.4 Structures, association (kon) and dissociation (koff) rates determined by Surface Plasmon
Resonance (SPR), Kds determined by SPR (Kd=koff/kon),calculated dissociative half-times (t1/2),
microsomal and plasma stability of inhibitors VH032, 10, 15, 16 and 18.
OH

N
R

Inhibitor

kon

koff

(M-1s-1)

(s-1)

5

VH032

4

7.5x10 ±1.0x10 (10ºC)
6

4

2.18x10 ±4x10 (20ºC)
6

10
15

5

2.4x10 ±1.0x10 (10ºC)
6

5.99x10 ±1.0x10 (20ºC)
5

4

5

4

6.6x10 ±1.1x10 (10ºC)
7.8x10 ±1.0x10 (20ºC)
5

16
18

4

4

6.0x10 ±4x10 (10ºC)
5

4

8.2x10 ±1.3x10 (20ºC)
5

3

6

4

5.17x10 ±5x10 (10ºC)
1.10x10 ±3x10 (20ºC)

O O

NH

S
N

Kd SPR
(nM)

Dissociative
t1/2a (s)

Plasma
Microsomal
Stability
stability
(1/2 life in
(mL×min-1×g-1)
min)

0.092±0.001
0.233±0.005

123 (10ºC) 7.534±0.007
107 (20ºC) 2.98±0.01

0.7

>180

0.058±0.007
0.098±0.001

24 (10ºC)
16 (20ºC)

11.94±0.08
7.073±0.007

2.9

>180

0.065±0.001
0.118±0.001

99 (10ºC)
52 (20ºC)

10.66±0.01
5.874±0.007

3.1

>180

0.069±0.004
0.169±0.002

115 (10ºC) 10.04±0.01
97 (20ºC) 4.101±0.007

2.5

>180

0.140±0.002
0.256±0.004

271 (10ºC)
233 (20ºC)

3.0

>180

4.95±0.01
2.71±0.01

Dissociative half-life of inhibitor-VBC binary complex calculated based on inhibitor
dissociation rates (koff), t1/2 = ln2/koff.127
a

Inhibitors 10, 15 and 16 which show higher binding affinity than VH032 present
slower dissociation rates from VBC protein complex. These inhibitors also presented the
highest dissociation half-lives amongst the screened inhibitors, which was directly
correlated with their activity in cells (Figure 2.10).
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Figure 2.10 - Activity in cells vs calculated half-life dissociation (from VBC protein complex)
times of inhibitors VH032, 10, 15, 16 and 18 at 10ºC (squares) and at 20ºC (triangles); (HIF-1α
protein levels measured using Western blot and normalized to inhibitor 10 protein levels).

In addition to this parameters in order to start to study the metabolic stability of
these inhibitors and potential use in animal models the plasma and microsomal stability
was evaluated (measurements done by Dr.Ola Epemolu and Dr. Lucy Elis from DDU’s
DMPK unit). All compounds revealed a slow microsomal clearance (< 3.1 mL×min-1×g1

) and high plasma metabolic stability (1/2 life > 180 minutes).

2.3) Discussion
Small molecule chemical probes are useful tools to help researchers to address
questions about specific targets role in several biological pathways. This approach reveals
several advantages over gene knock-downs and RNA interference such as convenience
of delivery, stability and reversibility of action, temporal control or address different
targets isoforms or modification states. Despite their advantages there are still a number
of biological targets that lack good quality chemical probes to interrogate their biological
relevance.124
Hypoxia signalling pathway is one of the target systems that still lack a proper
chemical probe to study the biological relevance of stabilizing HIF-1α. The best chemical
probes used in the recent years, the PHD inhibitors, despite their potency, do not show
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selectivity between the three PHD enzyme isoforms (PHD 1-3), and regulate the activity
of several non-HIF substrates.26,129,130
Initial efforts to solve this problem led to the discovery of the pVHL-HIF-1α PPI
inhibitor VH032. Despite the achievement of this milestone, the inhibitor still lacked
some of the criteria needed for a good quality chemical probe of the hypoxia signalling
pathway. Critically, it showed reduced cellular activity due to low cell membrane passive
permeability.69
In this chapter I optimized the physicochemical properties of the inhibitors based
on the X-ray crystal structure of VH032 in complex with VHL. The first series revealed
that the modification of the tert-leucine side chain to an alanine side chain on inhibitor 11
was detrimental for potency. Closer analysis of the X-ray crystal structure of this inhibitor
bound to VBC revealed that the less sterically hindered methyl side chain of an alanine
promotes a more flexible conformation of the inhibitor which bends over Trp88 side chain
and increases the distance of the LHS carbonyl to the pocket structural water from ~2.93.0 Å (optimal distance for hydrogen bonding) to ~3.8 Å (longer than optimal distance
for hydrogen bonding), and leads to a significant loss in binding affinity. On the other
hand it was possible to observe that the substitution of the acetamide hydrogens by a
cyclopropyl and a fluorine atom in inhibitor 10 led to the highest gain in cellular potency
and revealed the first inhibitor to reach double digit nanomolar affinity (Kd = 44 nM).
Close inspection of the X-ray crystal structure of inhibitor 6 and 10 revealed that the
flexibility of Arg69 which bends over the cyclopropyl group allowed it to fit on the left
side of the pocket without any loss in affinity (Figure 2.11).
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Figure 2.11 – Superposition of the X-ray crystal structures of VBC in complex with
inhibitors VH032 (magenta carbons, PDB: 4W9H) and 6 (green carbons, PDB: 5NVW). The
figure shows the different conformations of Arg69 in the X-ray crystal structures of VBC in
complex with VH032 (magenta carbons) and 6 (green carbons). VHL is shown as a pale green
surface.

Lastly the fluorine on the α position is on the anti-position of the amide carbonyl
matching the low conformation energy observed for α-fluoroamides.122,123 This allows
the inhibitor to be pre-organized on its bound conformation prior to binding, reducing the
entropic penalty and yielding the observed improvement in binding affinity. Despite this
achievement inhibitor 10 could not meet the criteria required of a new chemical probe of
this system due to a high degree of cytotoxicity in cells. Therefore a second series of
inhibitors was designed in order to find a more suitable candidate based on this inhibitor
crystal structure.
The best inhibitor of this series 15 revealed a similar potency in cells (in
comparison with 10) and also presented a double digit nanomolar affinity to the target
(Kd = 90 nM). The X-ray crystal structure of 15 revealed that the cyano electron
withdrawing group is forming an additional hydrogen bond interaction with a water
molecule, and allows the formation of an interaction network between Tyr112 and the
amide carbonyl on the LHS of the inhibitor Hyp.
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The X-ray crystal structure of inhibitor 16 revealed that the ketone group adopts
an orientation and angle that facilitates the formation of an internal hydrogen bond with
the NH of inhibitor LHS amide. The observed intramolecular interaction could stabilize
the conformation on inhibitor 16 leading to the observed increase in both on binding
affinity and cellular potency.131 In the X-ray crystal structure with 18, it was observed
that the cyclopropyl group fills the left side of the pocket and induces a change in Arg69,
as described for the cyclopropyl inhibitors.
Additional investigation with inhibitor 15 revealed that this inhibitor was more
suitable to be elected as a chemical probe since it has shown to be non-cytotoxic in cells.
The increase of the inhibitors lipophilicity was directly correlated with an increase
in cellular permeability, which then led to an increase in the functional effect in cells. Due
to pharmacophore limitations; the inhibitors TPSA, number of rotatable bonds and HBDs
are close to the limits for good membrane permeability(TPSA < 140 Å2 ; HBDs < 5),126,132
fortunately these parameters were clearly compensated by an increase of the inhibitors
lipophilicity. However the results suggested that breaking beyond these parameters have
a negative effect on the inhibitors in cells. For example inhibitor 17, with TPSA above
140 Å2, gave a marked decrease in cellular permeability and cellular potency when
compared with VH032, despite a comparable CHILogD7.4. These results suggest that a
close control of all these parameters is essential for inhibitor optimization.
The increase of inhibitors target residency led to an increase on the inhibitors
activity in cells. However, the best inhibitors (10 and 15) presented residence times that
are still relatively small, in the order of seconds, therefore leaving some scope for
optimization. Target residency is often related with the ligands binding affinity for their
target, therefore the increase of inhibitors binding affinity to VHL can lead to an extension
of the ligands on-target effect.
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Lastly it was possible to observe that inhibitors 10, 15, 16 and 18, which present
the highest activity in cells, also present high plasma metabolic and microsomal stability
which support their potential use in vivo in animal models.
Overall the obtained results supported 15 to be elected as a high-quality chemical
probe since it presented high binding affinity and cellular potency, good cell membrane
permeability, relatively slow dissociation from its target, low toxicity in cells and
excellent metabolic stability. On the basis of these observations this inhibitor was elected
as a new chemical probe which selectively blocks pVHL:HIF PPI interaction in the
hypoxia signalling pathway downstream HIF hydroxylation.69 This inhibitor also known
as VH298 and its cis epimer were made available for the scientific community on the
“Chemical Probes Portal” (http://www.chemicalprobes.org), and is now available from
several commercial sources.124
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Chapter 3
Thioamide substitution to probe
the hydroxyproline recognition of
VHL ligands
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3.1) Introduction
n→π* interaction is a recently proposed noncovalent interaction within and
between polypeptide chains that helps to stabilize protein structures. It occurs usually
between carbonyl groups of adjacent backbone amides.133–135 This interaction is observed
when the lone pair (n) electron density of the donor group (carbonyl oxygen or
thiocarbonyl sulfur) overlaps with the antibonding orbital (π*) of an acceptor group. The
overlapping of these orbitals is only possible when the acceptor and the donor group form
a short contact similar to the Burgi-Dunitz trajectory for nucleophilic addition (~107º,
Scheme 3.1).133,136–138
Scheme 3.1 – Representation of the n→π* interaction in Hydroxyprolines
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Isosteric modification of an amide bond to a thioamide is known to modulate the
strength of the n→π* interaction.134,138,139 In fact the sulfur atom in thioamides is a softer
base than the oxygen carbonyl. This will strengthen the n→π* electronic delocalization
on the thioamides making them a better electron pair donor group leading to an increase
on the strength of the interaction.140
Recently proline models have been used to study how this interaction could
influence peptide and protein structure.138,141,142 In this system both cis and trans isomers
of its backbone are populated at room temperature, and since they have a slow
interconversion they can be monitored by NMR spectroscopy, as demonstrated by
Newberry et. al.140 This interaction is only possible when the proline system is on the
trans conformation (Figure 3.1A), therefore NMR is a useful tool infer the strength of the
n→π* interaction.140
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A closer look on the X-ray crystal structures of VBC in complex with inhibitor
VH032 (PDB 4W9H), suggested a conformation compatible with an n→π* interaction
between the two backbone amide carbonyls of the hydroxyproline (Hyp) core (Figure
3.1). Hence it was hypothesised that this protein-ligand system could be a privileged
model to study the contribution of the n→π* interaction for small molecule binding.

Figure 3.1 - Crystal structure of VBC (omitted) in complex with inhibitor VH032 (green
carbons) (PDB 4W9H). Inhibitor possible n→π* interaction between Hyp amides is shown as a
black dashed line.

In this chapter it’s presented a new series of thioamide derivatives to evaluate the
effect of the n→π* interaction on the potency of the VHL inhibitors affinity. These new
inhibitors were based on the structure of VHL inhibitor 11, by single as well as double
conversion of the carbonyls around Hyp core to thioamides (Figure 3.2). The binding
affinity of the new inhibitors was evaluated against VBC protein complex and, compared
with the possible contribution of the n→π* interaction for their binding.
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Figure 3.2 – Structure of inhibitor 11 and thioamide inhibitors 31-33.
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3.2) Results
3.2.1) Thioamide VHL:HIF PPI inhibitors synthesis.
Intermediate 24 was used as a starting point for the synthesis of all the final
thioamide derivatives 31-33 by selective thioamidation reactions (Scheme 3.2). Inhibitor
11 was obtained following the same protocol described on chapter 2 of this thesis.
Boc deprotection with trifluoroacetic acid of intermediate 24 followed by
coupling with the activated alanine thioamide derivative A (Figure 3.3, prepared
according to the literature143) led to intermediate 34 with a 71% overall yield over two
steps. Deprotection of 34 followed by acylation with acetic anhydride gave inhibitor 32
with an overall yield of 76% over two steps (Scheme 3.2).
O
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+
N O
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N N

Figure 3.3 – Structure of activated alanine thioamide derivative A.

Intermediate 35 was achieved with an overall yield of 68%, after TBS protection of the
hydroxyl group in 24 and amide conversion to thioamide using ammonium O,O’-diethyl
dithiophosphate. Further Boc deprotection of 35 and HATU assisted amide coupling with
Boc-Ala-OH gave intermediate 36 with an overall yield of 75% over two steps. In the
previous steps Boc deprotection was achieved with 10% of TFA to avoid TBS protecting
group cleavage. Finally an additional Boc deprotection of 36 followed by acylation with
acetic anhydride gave final inhibitor 31 with an overall yield of 69% over two steps
(Scheme 3.2). Contrary to the first deprotection the amount of TFA on the reaction
mixture was increase to 30% thus promoting the cleavage of the TBS and Boc protecting
groups in the same step.
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Boc deprotection of intermediate 35 followed by coupling with activated Alanine
thioamide derivative A, gave double thioamide intermediate 37 with a 49% overall yield
over two steps. Further Boc deprotection of 37 followed by acylation with acetic
anhydride yielded the final inhibitor 33 with a 64% overall yield over two steps (Scheme
3.2).
Scheme 3.2
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(i) TFA:DCM (3:7), r.t., 1h; (ii) activated thioamide (A), DIPEA, DMF, r.t., 3h; (iii)
acetic anhydride, Et3N, DCM, r.t., 3h; (iv) TBSCl, Imidazole, DMF, r.t., o.n.; (v)
Ammonium O,O'-diethyl dithiophosphate, toluene, reflux, o.n.; (vi) TFA:DCM (1:9), r.t.,
2h; (vii) boc-Ala-OH, HATU, DIPEA, DMF, r.t., 2h.

3.2.1.1) Reaction mechanisms
For the synthesis of the thioamide derivatives several reactions are used. Two of
the most common reactions are the amide coupling and the acylation reactions. The
mechanisms for these reactions are presented in Chapter 2. Conversion of the amide to
thioamide is made by using either O,O’-diethyl dithiophosphate salt or using Lawesson
reagent. This conversion follows a similar mechanism despite the different reagents used
and the formed by-products. Nevertheless since the major by-product formed when using
O,O’-diethyl dithiophosphate salt is inorganic it is easily removed from the crude
mixture.

N

N
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The amide conversion mechanism (O,O’-diethyl dithiophosphate salt used as an
example), starts with the formation of the active dithiophosphine ylide species that is in
equilibrium with the less reactive cyclic species A. The mechanism proceeds with the
attack of the oxygen carbonyl to the electron deficient phosphate of the starting species
forming intermediate B. Further attack on the electron deficient carbon by the
electronegative sulphur forms the cyclic intermediate C. On the last step transfer of the
sulphur atom to a new thiocarbonyl bond leads to the final compound as a thioamide
(Scheme 3.3).
Scheme 3.3 – Carbonyl conversion into thiocarbonyl (O,O’-diethyl dithiophosphate
salt) – Using this reaction the amide carbonyl group was converted into the respective
thiocarbonyl derivative.
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3.2.2) Biophysical characterization of thioamide VHL:HIF inhibitors
The binding affinity of inhibitor 11 and its thioamide derivatives 31-33 was
evaluated against VBC by two orthogonal assays. Initially inhibitors capacity to displace
a fluorescent-labelled HIF peptide was evaluated by FP polarization and then using a
direct binding assay ITC (Table 3.1, raw data appendix figures AI6 and AI7).
The results obtained from both assays revealed an excellent agreement on the
inhibitors affinity rank (Figure 3.4A and Figure 3.4B). The best thioamide inhibitor 32
(left hand side thioamide conversion) revealed a two-fold loss in binding affinity in both
techniques when compared with unmodified inhibitor 11. Conversion of the amide on the
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inhibitors right hand side into a thioamide (inhibitor 31) led to a 10-fold loss in binding
affinity by FP and more than 20-fold loss by ITC. Further substitution of the amide on
the hydroxyproline left hand side (inhibitor 33) revealed the lowest binding affinity of
this series.
In order to evaluate the possible impact of the n→π* interaction on the inhibitors
binding affinity the trans:cis isomer equilibrium of inhibitors 11 and 31-33 was evaluated
by NMR. The interaction is only possible when the hydroxyproline amide or thioamide
group are in the trans isomer conformation, therefore evaluation of the ratio between
trans:cis isomers in solution can inform on the on the strength of the n→π* interaction.
Conversion of the inhibitor acceptor group from an amide into a thioamide (31) yielded
a small decrease in the proportion of trans isomer.Conversion of the donor group (32)
promoted a small increase in the proportion of this isomer. The results support, as
expected, that thioamides have a stronger n→π* donor character when compared with
amides.138,140 However the results were modest in comparison with the degree of trans
isomer stabilization observed in simple proline models.140,144
The n→π* contribution was further studied in model systems performing highlevel density functional theory (DFT) calculations (calculations performed by Dr. Xavier
Lucas). In these models the substituents on both sides of the hydroxyproline were omitted
for simplicity. The results revealed that conversion of the donor group to sulfur leads to
an increase on the n→π* stabilization energy (2.6 kcal/mol) when compared with the
parent unmodified model (2.1 kcal/mol). Conversely conversion of the acceptor group
promoted a reverse effect on the n→π* stabilization energy (2.0 kcal/mmol). Conversion
of both groups from amide to thioamide led to a further increase on the n→π* contribution
(3.4 kcal), revealing a better overlapping of the n and π* orbitals in this model, and in
agreement with previous calculations.140 The full thioamide conversion to yield 33 led to
a decrease on the trans conformer as observed by NMR. Additionally the binding
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affinities of the inhibitors towards VBC do not correlate with the tras:cis ratios observed
by NMR.
Then X-ray crystal structures of inhibitors 31-33 in complex with VBC were
obtained in order to give structural information that could justify the observed differences
in binding affinities (See chapter 3.2.3 for detailed information on the new structures).
Next performing molecular mechanics calculations on each of the VHL:inhibitor
complexes (calculations performed by Dr. Xavier Lucas) the interaction energies (EMMGBSA)

between the ligands and the protein were estimated. The predicted EMM-GBSA values

were in excellent agreement with experimental enthalpic contributions to binding (∆H,
Figure 3.4C). Then the interaction energy of each amino acid in the complexes was
evaluated to determine differences in relative EMM-GBSA when compared with the
unmodified inhibitor 11 (Table 1). The results of these calculations showed that the loss
in binding affinity observed for inhibitors 31 and 33 is largely contributed by
destabilization of the interaction with Tyr98 and, to a much lesser extent to the
destabilization of Tyr 112, more particularly in inhibitor 33.
Table 3.1 - FP back calculated Kds, ITC measured Kds and ∆H, % of observed trans and cis
conformation measured by NMR of inhibitorrs 11 and 31-33 (data obtained by me). Stabilization
energy of the n→π* interaction quantified by DFT calculations (Dr. Xavier Lucas). Estimation of
interaction energies of the VHL:compound complexes and destabilization of pocket residues
Tyr98 and Tyr112 upon binding the thioamide derivatives, as quantified by MM-GBSA
calculations (Dr. Xavier Lucas).
Rel. EMM-GBSA Rel. EMM-GBSA
of Tyr98
of Tyr112
(kcal/mol)
(kcal/mol)

Compound

Kd FP
(μM)

Kd ITC
(μM)

∆H
(kcal/mol)

trans:cis
(%)

11

0.69±0.03

0.44±0.04

-9.12±0.07

92:8

2.1

-110.9

-

-

31

7.07±0.10

9.40±0.30

-5.37±0.05

89:11

2.0

-103.7

2.3

0.0

32

1.04±0.40

0.76±0.02

- 6.79±0.01

94:6

2.6

-104.9

0.1

0.1

33

> 13

21.6 ±0.8

-2.56±0.01

90:10

3.4

-98.4

3.3

0.8

En→π*
EMM-GBSA
(kcal/mol) (kcal/mol)
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Figure 3.4 - Biophysical characterization of compounds 11 and 31-33 A) Competitive
fluorescence polarization binding assay curve of compounds displacing a 20-mer FAM-labeled
HIF-1α peptide bound to VBC (Kd = 3 nM). B) ITC direct titration of compounds into VBC
protein complex. C) Predicted EMM-GBSA versus experimental ΔH for compounds 11 and 31-33
binding to VBC.

3.2.3) Thioamide VHL:HIF inhibitors X-ray crystal structures
VBC protein crystals were obtained after 3 days at 18 ºC from a crystallization
solution containing 0.1 mM sodium cacodylate, pH 6.2-6.6, 16-18% polyethylene glycol
3350, 0.2 M magnesium acetate and 10 mM DTT. The drop was streaked with seeds of
disrupted VBC crystals. These crystals were then soaked for 5h on a 3 mM solution of
the inhibitors (3% DMSO, 12% isopropanol and 85% precipitating solution). The
resulting crystals were screened in house and the crystals presenting the best diffraction
patterns were sent to the Diamond Light Source, where the datasets for the X-ray crystal
structures of inhibitors 11 and 31-33 was collected. The crystal structures were solved
with the final resolutions between 2.5-2.9Å, during structure refinement rounds the
quality of the models was accessed either by visual inspection or by monitoring Rwork and
Rfree values to evaluate the quality of the fitted model for each of the new structures (Table
3.2).
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Table 3.2 - Crystallographic data processing and refinement statistics.
Values in parentheses are for the highest resolution shell.
Dataset
Inhibitor 11
Inhibitor 31
Synchrotron
Beamline
Wavelength (Å)
Processing statistics
Space group
Unit cell parameters
a,b (Å)
c (Å)
Resolution limits (Å)
Total reflections
Unique reflections
Completeness (%)
Multiplicity
Rmerge (%)
I/σ(I)
CC1/2 (%)
Wilson B factor (Å2)
Mosaicity (°)
Refinement statistics
Resolution limits (Å)
Rwork (%)
Rfree (%)
No. reflections
No. test reflections
Model atoms
Protein B factor (Å2)
Ligand B factor (Å2)
r.m.s.d. bonds (Å)
r.m.s.d. angles (°)
Ramachandran plot
Favoured (%)
Allowed (%)
Disallowed (%)

Inhibitor 32

Inhibitor 33

Diamond
I04-1
0.9174

Diamond
I04-1
0.9174

Diamond
I04-1
0.9174

Diamond
I04-1
0.9282

P4122

C2221

P4122

P4122

93.1
363.0
48.8–2.90
(3.03–2.90)
311841 (39080)
36661 (4375)
100 (100)
8.5 (8.9)
21.2 (89)
7.3 (2.2)
99.0 (85.2)
26.2
0.26

64, 69.8
365.8
47.18 - 2.80
(2.95- 2.80)
101972 (14615)
20290 (2921)
99.9 (99.9)
5.0 (5.0)
12.3 (73.4)
10.0 (2.4)
99.6 (79.7)
38.0
0.14

93.5
364
48.97 - 2.51
(2.51 - 2.45)
445402 (33487)
60839 (4397)
100.0 (100)
7.3 (7.6)
11.4 (85.5)
10.6 (2.1)
99.8 (84.8)
38.2
0.08

95
358
47.38 - 2.85
(2.85 - 2.75)
250958 (26812)
44616 (4594)
100.0 (100)
5.6 (5.8)
9.3 (70.2)
10.6 (2.1)
99.8 (80.2)
43.8
0.09

93.08-2.90
(2.97-2.90)
20.2 (28.5)
26.8 (32.5)
34701 (1893)
2505 (137)
11286
62.9
41.2
0.007
1.25

178.4-2.80
(2.87-2.80)
19.8 (28.7)
25.6 (31.8)
19194 (1040)
1345 (80)
5502
65.3
50.2
0.007
1.17

93.52-2.45
(2.51-2.45)
21.7 (30.3)
26.6 (35.4)
57673 (3059)
4180 (201)
11679
21.1
38.4
0.007
1.17

94.7-2.75
(2.82-2.75)
19.6 (28.4)
25.9 (37.0)
42255 (2282)
3060 (172)
11290
68.8
54.7
0.008
1.19

96.0
3.2
0.8

94.9
4.2
0.9

96.5
2.8
0.7

96.1
3.1
0.8

The new structures revealed that the interaction network between the inhibitors
and pVHL pocket residues are highly conserved (Fig. 3.4).
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Figure 3.4 - Crystal structures of VBC in complex with inhibitor 11 (Figure A, magenta carbons,
5NVY), 31 (Figure B, green carbons), 32 (Figure C, yellow carbons) and 33 (Figure D, orange
carbons). VHL is shown as a pale green surface and the VHL residues forming the binding pocket
as orange stick representations. Inhibitor-binding waters are shown as a red spheres. Hydrogen
bond interactions between inhibitors, bound waters and VHL pocket residues are shown as dashed
red lines (hydrogen bond distances are measured in Angstroms).

Superposition of the crystal structures of VBC in complex with compounds 11
and 31-33 also revealed that thioamide conversion induced a change on Tyr112
conformation (Fig. 3.6). The presence of the thioamide on left hand side of Hyp on
compounds 32 and 33 makes Tyr112 bend in order to accommodate this group.
Additionally the length of the hydrogen bond interaction between the compounds and
Tyr98 was measured. As expected based on the van der Walls radii and relative
electronegativities of sulfur145 an increase on the length of hydrogen bond interaction
was observed between this residue and inhibitors 31 and 33 (Table 3.3).
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A)

B)

C)

Supplementary Figure 3.5. Electron density at ligand binding sites. Inhibitors A) 31; B) 32; and
C) 33 shown as sticks bound to VBC (not shown). An omit map (Fo–Fc) is shown in green and
contoured at 3σ around each modelled ligand with a carve radius of 2.0 Å.

Figure 3.6 - Superposition of VBC structures in complex with compounds 11 (green carbons),
32 (light blue carbons), 33 (yellow carbons) and 34 (purple carbons) showing details of pVHL
binding pocket. Residues around hydroxyproline core are presented with the same color as the
respective bound compounds. Hydrogen bond interaction between compounds and Tyr98 is
shown as black dashed lines.
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Table 3.3 - Length of the hydrogen bond interaction between inhibitors (11 and 31-33) and Tyr98.
Length of the interaction between inhibitors and Tyr112.
Compound

Tyr98:compound
H bond length (Å)

Tyr112 :compound
Interaction length (Å)

11

2.52±0.05

4.1±0.3

31

3.0±0.1

4.1±0.1

32

2.52±0.05

4.5±0.1

33

2.95±0.05

4.45±0.05

3.3) Discussion
Thioamide is one of the most commonly employed amide isosteric
replacements.139 Despite the small differences between the two groups (amide oxygen
modified to sulfur on the thioamides), they present different structural and biological
properties.139 The length of the C=S bond (~1.65Å) is known to be longer than the C=O
bond (~1.19-1.25Å) due to the larger size of the sulphur atom.146,147 Furthermore
thioamides N-H group acts as stronger H bond donor than its amide congener, and on the
other hand sulfur acts as a weaker hydrogen bond acceptor than the oxygen
carbonyl.147,148 Concurring with results

in previous studies, the hydrogen bond

interaction on the amide carbonyls are governed by a charge-charge interaction, whereas
the thiocarbonyl interaction is dominated by a weaker charge-quadrupole.145
Due to their differences on physicochemical and biological properties as well as
their capacity to model the strength of the n→π* interaction, the O-to-S conversion on
amides has been explored

to study protein secondary structures formation and

stability.133,138,140,149–152 On the other hand, thioamide replacement to evaluate
protein:ligand interactions remains poorly investigated.
Inspired by these observations, a series of new thioamide derivatives 31-33 were
designed and synthesised following a protocol that allowed a selective thioamidation
around their hydroxyproline core in good to excellent yields.
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Biophysical evaluation of the new synthesised analogues revealed that their
binding affinity was intimately correlated with the O-to-S substitution pattern around the
Hyp core of the inhibitors. Left hand side single amide to thioamide substitution on
inhibitor 32 resulted in an affinity comparable to the unmodified inhibitor 11. On the
other hand right hand side substitution on both inhibitors 31 and 33 caused a large impact
on the inhibitors binding affinity to VBC.
Investigation on the impact of the thioamide substitution in the n→π* interaction
on the inhibitors free state in solution, revealed a good correlation between the results
obtained experimentally for inhibitors 31 and 32 and the performed DFT calculations on
model compounds. However from the DFT calculations on the double substituted model,
a further increase in the n→π* interaction was predicted, consistent with previous
calculations performed by Newberry et. al.140 However experimentally, full thioamide
conversion on inhibitor 11 to yield inhibitor 33 suggested a possible decrease on the
strength of the interaction. The overall results revealed that the conformational
preferences of larger compounds 11 and 31-33 could not be reliably evaluated using
simple models. Additionally the negligible stabilization of the trans isomer relative to the
cis observed by NMR do not univocally correlate with the inhibitors affinity to VBC.
To explain the observed differences in the inhibitor binding affinities, a detailed
structural analysis of the VHL:inhibitor interactions was performed by solving the X-ray
crystal structures of the inhibitors in complex with VBC. The structures of the new
derivatives 31-33 revealed a small change on the position of Tyr112 side chain induced
by the presence of the bulkier thioamide group on inhibitors 32 and 33. Additionally, the
distances of the hydrogen bond interaction between the inhibitors right hand side carbonyl
or thiocarbonyl groups and the hydroxyl from Tyr98 side chain were measured. The
presence of the thiocarbonyl on inhibitors right hand side led to an increase on hydrogen
bond distances between inhibitors 31 and 33 and the hydroxyl side chain of Tyr98. These
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differences on the interaction length could be explained by the increased van der Walls
radius and the decreased electronegativity of the sulfur when compared with oxygen, and
are consistent with the thiocarbonyl group being a weaker hydrogen bond acceptor.
Further evaluation of the relative estimated interaction energies (EMM-GBSA) of Tyr98 and
Tyr112 with the inhibitors confirmed that the loss in binding affinity, observed for 31 and
33 was largely related with the destabilization of the hydrogen bond interaction with
Tyr98.
In summary the combined biophysical, structural and modelling cascade
presented on this chapter provide a useful panel of results for future design of VHL
inhibitors for PROTACs. Such approach described here, combining biophysical,
structural and modelling characterization, could also be applied to study other proteinligand interaction systems.
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Chapter 4
Optimization

of

fragments

targeting a second binding pocket on
pVHL
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4.1) Introduction
In recent years FBDD has emerged as a valid approach that led to the
identification of novel drug candidates, with successes also on the intervention against
challenging targets such as PPIs.153 The diversity of the fragment libraries employed on
the initial screening allowed the discovery of fragments binding to the protein surface
active site, but also maximized the probability of finding new binding pockets on the
protein surface.154 Indeed several groups have reported the identification of multiple
secondary binding sites on a diverse of protein surfaces, some of them later validated as
allosteric binding sites.155–160 For example, Bauman et. al. described a fragment screening
campaign that lead to the discovery of seven new binding pockets on the surface of HIV1 reverse transcriptase. Latter this group observed that three of the alternative binding
sites were able to inhibit the enzyme activity.158 Additionally the discovery of ligands that
bind to protein secondary pockets could lead to the generation of new chemical tools to
probe unexploited biological mechanisms.154
Following these motivations previous members of Dr. Alessio Ciulli laboratory
conducted a fragment screening campaign against the VBC protein complex, formed by
VHL, EloB and EloC (performed by Dr. Inge Van Molle). In this work a library of
fragments was initially screened using DSF and ligand observed NMR (CPMG, STD and
WaterLOGSY experiments). The hits from both techniques were then further validated
by ligand observed NMR (CPMG, STD, WaterLOGSY experiments). Lastly X-ray
crystallography was employed to identify the potential binding sites of the validated
fragment hits. Following this approach 3 fragment hits showed binding to other sites on
VBC. One of the fragments was bound on a novel pocket on VHL and the other two
fragments were bound in the same, novel pocket on EloC.
Fragment MB756 was identified as the starting fragment hit on the novel VHL
pocket. The pyrrole ring of this fragment binds in a pocket formed by Leu118, Phe119,
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Arg120, Gly127, Leu 128, Leu129, Glu134, Asp197, Arg200 and Leu201, which is
opened by breaking the salt bridge between Arg120 and Glu134 and is not present in the
apo crystal structures. Hence the fragment pyrrole ring forms a cation-π interaction with
the positive charged side chain of Arg120. The fragment benzyl ring comes outside the
pocket and presents a number of growing vectors that can later be addressed for further
fragment optimization (Figure 4.1).

Figure 4.1 – X-ray crystal structure of VBC with the fragment MB756 on the second pVHL
pocket. Fragment hit MB756 is shown as orange stick representation, pocket residues around
fragment pyrrole ring are shown yellow stick representations; pVHL is shown as a pale green
surface. Cation-π interaction between fragment pyrrole ring and Arg120 side chain is shown as a
blue dashed line.

A closer inspection of the X-ray crystal structure of MB756 in complex with VBC
revealed that the new binding pocket on VHL could be an allosteric site to modulate VHL
function on CRL2VHL. Previous molecular dynamics studies proposed that Pro154 could
play an important role in the conformational changes in VHL required for the correct
positioning of the substrate for poly-ubiquitination.78 Since Pro154 is located on MB756
binding pocket, optimization of the starting fragment could lead to the development of
small molecules that could allosterically manipulate Pro154 function (Figure 4.2).
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Figure 4.2 – X-ray crystal structure of VBC with the fragment MB756 on the second pVHL
pocket. Fragment hit MB756 is shown as green stick representations, pocket residues on the top
of the second pVHL pocket are shown as yellow stick representations; Pro154 proposed residue
involved on the correct substrate orientation for ubiquitination is shown as orange stick
representation. pVHL is shown as a pale green surface.

Hence in this chapter, the sequential cycles of fragment optimization: starting
from the initial hit fragment (MB756) on the pVHL second binding pocket are described.
Optimization of the initial fragment affinity was expected to deliver a series of optimized
fragments, with enhanced binding affinity, which could be developed in the future as
potential allosteric modulators of the CRL2VHL activity or provide a new class of VHL
ligands to develop a new series of PROTACs.70–76
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4.2) Results
4.2.1) Optimization of MB756 starting fragment
4.2.1.1) Fragment library for optimization of fragment pyrrole ring
Analysis of the X-ray crystal structure of the starting hit fragment MB756,
revealed that the pocket where the pyrrole ring was binding, formed by the residues
Leu118, Phe119, Arg120, Gly127, Leu 128, Leu129, Glu134, Asp197, Arg200 and
Leu201 still presented some space that could be filled by small groups around the
aromatic ring or by other heterocycles (Figure 4.1).
In the first round of design the pyrrole ring was substituted by other 5 or 6
membered ring heterocycles that could promote hydrogen bond interactions between the
fragment and the pocket residues. Additionally methylation around the 5-membered ring
heterocycles was planned in order to form privileged interactions with the hydrophobic
chain of residues Leu118 or Leu201. Lastly with all the added modifications it was
expected to observe if any changes on the dihedral angle between the heterocycles and
the phenyl ring could have any impact on the affinity of the fragments (Figure 4.3).
In the following sections the synthesis of the non-commercial fragments as well
as the biophysical screening results of this first series of fragments is presented.
HO

HO

N

N

N

HO

OH

HO

S
FG4

FG3
HO

HO

FG5

N

FG10

O
FG11

N

N
N

FG12

FG13

N

FG6

N

N
O

N

N
S

N
FG7

FG8

N

N

FG18

FG19

FG9

HO

N
S

N

N

N N

HO

HO

HO

HO

N

N
FG2

FG1
HO

OH

FG15

N

N

N

N

N
FG16 FG17

FG20

FG14

Figure 4.3 – First series of fragments designed to optimize MB756 fragment affinity to VBC
protein complex.
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4.2.1.2) Synthesis of fragments FG15-20 and FG23
Fragments FG16, FG20 bearing an imidazole or pyrazole ring were obtained in
50-58% yields, using Cu(OAc)2 as catalyst of the coupling reaction between (4hydroxymethyl)phenyl)boronic acid and the respective substituted heterocycle (Scheme
4.1). Efforts were made to obtain FG15 at high enough purity for the biophysical
screening studies. Despite these efforts, FG15 purity was less than 60% and was therefore
not taken through to biophysical screening.
Scheme 4.1 – Synthesis of fragments FG15-16 and FG20
HO

X
B(OH)2

R1

H
N

i

R2

50-58%

Y

HO

R2

= CH , R = H, X = C, Y = N,
FG15
R1
3 =2CH
= H, R
,
X
=
C,
Y
=
N,
FG16
R1
3
= CH ,2R = CH
, X = N, Y = C, FG20
R1
2
3
3

N
X

Y
R1

Reagents and conditions: (i) NaOAc.3H2O, Cu(OAc)2, MeOH, reflux, o.n,

Fragments FG17-19, which presented a pyrrole ring, were obtained with yields
ranging from 20-32% using CuI as catalyst and L-proline as ligand to allow the reaction
between (4-iodophenyl)methanol and the respective pyrrole derivative (Scheme 4.2). The
HRMS of FG19 was not obtained during this project, nevertheless the NMR data of the
compound confirms its identity and purity.
Scheme 4.2 – Synthesis of fragments FG17-19
H
N

HO
I
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,
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,
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2
3 FG19
3

Reagents and conditions: (i) CuI, L-proline, K2CO3, DMSO, 110ºC, o.n.

R2
N
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The initial synthetic route of fragment FG23 contemplated the previously
described C-N copper catalysed conditions. However, the pyrrole derivative (2,3dimethyl pyrrole), required as precursor for this reaction, was not commercially available.
Hence a new synthetic route was employed for fragment FG23 synthesis. On the first step
the ester intermediate IFGPS23 was obtained with a 28% yield by an
allylation/cycloisomerization catalysed reaction (using the ruthenium complex catalyst
A, that was synthesised as previously reported161) between 4-aminobenzoate and 3methylpent-1-en-4-yn-3-ol. The obtained intermediate ester was then reduced using
LiAlH4 to obtain the final fragment FG23 with an 80% yield.
Scheme 4.3
OMe
O

Ph

N
NH2

OH

N

A Ph

O
Ru(CO)12

i
28%

OMe
HO

O
N

ii
80%

N
FG23
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Reagents and conditions: (i) Ru complex catalyst (A), TFA, Toluene, 190ºC, 30 min.; (ii)
LiAlH4, THF, 0ºC-r.t., o.n.

4.2.1.2.1) Reaction mechanisms
In this section is presented the mechanisms that govern the C-N copper catalyzed
coupling reaction employed for the synthesis of inhibitors FG17-19 and the
allylation/cycloisomerization catalyzed reaction used for the synthesis of intermediate
IFGPS23.
The C-N copper catalyzed

coupling

reaction

follows

the oxidative

addition/reductive elimination mechanism proposed by Cohen.162 In this mechanism the
chelation of Cu (I) with an amino acid makes the resulting species (A). This species
becomes more reactive toward oxidative addiction or stabilizes the oxidative addiction of
the Aryl halide species (ArX) forming the Cu (III) intermediate species (B). The
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mechanism proceeds with the exchange (similar to a nucleophilic substitution) of iodine
for the nitrogen nucleophile (NuH) forming the intermediate (C). Reductive elimination
yields the final coupled compound and allows the regeneration of the initial Cu(I) species
(A) (Scheme 4.4).
Scheme 4.4 – C-N copper catalyzed coupling reaction mechanism.
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The synthesis of the dimethyl pyrrole IFGPS23 follows a mechanism recently
proposed by Haak and collaborators.161 In this mechanism the TFA catalyses the
coordination of the electronically coupled ligand to yield the chelation substrate A. On
the next step of the reaction mechanism the addition of a nitrogen reagent followed by
water elimination leads to the formation of the π complex B which is in equilibrium with
the alkynyl species C. Cyclization of C leads to the formation of alkenyl complex D. A
formal 1,5-hydrogen shift leads to the formation of species E. Reductive elimination leads
to the final dimethyl pyrrole product and regenerates the starting Ru catalytic species
(Scheme 4.5).
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Scheme 4.5 – Proposed mechanism for the formation of the double methyl pyrrole
species.
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4.2.1.3) Fragment binding biophysical evaluation
The ability of fragments to bind VHL was assessed by two different biophysical
techniques: first a CPMG NMR displacement assay (performed by, Dr. David Dias a
former PhD student in Dr. Ciulli Group, University of Cambridge UK) in which the
ability of the new fragments to displace the initial hit fragment MB756 was assessed in
cocktails containing a ratio of 1:1 of each of the tested fragments and VBC protein
complex; and second a dose dependent BLI (Bio-Layer Interferometry) screening
(performed by Dr. Alessio Bortoluzzi a former post-doctoral researcher in Dr. Alessio
Ciulli group at Dundee) against a VBC protein immobilized on the tip by biotin capture.
The fragments were considered NMR hits if capable of displacing the initial hit fragment
MB756. Fragments were considered BLI hits if presenting dose dependent responses on
at least 3 of the highest concentrations. The fragments identified as hit on at least one of
the previous techniques were soaked in VBC protein crystals, from which the X-ray
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crystal structures were solved to evaluate the presence of the fragments on the second
pVHL pocket (soaks initially performed by Dr. Morgan Gadd a former post-doctoral
researcher on Dr. Alessio Ciulli group) (Table 4.1).
The NMR displacement assay revealed that most of the new fragments presented
a reasonable to high capacity of displacing the initial hit fragment MB756 (45-80%).
Further validation of the initial NMR screening results by BLI revealed fragments FG17FG20 as possible binders of the VBC protein complex.
Table 4.1 – Biophysical characterization of fragments FG1-20. Competitive CPMG NMR, BLI
(Bio-Layer Interferometry) and X-ray crystallography results.
Fragment

CPMG NMR results
(MB756 displacement)

BLI

X-ray Crystallography
(VBC crystals soaked
at 1-100 mM)

FG1

63%

No hit

Not bound

FG2

64%

No hit

Not bound

FG3

No Displacement

No hit

-

FG4

Low solubility

-

-

FG5

61%

No hit

Not bound

FG6

Low solubility

-

-

FG7

62%

No hit

Not bound

FG8

55%

No hit

-

FG9

57%

No hit

Not bound

FG10

Low solubility

-

-

FG11

Low solubility

-

-

FG12

56%

No hit

Not bound

FG13

80%

No hit

Not bound

FG14

80%

No hit

Not bound

FG15a

-

-

-

FG16

No Displacement

No hit

-

FG17

76%

Hit

Bound

FG18

68%

Hit

Bound

FG19*

60%

Hit

Not bound

FG20

66%

Hit

Not bound

a

Obtained with insufficient purity for testing; *HRMS not aquired
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On the last step of the screening cascade employing X-ray crystallography,
fragments FG17 and FG18 were confirmed as new fragment binders of the second pVHL
pocket.
Despite being relatively high-throughput, NMR and BLI were not able to measure
a reliable Kd for the fragments identified as binders in the new VHL pocket (MB756,
FG17 and FG18); SPR was proposed as an alternative technique to obtain this
information and reliably rank these fragments affinity. The fragment FG23 (Figure 4.4)
obtained combining the substitution pattern of both FG17 and FG18 was also added in
the last step of the screening.

HO

HO

HO

N

N

N

FG17

FG18

FG23

Figure 4.4 – Chemical structure of fragments FG17, FG18 and FG23.

For the SPR screening a C-terminus His10-tagged VBC protein was immobilized
on the sensor ship through the tag interaction with a Ni-NTA surface. Then the fragments
were screened against the protein using a two-fold dilution series starting from a top
concentration of 900μM until a concentration of approximately 28μM. A constant
temperature of 10ºC was maintained throughout the screening to decrease protein
dissociation from the chip surface (Table 4.2, raw data appendix figures AI8).
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Table 4.2 – Fragments, SPR (Surface Plasmon Resonance) steady state estimated Kds and
calculated Ligand Efficiency (LE) [LE = −∆G/NHA = −RT ln Kd/NHA]92.
Fragment

Kd (μM)
[R2] a

LE
(kcal × mol-1 × NHA-1)

MB756

>900

-

FG17

602 [0.99]

0.31

FG18

>900

-

FG23

>900

-

Steady state fitting error

a

Despite the observation of a dose dependent response for fragments MB756, FG17 and
FG18, only fragment FG17 presented a reliable estimated Kd below 900μM (Kd = 602,
LE = 0.31 kcal × mol-1 × NHA-1) against VBC (Figure 4.5).

Figure 4.5 – 2nd pVHL pocket fragment screening by SPR. Dose-dependent responses of the
fragments against VBC normalized for their estimated maximum responses (Rmax).

4.2.1.4) Fragments FG17 and FG18 X-ray crystal structures
The new X-ray crystal structures of fragments FG17 and FG18 in complex with
VBC (solved by Dr. Morgan Gadd) revealed that the VHL residues conformation around
the pyrrole ring was fully conserved when compared with the initial fragment MB756
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crystal structure. Additionally the conformation of the new fragments upon binding to
VBC, conserved the cation-π interaction between the π system of the pyrrole ring and the
positively charged side chain of Arg120 (Figure 4.6).

Figure 4.6 – X-ray crystal structure of VBC with fragments FG17 (left) and FG18 (right) on
the second pVHL pocket. Fragments are shown as orange stick representations, pocket residues
around fragment pyrrole ring are shown as yellow stick representations, pVHL is shown as a pale
green surface. Cation-π interaction between fragment pyrrole ring and Arg120 side chain is shown
as a blue dashed line.

Interestingly and similarly to what was observed with fragment MB756 the
measured dihedral angle between the pyrrole and phenyl ring was closely matching the
calculated dihedral angle for the fragments in solution (values obtained by Dr. Carles
Galdeano a previous post-doc from Dr. Alessio Ciulli lab) (Table 4.3).
Table 4.3 – Theoretical and measured dihedral angles between pyrrole and phenyl ring (X-ray
crystal structures) from fragments MB756, FG17 and FG18.
Fragment

Angle of the
minimal energy
conformation

Measured dihedral
angle on X-ray
crystal structure

MB756

39ᵒ

39.9ᵒ ± 0.6ᵒ

FG17

46ᵒ

47.1 ± 1.4ᵒ

FG18

54.3ᵒ

57.3 ± 0.4ᵒ

Lastly, the methyl in position two of the pyrrole ring of fragment FG18 points
towards Arg200 creating a clash with this residue side chain which induces a small
rearrangement to accommodate this group. On the other hand, the methyl on position
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three on the pyrrole ring of fragment FG17 has a privileged vector to form an interaction
with the hydrophobic side chain of Leu201.

4.2.1.5) Optimization of fragment linker groups
After a careful analysis of fragments FG17 and FG18 X-ray crystal structures in
complex with VBC it became apparent that none of the fragments was able to make clear
hydrogen bond interaction with the pocket residues. Therefore in order to try to introduce
hydrogen bonds and improve the fragments binding affinity a new series was designed.
The new series was designed using fragment FG18 structure as the starting
chemical template. This fragment presented an apparent higher solubility than FG17,
therefore using FG18 as a template it was expected that the observed solubility from the
parent compound was translated to the new series. Thus focusing on this fragment X-ray
crystal structure small modifications near the fragment’s “CH2” group were proposed
(Figure 4.7).

Figure 4.7 – Crystal structure of VCB in complex with fragment FG18. Fragment is shown
as green stick representation, the pVHL residues outside the pyrrole binding pocket are shown as
purple stick representations, target residues of the new designed fragment library are shown as
yellow stick representations, pVHL is shown as a pale-green surface and waters present of the
pocket are shown as red spheres.
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In the new series the fragment hydroxyl group was substituted by other hydrogen
donor/acceptor functionalities such as amides, ester, ether, urea, sulfonamide or triazole
groups (Figure 4.8), which could promote the interaction between the fragment and pVHL
residues Asp126, Gln164 or Glu160 (Figure 4.7), which was expect tolead to an
improvement in the fragment affinity.
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Figure 4.8 – Second fragment series designed to optimize fragments affinity to VBC protein
complex (OH group on FG18 fragment structure modified by diverse hydrogen
donor/acceptor groups).

Additionally the added modifications could also be regarded as convenient linker
groups for further fragment growth and optimization.
In the next sections of this chapter the synthesis and biophysical screening of this
second series of fragments is presented.
4.2.1.6) FG18 fragment derivatives library synthesis
Fragments FG24-26 were obtained starting from a C-N copper catalyzed coupling
reaction between 4-iodobenzonitrile and 2-methyl-1H-pyrrole using CuI as catalyst and
L-proline as ligand to obtain intermediate FGPSCN with 50% yield (Scheme 4.6). This
reaction was then followed by the reduction of the nitrile group to a primary amine using
LiAlH4, yielding the amine intermediate (FGPSNH2) that was used for the synthesis of
the final fragments. Acylation of the amine with acetic anhydride gave fragment FG24 in
a 53% yield. In a two-step reaction starting from a 2,4,6-trichloro-1,3,5-triazine (TCT)
catalysed conversion of hydroxamic acid to methyl isocyanate, followed by isocyanate

117
treatment with the amine intermediate, yielded the final fragment FG25 with 50% overall
yield over two steps. Fragment FG26 was obtained via Nucleophilic substitution reaction
between the amine intermediate and methanesulfonyl chloride with a final yield of 67%
(Scheme 4.6).
Scheme 4.6 – Synthesis of fragments FG24-26
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Ragents and conditions: (i) CuI, L-proline, K2CO3, DMSO,110ºC, o.n; (ii) LiAlH4, THF, 0ºCrt, o.n; (iii) acetic anhydride, N(Et)3, DCM, Et3N, rt, 90 min.; (iv) Hydroxamic acid, NMM, TCT,
DCE, 0ºC, 90 min.; amine derivative, 0ºC-84ºC, o.n; (v) MsCl, pyridine, DCM, 0ºC-rt, o.n.

Fragments FG27-28 were obtained starting from a C-N copper catalysed reaction
between 4-iodobenzoate and 2-methyl-1H-pyrrole using CuI as catalyst and L-proline as
ligand to obtain intermediate (FGPSCOOMe) with 40% yield. Reduction of the ester
group to alcohol using LiAlH4 afforded the intermediate compound FG18 with 77% yield,
which was then used for the synthesis of the final fragments. Alcohol group methylation
with methyl iodide gave FG27 with a final 79% yield. Acylation of the intermediate
alcohol group with acetic anhydride led to FG28 with 66% final yield (Scheme 4.7)
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Scheme 4.7 – Synthesis of fragments FG27-28
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Reagents and conditions: (i) CuI, L-proline, K2CO3, DMSO,110ºC, o.n; (ii) LiAlH4, THF, 0ºCrt, o.n; (iii) CH3I, NaH, DMF, rt, 6h; (iii) Acetyc anhydride, Imidazole, 50ºC, 3 min (MW).

Finally to obtain fragment FG29, containing a triazole group, the alcohol group
from intermediate FG18 was activated and then reacted with sodium azide to obtain
intermediate FGPSN3 in a 65% overall yield over two steps. FGPSN3 was then
converted to the triazole product by using a click chemistry reaction between the azide
and propyne to obtain the final fragment FG29 in 55% yield (Scheme 4.8).
Scheme 4.8 – Synthesis of fragment FG29
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Reagents and conditions: (i) MsCl, N(Et)3, DCM, -40ºC, 1h; (ii) NaN3, DMSO, rt, o.n; (iii)
Propyne, CuI, N(Et)3, DMF, rt, o.n.
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4.2.1.6.1) Reaction mechanisms
In this section are presented the mechanisms that govern some of the reactions
employed during the synthesis of fragments FG24-29 fragment synthesis, namely the
mechanisms of the LiAlH4 reductions, the urea synthesis promoted by TCT isocyanate
formation and the click chemistry reaction.
On the first step of the LiAlH4 reduction mechanism of esters to alcohols the
hydride ion from the LiAlH4 is added to the electrophilic carbon of the carboxylic group
allowing the formation of the metal alkoxide complex A. Then the tetrahedral
intermediate collapses and the alcohol portion of the ester is removed, leading to the
formation of the aldehyde intermediate B. The mechanism continues with the reduction
of the aldehyde leading to the formation of the second alkoxide intermediate C. On the
last step an acid/base workup allows the protonation of the alkoxide oxygen and leads to
the final alcohol product D (Scheme 4.9).
Scheme 4.9 – Reduction mechanism that leads to the formation of alcohols from
esters.
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The reduction of nitriles to primary amines with LiAlH4 starts with the addition
of a first hydride anion to the nitrile electrophilic carbon allowing the formation of the
corresponding imino alonate A, which is then converted to the amino alanate B after
addition of a second hydride anion. On the final step hydrolysis of intermediate B yields
the final primary amine C (Scheme 4.10).
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Scheme 4.10 – Reduction mechanism that leads to the formation of primary amines
from nitriles.
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Using TCT the conversion of the hydroxamic acid Z into an isocyanate is
promoted though a Lossen rearrangement followed by amine addition for urea formation
(Scheme 4.11). In this mechanism the initial hydroxamic acid reacts with TCT displacing
its chlorine groups forming the intermediate A. Rearrangement of the intermediate
allowed the formation of the isocyanate intermediate B which readily reacts with the
amine allowing the formation of the final urea compound C (Scheme 4.11).
Scheme 4.11 – Reaction mechanism which leads to the formation of the final urea
fragments through Lossen rearrangement.
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Triazole synthesis uses Cu (I) as the active catalyst which initially coordinates the
alkyne bond and forms intermediate A. On the second step of the mechanism exchange
of the alkyne proton for a second Cu catalyst atom allows the formation of intermediate
B (the second added coper will act later in the mechanism as a stabilizing donor ligand).
On the third step the σ-bond copper of the alkyne will coordinate the azide allowing the
formation of the six-membered copper metacycle intermediate C. Ring contraction of the
previous intermediate allows the formation of the triazolyl-copper derivative D. On the
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last step of the mechanism proteolysis of D will furnish the final triazole product E and
regenerates the initial Cu catalyst (Scheme 4.12)
Scheme 4.12 – Reaction mechanism which leads to the formation of the final triazole
fragments by Click chemistry reaction.
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4.2.1.7) Biophysical evaluation of fragments
The affinity of the second series of fragments for VBC was evaluated using a
screening cascade formed by three different biophysical techniques: ligand observed
NMR (CPMG, STD), DSF and SPR (raw data appendix figures AI8-AI12).
Ligand observed NMR was the first technique employed on the fragments
screening cascade. Fragment FG17 was elected as the best spy molecule for the assay,
due to the best contrast between the fragment NMR responses on the presence and
absence of VBC and, and the aromatic H NMR signals of this fragment did not overlap
with the ones of the new fragments (Figure 4.9). The NMR experiments (CPMG, STD)
were conducted on a competition format using a cocktail of the spy molecule (FG17) and
the tested fragment on a equimolar concentration (500 μM) in the presence of VBC (30
μM).
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Analysis of the NMR data revealed that none of the new fragments was able to
displace fragment FG17 (Appendix I).

HO

N

FGPS17

A

B

Figure 4.9 – FG17 ligand observed NMR binding experiments CPMG (A) and STD (B).
Representation of fragment NMR spectra in absence (blue) and in presence (red) of VCB protein.
Data suggests fragment binding to VCB protein.

The new fragments binding capacity was then further evaluated using DSF assay,
also known as thermal shift. This assay monitors the protein thermal stability and the
change in its melting temperature (Tm) upon ligand binding. In this assay the melting
temperature of VBC in buffer with 5% DMSO was measured to be 46.7 ± 0.6 ºC. In the
presence of a HIF-1α 19-mer COOD peptide, a well-known nanomolar binder of this
complex66 and used as positive control, it was observed an increase of 9.3 ± 0.6 ºC on
VBC melting temperature, thus validating the assay (Table 4.4).
During the preparation of the fragments solutions (1.5 mM solutions in 20 mM
HEPES pH=7.0, NaCl 100 mM, 1 mM TECEP, 2.5x sipro orange buffer with 5% DMSO)
for the DSF assay it was observed clear signals of precipitation of some of the prepared
samples. Hence the predicted maximum solubility of all the fragments on the assay
solution was evaluated by HPLC (analysis performed by Dr. Yoko Shishikura from
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DDU). This analysis revealed that fragments FG27 and FG28 had a maximum solubility
below 1.5 mM and therefore were removed from further evaluation.
The remaining fragments were the screened at a final concentration of 1.5 mM
(20 mM HEPES pH=7.0, NaCl 100 mM, 1 mM TECEP, 2.5x sippro orange buffer with
5%DMSO) against 7.5 μM VBC protein complex.
Table 4.4 – DSF calculated variation on VBC melting temperature (∆Tm) in the presence of the
fragments or the 19-mer HIF-1α peptide and fragments maximum solubility measured by HPLC.
Fragment

∆Tm (ºC)a

Maximum
Solubility (mM)

MB756

1.3±0.8

2.5

FG17

1.3±0.6

1.7

FG18

1.3±0.8

3.3

FG23

2.3±0.6

2.0

FG24

-0.7±0.8

4.1

FG25

-0.7±0.8

1.7

FG26

-0.3±0.8

1.8

FG27

-

0.8

FG28

-

0.6

FG29

-0.3±0.6

1.7

HIF
peptide

9.3±0.6

-

∆Tm = Tm (VBC + ligand) – Tm (VBC+DMSO)
VBC Tm = 46.7 ± 0.6 ºC

a

The fragments from the second series did not change the melting temperature of
the VBC protein complex. On the other hand, fragments MB756, FG17, FG18 and FG23
promote an increase on the complex melting temperature and suggest binding to the
protein.
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Lastly SPR was used to evaluate the binding affinity of fragments FG24-26 and
FG29 to VBC. This assay was performed using the conditions described in section 4.2.1.3
(Table 4.5).
Table 4.5 – Fragments, SPR (Surface Plasmon Resonance) steady state estimated Kds and
calculated Ligand Efficiency (LE) [LE = −∆G/NHA = −RT ln Kd/NHA]92.
Fragment

Kd (μM)
[R2]a

LE
(kcal × mol-1 × NHA-1)

FG17

602 [0.99]

0.31

FG24

>900

-

FG25

>900

-

FG26

>900

-

FG29

>900

-

Steady state fitting error

a

Figure 4.10 – Screening of fragments FG24-26 and FG29 by SPR. Dose-dependent responses
of the fragments against VBC normalized for their estimated maximum responses (Rmax).

Despite the observation of a dose dependent response for fragments FG24-26
none of them revealed a reliable estimated Kd below 900 μM against VBC protein
complex (Figure 4.10).
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4.2.1.8) Fragment FG24 X-ray crystal structure
Despite several trials to obtain the X-ray crystal structures of fragments FG24-26
bound to VBC protein, only the crystal structure of FG24 was successfully solved
(structure solved by Dr. Morgan Gadd).
From the newly solved crystal structure it was possible to observe the formation
of a water mediated hydrogen bond interaction between the carbonyl acetamide of
fragment FG24 and pVHL pocket residues Asp134 and Arg200, instead of the desired
hydrogen bond interaction with residues Asp126, Gln164 or Glu160. By avoiding the
interaction with the desired residues, the amide functionality points outside the pocket,
into the solvent, not giving the most promising vector for further fragment growth and
optimization (Figure 4.11).

Figure 4.11 – X-ray crystal structure of VBCH with fragment FG24 on the second pVHL
pocket (Figure A) and superposition of the X-ray crystal structures of VBCH in complex
with FG18 or FG24 (Figure B). Fragment FG24 is shown as a green stick representation and
FG18 is shown as grey stick representation. Residues in the pocket are shown as yellow stick
representations; pVHL is shown as a pale green surface. Water forming an interaction network
with fragment FG24 is shown as a red sphere. Water mediated interaction between fragment
FG24 and pocket residues Asp134 and Arg200 are shown as red dashed lines (hydrogen bond
distances are measured in Angstroms).
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4.2.2) MB756 fragment growth
4.2.2.1) Piperazine fragment design
Observation of the X-ray crystal structure of fragment FG24 revealed that small
conservative modifications of the fragment hydroxyl group could not promote any new
interactions with the 2nd pVHL pocket residues. Therefore a new series of fragments was
designed to pick hydrogen bond interactions with the residues near the fragment on the
2nd VHL pocket. The pyrrole of the initial fragment MB756 was maintained to keep
similarity, and the compounds were evaluated through modelling studies (modelling
performed by Dr. Xavier Lucas a post-doctoral researcher from Dr. Alessio Ciulli group).
A small library of piperazine fragments (FG30-B32) which revealed the best
conformation to pick a hydrogen bond interaction with Glu160, was proposed for further
fragment optimization (Figure 4.12).

Figure 4.12 – A) Docking suggested binding pose for piperazine fragments (FG30-32) on 2nd
VHL pocket. Target pocket residue for potential hydrogen bond interaction (Glu16) is shown as
orange carbon stick representation. B) Chemical structure of proposed piperazine fragments.

The following sections of this chapter describe the piperazine fragment synthesis
and biophysical evaluation.
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4.2.2.2) Piperazine fragment synthesis
Fragments FG30-31 were obtained starting from a HATU-assisted amide
coupling reaction between 4-(1H-pyrrol-1-yl)benzoic acid and tert-butyl piperazine-1carboxylate which led to intermediate FGPSABoc with a yield of 90%. Boc deprotection
of this intermediate led to final amide fragment FG30 in 90% yield. Further reduction of
the amide group with LiAlH4 afforded the final fragment FG31 in 78% yield (Scheme
4.13).
Fragment FG32 was obtained starting from a one pot two-step reaction in which
initially (4-(1H-pyrrol-1-yl)phenyl)methanamine was allowed to react with triphosgene
and converted to its isocyanate derivative. Further reaction with tert-Butyl piperazine-1carboxylate furnished urea intermediate FGPSBBoc in overall yield of 70%. Boc
deprotection of the intermediate led to the fragment FG32 in a 89% yield (Scheme 4.13).
Scheme 4.13 Synthesis of fragments FG30-32
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Ragents and conditions: (i) tert-butyl piperazine-1-carboxylate, DIPEA, HATU, DMF, r.t., o.n;
(ii) 4N HCl dioxane:DCM (1:1), rt, 2h; (iii) LiAlH4, THF, 0ºC-rt, o.n.; (iv) Triphosgene, toluene,
reflux, 4h; tert-butyl piperazine-1-carboxylate, N(Et)3, DCM, r.t., 5h.
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4.2.2.2.1) Reaction mechanisms
For the synthesis of the piperazine fragment several reactions are used. Three of
the employed reactions are: i) the amide coupling, ii) amine Boc deprotection and iii)
reduction using LiAlH4. The mechanisms of these reactions are presented in the previous
chapters. In this section the mechanism is presented for the formation of urea bonds via
isocyanate formation and subsequent conversion to urea. In this reaction triphosgene
reagent can convert three molecules of the starting amine to isocyanate. In the first step
the amino nitrogen attacks the triphosgene which promotes the formation of the
carbamate intermediate A by displacement of the dichloro ketone C. In the second step,
deprotonation of the nitrogen on the carbamate species promotes the displacement of a
second molecule of the dichloro ketone C and leads to the formation of the isocyanate B.
The two formed molecules of dichloro ketone C will then react further with the initial
amine to give the carbamic intermediate D, whose nitrogen deprotonation promotes the
displacement of a chlorine anion, yielding two additional isocyanate molecules B
(Scheme 4.14). Further reaction of the formed isocyanate
leads to the formation of the final urea compound.

compounds with an amine
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Scheme 4.14 – Reaction mechanism which leads to the formation of the urea
fragment via isocyanate formation by triphosgene.
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4.2.2.3) Piperazine fragments biophysical characterization
The affinity of the piperazine fragments to VBC was evaluated by two orthogonal
biophysical assays: DSF and SPR (raw data appendix figures AI9 and AI12). Both
experiments were carried following the conditions previously described on sections
4.2.1.3 and 4.2.1.7 of this chapter.
In the DSF screening none of fragments FGB30-32 was able to change VBC
protein melting temperature (Table 4.6).
Table 4.6 – DSF screening results of fragment FG30-32. Variation on VBC melting temperature
(∆Tm) in the presence of fragments or 19-mer HIF-1α peptide.
Fragment

∆Tm (ºC)a

FG30

-0.7±0.6

FG31

-0.7±0.6

FG32

0.3±0.6

HIF
peptide

9.3±0.6

∆Tm = Tm (VBC + ligand) – Tm (VBC+DMSO)
VBC Tm = 46.7 ± 0.6 ºC

a
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Using SPR as the second screening technique, the binding affinity of the new
piperazine fragments was evaluated. Initial analysis of this assay results revealed a dose
dependent response for fragments FG30 and FG32. Unfortunately fragment FG31
presented a negative dose dependent response consistent with this fragment showing
stronger interaction with the reference surface, hence not allowing a reliable Kd
determination. Lastly fragment FG32 presented an estimated Kd of 430 μM (LE = 0.24
kcal × mol-1 × NHA-1) which revealed an improvement on fragment affinity when
compared with the starting fragment MB756 (Table 4.7 and Figure 4.13).

Table 4.7 – SPR screening results for fragments FG30-32. SPR (Surface Plasmon Resonance)
steady state estimated Kds and calculated Ligand Efficiency (LE) [LE = −∆G/NHA = −RT ln
Kd/NHA]92.
Fragment

Kd SPR (μM)
[R2]a

MB756

>900

FG17

602 [0.99]

0.31

FG30

>900

-

FG31

-

-

FG32

430 [0.99]

0.21

Steady state fitting error

a

LE
(kcal × mol-1 × NHA-1)
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Figure 4.13 – SPR Responses of fragments FG30 and FG32. Dose-dependent responses of the
fragments against VBC normalized for their estimated maximum responses (Rmax).

4.2.2.4) X-ray crystal structures of fragments FG30-32
VBCH (ternary protein complex formed by pVHL:ELoB:EloC in complex with
the 19-mer HIF-1α peptide) protein crystals were obtained after 3 days from a
crystallization solution containing 0.1 mM potassium phosphate, pH 6.2-6.6, 18-22%
polyethylene glycol 5000, 0.2 M ammonium sulphate and 10 mM DTT, kept at 18ºC.
Then I soaked the crystals overnight in a 30 mM solution of the fragments (3% DMSO,
12% isopropanol and 85% crystallization solution). Crystals were screened in house and
diffracting crystals were sent to Diamond Light Source where the data for the crystal
structures of fragments FG30-32 was collected. Crystal structures were solved with final
resolutions between 1.85-2.30Å. During structure refinement rounds the quality of the
models was accessed either by visual inspection or by monitoring Rwork and Rfree values
to evaluate the quality of the fitted model for each of the new structures (Table 4.8).
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Table 4.8 - Crystallographic data processing and refinement statistics.
Values in parentheses are for the highest resolution shell.
Dataset
FG30
FG32
Synchrotron
Beamline
Wavelength (Å)
Processing statistics
Space group
Unit cell parameters
a,b (Å)
c (Å)
Resolution limits (Å)
Total reflections
Unique reflections
Completeness (%)
Multiplicity
Rmerge (%)
I/σ(I)
CC1/2 (%)
Wilson B factor (Å2)
Mosaicity (°)
Refinement statistics
Resolution limits (Å)
Rwork (%)
Rfree (%)
No. reflections
No. test reflections
Model atoms
Protein B factor (Å2)
Ligand B factor (Å2)
r.m.s.d. bonds (Å)
r.m.s.d. angles (°)
Ramachandran plot
Favoured (%)
Allowed (%)
Disallowed (%)

FG31

Diamond
I04-1
0.9174

Diamond
I04-1
0.9174

Diamond
I04-1
0.9174

P43212

P43212

P43212

59.4
245.8
48.17–1.97
(1.97–1.93)
282518 (13118)
35061 (2255)
100 (100)
8.1 (5.8)
5.2 (77.1)
19.0 (2.1)
99.5 (77)
3.03
0.10

60.2
249.1
48.8 - 2.38
(2.38- 2.30)
531061 (52151)
21516 (2055)
100 (99.9)
24.7 (25.4)
8.6 (100)
26.7 (3.3)
99.9 (91.5)
18.2
0.17

59.6
244.5
48.1 – 1.89
(1.89-1.85)
335877 (21269)
38949 (2327)
100 (100)
8.6 (9.1)
7.4 (99.5)
14.3 (2.2)
99.9 (75)
2.55
0.12

61.46-1.92
(1.97-1.92)
20.8 (29.2)
24.9 (30.4)
33308 (1637)
2341 (137)
3211
30.6
71.1
0.009
1.48

62.27-2.30
(2.36-2.30)
20.7 (22.8)
25.6 (35.5)
20418 (1007)
1481 (67)
3070
25.7
80.4
0.016
1.95

61.13-1.85
(1.90-1.85)
19.2 (27.0)
22.2 (28.1)
37055 (1801)
2680 (118)
3197
27.9
42.2
0.008
1.35

96.5
2.9
0.6

95.4
3.8
0.8

97.1
2.6
0.3

The omit difference electron density (Fo–Fc) observed unambiguously identified
the fragments bound on the second VHL pocket. The common core of the fragment was
found to retain a conserved binding mode. In contrast, depending on the linker present
between the phenyl ring and the piperazine moiety, the top part of the fragments was
found to adopt different conformations. However none of the fragments was able to make
the proposed hydrogen bond interaction between the piperazine moiety and Glu160. In
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contrast the new groups point towards the solvent and adopt orientations that does not
provide and optimal vector for further fragment growing (Figure 4.13).

Figure 4.13 X-ray crystal structures of VBCH in complex with fragments FG30 (Figure A),
FG31 (Figure B), FG32 (Figure C). Superposition of X-ray crystal structures of VBCH in
complex with fragments (Figure D).VHL is shown as a pale green surface and the VHL residues
Glu160 and Arg118 are shown as yellow stick representations in figures A-C. Interactions
between residues of pVHL pocket and fragment pyrrole ring are shown as blue dashed lines. An
omit map (Fo–Fc) is shown in blue and contoured at 3σ around each of the modelled fragments
with a carve radius of 2.0 Å (figures A-C). In figure D representations of the residues and
fragments are shown as magenta, yellow and green stick representations for the structures of
FG30, FG31 and FG32 respectively.

4.2.2.5) Spiro fragments design
As observed in the X-ray crystal structures of VBC in complex with FG24
(section 4.2.2.s) and FG30-32 (section 4.2.2.4) the free rotation around the methylene
group allowed the fragments to adopt different conformations upon binding to the protein.
Hence all the added groups demonstrated a preferential interaction with the solvent in this
pocket and therefore not presenting the best vector for further fragment growing.
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Additionally, the free rotation around the methylene bond can also increase the entropic
barriers for fragment binding leading to low binding affinity.
Thus before further fragment elaboration, it was decided to attempt to “lock” the
fragment conformation by constraining the rotation around the methylene group to reduce
the fragments entropic penalty and direct the constrained elements into the direction of
VBC protein surface. Fragment FG17 previously increased the binding affinity relative
to MB756, therefore a new series of fragments bearing spiro groups was designed based
on the structure of FG17. (Figure 4.14)
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Figure 4.14 – Chemical Structure of the new FG17 derivative spiro fragments.

In this series the pyrrole ring of fragment FG17 was kept untouched in order to
retain the crucial cation-π interaction with Arg120 side chain and hydrophobic interaction
and Leu201. To constrain the fragment conformation the hydrogens of the methylene
group were substituted by either two methyl groups or by different saturated rings. With
these modifications it was expected that the fragment could interact with the hydrophobic
surface formed by Leu129, Pro154, Val155 and Tyr156. Consequently the fragment
should adopt a conformation that gives the best growing vector to engage Glu160.
Additionally the hydroxyl group was kept fixed or converted to an amine or amide, which
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were chosen to evaluate the best groups to link other functionalities for further fragment
optimization.

Figure 4.15 – Crystal structure of VCB in complex with fragment FG17. Fragment is shown
as green stick representation, the pVHL target residues of the new designed fragment library are
shown as yellow stick representations, pVHL is shown as a pale-blue surface.
The next sections describe the synthesis and biophysical characterization of the
spiro series of fragments.

4.2.2.6) Spiro fragment synthesis
Hydroxyl (OH) fragments FG33-39 were obtained starting from mono lithiation
of 1,4-diiodobenzene with n-BuLi. The aryl lithium compound was then added to the
appropriate ketone derivatives to give intermediates FGPSA1-7 with yields ranging from
48-68%. Then, using Cu(OAc)2 as catalyst, the C-N copper catalyzed reaction between
the iodo intermediates FGPSA1-7 and 3-methyl pyrrole afforded the final hydroxyl
fragments FG33-35, FG37-38 and the Boc-protected azetidine or piperidine fragments in
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yields ranging from 43-51%. Fragments FG36 and FG37 were obtained with a final yield
of 40% after removing the Boc protecting group (Scheme 4.15)
Scheme 4.15 Synthesis of fragments FG33-39
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Reagents and conditions: n-BuLi, ketone derivative, THF, -78ºC, 3h; (ii) 3-methyl pyrrole,
Cu(OAc)2, Cs2CO3 , DMF, 170ºC, MW, 15 min.; (iii) 4N HCl in dioxane:DCM (1:1), r.t., 2h.

Final amine and acetamide derivatives (FG40-53) were obtained following
different synthetic strategies based on reagent availability and on the stability of the
protecting group.
Fragments bearing cycloalkyl or tetrahydro-2H-pyran groups (FG40-42, 44-45;
FG47-49,

51-52)

were

synthesized

starting

from

an

alkylation

of

2-(4-

iodophenyl)acetonitrile with different alkyl halides which afforded intermediates
FGPSC1-5 with yields between 64-88%. Then a C-N copper catalysed coupling using
Cu(OAc)2 as catalyst was performed between intermediates FGPSC1-5 and 3-methyl
pyrrole leading to the cyano intermediates FG54-58, with yields ranging from 60-68%.
Hydrolysis of the CN group using a mixture of ethylene glycol:KOH led to the carboxylic
acid intermediates FG60-64 with yields between 65-76%. Conversion of the carboxylic
acid into an amine was achieved by a Curtius rearrangement reaction followed by
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isocyanate hydrolysis, obtaining the final fragments FG40, FG44-45 with yields between
62-80%. Fragments FG41 and FG42 were never obtained as pure compounds and
therefore were only used as reaction intermediates for the subsequent reaction steps.
Acylation of the amine fragments with acetic anhydride gave the final acetamide
derivatives FG47-49, FG51-52 with yields ranging from 61-76% (Scheme 4.16).
Scheme 4.16 Synthesis of fragments FG40-42, FG44-45, FG47-49 and FG51-52
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Reagents and conditions: (i) alkyl halide, NaH, THF, 0ºC-rt, o.n (alkyl derivatives); DMSO, rt,
2h (pyran derivative); (ii) 3-methyl pyrrole, Cu(OAc)2, Cs2CO3 , DMF, 170ºC, MW, 15 min.; (iii)
KOH, ethylene glycol, 200ºC, MW, 2h; (iv) DPPA, NEt3, toluene, reflux, 3h; NaOTMS, rt, 30
min.; (v) acetic anhydride, NEt3, DCM, rt, 2h.

Piperidine fragment derivatives FG46 and FG53 were obtained starting from
alkylation of 2-(4-iodophenyl)acetonitrile with tert-butyl bis(2-chloroethyl)carbamate
which afforded intermediate FGPSBD1 with a 79% yield. A CN copper catalysed
reaction between intermediate FGPSBD1 and 3-methyl pyrrole using Cu(OAc)2 as
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catalyst gave intermediate FGPSD2 with a 53% yield. In a two-step reaction, the ciano
group was converted to amine starting with the conversion of this group into a primary
amide using H2O2 followed by a Hofmann degradation the primary amide was converted
to an amine affording intermediate FGPSD3 with a 60% overall yield over two steps.
Acylation of intermediate FGPSD3 with acetic anhydride gave intermediate FGPSD4
with a reaction yield of 60%. After removing the Boc protecting group from intermediates
FGPS17D3-4 the final fragments FG46 and FG53 were afforded with a final yield of 50
and 55% (Scheme 4.17).
Scheme 4.17 Synthesis of fragments FG46 and FG53
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Reagents and conditions: Conditions: (i) tert-butyl bis(2-chloroethyl)carbamate, NaH, DMF,
60ºC, 3h; (ii) 3-methylpyrrole, Cu(OAc)2, Cs2CO3 , DMF, 170 ºC, MW, 15 min.; (iii) K2CO3,
H2O2, DMSO, 60ºC, 1.5h; (iv) NaOH, NaClO, t-BuOH, 0ºC-rt, on; (v) acetic anhydride, NEt3,
DCM, rt, 2h; (vi) 4N HCl in dioxane:DCM (3:7), r.t., 4h.

Oxetane derivatives were obtained by addition of 2-methyl-N-(oxetan-3ylidene)propane-2-sulfinamide to the aryl lithium compound (generated from
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diiodobenzene and BuLi)and afforded intermediate FGPSE1 in 51% yield. Amine group
deprotection followed by acylation with acetic anhydride gave the acetyl intermediate
FGPS17E2 in 71% yield. Acetyl intermediate FGPSE2 was coupled with 3-methyl
pyrrole via a C-N copper-catalyzed reaction using Cu(OAc)2 as catalyst to afford the
acetamide fragment FG50 with a final yield of 58%. Acetyl group deprotection led to
final amine fragment FG43 with a 56% reaction yield (Scheme 4.18).

Scheme 4.18 Synthesis of fragments FG43 and FG50
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Reagents and conditions: (i) n-BuLi, 2-methyl-N-(oxetan-3-ylidene)propane-2-sulfinamide,
THF, -78ºC-rt, on.; (ii) 4N HCl in dioxane:DCM (3:7), r.t., 1h; (iii) acetic anhydride, Et3N, DCM,
rt, 6h; (iv) 3-methylpyrrole, Cu(OAc)2, Cs2CO3 , DMF, 170 ºC, MW, 15 min.; (v) NaOH, EtOH,
reflux, 35h.

4.2.2.6.1) Reaction mechanisms
In this section I present the mechanisms of the C-N copper-catalyzed coupling
reaction and of the degradation reactions that led to the primary amine starting from
carboxylic acid and amides (called Curtius and Hoffman degradation).
The C-N copper catalysed reaction uses Cu(OAc)2 as a copper catalyst which
allows the coupling reaction without ligands.163 Initial reaction between the copper
catalyst and the nitrogen-containing heterocycle leads to the formation of the Cu (I)
complex A. On the second step this intermediate reacts with the iodine intermediate and
gives the second Cu (I) intermediate B and yields the final coupled compound C. In the
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third step of the mechanism, intermediate B reacts with a free nitrogen-containing
heterocycle in the presence of a base regenerating the starting intermediate A (Scheme
4.19).
Scheme 4.19 – Proposed mechanism of the C-N copper-catalyzed coupling.
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-

X

HN Het

HN Het

(Het-NH)nCu(N-Het)
A

(Het-NH)nCuX
B

Ar

X

Ar N Het
C

A Curtius rearrangement reaction starts with the generation of the intermediate
azide A via activation of the carboxylic acid with DPPA followed by reaction with the
resulting free azide that displaces the diphenyl phosphate anion. The reaction then
proceeds with the thermal decomposition of intermediate A that leads to the formation of
the isocyanate intermediate B. In the last step, this group is hydrolysed to form the
unstable carbamic acid C which undergoes a spontaneous decarboxylation to form the
final primary amine D (Scheme 4.20).
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Scheme 4.20 – Curtius degradation mechanism and hydrolysis for the formation of
primary amines.
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In the Hofmann degradation, the mechanism starts with the deprotonation of the
amide nitrogen leading to the formation of the anion A. This species will then react with
the chorine species originated from NaClO leading to intermediate B. Further
deprotonation of intermediate B will allow the formation of the nitrogen anion C
promoting the rearrangement that leads to the formation of the isocyanate D (Scheme
4.21). Lastly, the isocyanate group is hydrolysed to a primary amine following the same
steps described on the previous mechanism (Scheme 4.20).
Scheme 4.21 – Hoffman degradation mechanism and hydrolysis for the formation
of primary amines.
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4.2.2.7) Spiro fragments biophysical evaluation
The new spiro fragments and some of the CN and COOH intermediates in their
synthesis (Figure 4.16) were screened for binding affinity to VBC protein complex using
two different orthogonal assays: DSF and SPR (raw data appendix figures AI13-AI26 for
DSF data and AI27-AI31). Fragments FG41 and FG42 were never purified and used only
as reaction intermediates during synthesis.
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Figure 4.16 – Chemical structures of the screened fragments against VBC protein complex.

Fragments FG40, FG43, FG44, FG47, FG48, FG51 and FG54 were used in
screening assays. However, the data must be analysed with some caution as some
impurities were detected in their NMR spectra. More specifically, in the spectra of
compounds fragments FG43, FG44, FG48, FG51 residual signals of the respective
reaction precursors were observed and their estimated purity was 93%, 90%, 90% and
90% respectively. On the other hand, compounds FG40, FG47 and FG54 were tested
with a purity grade between 80-85%. In their NMR spectra, the presence of reaction
artefacts such as N(Et)3 or the presence of alkyl halides was observed. The HRMS of
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fragments FG36, FG40, FG44, FG45, FG46, FG48, FG50, FG60, FG62 and FG64
were not obtained during this project, however, the NMR data of these fragments
confirms their identity and provides information about their purity. Using DSF assay as
the first screening technique the fragments were tested at 1 mM against 7.5 µM of VBC
or VBCH (pVHL:EloB:EloC in complex with 19-mer HIF-1α peptide). In this assay, the
melting temperature of the VBC in buffer with 5% DMSO was registered at 46.3 ± 0.6
ºC. The nanomolar binder 15, used in the assay as a positive control (tested at 15µM),
gave a ∆Tm of 7.0 ± 0.8 ºC, validating this assay. The VBCH protein complex gave a
melting temperature of 54.0 ± 0.6 ºC (∆Tm = 7.7 ± 0.8 ºC) confirming the presence of the
19-mer HIF peptide bound to the complex (Table 4.9).
The assay was performed in two different days, each sample with three technical
replicates. The variation of complexes melting temperature is given by the formula ∆Tm
= Tm (VBC + ligand) – Tm (VBC+DMSO) and represents the subtraction of the protein
melting temperature in the presence of the fragment by the melting temperature of the
protein in 5% DMSO without fragment. The presented error represents the propagation
of errors between the stand deviation of technical triplicates of the samples with protein
in the presence of fragment and the protein without fragment [s2 = (s2 (Tm
protein+fragment) + s2 (protein+DMSO))].
The vast majority of the screened fragments present a negative ∆Tm against VBC
on at least three of the screens (each fragment screened against two protein complexes in
two independent days) consistent with a destabilization of the VBC protein complex in
the presence of these fragments. Conversely fragments FG35, FG36, FG60 and FG64
induced a positive shift in at least three of the screens (Table 4.9).
Fragments FG34, FG37, FG38, FG49 and FG54-59 presented a degree of
fluorescence close to the detection limit at the lowest temperature of the assay and
consequently, no reliable increase on the fluorescence was observed during the assay.
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These results could reveal a degree of interaction between the fragments and the assay
fluorescent dye SYPRO Orange possibly due to an aggregation of these fragments in
solution. Fragments FG40 and FG47 were capable to destabilize the VBC protein
complex in solution. Nevertheless, the observed effect must be analysed carefully and
could be considered a false-positive. The observed effect could be justified by the
presence of reaction artefacts, such as N(Et)3, that constitute 15-20% of the sample and
may destabilize the protein in solution. On the other hand, fragments FG43, FG44, FG48,
FG51 also destabilized the protein in solution, however, due to the contamination of the
samples with reaction precursors between 7-10% the obtained results may be
underestimated.
Table 4.9 - Spiro fragments screening results by DSF – DSF calculated variation on VBC and VBCH
melting temperature (∆Tm) in the presence of the fragments (Red coloured cells ∆Tm < 0 ºC; Green coloured
cells ∆Tm > 0 ºC).
Fragment
VBC ∆Tm (ºC)a
VBC ∆Tm (ºC)a
VBCH ∆Tm (ºC)b
VBCH ∆Tm (ºC)b
FG33

-1.0±0.8

-1.7±0.6

-1.3±0.8

-2.7±0.6

FG35

1.0±0.8

0.9±0.6

0.0±0.8

1.3±0.6

FG36*

1.0±0.8

1.0±0.6

0.7±0.8

0.7±0.6

FG39

0.0±0.8

-1.0±0.6

-1.0±0.8

-2.0±0.6

FG40c*

-1.3±0.8

0.0±0.6

-1.3±0.8

-1.3±0.6

FG43c

-1.7±0.8

-0.8±0.6

-1.7±0.8

0.3±0.6

FG44 *

-1.3±0.6

-2.0±0.6

-2.0±0.8

-3.0±0.6

FG45*

-1.7±0.8

-1.0±0.6

-2.0±0.8

-2.0±0.6

FG46*

-1.7±0.6

-1.0±0.6

0.00±0.6

-1.0±0.6

FG47c

-1.0±0.6

-1.0±0.6

-1.0±0.8

-1.3±0.6

FG48c*

-1.3±0.6

-1.3±0.8

-1.3±0.8

-1.0±0.6

FG50*

-2.3±0.6

-1.0±0.6

-2.0±0.8

0.00±0.6

FG51c

-2.3±0.8

-1.0±0.6

-2.0±0.8

-2.0±0.6

FG52

-1.0±0.8

0.00±0.6

-1.3±0.8

0.00±0.6

FG53

-2.0±0.8

-2.7±0.6

-2.3±0.8

-3.0±0.6

FG60*

2.7±0.6

1.0±0.6

2.0±0.8

1.0±0.6

FG61

-0.8±0.6

0.0±0.6

0.3±0.6

0.0±0.6

FG62*

-5.3±0.6

0.00±0.6

-4.7±0.6

-0.3±0.8

FG63
FG64*

2.3±0.6

-4.00±0.58
1.0±0.6

-5.7±1.2
1.7±0.8

-4.0±1.2
1.0±0.8

c

a ∆T

m = Tm (VBC + ligand) – Tm (VBC+DMSO); VBC Tm = 46.3 ± 0.6 ºC;
VH298 ∆Tm = 7.0 ± 0.8 ᵒC
b ∆Tm = T (VBCH + ligand) – Tm (VBCH+DMSO); VBCH T = 54.0 ± 0.6 ºC;
m
m
c The compound has low purity grade; *HRMS not acquired.
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DSF is a quick assay to assess whether the new fragments bind to VBC. However,
DSF does not differentiate between fragments binding affinities. Thus, SPR was used as
a second screening technique to further rank the differences of the new spiro fragments
binding affinities towards VBC. In this assay, N-terminus 10xHis-tagged VBC protein
was immobilized on the sensor ship through Histidine capture on a Ni-NTA surface. The
fragments were then screened against the protein using a two-fold dilution series starting
from a top concentration of 700μM until a concentration of approximately 21μM. The
temperature was kept constant (10ºC) throughout the screening to decrease protein
dissociation from the chip surface (Table 4.10).
Substitution of the methylene hydrogens by an oxetane (FG35) gave a modest
increase in binding affinity (Kd = 515 µM, LE = 0.26). Expansion of the oxetane ring into
a pyran and conversion of the hydroxyl group into an acetamide yielded FG52 and gave
a 5-fold increase in binding affinity when compared with FG35, despite a small loss in
LE (Kd = 102 µM, LE = 0.24). Conversion of the pyran ring into a piperazine was tolerated
and yielded FG53 with comparable binding affinity and ligand efficiency (Kd = 140 µM,
LE = 0.24). Conversion of the acetamide in FG52 to a carboxylic acid to yield FG64
allowed the fragments to achieve for the first time the double-digit micromolar affinity
and improved the ligand efficiency (Kd = 72 µM, LE = 0.27). Conversion of the pyran
ring in FG64 into a cyclohexane (FG63) was not tolerated and resulted in a 4-fold loss in
binding affinity (Kd = 250 µM, LE = 0.23). All the remaining fragments revealed a loss
in binding affinity when compared with the starting fragment FG17.
Additionally, analysis of the SPR Raw results allowed the observation of the
negative dose-dependent response on the presence of fragments FG36, FG39, FG56 and
FG62. These results were compatible with this fragments stronger interaction with the
reference surface, thus not allowing a reliable determination of this fragments binding
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affinity to VBC. Fragments FG54-55 and FG57-59 showed clear signals of precipitation
during sample preparation and therefore their results were considered unreliable.
Table 4.10 Spiro fragments screening by SPR – Fragments, SPR (Surface Plasmon Resonance)
steady-state estimated Kds and calculated Ligand Efficiency (LE) [LE = −∆G/NHA = −RT ln
Kd/NHA]92. (Red coloured cells decrease on binding affinity when compared with fragment
FG17; Green coloured cells increase on binding affinity when compared with fragment FG17)
Fragment

Kd (μM)
[R2]a

LE
(kcal × mol-1 × NHA-1)

FG17

602

0.31

FG33

> 700

-

FG34

> 700

-

FG35

515 [0.99]

0.26

FG37

> 700

-

FG38

> 700

-

FG40b

>700

-

FG43

>700

-

FG44b*

>700

-

FG45*

>700

-

FG46*

>700

-

FG47 *

>700

-

FG48b

>700

-

FG50*

>700

-

FG51b

>700

-

FG52

102 [0.99]

0.24

FG53

140 [0.99]

0.24

FG54b

>700

-

FG55

>700

-

FG57

>700

-

FG58

>700

-

FG59

>700

-

FG60*

>700

-

FG61

>700

-

FG63

250 [0.98]

0.23

FG64*

72 [0.98]

0.27

b

b

a

Steady-state fitting error; b The compound has a low purity grade; * HRMS not acquired

Fragment FG47 presented a %Rmax> 170% revealing a promiscuous behaviour
(consistent with an interaction above 1:1 between ligand and protein). The observed result
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must be analysed carefully due to the presence of N(Et)3 contaminant that may increase
the response observed in the chip surface containing the immobilized VBC protein
complex. On the other hand, for fragments FG40, FG43, FG44, FG48 and FG51 the
presence of contaminants may decrease the observed signals. Therefore, the affinity
estimated by the technique may be underestimated.

Figure 4.17 – Fragment FG52 and FG53 characterization by SPR. Dose-dependent responses
of the fragments against VBC normalized for their estimated maximum responses (Rmax).
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Figure 4.18 – Chemical structures of fragments FG52, FG53 and FG64.

All together the biophysical data reveals FG52, FG53 and FG64 (Figure 4.18) as
the most promising fragments of this series. Fragments FG52 and FG53 induce a
destabilization of VBC protein complex upon binding as shown by DSF. Further
validation of these compounds binding revealed a 6-fold increase on binding affinity
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(respectively 102 µM and 144µM; LEs = 0.24) when compared with the starting fragment
FG17. On the other hand fragment, FG64 induced a reasonable stabilization on VBC
protein complex as observed by DSF. Additionally, it is the first fragment to achieve
double-digit micromolar affinities to VBC and presented good ligand efficiency (Kd = 72
µM, LE = 0.27).
Therefore overall analysis of the biophysical data suggests that the substitution of
the methylene hydrogens by a piperidine or a pyran promote an increase of the fragments
binding affinity.

4.2.2.8) X-ray crystal structure of fragment FG53
VBCH (ternary protein complex formed by pVHL:ELoB:EloC in complex with
the 19-mer HIF-1α peptide) protein crystals were obtained as described before (section
4.2.2.4). These crystals were then soaked overnight on a 15 or 5 mM solution of the
fragments (3% DMSO, 12% isopropanol and 85% crystallization solution). The resulting
crystals were screened in house and the best datasets were sent to the ESRF facilities
where the data for the crystal structures of fragments FG35, FG52, FG53 and FG64 were
collected. Despite this screening effort only the crystals soaked with fragment FG53
present good quality datasets. The structure of this fragment in complex with VBCH was
solved with the final resolution of 2.0 Å. During structure refinement rounds the quality
of the models was accessed either by visual inspection or by monitoring Rwork and Rfree
values to evaluate the quality of the fitted model on the new structure (Table 4.11).
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Table 4.11 - Crystallographic data processing and refinement statistics.
Values in parentheses are for the highest resolution shell.
Dataset
FG53
Synchrotron
Beamline
Wavelength (Å)
Processing statistics
Space group
Unit cell parameters
a,b (Å)
c (Å)
Resolution limits (Å)
Total reflections
Unique reflections
Completeness (%)
Multiplicity
Rmerge (%)
I/σ(I)
CC1/2 (%)
Wilson B factor (Å2)
Mosaicity (°)

ESRF
ID23-1
0.972
P43212
60.0
245.9
49.19 - 2.01(2.01 - 1.96)
269548 (19754)
32502 (2306)
97.2 (99.8)
8.3 (8.6)
10.4(84.1)
10 (1.9)
99.7 (78.0)
2.90
0.15

Refinement statistics
Resolution limits (Å)
Rwork (%)
Rfree (%)
No. reflections
No. test reflections
Model atoms
Protein B factor (Å2)
Ligand B factor (Å2)
r.m.s.d. bonds (Å)
r.m.s.d. angles (°)

61.48-1.96 (2.01-1.96)
21.0 (31.5)
25.4 (34.4)
30884 (1507)
2300 (103)
3309
38.5
47.9
0.01
1.53

Ramachandran plot
Favoured (%)
Allowed (%)
Disallowed (%)

97.1
2.3
0.6

The new fragment X-ray crystal structure revealed that the piperidine ring was
constraining the fragment conformation around the methylene bond in the direction of
the protein surface formed by Leu129, Pro154, Val155 and Tyr156, allowing the
formation of a hydrogen bond between the piperidine amino group and Val155 backbone.
Additionally it was possible to observe that the amide group positioning shows an
excellent growing vector to engage Glu160, which presents two conformations in this
crystal one forming a hydrogen bond with FG53 the acetamide group and other forming
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a salt bridge with Arg167. Therefore it is suggested that Glu160 side chain has a degree
of flexibility and should be taken in account on future optimization campaigns (Figure
4.19).

Figure 4.19 – Crystal structure of VCBH in complex with fragment FG53. Fragment is shown
as a green stick representation, the pVHL target residues of the new designed fragment library
are shown as yellow stick representations. pVHL is shown as a pale-green surface. The hydrogen
bond interactions between the fragment and the pocket residues are shown as red dashed lines
(hydrogen bond distances are measured in Angstroms). An omit map (Fo–Fc) is shown in blue
and contoured at 3σ around FG53 modelled fragments with a carve radius of 2.0 Å.

4.3) Discussion
Allosteric and other non-competitive binding sites have been for long under the
scope of drug discovery researchers.164,165 Small molecules binding to these sites can offer
an orthogonal mechanism to modulate a specific protein target activity and may have
better selectivity and resistance profiles than the ones targeting their primary active site,
thus providing excellent opportunities for drug development.166–168 Additionally small
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molecules binding to proteins secondary binding sites can be used to create new chemical
probes to unveil unknown biological mechanisms.154
Motivated by these observations a previous fragment screening performed in the
Ciulli group revealed a fragment bound to a new secondary pocket on pVHL. Further
pocket SAR highlighted its potential for the design of new allosteric modulators of the
CRL2VHL activity.78
In the work described in this chapter, the starting fragment hit MB756 was
elaborated following successive rounds of design, synthesis and biophysical evaluation
in order to increase the binding affinity and optimize the specificity for the second pVHL
pocket. The substitution of the pyrrole ring on the initial hit fragment was detrimental to
the fragment affinity. The pyrrole ring has a negative electrostatic potential over the πsystem of the aromatic ring which may contribute for such strong preference.169 As
observed on the X-ray crystal structures of MB756, FG18 and FG17 the fragments
pyrrole ring forms a cation-π interaction with Arg120 side chain that is crucial for
recognition in the second VHL pocket. Additionally the measured dihedral angle between
the fragments pyrrole and the phenyl rings closely matches the calculated dihedral angle
in solution. Therefore the fragment entropic penalty upon binding can be reduced and
possibly gives an extra contribution to the observed preference. Addition of the methyl
on position two the pyrrole ring (FG18) promotes a small clash with Arg200 and therefore
did not promote an increase on the fragments binding affinity. Conversely shifting the
methyl to position 3 (FG17), allowed the formation of a hydrophobic interaction with
Leu201 and efficiently increased the fragments binding affinity. (FGPS17, Kd = 602 μM;
LE = 0.31 kcal × mol-1 × NHA-1).
The conversion of the fragments hydroxyl group into small hydrogen bond donor
or acceptor groups did not resulted in an increase in binding affinity. In fact, the binding
pose of FG24 suggests that the new groups do not engage with the protein surface

152
residues to promote an increase on binding affinity. Furthermore apart from the amide
group in FG24 all the other functionalities led to a decrease on the fragments solubility.
Since the control of this parameter is critical in the early stages of fragment optimization,
it was decided to avoid the low solubility linker groups in the design of the fragments in
the following rounds of optimization.
In the next step of fragment optimization the phenyl ring of the initial fragment
MB756 was linked to a piperazine ring using a ketone (FG30), alkyl (FG31) or an alkyl
amide (FG32). However none of these modifications led to an efficient increase on the
fragments binding affinity. Investigation of the X-ray crystal structures of fragments
FG30-32 revealed that the fragments were presenting different binding conformations
based on the linker between the piperazine and the fragments phenyl ring. Additionally
the piperazine moiety had a preferential interaction with the pocket solvent molecules,
conversely to the expected hydrogen bond with Glu160, and therefore not yielding the
expected boost on fragments affinities. This trend was also observed with FG30 and
FG31 where the piperidine presented a conformation far from the protein surface. On the
other hand, the piperidine in FG32 presents a conformation in the direction of Glu160
which could in part justify a better binding affinity when compared with the other
members of this series. However since the piperazine ring is not in the best orientation to
form a hydrogen bond interaction with Arg160, the small increase on this fragment
binding affinity could be partly justified by a desolvation effect upon addition of the
piperazine group.
To lock the fragments conformation and aid with a suitable growing vector for
fragment optimization the hydrogens of the methylene group where substituted by
different spiro groups. From the biophysical screening studies it was observed that
hydrogen substitution for six member rings such as pyran (FG52 and FG64) or piperidine
(FG53) led to a greater improvement on the fragments binding affinity when compared
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with fragment FG32. In fact, the X-ray crystal structure of VBC in complex with
fragment FG53 suggests that the addition of the six member rings restrains the rotation
around the methylene bond. Hence the ligand could be pre-organized in a conformation
that reduces the entropic penalty upon binding, which likely contributed to the observed
increase of binding affinity for these fragments. Additionally the piperidine is locked in
a hydrophobic region of the protein and makes a hydrogen bond interaction with the
backbone of Val155 which could justify the higher boost in binding affinity when
compared with the unsubstituted saturated ring used in this series.
Overall the described fragment optimization campaign around the chemical
structure of the starting hit fragment MB756 generated comprehensive SAR information
that led to the discovery of the first fragments to reach low micromolar affinities (FG52,
FG53 and FG64). The X-ray crystal structure of VBC in complex with FG53 revealed
that the fragment was adopting a binding mode that allowed the acetyl to present a
promising vector for further fragment optimization.
Lastly, the best compounds of this series, which presented low micromolar
affinities, provide an excellent starting point for further optimization to give a series of
new chemical tools to investigate VHL enzyme biology either in vitro or potentially in
cells. Moreover, the new compounds could also be used for the generation of a new series
of PROTAC’s using an alternative recognition point on pVHL protein surface.
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Chapter 5
Probing Chuvash
polycythemia mutation with
small-molecules
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5.1) Introduction
Chuvash polycythemia is a rare autosomal-recessive disorder which has a
considerable number of cases in the Chuvash Republic of Russia or in the Italian island
of Ischia and has sporadic manifestations in other parts of the world.79,170,171 Although
polycythemia (a clinical state with overproduction of red blood cells in response to
chronic hypoxia) is the most easily detected manifestation of the disease, several recent
studies show that the oxygen sensing pathway is globally dysregulated.56 In fact, people
with Chuvash polythethimia present defects in the respiratory and pulmonary regulation;
abnormalities related to oxygen homeostasis dysregulation such as vertebral and hepatic
hemangiomas, cerebral vascular events, increased serum concentrations, major bleeding
diatheses, arterial and venous thrombosis, varicose veins among others.55,56,172–174
Chuvash polycythemia patients are homozygous for an arginine-to-tryptophan
mutation on the codon 200 of the pVHL gene.54 It is proposed that the R200W mutation
weakens pVHL interaction with its specific substrate HIF-α, leading to a reduction of its
oxygen dependent ubiquitination and subsequent degradation by the proteasome.54
Therefore even under normoxic conditions HIF-α is continuously stabilized leading to the
up-regulation of several HIF target genes such as endothelin-1, glucose transporter,
transferrin, VEGF.172,175
Although several studies have been conducted in animal models to better
understand Chuvash polycythemia biology, and deliver potential therapies, the molecular
mechanisms that control most of the disease features are currently unknown.60 Therefore,
the discovery of new chemical tools that could specifically target the disease mutation by
acting as allosteric binders or thermodynamic stabilizers of the mutant protein (as
demonstrated by others in mutant proteins such as p53176) and, reverse the mutation
effects, can help in the understanding of potential cellular mechanisms that control VHL
enzyme function in the disease state and, contribute to the discovery of better therapies.
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From the initial analysis of the X-ray crystal structures of the VBC protein
complexes it was possible to observe the presence of Arg200 in the vicinity of second
VHL pocket (Figure 5.1). Hence it was hypothesised that the discovery of smallmolecules that could specifically bind to this pocket in the presence of the disease
mutation can provide new chemical tools that could help in a better understanding of the
disease biology.

Figure 5.1 – X-ray crystal structure of VBCH with fragment MB756 on the second pVHL
pocket. Fragment hit MB756 is shown as green stick representations, pocket residues around the
fragment pyrrole are shown as purple stick representations; Arg200 mutated residue on Chuvash
polycythemia is shown as orange stick representation, pVHL is shown as a pale green surface.

This chapter describes the screening campaign of a range of small-molecules
against the VBC protein complex bearing the Chuvash disease mutation. From this
screening, pVHL:HIF-1α binding pocket was evaluated for its substrate recognition
activity , and if the mutation could change the binding affinity of the small molecule
fragments targeting the second VHL pocket described in chapter 4. Furthermore, the Xray crystal structure of VR200WBC complex was reported

and provided structural

information on the protein conformational changes between wild-type and mutant. Such
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information is valuable to guide the design of new chemical tools targeting specifically
Chuvash polycythemia mutation.

5.2) Results
5.2.1) VR200WBC protein expression and purification
The ternary protein complex VR200WBC comprised of pVHLR200W, EloB and EloC
was expressed in E. coli following the method previously published for VBC wild type
complex.67
E. coli strain BL21(DE3) were co-transformed with plasmid DNA for the
expression of pVHLR200W (previously cloned by Dr. Inge van Mole) with a hexahistidine
tag at its N-terminus and a second plasmid for the expression of adaptor proteins EloB
and EloC. Co-expression of these three proteins led to the expression of the mutant protein
complex of VR200WBC. After cell lysis, the His-tagged complex was purified by nickel
affinity chromatography using gradient elution with imidazole from 10 mM to 500 mM
in buffer containing 20 mM HEPES pH 7.5, 500 mM NaCl, 5 mM beta-mercaptoethanol
(Figure 5.2). Eluted proteins were collected as fractions and analysed by SDS-PAGE.
Fractions containing the desired protein complex were pooled together and subjected to
TEV protease cleavage. After dialysis in the same buffer without imidazole, a second
nickel affinity chromatography was performed to purify the now tag-free protein
complex. The collected protein in the flow-through fraction was dialyzed in 20 mM
HEPES pH 7.5, 1 mM DTT buffer and then Resource-Q ion-exchange chromatography
was performed with a gradient elution of NaCl from 0 mM to 500 mM in the same buffer
(Figure 5.3). The purity of the protein complex was further improved by size-exclusion
chromatography in 20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT (Figure 5.4). The
purity of the mutant complex V(R200W)BC was estimated to be above 95% and a yield of
5 mg protein complex per litre of culture was obtained.
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Figure 5.2 – First affinity column UV chromatogram and Coomassie stained gel showing the
presence of the three individual units of the mutant protein complex on the column collected
fractions.

Figure 5.3 – Ion-exchange column UV chromatogram, and Coomassie stained gel showing the
presence of the three individual units of the mutant protein complex on the column collected
fractions.
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Figure 5.4 – Size exclusion column UV chromatogram, and Coomassie stained gel showing the
presence of the three individual units of the mutant protein complex on the column collected
fractions.

5.2.2) Evaluation of pVHL:HIF-1α binding pocket activity on V(R200W)BC
In the Chuvash disease patients, the R200W mutation reduces VHL interaction
with its specific substrates HIF-α leading to an increase on HIF-1α levels inside cells
when compared with the wild type VHL.54,55
Although this hypothesis was proposed by some researchers, in the literature there
was not any studies to evaluate if the pVHL:HIF-1α pocket was still functional. Therefore
in order to give some answers to this question the binding affinity of VH298 (15) (a
double digit nanomolar affinity pVHL ligand, see Chapter 2 for chemical structure
information) and the 19-mer HIF-1α peptide was evaluated against the VBC WT and the
mutant protein VR200WBC by using two orthogonal assays: DSF and ITC (raw data
appendix figures AI46 and AI53 for DSF data and AI32 for ITC data).
The binding affinity of the two ligands towards VBC was initially evaluated using
DSF assay. This assay monitors the protein thermal stability and the change in its melting
temperature (Tm) upon ligand binding. The melting temperature of VBC (7.5 μM) in
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buffer with 5% DMSO was registered at 46.7 ± 0.6 ºC. Introduction of the R200W
mutation led to a destabilization of the protein complex which registered a melting
temperature at 39.3 ± 0.6 ºC (Table 5.1), giving a ∆Tm of -7.4 ± 0.8ºC.
The pVHL ligands (VH298 and 19-mer HIF-1α peptide) were screened at a final
concentration of 15 μM against 7.5 μM of either VBC or the mutant VR200WBC protein
complex. From this screening results it was observed that the introduction of the R200W
mutation was not disruptive for the ligands affinity towards pVHL:HIF-1α pocket.
Indeed, both proteins show a comparable increase on the melting temperature in the
presence of VH298, and a higher ∆Tm is observed for the mutant protein in the presence
of the HIF-1α peptide, when compared with the wild type protein, possibly suggesting an
higher affinity for the mutant protein.
Using DSF as the first screening technique it was possible to confirm binding of
both ligands to VBC and VR200WBC through thermal stabilization of protein upon binding.
However this technique did not provide information on the sctual binding affinity. ITC
was employed to measure the binding affinities of VH298 (15) and the 19-mer HIF-1α
peptide against both wild type and mutant protein were quantified. In this assay, VH298
(15) was titrated at 300 μM against 30 μM of protein and the 19-mer HIF-1α peptide was
titrated at 100 μM against 10 μM of protein. As shown in table 5.1 the ligands revealed
a comparable binding affinity between the two proteins.
Table 5.1 – Biophysical characterization of VH298 and HIF-1α peptide against VBC and
VR200WBC. DSF variation on the protein melting temperature (∆Tm) and ITC measured Kds .
Ligand

∆Tm (ºC)
VBC

∆Tm (ºC)
VR200WBC

VBC
Kd (nM)

VR200WBC
Kd (nM)

VH298

7.0 ± 0.8

7.7 ± 0.6

90 ± 5

108 ± 20

19-mer HIF-1α
7.3 ± 0.8
11.4 ± 0.6
12 ± 1
peptide
a
∆Tm = Tm (VBC + ligand) – Tm (VBC+DMSO)
VBC Tm = 46.7 ± 0.6 ºC
b
∆Tm = Tm (VR200WBC + ligand) – Tm (VR200WBC+DMSO)
VR200WBC Tm = 39.3 ± 0.6 ºC

12 ± 1
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Overall the obtained results suggested that the introduction of the R200W
mutation on the VBC protein does not lead to a loss of function on pVHL:HIF-1α binding
pocket.
5.2.3) Screening of 2nd VHL pocket fragments against VBC and VR200WBC
As mentioned in the introduction of this chapter, the 2nd VHL binding pocket
contains the residue (Arg200) involved in the most common mutation observed in
Chuvash polycythemia patients. This motivated the investigation of fragments that could
selectively target this mutation.
To design these fragments the influence of the R200W mutation on the binding
affinity of fragments MB756, FG18, FG17, FG23, FG24-26 and FG29-32 (Figure 5.5)
was accessed by ligand observed NMR (raw data appendix figures AI33-AI36).
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Figure 5.5 – Chemical structure of fragments MB756, FG17, FG18, FG23-26 and FG29-32.
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Using a CPMG and STD experiments, the differences in the spectra binding
signals were evaluated using a solution of the fragment (500 μM) in the presence of either

NMR signal (protein)/NMR signal (no portein)

VBC (30 μM) or VR200WBC (30 μM) protein complex (Figure 5.6 and Figure 5.7).

1
CPMG [VBC/Frag]

0.8
0.6

CPMG [V(R200W)BC/Frag.]

0.4
0.2
0

Figure 5.6 – CPMG experiment screening results against VBC and VR200WBC protein. Results
are presented as the ratio between the area of the fragments NMR signal in presence of protein
and area of the NMR signal of the fragment without protein.
6000000
5000000

STD NMR

4000000
3000000
2000000

VBC
V(R200W)BC

1000000
0

Figure 5.7 – STD experiment results against VBC and VR200WBC protein. Results are presented
as the area of the fragments NMR signals in presence of protein.

The CPMG NMR screening results revealed that the R200W mutation on VBC
protein complex caused a greater drop on the spectra signals, suggesting a possible tighter
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interaction with the mutant protein. Moreover the differences in the CPMG signals of the
most promising fragment of this series, FG23, was more pronounced even when
compared with FG17 (second most promising fragment of this series), suggesting that
the methyl in position 2 of the pyrrole ring could promote the selectivity towards the
mutant protein. The spectra of the STD experiment revealed an increase in the NMR
signals for all the tested fragments in the presence of the mutant protein compared with
wild type. These results are consistent with the CPMG observations suggesting a tighter
interaction towards the mutant. However, the most promising results were observed for
fragments FG31 and FG32. The STD results suggest that the linker groups between the
piperazine ring and the fragments phenyl ring could also promote some selectivity
between mutant and wild type VBC.
In order to further validate the observed NMR results the differences in the
fragment binding affinities between VR200WBC and wild type VBC was evaluated by SPR
(raw date appendix figures AI37-AI39). In this assay, the N-terminus 10 hist-tagged
VR200WBC protein was immobilized on the sensor chip through histidine capture on the
Ni-NTA surface. The fragments were then screened against the protein in a dosedependent assay starting from a top concentration of 900 μM and using two-fold dilutions
in five steps to a concentration of approximately 28 μM. The temperature was kept
constant (10ºC) throughout the screening to decrease protein dissociation from the chip
surface (Table 5.2).
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Table 5.2 – Fragments screening results against VBC and VR200WBC. SPR (Surface Plasmon
Resonance) steady-state estimated Kds and calculated Ligand Efficiency (LE) [LE = −∆G/NHA
= −RT ln Kd/NHA]92. (Red coloured cells decrease on binding affinity when compared with
fragment FG17; Green coloured cells increase on binding affinity when compared with fragment
FG17)
Fragment

VBC Kd (μM)
[R2]a

LE
(kcal × mol-1 × NHA-1)

VR200WBC Kd (μM)
[R2]a

LE
(kcal × mol-1 × NHA-1)

FG17

602 [0.99]

0.31

360 [0.98]

0.33

MB756

> 900

-

> 900

-

FG18

> 900

-

-

-

FG23

> 900

-

237 [0.98]

0.32

FG24

> 900

-

311 [0.99]

0.29

FG25

> 900

-

> 900

-

FG26

> 900

-

>900

-

FG29

> 900

-

-

-

FG30

> 900

-

>900

-

293 [0.98]

0.25

FG32
a

430 [0.99]

0.21

Steady-state fitting error
Analysis of the SPR results revealed an increase in the binding affinity of

fragments FG17 and FG32 towards VR200WBC [Kd(FG17vsVBC) = 602 μM and
Kd(FG17vsVR200WBC)

=

306

μM;

Kd(FG32vsVBC)

=

430

μM

and

Kd(FG32vsVR200WBC) = 293 μM]. However, the most interesting results of this screening
come from FG23 and FG24, which revealed a considerable rescue of these fragments
binding affinity [Kd (FG23) = 237 μM and Kd (FG24) = 311 μM)] in the presence of the
protein. These results suggest that the presence of substituents on position two of the
pyrrole ring could provide binding selectivity towards VR200WBC protein complex.
Fragment FG31 which previously showed (see Chapter 4.2.2.3) a strong
interaction with the SPR reference surface and, therefore presented a negative dosedependent response in the assay was removed from the screening. Conversely, with the
wild type VBC protein fragments FG18 and FG29 didn’t produce dose-dependent
responses on the assay against VR200WBC, thus their results were considered unreliable.
The SPR screening results suggest that the R200W mutation on VBC protein
complex is not detrimental to the binding affinity of these fragments towards the protein.

167
Additional functionalization at position two of the fragment pyrrole ring could increase
their selectivity towards Chuvash polycythemia mutant protein.

Figure 5.8 – Fragment FG23 and FG24 characterization by SPR. Dose-dependent responses
of the fragments against VBC and V(R200W)BC. Responses were normalized for their estimated
maximum responses (Rmax).

In order to evaluate if additional modifications on the CH2OH on the para position
to the fragments pyrrole ring could also improve the selectivity towards the mutant
VR200WBC protein, the previously described spiro fragment series (Figure 5.9) was
screened against this protein using two orthogonal assays: DSF and SPR (raw data figures
AI40-AI53 for DSF data and AI54-58 for SPR data).
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Figure 5.9 – Chemical structures of the screened spiro fragments against VR200WBC protein
complex.

As referred in the previous chapter (section 4.2.2.7) fragments FG40, FG43, FG44,
FG47, FG48, FG51 and FG54 were never tested as pure compounds during this project
and denote the presence of impurities in their NMR spectra. Therefore, the screening data
obtained for these compounds should be interpreted with caution. Using DSF assay as the
first screening technique; the binding event on the mutant protein was evaluated based on
the changes in the complex melting temperature in the presence of the fragments. Thus
the fragments were screened at 1 mM in the presence of 7.5 μM of VR200WBC or
VR200WBCH protein complexes. In this assay, the melting temperature of the VR200WBC
in buffer with 5% DMSO was registered at 39.3 ± 0.6 ºC. The nanomolar binder 15
(VH298) used in the assay as a positive control (tested at 15µM), gave a ∆Tm of 7.7 ± 0.6
ºC, validating this assay. Additionally, the VR200WBCH protein complex gave an increase
of melting temperature to 50.67 ± 0.58 ºC (∆Tm = 11.4 ± 0.8 ºC) confirming the presence
of the 19-mer HIF peptide bound to the complex (Table 5.3).
The assay was performed on two different days, each sample with three technical
replicates. The variation of complexes melting temperature is given by the formula ∆Tm
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= Tm (VR200WBC + ligand) – Tm (VR200WBC +DMSO), and represents the subtraction of
the protein melting temperature in the presence of the fragment by the melting
temperature of the protein in DMSO without fragment. The presented error represents
the propagation of errors between the stand deviation of technical triplicates of the
samples with protein in the presence of fragment and the protein without fragment [s2 =
(s2 (Tm protein+fragment) + s2 (protein+DMSO))].
Table 5.3 – Spiro fragments screening results by DSF. DSF calculated variation on VR200WBC and
VR200WBCH melting temperature (∆Tm) in the presence of the fragments (Red coloured cells ∆Tm < 0 ºC;
Green coloured cells ∆Tm > 0 ºC).
Fragment

VR200WBC
∆Tm (ºC)a

VR200WBCH
∆Tm (ºC)a

VR200WBC
∆Tm (ºC)b

VR200WBCH
∆Tm (ºC)b

FG33

0.7±0.6

-0.6±0.6

1.0±0.8

0.7±0.6

FG35

1.3±0.8

1.0±0.6

2.7±0.8

2.0±0.6

FG36*

2.3±0.8

1.7±0.6

1.3±0.8

2.7±0.6

FG39

-1.0±0.8

0.00±0.6

-1.3±0.8

-1.3±0.8

FG40c

1.0±0.8

1.3±0.6

-0.7±0.8

0.7±0.6

FG43

1.7±0.8

0.7±0.6

1.7±0.8

-0.7±0.6

FG44c*

-1.3±0.6

-3.0±0.6

-1.3±0.8

-1.7±0.6

FG45*

0.00±0.8

-0.7±0.6

-1.3±0.8

-1.0±0.8

FG46*

0.00±0.6

-0.7±0.6

-1.0±0.8

-2.0±0.6

FG47 *

1.3±0.8

-0.7±0.6

0.0±0.8

-2.0±0.6

FG48c

1.0±0.6

0.0±0.6

-0.3±0.8

-2.0±0.6

FG50*

-1.0±0.8

-1.3±0.6

-1.0±0.8

-1.3±0.6

FG51c

-0.8±0.8

-0.7±0.6

0.7±0.8

-1.0±0.6

FG52

-1.3±0.8

-1.0±0.6

0.0±0.8

-1.3±0.6

FG53

-1.0±0.8

-2.0±0.8

0.3±0.8

-1.3±0.6

FG60*

-

1.3±0.6

1.3±0.6

2.7±1.2

FG61

-1.3±0.6

-0.8±0.6

0.3±0.6

0.0±0.8

FG62*

-3.0±0.6

2.0±0.8

-4.7±0.6

2.0±0.8

FG63

-

-2.0±0.6

-5.7±1.2

-3.3±0.6

FG64*

1.7±0.6

3.3±0.6

2.7±0.8

2.3±0.8

c

c

∆Tm = Tm (VR200WBC + ligand) – Tm (VR200WBC +DMSO); VR200WBC Tm = 39.3 ± 0.6 ºC
VH298 ∆Tm = 7.7 ± 0.6 ºC
b
∆Tm = Tm (VR200WBCH + ligand) – Tm (VR200WBCH +DMSO); VR200WBCH Tm = 50.7 ± 0.6 ºC
c
The compound has a low purity grade; *HRMS not acquired.
a

Fragments which gave a promiscuous behaviour in this assay (FG34, FG37,
FG38, FG49 and FG54-59) were removed from the screening.
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The DSF results show an increase in the number of fragments that induce a
positive shift in the melting temperature of the mutant protein complex, when comparing
the results obtained against wild type VBC (Chapter 4.2.2.7). It is possible to observe that
fragments FG35, FG36, FG60 and FG64 induce a reasonable increase in the melting
temperature of both wild type VBC and VR200WBC. This behaviour suggests that the
Arg200 to Trp200 mutation was not disruptive for these fragments affinity.
The fragments FG40 and FG43 selectively increase the melting temperature of
the mutant protein VR200WBC (see Chapter 4.2.2.7 for DSF results against wild type
VBC). These results suggest that the conversion of the fragments hydroxyl group to an
amine could induce selectivity towards the mutant protein. Nevertheless, the data of
FG40 and FG43 should be analysed with caution since the presence of the impurities,
mentioned before, may increase the selectivity of these fragments for the mutant protein
and render a false positive in the case of FG40 due to the presence of N(Et)3 and an
underestimated signal in the case of FG43. The data obtained for FG44, FG48 and FG51
fragments may also be underestimated due to the presence of their precursors in solution.
The high throughput of DSF made it a convenient screening technique to access
the spiro fragments binding to VR200WBC; however, this technique is not able to quantify
differences of binding affinities of the different fragments towards the mutant protein.
Therefore SPR was used as the second screening technique not only to validate the results
obtained in the initial screening by DSF but also to rank the binding affinities of the
fragments towards the VR200WBC. In this assay, the N-terminus 10 Hist-tagged VR200WBC
protein was immobilized on the sensor chip through Histidine capture on the Ni-NTA
surface. The fragments were then screened against the protein in a dose-dependent assay
starting from a top concentration of 700 μM and using two-fold dilutions until a
concentration of approximately 21 μM. The temperature was kept constant (10ºC)
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throughout the screening to decrease protein dissociation from the chip surface (Table
5.4).
Before starting this screening fragments such as FG36, FG39, FG56 and FG62
which gave a strong interaction with the reference surface; or FS54-59 that showed
precipitation during sample preparation, were removed from the screening set (chapter
4.2.2.7 for SPR screening results against wild type VBC).
Table 5.4 – Spiro fragments screening by SPR. Fragments, SPR (Surface Plasmon Resonance)
steady state estimated Kds and calculated Ligand Efficiency (LE) [LE = −∆G/NHA = −RT ln
Kd/NHA]92 against VBC and VR200WBC protein complex. (Red coloured cells decrease on binding
affinity when compared with fragment FG17; Green coloured cells increase on binding affinity
when compared with fragment FG17)

a

Fragment

VBC Kd (μM)
[R2]a

LE
(kcal × mol-1 × NHA-1)

VR200WBC Kd(μM)
[R2]a

LE
(kcal × mol-1 × NHA-1)

FG17

602 [0.99]

0.31

360 [0.98]

0.33

FG33

> 700

-

> 700

-

FG34

> 700

-

> 700

-

FG35

515 [0.99]

0.26

311 [0.99]

0.28

FG37

> 700

-

> 700

-

FG38

> 700

-

> 700

-

FG40c

>700

-

>700

-

FG43c

>700

-

>700

-

FG44c*

>700

-

>700

-

FG45*

>700

-

>700

-

FG46*

>700

-

>700

-

FG47c*

>700

-

>700

-

FG48

c

>700

-

>700

-

FG49

>700

-

>700

-

FG50*

>700

-

>700

-

FG51c

>700

-

>700

-

FG52

102 [0.99]

0.24

49 [0.99]

0.26

FG53

140 [0.99]

0.24

68 [0.99]

0.26

FG60*

>700

-

>700

-

FG61

>700

-

>700

-

FG63

250 [0.98]

0.23

160 [0.99]

0.24

FG64*

72 [0.98]

0.27

159 [0.99]

0.24

Steady-state fitting error; The compound has a low purity grade; *HRMS not acquired.
b
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Substitution of the methylene hydrogens by an oxetane (FG35) gave a comparable
binding affinity (Kd = 311 µM, LE = 0.28) when compared with the starting fragment
FG17. Expansion of the oxetane ring into a pyran and conversion of the hydroxyl group
into an acetamide gave FG52 and yielded a 6-fold increase in binding affinity when
compared with FG35, despite a small loss in LE (Kd = 44 µM, LE = 0.26). Conversion of
the pyran ring into a piperazine was tolerated and yielded FG53 with comparable binding
affinity and ligand efficiency (Kd = 68 µM, LE = 0.26). Conversion of the acetamide in
FG52 to a carboxylic acid to yield FG64 was not tolerated and resulted in a 3-fold loss
in binding affinity (Kd = 159 µM, LE = 0.24). Conversion of the pyran ring in FG64 into
a cyclohexane (FG63) gave a retention of the fragment binding affinity (Kd = 160 µM,
LE = 0.24); however, the fragment still gave a lower binding affinity than FG52 and
FG53. None of the remaining fragments gave an increase in binding affinity when
compared with the starting fragment FG17.
Additional comparison of the SPR results between VR200WBC protein and wild type (WT)
VBC, revealed an increase in the binding affinity of fragments FG35, FG52, FG53 and
FGPS63

towards

Kd(FG35vsVR200WBC)

the

mutant
=

311μM;

protein

[Kd(FG35vsVBC)

Kd(FG52vsVBC)

=

=

515μM

and

102μM

and

Kd(FG52vsVR200WBC) = 49μM; Kd(FG53vsVBC) = 140μM and Kd(FG53vsVR200WBC)
= 68μM Kd(FG63vsVBC) = 250μM and Kd(FG63vsVR200WBC) = 160μM ]. Conversely
fragment FG64 is the only fragment showing a 2-fold loss in binding affinity in the
presence of [VR200WBC Kd(FG64vsVBC) = 72μM and Kd(FG64vsVR200WBC) = 159μM],
possibly suggesting that the presence of the carboxylic group could induce a certain level
of selectivity to the WT VBC protein.
Fragment FG47 presented a %Rmax> 170% revealing a promiscuous behaviour
(consistent with an interaction above 1:1 between ligand and protein). The observed result
may be a false negative since the presence of N(Et)3 as a contaminant could increase the
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response of the fragment against the chip surface containing the immobilized VBC
protein complex. The results obtained for fragments FG40, FG43, FG44, FG48 and
FG51 may be underestimated since the presence of the impurities may decrease the
observed signals and, therefore, the affinity and selectivity estimated by the technique.

Figure 5.10 – Fragment FG52 and FG53 characterization by SPR. Dose-dependent responses
of the fragments against VR200WBC normalized for their estimated maximum responses (Rmax).
H
N

H
N

O
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NH
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N
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Figure 5.11 – Chemical structures of fragments FG52 and FG53.

All together the biophysical data suggested FG52 and FG53 (Figure 5.11) as the
most promising fragments of the spiro series against the VR200WBC protein complex.
Fragments FG52 and FG53 induced a destabilization of VR200WBC protein complex upon
binding as shown by DSF. Further validation of these compounds binding revealed a 7fold increase of the fragments binding affinity (respectively 44 µM and 68 µM) when
compared with the starting fragment FG17. These fragments presented double-digit
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micromolar affinities to VR200WBC and presented good ligand efficiencies (Kd = 44 µM,
LE = 0.26 and Kd = 64 µM, LE = 0.26, respectively), what was very rewarding to observe
since these fragments are targeting a protein surface.
H
N

HO

O

N

FG23

N

FG24

Figure 5.12 – Chemical structure of fragments FG23 and FG24.

Additionally, fragments FG23 and FG24 presented the best selectivity profile
between VR200WBC and VBC protein (Figure 5.12). Fragment FG23 presents the best
contrast between the binding responses against the two proteins by CPMG NMR. Further
validation of FG23 binding affinity by SPR revealed a Kd of 237 µM in the presence of
VR200WBC a considerable increase when compared with the fragment low binding affinity
to VBC WT (Kd > 900µM). On the other hand, fragment FG24 didn’t present a marked
contrast in the NMR experiments against the two proteins. However, in the SPR
experiment FG24 also presented a marked increase in binding affinity (Kd = 311 µM) in
the presence of VR200WBC when compared with the fragment low binding affinity against
VBC WT (Kd > 900µM).
In summary, the screening results presented in this section suggest that the
introduction of the R200W mutation on VBC protein complex is not disruptive for the
affinity of the fragments targeting the second pVHL pocket. The data also strongly
suggests that the addition of substituents in position two of the fragments pyrrole ring
could induce selectivity towards the mutant VR200WBC protein.
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5.2.4) VR200WBCH protein X-ray crystal structures
VR200WBCH protein crystals were obtained after 3 days at 18ºC from a
crystallization solution containing 0.1 mM potassium phosphate, pH 6.2-6.6, 17-19%
polyethylene glycol 5000, 0.2 M ammonium sulphate and 10 mM DTT and then the
obtained crystals were soaked overnight in a 30 mM solution of fragments FG31 or FG32
(3% DMSO, 12% isopropanol and 85% crystallization solution). The resulting crystals
were screened in house and the best datasets were sent to the Diamond Light Source
where the data for the crystal structures of both fragment-protein complexes were
collected. The crystal structures were solved with the final resolutions of 2.0 and 1.8 Å
respectively, during structure refinement rounds the quality of the models was accessed
either by visual inspection or by monitoring Rwork and Rfree values to evaluate the quality
of the fitted model for each of the new structures (Table 5.5).
Table 5.5 - Crystallographic data processing and refinement statistics.
Values in parentheses are for the highest resolution shell.
Dataset
Synchrotron
Beamline
Wavelength (Å)
Processing statistics
Space group
Unit cell parameters
a,b (Å)
c (Å)
Resolution limits
(Å)
Total reflections
Unique reflections
Completeness (%)
Multiplicity
Rmerge (%)
I/σ(I)
CC1/2 (%)
Wilson B factor (Å2)
Mosaicity (°)
Refinement statistics
Resolution limits (Å)
Rwork (%)
Rfree (%)
No. reflections
No. test reflections
Model atoms

FG31
Diamond
I04-1
0.9174

FG32
Diamond
I04-1
0.9174

P43212

P43212

59.8
246.1
49.22–1.95
(2.00–1.95)
211855 (16845)
33796 (2250)
99.7 (100)
6.3 (7.1)
9.5 (78.9)
9.7 (2.3)
99.5 (75.2)
1.08
0.15

59.6
243.7
48.74 – 1.78
(1.78- 1.75)
317504 (15916)
45614 (2424)
100 (100)
7.0 (6.6)
6.1 (65.9)
14.2 (2.3)
99.9 (79.1)
1.50
0.09

61.53-1.95
(2.00-1.95)
19.7 (26.0)
23.7 (30.1)
32104 (1571)
2338 (119)
3262

60.93-1.75
(1.79-1.75)
19.5 (27.7)
22.3 (28.8)
43420 (2097)
3127 (159)
3282
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Protein B factor (Å2)
Ligand B factor (Å2)
r.m.s.d. bonds (Å)
r.m.s.d. angles (°)

29.5
34.8
0.09
1.42

19.6
44.0
0.07
1.34

Ramachandran plot
Favoured (%)
Allowed (%)
Disallowed (%)

97.1
2.3
0.6

97.4
2.6
0

The X-ray crystal structures of the mutant protein with fragments FG31 and FG32
bound on the second VHL pocket reveal some changes to the conformation of the residues
in the pocket upon mutation of pVHL residue 200 from arginine to tryptophan (Figure
5.13). More precisely the new tryptophan residue side chain presents a different
conformation when compared with the wild type arginine side chain. The new
conformation forces Glu204 to bend to allow the accommodation of the new residue
indole side chain and opens a small pocket on the protein surface. The position of the new
pocket suggests, as supported by the biophysical data, that the addition of small
substituents at position two of the fragments pyrrole ring could induce selectivity towards
the mutant protein.
Additionally, in the new crystal structure, VR200WBC is in complex with the 19mer HIF-1α peptide. A closer inspection of the pVHL:HIF-1α binding pocket revealed
that the introduction of the R200W mutation on pVHL did not promote any notable
changes in the pocket conformation. Hence the interaction network between the pocket
residues and the 19-mer HIF peptide is conserved and this is reflected in a comparable
binding affinity for VR200WBC and VBC WT (Figures 5.14).
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Figure 5.13 – Crystal structures of VR200WBC in complex with fragment FG31 (Figure A, purple
carbons) and 32 (Figure B, green carbons). The VHL residues forming the pocket around the
fragments pyrrole ring are shown as yellow stick representations. Superposition of X-ray crystal
structure of VBC and VR200WBC crystal structures in complex with fragment FG32, showing the
conformation of Arg200 on WT VBC and Trp200 on the mutant protein (Figure C). Arg200 is
shown as a green stick representation. VHL is shown as a pale green surface. An omit map (Fo–
Fc) is shown in green and blue and contoured at 3σ around FG31 and FG32 modelled fragments
with a carve radius of 2.0 Å.

Figure 5.14 – Crystal structures of WT VBC in complex with 19-mer HIF-1α peptide (Figure A,
purple carbons, PDB 4AJY); residues forming the pVHL:HIF binding pocket are shown as orange
stick representations. Crystal structures of fragments FG31 and FG32 showing HIF-1α peptide
in complex with mutant VR200WBC protein (Figure B); residues forming the pVHL:HIF binding
pocket are shown as orange stick representations.
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5.3) Discussion
Until a few years ago phlebotomy was the only therapy provided to the Chuvash
disease patients. However it is not clear if this approach was attenuating the patients
complications or was reducing the mortality of the patients.57 Furthermore frequent
phlebotomies can cause iron deficiency and inhibit PHDs activity leading to HIF-α
stabilization. Therefore, this approach in most of the cases was failing to suppress the
disease.
In VHLR200W animal models, mutated VHL was reported to bind to suppressor of
cytokine signalling 1 (SOCS1) more tightly and reduced the ubiquitin-mediated
degradation of phosphorylated Janus kinase 2 (p-JAK2).60 As a result, p-JAK2 is
stabilized and activates the pJAK2 activating the JAK2/STAT5 pathway leading to an
increase in EPO hypersensitivity.60 Therefore it was proposed that the use of inhibitors of
JAK1 and JAK2 could be a valid therapeutic alternative to treat Chuvash polycythemia.
Recently the initial trials with JAK1 and JAK2 inhibitors reduced the symptoms of
erythropoiesis/polycythemia and reduced the need of frequent phlebotomies.59 However
the delivery of better and more selective therapies is still challenging because most of the
molecular mechanisms, such as the hypersensitivity to erythropoietin in Chuvash disease
patients. The underlying critical features of Chuvash polycythemia are still unknown.
In Chuvash polycythemia a mutation on codon 200 of the VHL gene leads to the
reduction of CRL2VHL interaction with its specific substrate HIF-α, promoting a global
dysregulation in the oxygen sensing pathway.54,56 Therefore the discovery of smallmolecules that could act as probes either by allosteric modulation of the pVHL:HIF-1α
PPI interface or at the protein surface presenting the mutation and potentially lead to the
mutant stabilization (following the example of p53 mutant stabilization176) can provide
critical information for a better understanding of the disease biology and contribute to the
discovery of new therapies to treat the disease. Therefore, motivated by this observation
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the first steps for the development of the new chemical tools to probe VHL activity in
Chuvash polycythemia is described in this chapter.
Initial efforts were centred on obtaining the VR200WBC protein complex needed
for the biophysical screenings, and to provide the first X-ray crystal structures for a
detailed structural analysis of the possible changes induced by the mutation and give
structural guidance for further ligand optimization. The new VBC protein complex
bearing the R200W mutation was expressed and purified in reasonable yields following
a protocol previously described for the wild type complex VBC.67
Initial biophysical studies on the new VR200WBC protein suggested that the
introduction of the mutation was not influencing the activity of the pVHL:HIF-1α
interface. In fact, comparison of the X-ray crystal structures of VBC wild type and the
new VR200WBC in complex with the HIF-1α peptide revealed a maintenance of the
conformation of the binding pocket residues upon ligand binding. Consequently, the
interaction network between the pVHL pocket residues and the peptide ligand were
conserved even in the presence of the mutation, therefore, leading to the retention of the
binding affinity of the peptide and VH298 on the mutant protein. These results may
suggest that the VHL-HIF interface is still structurally active and functional in Chuvash
polycythemia patients. Hence the reduction of the pVHL interaction with HIF-α could be
either driven by the shift in the protein activity towards other proteins, or by interfering
with the contacts of the full HIF-α protein on the pVHL region of the mutation or in its
vicinity, as suggested by Ang et. al.54
The fragment screening performed against VR200WBC revealed that the fragments
presented a higher binding affinity to the mutant protein. The best fragments FG52 and
FG53 presented double digit micromolar affinities, respectively 49 µM and 68 µM, which
represent a 2-fold increase in affinity when comparing the fragments affinity against VBC
WT and VR200WBC. Observation of the X-ray crystal structures of VBC WT in complex
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with FG53 suggests that fragments FG52 and FG53 do not directly interact with Arg200,
therefore as suggested by the biophysical data the Arg-to-Trp conversion was not
expected to have a negative impact on the fragments binding affinity. Furthermore, the
biophysical data suggests that the conformation adopted by the tryptophan side chain in
the VR200WBC X-ray crystal structures may affect fragments binding to the protein.
Conversely fragment FG64 presented a preferential binding to VBC WT. This result
suggests that FG64 carboxylic acid moiety is possibly interacting with the positively
charged arginine side chain; therefore, conversion of the arginine to a non-charged
tryptophan could disrupt the interaction and justify the observed loss in binding affinity.
Further analysis of the SAR results revealed that fragments FG23 and FG24 were
binding selectively to VR200WBC protein. The careful analysis of the new X-ray crystal
structures of VR200WBC in complex with fragments FG31 and FG32 showed that
tryptophan indole side chain adopts a new conformation, when compared with the
Arginine in VBC WT, that induce the formation of a small pocket in the protein surface.
Therefore, the new pocket could be specifically targeted by the methyl group on position
2 of the pyrrole ring of FG23 and FG24 to the mutant protein and likely results in the
preferential binding of these fragments. Additionally, the conformation of Tryptophan
side chain also suggests that the replacement of the methyl group to others that could
better fill the new pocket could lead to an increase of the fragments selectivity profile.
In summary the described SAR around the VR200WBC protein revealed that the
insertion of the mutation was not disrupting binding of the fragments to the second VHL
pocket. Additionally, the biophysical assays supported by X-ray crystallography strongly
suggest that position two of the pyrrole ring provides a promising vector to induce
selectivity to the mutant protein. Therefore, the information gathered in this work will be
useful to guide future fragment optimization in order to obtain new ligands that
specifically target Chuvash polycythemia mutation.
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The optimization of the fragments with the best binding affinity and selectivity
profile for VR200WBC protein could provide a series of chemical tools that act as allosteric
modulators of pVHL activity in disease. On the other hand, as observed by DSF the
mutation induces a destabilization of the protein complex (VR200WBC Tm = 39.3 ± 0.6 ºC;
VBC Tm = 46.7 ± 0.6 ºC, resulting in a ∆Tm of -7.4 ± 0.8ºC), this means that the mutant
loses its native fold at lower temperature than the WT protein, therefore targeting the
mutation specifically with small-molecules could also reverse the possible
thermodynamic and kinetic denaturation consequences of Chuvash polycythemia R200W
mutation.176 Therefore, it is expected that the discovery of small-molecules that
specifically target the mutant protein could give a range of chemical tools that could
contribute to a better understanding of the enzyme activity in disease and help in the
delivery of better therapies.
Additionally, the fragments with the best binding affinity to the mutant protein
can be used for the design of a new generation of PROTACs that uses an alternative
recognition point on VHL surface and could selectively bind to the mutant protein.
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Chapter 6
Concluding Remarks
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6.1) Concluding Remarks
Cullin Ring E3 Ligases (CRLs) promote ubiquitination and degradation of a
number of key protein regulators involved on a wide range of physiological processes and
in disease.14,177 The von Hippel-Lindau (VHL) E3 ubiquitin ligase (CRL2VHL) is one of
the best characterized CRLs. The substrate-binding subunit (pVHL) recruits HypoxiaInducible Factor-1 alpha subunit (HIF-1α) as one of its best known substrates under
normoxic conditions and targets it for ubiquitination and proteasomal degradation.178
Small molecule inhibitors of that could engage VHL protein surface with enough
potency to mimic the physiological response in hypoxia inside cells can provide new
chemical tools to study the hypoxia signalling pathway, and provide new therapeutic
strategies for a number of clinical disorders where HIF upregulation has proven to be
beneficial.31 Furthermore the emerging role of this ligase as a target to induce the
degradation of selected proteins by PROTACs further it as a therapeutical
target.70,71,74,75,117 Hence this project aimed to design and develop small molecules that
could act as tools which probe/modulate PPIs within CRL2VHL, focussing on two distinct
pockets on pVHL
On the first binding pocket, the VHL:HIF-1α interaction site, using a structure
driven optimization and biophysical characterization a new series of potent inhibitors of
the pVHL:HIF-1α PPI were identified. Inhibitors 11 and 15 were the first inhibitors to
show a double-digit nanomolar affinity towards VBC protein complex and have shown
more than two-fold improvement in cellular activity when compared with the initial
inhibitor VH032. Inhibitor 15 also known as VH298 (and its inactive cis epimer) was
released to the scientific community as a new potent and selective chemical probe of the
hypoxic signalling acting via direct inhibition of the pVHL:HIF-1α PPI.69,124 Despite this
early success the activity of the inhibitors in vivo and in cells activity still has room for
further optimization. Hence further inhibitor optimization needs to be focussed on the
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increase of the ligands residence times on the complex to increase their pharmacological
effect. Additionally, future optimization should also take in account the inhibitors
physicochemical properties such as lipophilicity, TPSA or limiting the number of
unnecessary HBD’s in order to efficiently increase the potency of the inhibitors beyond
the activity in vitro. The developed SAR can prove useful to the development of the nextgeneration of VHL-recruiting PROTACs to hijack VHL E3 ligase activity and, induce
the protein selective degradation inside cells.71–73,73–75,117,118,179
Also targeting, the VHL:HIF-1α pocket, a series of thioamide analogues of the
pVHL:HIF-1α PPI inhibitors were synthesised and used to evaluate the n→π*
interaction138,140 and/or the pVHL pocket residues contribution for the inhibitor affinity
to VBC protein complex. Using ITC and FP it was observed that the binding affinity of
the new inhibitors was intimately correlated with the conversion pattern around the key
hydroxyproline core. Using X-ray crystallography it was observed that the selective
conversion of the Hyp amides into thioamides did not induce critical changes to the
interaction network between the inhibitors and pVHL pocket. However, combining this
approach with molecular modelling studies it was observed that the change on the
inhibitors binding affinity was correlated the with Hyp right-hand side amide conversion
to thioamide, highlighting the importance of this group hydrogen bond interaction with
Tyr98 side chain on their molecular recognition. Thinking on a more general application,
the described approach could be used to study the role of the amide to thioamide
conversion in other protein:ligand complexes.
On the second pVHL pocket starting from the initial hit fragment MB756
(Kd>900μM) and following a series of iterative cycles of fragment design based on X-ray
crystallography data, synthesis and biophysical evaluation a new series of fragments with
improved affinity were identified. The most promising fragments FG52, FG53 and FG64
presented affinities around 100μM against VBC protein complex. The presence of the
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most common mutation observed in Chuvash polycythemia (R200W) patients did not had
a negative impact on the second pVHL pocket fragments binding affinity. In fact, for
most of the fragments targeting this pocket the mutation presented an increase in their
binding affinity, as it was observed for fragments FG52 and FG53 which reached a
double digit micromolar affinity in the presence of the mutant protein. Additionally, it
was very rewarding to observe that the mutation of Arg200 to Trp also induced a notable
degree of selectivity towards the mutant protein in fragments FG23 and FG24. Indeed,
as observed on the new X-ray crystal structures the Tryptophan side chain induces the
formation of a small pocket that could be specifically targeted by the methyl on position
two of the fragments pyrrole ring and lead to a rescue of their binding affinities (Figure
6.1).

Figure 6.1 - Crystal structures of VR200WBC in complex with fragment FG31 (green carbons).
The residues forming the new pocket opened upon R200W mutation are shown as yellow stick
representations. pVHLR200W is shown as a pale green surface. From the crystal structure it is
suggested that modification on position 2 of the pyrrole ring are tolerated.

Moreover, the information gathered from the new VR200WBC X-ray crystal
structures gives the privileged information that will be used for the design of more potent
and selective ligands targeting the mutant complex.
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Despite the considerable progress made around the fragments targeting the 2nd
pVHL, leading to the discovery of fragments with two-digit micromolar binding
affinities, there is still plenty of room for optimization. For fragment optimization, the
information gathered from the X-ray crystal structure of VBC in complex with FG53 will
play a key role towards the discovery of a high-affinity ligand. Based on the proposed
growth vector from the acetamide group, a new series of ligands could be designed to
target additional interactions with the protein surface, striving to obtain ligands with
affinities beyond the micromolar range. Additionally, this optimization also needs to take
ligand solubility into account. In fact, the limited solubility of most of the fragments
targeting the second VHL pocket has been one of the major obstacles during optimization.
Hence if not addressed at the early stages of optimization it could limit screening results
reliability or the pharmacological effect of future optimized ligands.
Overall, the work developed around the second pVHL pocket provides an
important contribution for future fragment optimization of small-molecules that could act
as novel allosteric modulators of the VHL activity and provides small-molecules warhead
that could be employed for the design of a new generation of PROTAC’s with an
alternative recognition point on VHL protein.
In summary, the work presented in this thesis provides a new series of ligands that
can be either new small-molecule probes to interrogate the CRL2VHL complex biology or
originate a novel class of compounds which could lead to the development of new
therapeutic alternatives to treat clinical disorders related to the VHL E3 ligase complex.
Additionally, the new compounds, more particularly the fragments targeting the novel
VHL pocket, can be used to develop a new series of PROTACs that are recruited in a
region far from the HIF recognition pocket and possibly increase selectivity and
PROTACs degradation efficiency.
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Chapter 7
Experimental
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7.1) General synthesis protocols
General. Commercially available starting reagents for each reaction were purchased from
Sigma Aldrich, Fluorochem, Apollo Scientific or Manchester Organics and used without
further purification. All reactions were carried using anhydrous solvents. Analytical thinlayer chromatography (TLC) was performed on pre-coated TLC plates (layer 0.20 mm
silica gel 60 with fluorescent indicator (UV 254: Merck)). The TLC plates were air dried
and revealed under UV lamp (254/365 nm). Flash-column chromatography was
performed used pre-packed silica gel cartridges (230-400 mesh, 40-63 mm; SiliCycle)
using a Teledyne ISCO Combiflash Companion or Combiflash Retrieve using the solvent
mixtures stated for each synthesis as mobile phase.
Liquid chromatography-mass spectrometry (LC-MS) analyses were performed with
either an Agilent HPLC 1100 series connected to a Bruker Daltonics MicroTOF or an
Agilent Technologies 1200 series HPLC connected to an Agilent Technologies 6130
quadrupole spectrometer or a Waters 2795 connected to a Waters ZQ Micromass
spectrometer, where all instruments were connected to a diode array detector. All the final
ligands used in all the experiments were evaluated after preparative LC-MS separations
with a Waters X-bridge C18 column (50 mm x 2.1 mm x 3.5 mm particle size); flow rate,
0.5 mL/min with a mobile phase of water/MeCN+0.1% CHOOH or water/MeCN+0.1%
NH3; 95/5 water/MeCN was initially held for 0.5 min followed by a linear gradient from
95/5 to 5/95 water/MeCN over 3.5 min which was then held for 2 min. The purity of all
the ligands was evaluated using the analytical LC-MS system described before and yield
a purity >95%, unless stated in the results section.
High-resolution electrospray measurements were performed on a Bruker Daltonics
MicroTOF mass spectrometer. 1H NMR and 13C NMR spectra were recorded on a Bruker
Avance II 500 spectrometer (1H at 500.1 MHz; 13C at 125.8 MHz) or on a Bruker DPX400 Cryo spectrometer (1H at 400.1 MHz;

13

C at 101 MHz). Chemical shifts (δ) are
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expressed in ppm reported using residual solvent as the internal reference in all cases.
Signal splitting patterns are described as singlet (s), doublet (d), triplet (t), multiplet (m),
or a combination thereof. Coupling constants (J) are quoted to the nearest 1.0 Hz.
Intermediates 22, 24 and 27 and final inhibitor 1/VH032 were synthesized as described
elsewhere.68,69
Intermediate 24 was synthesized as described elsewhere.68,69 Activated thioamide
derivative A was prepared according to the literature protocol.143

7.1.1) VHL:HIF inhibitors synthesis and characterization
General methodology for the synthesis of VHL inhibitors 3-11, 13-21, cis 10, cis
VH298, cis VH032 and, intermediates 23, 25 and 26.
General Method A (Synthesis by acylation). A solution of compound 2 (100 mg, 0.19
mmol) in 1:1 TFA:DCM (6 mL) was stirred at room temperature for 30 min. The solvents
were then evaporated under reduced pressure to give the corresponding deprotected
intermediate (TFA salt – 22) as a brown oil that was used in the following reactions
without further purification (102 mg, 0.19 mmol).
To a solution of the deprotected intermediate 22 (102 mg, 0.19 mmol, 1 equiv.) in DCM
was added triethylamine (57 mg, 79 μL, 0.57 mmol, 3 equiv.). After stirring the mixture
for 10 min at room temperature, acetic anhydride derivative (1.5 equiv.) was added and
the resulting mixture was then stirred 2 h at room temperature. The solvents were
evaporated under reduced pressure to afford the corresponding crude compound that was
purified by flash column chromatography using a gradient of 10% to 70% acetone in
heptane to yield the final compounds as solids.
General Method B (Synthesis by HATU-assisted amide coupling). A solution of
compound 2 (100 mg, 0.19 mmol) in 1:1 TFA:DCM (6 mL) was stirred at room
temperature for 30 min. The mixture was evaporated under reduced pressure to give the
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corresponding deprotected intermediate (TFA salt – 22) as a brown oil without further
purification (102 mg, 0.19 mmol).
To a solution of the deprotected intermediate 22 (102 mg, 0.19 mmol, 1 equiv.) in DMF
was added the carboxylic acid derivative (1 equiv.). DIPEA (97 mg, 129 μL, 0.75 mmol,
4 equiv.) was added dropwise, and the mixture was stirred for 5 min at room temperature.
HATU (78 mg, 0.21 mmol, 1.1 equiv.) was added and the mixture was stirred at room
temperature for 1 h. Water was added, and the mixture was extracted with ethyl acetate
(3x). The combined organic phases were washed with brine (2x), dried over MgSO4, and
evaporated to afford the corresponding crude compound that was purified by flash column
chromatography using a gradient of 10% to 70% acetone in heptane to yield the final
compounds as solids.
HO
O
HO

N
NH

O O

H
N

S
N

(2S,4R)-4-Hydroxy-1-((S)-2-(2-hydroxyacetamido)-3,3-dimethylbutanoyl)-N-(4-(4methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (3): Following the general
synthesis method B, from intermediate 22 (102 mg, 0.19 mmol, 1 equiv.) and 2hydroxyacetic acid (14 mg, 0.19 mmol, 1 equiv.), compound 3 was obtained as a white
powder (46 mg, 0.094 mmol, 50%). 1H NMR (CD3OD, 400 MHz): δ 9.32 (s, 1H), 7.527.46 (m, 5H), 4.71-4.69 (m, 1H), 4.60-4.54 (m, 2H), 4.50-4.49 (m, 1H), 4.37 (d, 1H, J =
16.0 Hz), 4.06-3.96 (m, 2H), 3.89 (d, 1H, J = 12.0 Hz), 3.80 (dd, 1H, J = 12.0, 4.0 Hz),
2.53 (s, 3H), 2.27-2.21 (m, 1H), 2.11-2.05 (m, 1H), 1.04 (s, 9H); 13C NMR (CD3OD, 101
MHz): δ 174.4, 171.8, 154.3, 141.2, 130.5, 130.4, 130.0, 129.7, 129.1, 71.0, 69.0, 62.4,
60.8, 58.1, 43.7, 39.0, 37.2, 26.9, 14.6. HRMS (ESI) m/z: [M++1] calculated for
C24H33N4O5S: 489.2172; observed: 489.2157.
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(2S,4R)-1-((S)-3,3-Dimethyl-2-propionamidobutanoyl)-4-hydroxy-N-(4-(4methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (4): Following the general
synthesis method A, from deprotected intermediate 22 (102 mg, 0.19 mmol, 1 equiv.) and
propionic anhydride (37 mg, 0.28 mmol, 1.5 equiv.), compound 4 was obtained as a white
powder (50 mg, 0.10 mmol, 55%). 1H NMR (CDCl3, 500 MHz): δ 8.67 (s, 1H), 7.37-7.32
(m, 5H), 6.15 (d, 1H, J = 8.0 Hz), 4.69 (t, 1H, J = 10.0 Hz), 4.56-4.50 (m, 3H), 4.33 (dd,
1H, J = 15.0, 5.0 Hz), 4.04 (d, 1H, J = 10.0 Hz), 3.61 (dd, 1H, J = 10.0, 5.0 Hz), 2.522.47 (m, 4H), 2.24-2.18 (m, 2H), 2.14-2.09 (m, 1H), 1.11 (t, J = 10.0 Hz, 3H), 0.93 (s,
9H);
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C NMR (CDCl3, 125 MHz): δ174.5, 172.0, 170.9, 150.5, 148.6, 138.2, 131.7,

131.1, 129.7, 128.2, 70.1, 58.7, 57.5, 56.9, 43.4, 36.0, 35.2, 29.6, 26.5, 16.2, 9.8. HRMS
(ESI) m/z: [M++1] calculated for C25H35N4O4S: 487.2379; observed: 487.2369.
HO
O

N
NH

O O

H
N

S
N

(2S,4R)-1-((S)-2-(3,3-Dimethylbutanamido)-3,3-dimethylbutanoyl)-4-hydroxy-N(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (5):

Following the

general synthesis method B, from intermediate 22 (102 mg, 0.19 mmol, 1 equiv.) and 3,3dimethylbutanoic acid (22 mg, 24 μL, 0.19 mmol, 1 equiv.), compound 5 was obtained
as a white powder (58 mg, 0.11 mmol, 58%). 1H NMR (CDCl3, 500 MHz): δ 8.68 (s, 1H),
7.39-7.32 (m, 5H), 6.05 (d, 1H, J = 8.0 Hz), 4.71 (t, 1H, J = 10.0 Hz), 4.57-4.48 (m, 3H),
4.33 (dd, 1H, J = 15.0, 5.0 Hz), 4.11 (d, 1H, J = 10 Hz), 3.58 (dd, 1H, J = 10.0, 5.0 Hz),
2.54-2.49 (m, 4H), 2.14-2.10 (m, 2H), 2.08-2.02 (m, 2H), 0.99 (s, 9H), 0.93 (s, 9H); 13C
NMR (CDCl3, 125 MHz): δ 172.7, 172.1, 170.8, 150.5, 148.6, 138.2, 131.7, 131.1, 129.6,
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128.3, 70.1, 58.5, 57.6, 56.8, 50.6, 43.4, 35.8, 34.8, 31.2, 29.9, 26.6, 16.2. HRMS (ESI)
m/z: [M++1] calculated for C28H41N4O4S: 529.2848; observed: 529.2844.
HO
O

N
NH O O

H
N

S
N

(2S,4R)-1-((S)-2-(Cyclopropanecarboxamido)-3,3-dimethylbutanoyl)-4-hydroxy-N(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide

(6):

Following

the

general synthesis method A, from intermediate 22 (102 mg, 0.19 mmol, 1 equiv.) and
cyclopropanecarboxylic acid anhydride (43 mg, 0.28 mmol, 1.5 equiv.), compound 6 was
obtained as a white powder (51 mg, 0.10 mmol, 55%). 1H NMR (CDCl3, 500 MHz): δ
8.67 (s, 1H), 7.37-7.33 (m, 5H), 6.36 (d, 1H, J = 8 Hz), 4.70 (t, 1H, J = 10.0 Hz), 4.574.49 (m, 3H), 4.33 (dd, 1H, J = 15.0, 5.0 Hz), 4.06 (d, 1H, J = 10 Hz), 3.58 (dd, 1H, J =
10.0, 5.0 Hz), 2.51-2.46 (m, 4H), 2.12-2.08 (m, 1H), 1.40-1.36 (m, 1H), 0.94 (s, 9H),
0.93-0.85 (m, 2H), 0.79-0.70 (m, 2H);

13

C NMR (CDCl3, 125 MHz): δ 174.6, 172.1,

170.9, 150.5, 148.6, 138.2, 131.7, 131.1, 129.7, 128.3, 70.1, 58.6, 57.9, 56.8, 43.4, 36.0,
35.1, 26.5, 16.2, 14.8, 7.8. HRMS (ESI) m/z: [M++1] calculated for C26H35N4O4S:
499.2379; observed: 499.2386.
HO
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N
NH

O O

H
N

S
N

(2S,4R)-1-((S)-3,3-Dimethyl-2-(2,2,2-trifluoroacetamido)butanoyl)-4-hydroxy-N-(4(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (7): Following the general
synthesis method A, from deprotected intermediate 22 (102 mg, 0.19 mmol, 1 equiv.) and
trifluoroacetic anhydride (59 mg, 40 μL, 0.28 mmol, 1.5 equiv.), compound 7 was
obtained as a white powder (59 mg, 0.11 mmol, 60%). 1H NMR (CDCl3, 500 MHz): δ
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8.68 (s, 1H), 7.37-7.33 (m, 4H), 7.07-7.01 (m, 2H), 4.66 (t, 1H, J = 10.0 Hz), 4.60-4.53
(m, 3H), 4.35 (dd, 1H, J = 15.0, 5.0 Hz), 3.84 (d, 1H, J = 10 Hz), 3.71 (dd, 1H, J = 10.0,
5.0 Hz), 2.50-2.46 (m, 4H), 2.14-2.10 (m, 1H), 0.96 (s, 9H); 13C NMR (CDCl3, 125 MHz):
δ 170.6, 169.9, 157.2 (JCF = 37.0 Hz), 150.5, 148.6, 138.0, 131.7, 131.3, 129.7, 128.2,
115.9 (JCF = 286.0 Hz), 70.3, 59.2, 58.0, 57.0, 43.4, 36.4, 26.4, 16.2. HRMS (ESI) m/z:
[M++1] calculated for C24H30F3N4O4S: 527.1940; observed: 527.1933.
HO
O
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N
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O O
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(2S,4R)-1-((S)-3,3-Dimethyl-2-(2,2,2-trichloroacetamido)butanoyl)-4-hydroxy-N(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide

(8):

Following

the

general synthesis method A, from intermediate 22 (102 mg, 0.19 mmol, 1 equiv.) and
trichloroacetic anhydride (87 mg, 51 μL, 0.28 mmol, 1.5 equiv.), compound 8 was
obtained as a white powder (70 mg, 0.12 mmol, 65%). 1H NMR (CDCl3, 500 MHz): δ
8.68 (s, 1H), 7.38-7.33 (m, 5H), 7.12 (t, 1H, J = 5.0 Hz), 4.70 (t, 1H, J = 10.0 Hz), 4.62
(s, 1H), 4.55-4.51 (m, 2H), 4.37 (dd, 1H, J = 15.0, 5.0 Hz), 3.87 (d, 1H, J = 10 Hz), 3.72
(dd, 1H, J = 10.0, 5.0 Hz), 2.54-2.49 (m, 4H), 2.15-2.11 (m, 1H), 0.99 (s, 9H); 13C NMR
(CDCl3, 125 MHz): δ 170.6, 170.2, 170.0, 150.5, 148.7, 138.0, 131.7, 131.2, 129.7, 128.3,
92.5, 70.4, 59.3, 59.1, 56.9, 43.5, 36.8, 36.3, 26.4, 16.2. HRMS (ESI) m/z: [M++1]
calculated for C24H30Cl3N4O4S: 575.1053; observed: 575.1025.

199
HO
O
F

N
NH O O

H
N

S
N

(2S,4R)-1-((S)-2-(2-Fluoro-2-methylpropanamido)-3,3-dimethylbutanoyl)-4hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide

(9):

Following the general synthesis method B, from intermediate 22 (102 mg, 0.19 mmol, 1
equiv.) and 2-fluoroisobutyric acid (20 mg, 18 μL, 0.19 mmol, 1 equiv.), compound 9
was obtained as a light orange powder (39 mg, 0.075 mmol, 40%). 1H NMR (CDCl3, 500
MHz): δ 8.68 (s, 1H), 7.37-7.32 (m, 5H), 6.99 (t, 1H, J = 5.0 Hz), 4.73 (t, 1H, J = 10.0
Hz), 4.58-4.53 (m, 2H), 4.45 (d, 1H, J = 10.0 Hz), 4.33 (dd, 1H, J = 15.0, 5.0 Hz), 4.02
(d, 1H, J = 10 Hz), 3.64 (dd, 1H, J = 10.0, 5.0 Hz), 2.56-2.51 (m, 4H), 2.14-2.09 (m, 1H),
1.53 (m, 6H), 0.94 (s, 9H); 13C NMR (CDCl3, 125 MHz): δ 173.7 (JCF = 21.0 Hz), 171.4,
170.7, 150.5, 148.6, 138.1, 131.7, 131.1, 129.7, 128.3, 96.2 (JCF =180.0 Hz), 70.3, 58.6,
57.4, 56.7, 43.4, 35.9, 35.4, 26.5, 25.4 (JCF = 24.0 Hz), 24.7 (JCF = 24.0 Hz), 16.2. HRMS
(ESI) m/z: [M++1] calculated for C26H36FN4O4S: 519.2441; observed: 519.2447.
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(2S,4R)-1-((S)-2-(1-Fluorocyclopropanecarboxamido)-3,3-dimethylbutanoyl)-4hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide

(10):

Following the general synthesis method B, from intermediate 22 (102 mg, 0.19 mmol, 1
equiv.) and 1-fluorocyclopropanecarboxylic acid (20 mg, 0.19 mmol, 1 equiv.),
compound 10 was obtained as a white powder (51 mg, 0.10 mmol, 53%). 1H NMR
(CDCl3, 400 MHz): δ 8.80 (s, 1H), 7.39-7.35 (m, 5H), 7.04-7.02 (m, 1H), 4.73 (t, 1H, J
= 8.0 Hz), 4.59-4.52 (m, 3H), 4.33 (dd, 1H, J = 12.0, 4.0 Hz), 4.02 (d, 1H, J = 12.0 Hz),
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3.64 (dd, 1H, J = 12.0, 4.0 Hz), 2.54-2.48 (m, 4H), 2.14-2.08 (m, 1H), 1.35-1.25 (m, 4H),
0.97 (s, 9H); 13C NMR (CDCl3, 101 MHz): δ 171.3, 170.8, 170.5 (JCF = 20.0 Hz), 151.0,
147.6, 138.6, 132.3, 130.5, 129.6, 128.3, 78.3 (JCF = 238.0 Hz), 70.3, 58.7, 57.7, 56.8,
43.4, 36.1, 35.4, 26.5, 15.8, 13.9 (JCF = 11.0 Hz). HRMS (ESI) m/z: [M++1] calculated
for C26H34FN4O4S: 517.2285; observed: 517.2290.
HO
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(2S,4R)-1-((S)-2-Acetamidopropanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5yl)benzyl)pyrrolidine-2-carboxamide (11): Following the general synthesis method A,
from the deprotected intermediate of 25 (102 mg, 0.19 mmol, 1 equiv.) and acetic
anhydride (27 µL, 29 mg, 0.28 mmol, 1.5 equiv.), compound 11 was obtained as a white
powder (53 mg, 0.12 mmol, 65%). 1H NMR (CD3OD, 400 MHz): δ 8.88 (s, 1H), 7.467.41 (m, 4H), 4.65-4.60 (m, 1H), 4.58-4.50 (m, 3H), 4.46-4.39 (m, 2H), (3.78 (d, 2H, J =
4.0 Hz), 2.48 (s, 3H), 2.27-2.21 (m, 1H), 2.11-2.02 (m, 1H), 1.97 (s, 3H), 1.33 (d, 3H, J
= 8.0 Hz);

13

C NMR (CD3OD, 101 MHz): δ 174.5, 173.8, 172.9, 152.8, 149.1, 140.2,

133.4, 131.6, 130.4, 128.9, 70.1, 60.7, 56.4, 43.6, 39.0, 22.3, 16.9, 15.8. HRMS (ESI)
m/z: [M++1] calculated for C21H27N4O4S: 431.1753; observed: 431.1749.
HO
O
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N

H
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N

(2S,4R)-1-((S)-3,3-Dimethyl-2-(N-methylacetamido)butanoyl)-4-hydroxy-N-(4-(4methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide
deprotected intermediate 22

(13):

To

a

solution

of

(100 mg, 0.23 mmol, 1 equiv.) in DMF was added

formaldehyde (18 µL, 7 mg, 0.23 mmol, 1 equiv.). After stirring the solution for 90 min
at room temperature, NaBH(OAc)3 (74 mg, 0.35 mmol, 1.5 equiv.) was added and the
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resulting mixture was stirred for 10 min at room temperature. Water was added and the
mixture was extracted with ethyl acetate (3x). The combined organic phases were dried
with MgSO4 and evaporated to afford the crude of the corresponding methylated
intermediate (100 mg, 0.22 mmol, 95%) that was used in the following reaction without
further purification. Following the general synthesis method A, using the methylated
intermediate (100 mg, 0.22 mmol, 1 equiv.) and acetic anhydride (32 µL, 34 mg, 0.34
mmol, 1.5 equiv.), compound 13 was obtained as a white powder (57 mg, 0.12 mmol,
52%). 1H NMR (CDCl3, 400 MHz): δ 8.67 (s, 1H), 7.38-7.32 (m, 5H), 5.21 (s, 1H), 4.72
(t, 1H, J = 8.0 Hz), 4.58-4.48 (m, 2H), 4.38 (dd, 1H, J = 12.0, 4.0 Hz), 3.96 (d, 1H, J = 8
Hz), 3.70-3.63 (m, 1H), 3.54 (dd, 1H, J = 12.0, 4.0 Hz), 3.15 (s, 3H), 2.66-2.60 (m, 1H),
2.52 (s, 3H), 2.11-2.04 (m, 4H), 1.00 (s, 9H); 13C NMR (CDCl3, 101 MHz): δ172.8, 170.9,
170.8, 150.4, 148.7, 138.2, 131.7, 131.1, 129.7, 128.2, 70.2, 59.3, 58.3, 56.0, 44.8, 43.4,
36.3, 35.7, 34.5, 27.8, 22.4, 16.2. HRMS (ESI) m/z: [M++1] calculated for C25H35N4O4S:
487.2379; observed: 487.2390.
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(2S,4R)-1-((2S,3S)-2-(1-Fluorocyclopropanecarboxamido)-3-hydroxybutanoyl)-4hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide

(14):

Following the general synthesis method B, from the deprotected intermediate of 26 (100
mg, 0.19 mmol, 1 equiv.) and 1-fluorocyclopropanecarboxylic acid (20 mg, 0.19 mmol,
1 equiv.), compound 14 was obtained as a white powder (45 mg, 0.090 mmol, 48%). 1H
NMR (DMSO-d6, 400 MHz): δ 9.01 (s, 1H), 8.44-8.41 (m, 1H), 7.76 (d, 1H, J = 8.0 Hz),
7.43 (d, 2H, J = 8.0 Hz), 7.35 (d, 2H, J = 8.0 Hz), 4.52-4.49 (m, 1H), 4.46-4.42 (m, 1H),
4.35-4.28 (m, 2H), 4.00-3.94 (m, 1H), 3.74-3.66 (m, 2H), 2.45 (s, 3H), 2.09-2.05 (m, 1H),
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1.93-1.87 (m, 1H), 1.36-1.28 (m, 2H), 1.23-1.14 (m, 2H), 1.12 (d, 3H, J = 8.0 Hz); 13C
NMR (DMSO-d6, 101 MHz): δ 171.5, 168.7, 168.4 (JCF = 20.0 Hz), 151.6, 147.6, 139.3,
131.2, 129.7, 128.8, 127.5, 77.9 (JCF = 234.0 Hz), 68.8, 66.6, 58.8, 56.9, 55.6, 41.6, 37.9,
19.4, 15.9, 12.8 (JCF = 11.0 Hz). HRMS (ESI) m/z: [M++1] calculated for C24H30FN4O5S:
505.1921; observed: 505.1928.
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(2S,4R)-1-((S)-2-(1-cyanocyclopropanecarboxamido)-3,3-dimethylbutanoyl)-4hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide
(15/VH298): Following the general synthesis method B, from the deprotected
intermediate of 26 (100 mg, 0.19 mmol, 1 equiv.) and 1-cianoclopropanecarboxylic acid
(20 mg, 0.19 mmol, 1 equiv.), compound 15(VH298) was obtained as a white powder (48
mg, 0.09 mmol, 48%). 1H NMR (CDCl3, 400 MHz): δ 8.68 (s, 1H), 7.38-7.34 (m, 4H),
6.96 (d, 1H, J = 8.0 Hz), 4.75 (t, 1H, J = 8.0 Hz), 4.61-4.56 (m, 2H), 4.42 (d, 1H, J = 8.0
Hz), 4.34 (dd, 1H, J = 16.0, 8.0 Hz), 3.95(d, 1H, J = 8.0 Hz), 3.62 (dd, 1H, J = 16.0, 8.0
Hz), 2.65-2.58 (m, 1H), 2.53 (s, 3H), 2.13-2.08 (m, 1H), 1.71-1.58 (m, 4H), 0.96 (s, 9H);
13

C NMR (CDCl3, 101 MHz): δ 171.1, 170.4, 166.2, 150.5, 148.7, 138.0, 131.7, 131.3,

129.8, 128.4, 119.7, 70.4, 58.8, 58.5, 56.6, 43.5, 35.8, 35.2, 26.5, 18.1, 16.2, 13.8. HRMS
(ESI) m/z: [M++1] calculated for C27H34N5O4S: 524.2331; observed: 524.2344.
HO
O O

N
NH O O

H
N

S
N

(2S,4R)-1-((S)-2-(1-Acetylcyclopropanecarboxamido)-3,3-dimethylbutanoyl)-4hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide

(16):
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Following the general synthesis method B, from intermediate 22 (102 mg, 0.19 mmol, 1
equiv.) and 1-acetylcyclopropanecarboxylic acid (24 mg, 0.19 mmol, 1 equiv.),
compound 16 was obtained as a white powder (51 mg, 0.094 mmol, 50%). 1H NMR
(CDCl3, 400 MHz): δ 9.75 (d, 1H, J = 8.0 Hz), 8.68 (s, 1H), 7.60-7.58 (m, 1H), 7.37-7.34
(m, 4H), 4.78 (t, 1H, J = 8.0 Hz), 4.57 (dd, 1H, J = 12.0, 4.0 Hz), 4.46 (s, 1H), 4.32-4.25
(m, 2H), 4.17 (d, 1H, J = 8.0 Hz), 3.50 (m, 1H), 2.65-2.58 (m, 1H), 2.52 (s, 3H), 2.122.07 (m, 1H), 1.94 (s, 3H), 1.83-1.76 (m, 2H), 1.56-1.49 (m, 2H), 0.98 (s, 9H); 13C NMR
(CDCl3, 101 MHz): δ 207.7, 172.4, 170.5, 170.2, 150.4, 148.7, 138.2, 131.7, 131.1, 129.7,
128.4, 70.3, 59.3, 58.0, 56.4, 43.5, 35.5, 34.2, 26.7, 25.0, 19.9, 16.2. HRMS (ESI) m/z:
[M++1] calculated for C28H37N4O5S: 541.2484; observed: 541.2485.
O
H2N

O

Ethyl 1-aminocyclopropanecarboxylate (B): Ethanol (2mL) was added to a round
bottom flask and cooled to 0 ºC then thionyl chloride (706 mg, 430 μL, 5.94 mmol, 2
equiv.) was added dropwise and the mixture was stirred for 15 min. 1aminocyclopropanecarboxylic (300 mg, 2.97 mmol, 1 equiv.) acid was added and the
mixture was refluxed for 2h. Solvent was removed and the final compound was obtained
as a white powder (363 mg, 2.82 mmol, 95%). 1H NMR (DMSO-d6, 400 MHz): δ 9.11
(s, 2H), 4.16 (q, 2H, J = 12.0, 4.0 Hz), 1.51-1.47 (m, 2H), 1.39-1.36 (m, 2H), 1.21 (t, 3H,
J = 8.0 Hz); 13C NMR (DMSO-d6, 101 MHz): δ 170.0, 62.3, 34.0, 14.4, 13.6.
O

H
N

O
O

Ethyl 1-acetamidocyclopropanecarboxylate (C): Following the general protocol for
the synthesis of final inhibitors by acylation, from intermediate B (100 mg, 0.77 mmol, 1
equiv.) and acetic anhydride (118 mg, 110 μL, 1.15 mmol, 1.5 equiv.), compound 6 was
obtained as a pale lime powder (80 mg, 0.47 mmol, 62%). 1H NMR (DMSO-d6, 400
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MHz): δ 8.44 (s, 1H), 4.02 (dd, 2H, J = 12.0, 4.0 Hz), 1.79 (s, 3H), 1.33-1.30 (m, 2H),
1.14 (t, 3H, J = 8.0 Hz), 0.98-0.95 (m, 2H); 13C NMR (DMSO-d6, 101 MHz): δ 172.1,
170.2, 60.5, 32.8, 22.4, 16.5, 14.1.
O

H
N

O
OH

1-Acetamidocyclopropanecarboxylic acid (D): To a solution of compound C (70 mg,
0.41 mmol, 1 equiv.) in methanol it was added an aqueous solution of NaOH (1N) and
the resulting mixture was then heated at 100 ºC for 4 h. Methanol was evaporated and the
resulting solution was acidified and extracted with DCM (5x). The combined organic
phases were dried over MgSO4, and evaporated to afford the corresponding final
compound D as a white powder (53 mg, 0.37 mmol, 91%). 1H NMR (DMSO-d6, 400
MHz): δ 12.25 (s, 1H), 8.35 (s, 1H), 1.77 (s, 3H), 1.30-1.28 (m, 2H), 0.94-0.91 (m, 2H);
13

C NMR (DMSO-d6, 101 MHz): δ 174.0, 170.1, 32.5, 22.3, 16.3.
HO

O

O
NH

N
NH

O O

H
N

S
N

(2S,4R)-1-((S)-2-(1-Acetamidocyclopropanecarboxamido)-3,3-dimethylbutanoyl)4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide

(17):

Following the general synthesis method B, from intermediate 22 (102 mg, 0.19 mmol, 1
equiv.) and 1-acetamidocyclopropanecarboxylic acid (27 mg, 0.19 mmol, 1 equiv.),
compound D was obtained as a white powder (49 mg, 0.088 mmol, 47%). 1H NMR
(CDCl3, 400 MHz): δ 8.68 (s, 1H), 7.41-7.32 (m, 5H), 7.11 (d, 1H, J = 8.0 Hz), 6.35 (s,
1H), 4.74 (t, 1H, J = 8.0 Hz), 4.55-4.50 (m, 2H), 4.40-4.33 (m, 2H), 4.08 (d, 1H, J = 8.0
Hz), 3.57 (m, 1H,), 2.57-2.52 (m, 4H), 2.16-2.10 (m, 1H), 2.02 (s, 3H), 1.57-1.52 (m,
1H), 1.46-1.41 (m, 1H), 1.25-1.22 (m, 1H), 1.07-1.01 (m, 1H), 0.93 (s, 9H);

13

C NMR
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(CDCl3, 101 MHz): δ 172.1, 172.0, 171.8, 170.7, 150.4, 148.7, 138.2, 131.7, 131.2, 129.7,
128.3, 70.2, 58.4, 56.8, 43.4, 35.9, 35.5, 35.0, 26.5, 23.4, 17.5, 16.9, 16.2. HRMS (ESI)
m/z: [M++1] calculated for C28H38N5O5S: 556.2594; observed: 556.2606.
HO
O

N
NH

H
N

S
N

O O

(2S,4R)-1-((S)-2-(Cyclobutanecarboxamido)-3,3-dimethylbutanoyl)-4-hydroxy-N(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (18): Following

the

general synthesis method B, from intermediate 22 (102 mg, 0.19 mmol, 1 equiv.) and
cyclobutanecarboxylic acid (19 mg, 18 μL, 0.19 mmol, 1 equiv.), compound 18 was
obtained as a white powder (58 mg, 0.11 mmol, 58%). 1H NMR (CDCl3, 400 MHz): δ
8.68 (s, 1H), 7.38-7.31 (m, 5H), 5.93 (d, 1H, J = 8.0 Hz), 4.74 (t, 1H, J = 8.0 Hz), 4.604.54 (m, 2H), 4.46 (d, 1H, J = 8.0 Hz), 4.33 (dd, 1H, J = 12.0, 4.0 Hz), 4.14 (d, 1H, J =
8.0 Hz), 3.59 (m, 1H), 3.06-2.97 (m, 1H), 2.62-2.56 (m, 1H), 2.52 (s, 3H), 2.25-2.11 (m,
5H), 2.01-1.91 (m, 2H), 0.92 (s, 9H); 13C NMR (CDCl3, 101 MHz): δ 175.9, 172.3, 170.6,
150.5, 138.2, 131.2, 129.7, 128.3, 70.2, 58.4, 57.6, 56.7, 43.4, 39.7, 35.7, 34.8, 26.5, 25.7,
25.2, 18.3, 16.2. HRMS (ESI) m/z: [M++1] calculated for C29H34N4O4S: 513.2536;
observed: 513.2539.
HO
O

N
NH

O O

H
N

S
N

O

(2S,4R)-1-((S)-3,3-Dimethyl-2-(oxetane-3-carboxamido)butanoyl)-4-hydroxy-N-(4(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (19): Following the general
synthesis method B, from intermediate 22 (102 mg, 0.19 mmol, 1 equiv.) and oxetane-3carboxylic acid (19 mg, 0.19 mmol, 1 equiv.), compound 19 was obtained as a white
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powder (51 mg, 0.10 mmol, 53%). 1H NMR (CDCl3, 400 MHz): δ 8.68 (s, 1H), 7.38-7.34
(m, 4H), 7.17 (m, 1H), 6.07 (d, 1H, J = 8.0 Hz), 4.81-4.70 (m, 5H), 4.61-4.53 (m, 3H),
4.33 (dd, 1H, J = 12.0, 4.0 Hz), 4.09 (d, 1H, J = 8.0 Hz), 3.74-3.67 (m, 1H), 3.65-3.61
(m, 1H), 2.63-2.56 (m, 1H), 2.52 (s, 3H), 2.17-2.11 (m, 1H), 0.93 (s, 9H);

13

C NMR

(CDCl3, 101 MHz): δ 172.1, 171.8, 170.5, 150.5, 138.1, 131.7, 131.2, 129.7, 128.3, 73.3,
70.4, 58.6, 57.8, 56.8, 43.5, 40.3, 35.9, 35.1, 26.5, 16.2. HRMS (ESI) m/z: [M++1]
calculated for C26H35N4O5S: 515.2328; observed: 515.2344.
HO
O

N
NH

H
N

O O

S
N

O

(2S,4R)-1-((S)-3,3-Dimethyl-2-(3-oxocyclobutanecarboxamido)butanoyl)-4hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide

(20):

Following the general synthesis method B, from intermediate 22 (102 mg, 0.19 mmol, 1
equiv.) and 3-oxocyclobutanecarboxylic acid (21 mg, 0.19 mmol, 1 equiv.), compound
20 was obtained as a white powder (53 mg, 0.10 mmol, 54%). 1H NMR (CDCl3, 400
MHz): δ 8.68 (s, 1H), 7.38-7.34 (m, 4H), 7.16 (m, 1H), 6.23 (d, 1H, J = 8.0 Hz), 4.72 (t,
1H, J = 8.0 Hz), 4.62-4.53 (m, 3H), 4.33 (dd, 1H, J = 12.0, 4.0 Hz), 4.05 (d, 1H, J = 8.0
Hz), 3.64 (m, 1H), 3.43-3.39 (m, 2H), 3.27-3.13 (m, 2H), 3.08-3.00 (m, 1H), 2.62-2.57
(m, 1H), 2.52 (s, 3H), 2.16-2.11 (m, 1H), 0.94 (s, 9H); 13C NMR (CDCl3, 101 MHz): δ
182.4, 173.8, 171.8, 170.5, 150.5, 148.7, 138.1, 131.7, 131.3, 129.7, 128.3, 70.4, 58.6,
58.1, 56.8, 51.8, 43.5, 35.9, 35.2, 28.7, 26.5, 16.2. HRMS (ESI) m/z: [M++1] calculated
for C27H35N4O5S: 527.2328; observed: 527.2332.
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(2S,4R)-1-((S)-2-(1-Acetylazetidine-3-carboxamido)-3,3-dimethylbutanoyl)-4hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide

(21):

Following the general synthesis method A, from the deprotected intermediate of 23 (102
mg, 0.17 mmol, 1 equiv.) and acetic anhydride (25 mg, 24 μL, 0.25 mmol, 1.5 equiv.),
compound 21 was obtained as a white powder (41 mg, 0.075 mmol, 45%). 1H NMR
(CDCl3, 400 MHz): δ 8.68 (s, 1H), 7.35 (m, 4H), 7.18 (m, 1H), 6.29 (dd, 1H, J = 58.0,
8.0 Hz), 4.70 (t, 1H, J = 8.0 Hz), 4.56-4.52 (m, 3H), 4.39-4.29 (m, 2H), 4.22-4.14 (m,
2H), 4.10-3.98 (m, 3H), 3.64 (d, 1H, J = 8.0 Hz) 3.31-3.23 (m, 1H), 2.59-2.44 (m, 4H),
2.18-2.11 (m, 1H), 1.83(d, 3H, J = 8.0 Hz), 0.93 (s, 9H); 13C NMR (CDCl3, 101 MHz): δ
171.9, 171.6, 171.0, 170.6, 150.4, 148.6, 138.1, 131.7, 131.2, 129.6, 128.2, 70.2, 58.6,
58.0, 56.9, 52.5, 43.4, 36.5, 36.0, 35.4, 32.7, 26.5, 18.7, 16.2. HRMS (ESI) m/z: [M++1]
calculated for C28H38N5O5S: 556.2594; observed: 556.2613.
HO
O

Boc

N
NH O O

S

H
N

N

N

3-(((S)-1-((2S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5-

tert-Butyl
yl)benzyl)carbamoyl)

pyrrolidin-1-yl)-3,3-dimethyl-1-oxobutan-2-

yl)carbamoyl)azetidine-1-carboxylate (23): Following the general synthesis method A,
from

intermediate

22

(102

mg,

0.19

mmol,

1

equiv.)

and

1-(tert-

butoxycarbonyl)azetidine-3-carboxylic acid (38 mg, 0.19 mmol, 1 equiv.), compound 23
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was obtained as a lime powder (69 mg, 0.11 mmol, 60%). 1H NMR (CDCl3, 400 MHz):
δ 8.67 (s, 1H), 7.37-7.33 (m, 4H), 7.24 (m, 1H), 6.19 (d, 1H, J = 8.0 Hz), 4.70 (t, 1H, J =
8.0 Hz), 4.58-4.52 (m, 3H), 4.34 (dd, 1H, J = 12.0, 4.0 Hz), 4.07-3.97 (m, 4H), 3.63 (m,
1H), 3.22-3.15 (m, 1H), 2.56-2.50 (m, 4H), 2.16-2.11 (m, 4H), 1.41 (s, 9H), 0.93 (s, 9H);
13

C NMR (CDCl3, 101 MHz): δ 172.3, 171.6, 170.7, 156.2, 150.4, 148.6, 138.1, 131.2,

129.7, 128.3, 80.0, 70.3, 58.7, 57.9, 56.9, 43.4, 36.1, 35.3, 33.4, 31.0, 28.5, 26.5, 16.2.
HRMS (ESI) m/z: [M++1] calculated for C31H44N5O6S: 614.2934; observed: 614.3007.
HO
N
Boc NH

H
N

S
N

O O

tert-Butyl((S)-1-((2S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5yl)benzyl)carbamoyl)pyrrolidin-1-yl)-1-oxopropan-2-yl)carbamate (25): Following
the general synthesis method B, from intermediate 24 (300 mg, 0.72 mmol, 1 equiv.) and
Boc-L-Ala (132 mg, 0.72 mmol, 1 equiv.), compound 25 was obtained as a white solid
(267 mg, 0.55 mmol, 78%): 1H NMR (CD3OD, 400 MHz): δ 9.15 (s, 1H), 7.49-7.44 (m,
4H), 4.59 (t, 1H, J = 8.0 Hz), 4.53-4.49 (m, 1H), 4.47-4.35 (m, 3H), 3.80-3.76 (m, 1H),
3.68-3.61 (6H, m), 2.51 (s, 3H), 2.28-2.22 (m, 1H), 2.08-2.02 (m, 1H), 1.43 (s, 9H), 1.30
(d, 3H, J = 8.0 Hz); 13C NMR (CD3OD, 101 MHz): δ 174.5, 172.0, 153.7, 147.5, 140.8,
130.7, 130.5, 129.0, 80.6, 71.1, 60.8, 56.4, 43.6, 38.9, 28.7, 17.2, 15.1. HRMS (ESI) m/z:
[M++1] calculated for C24H33N4O5S: 489.2166; observed: 489.2176.
HO
OH
Boc NH

tert-Butyl
yl)benzyl)carbamoyl)

N
O O

H
N

S
N

2-(((S)-1-((2S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5pyrrolidin-1-yl)-3-methyl-1-oxobutan-2-yl)amino)-2-

oxoacetate (26): Following the general synthesis method B, from intermediate 24 (200
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mg, 0.46 mmol, 1 equiv.) and Boc-L-threonine (102 mg, 0.46 mmol, 1 equiv.), compound
26 was obtained as a white powder (192 mg, 0.37 mmol, 80%). 1H NMR (DMSO-d6, 400
MHz): δ 8.98 (s, 1H), 8.39 (m, 1H), 7.41 (d, 2H, J = 8.0 Hz), 7.34 (d, 2H, J = 8.0 Hz),
6.49 (d, 1H, J = 8.0 Hz), 5.11, (s, 1H), 4.68 (d, 1H, J = 8.0 Hz), 4.43 (t, 1H, J = 8.0 Hz),
4.34-4.29 (m, 3H), 4.17 (t, 1H, J = 8.0 Hz), 3.85-3.80 (m, 1H), 3.73-3.62 (m, 2H), 2.45
(s, 3H), 2.08-2.04 (m, 1H), 1.93-1.87 (m, 1H), 1.38 (s, 9H), 1.05 (d, 3H, J = 8.0 Hz); 13C
NMR (DMSO-d6, 101 MHz): δ 171.7, 169.7, 155.3, 151.5, 147.8, 139.3, 131.1, 129.8,
128.8, 127.5, 78.1, 68.8, 66.9, 58.8, 57.9, 55.5, 41.6, 37.8, 30.7, 28.2, 19.3, 16.0. HRMS
(ESI) m/z: [M++1] calculated for C25H35N4O6S: 519.2277; observed: 519.2285.
HO

Boc

(2S,4S)-tert-Butyl

H
N

N
O

S
N

4-hydroxy-2-((4-(4-methylthiazol-5-

yl)benzyl)carbamoyl)pyrrolidine-1-carboxylate (27): Following the general synthesis
method B, from (4-(4-methylthiazol-5-yl)phenyl)methanamine (500 mg, 2.43 mmol, 1
equiv.) and (2S,4S)-1-(tert-Butoxycarbonyl)-4-hydroxypyrrolidine-2-carboxylic acid
(565 mg, 2.43 mmol, 1 equiv.), compound 27 was obtained as a white powder (587 mg,
1.40 mmol, 58%). 1H NMR (CDCl3, 400 MHz): δ 8.67 (s, 1H), 7.54-7.51 (m, 1H), 7.397.32 (m, 4H), 4.58 (dd, 1H, J = 14.9 , 7.1 Hz), 4.46-4.40 (m, 4H), 3.53-3.44 (m, 2H), 2.51
(s, 3H), 2.39-2.34 (m, 1H), 2.23-2.14 (m, 1H), 1.45 (s, 9H); 13C NMR (CDCl3, 101 MHz):
δ 173.5, 162.8, 155.9, 150.4, 148.7, 137.7, 131.2, 129.7, 127.8, 81.0, 70.9, 59.7, 57.2,
55.9, 35.9, 28.4, 16.2. HRMS (ESI) m/z: [M++1] calculated for C21H28N3O4S: 418.1800;
observed: 418.1795.
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tert-Butyl ((S)-1-((2S,4S)-4-hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)
pyrrolidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)carbamate

(28):

Following

the

general synthesis method B, from the deprotected intermediate of 27 (576 mg, 1.34 mmol,
1 equiv.) and Boc-L-tert leucine (309 mg, 1.34 mmol, 1 equiv.), compound 28 was
obtained as a white powder (531 mg, 0.96 mmol, 72%). 1H NMR (CDCl3, 400 MHz) δ
8.69 (s, 1H), 7.52-7.56 (m, 1H), 7.33-7.39 (m, 4H), 5.56 (s, 1H), 5.12 (d, 1H, J = 8.0 Hz),
4.77 (d, 1H, J = 8.0 Hz), 4.64 (dd, 1H, J = 16.0, 8.0 Hz), 4.48 (s, 1H), 4.29 (dd, 1H, J =
16.0, 8.0 Hz), 4.18 (d, 1H, J = 8.0 Hz), 3.78-3.91 (m, 2 H), 2.52 (s, 3H), 2.36-2.40 (m,
1H), 2.16-2.23 (m, 1H), 1.41 (s, 9H), 0.90 (s, 9H); 13C NMR (CDCl3, 101 MHz) δ 173.0,
172.7, 155.8, 150.6, 148.6, 137.4, 131.7, 131.4, 129.8, 128.3, 80.0, 71.2, 60.0, 58.7, 58.5,
35.1, 32.0,

28.5, 26.4, 22.8, 16.1, 14.3. HRMS (ESI) m/z: [M++1] calculated for

C27H39N4O5S: 531.2636; observed: 531.2660.
HO

F

O

N
NH

O O

H
N

S
N

(2S,4S)-1-((S)-2-(1-Fluorocyclopropanecarboxamido)-3,3-dimethylbutanoyl)-4hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide

(cis10):

Following the general synthesis method B, from the deprotected intermediate of 28 (300
mg, 0.56 mmol, 1 equiv.) and 1-fluorocyclopropanecarboxylic acid (58 mg, 0.55 mmol,
1 equiv.), compound cis10 was obtained as a white powder (137 mg, 0.26 mmol, 47%).
1

H NMR (CDCl3, 400 MHz): δ 8.68 (s, 1H), 7.47 (t, 1H, J = 8.0 Hz), 7.37 (m, 4H), 6.92

(m, 1H), 5.54 (d, 1H, J = 8.0 Hz), 4.75 (d, 1H, J = 12.0 Hz), 4.65 (dd, 1H, J = 12.0, 4.0
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Hz), 4.55 (d, 1H, J = 12.0 Hz), 4.50-4.45 (m, 1H), 4.30 (dd, 1H, J = 16.0, 4.0 Hz), 3.88
(dd, 1H, J = 8.0, 4.0 Hz), 3.82 (d, 1H, J = 12.0 Hz), 2.52 (s, 3H), 2.38 (d, 1H, J = 14.0
Hz), 2.22-2.15 (m, 1H), 1.36-1.26 (m, 4H), 0.95 (s, 9H); 13C NMR (CDCl3, 101 MHz): δ
172.6, 171.8, 169.9 (JCF = 20.0 Hz), 150.5, 148.7, 137.3, 131.6, 131.5, 129.8, 128.4, 78.3
(JCF = 230.4 Hz), 71.2, 60.1, 58.8, 57.1, 43.7, 35.4, 35.1, 26.4, 16.1, 13.8 (JCF = 10.1 Hz).
HRMS (ESI) m/z: [M++1] calculated for C26H34FN4O4S: 517.2285; observed: 517.2278.
OH
N

O
NC

NH

O O

NH

S
N

(2S,4S)-1-((S)-2-(1-cyanocyclopropanecarboxamido)-3,3-dimethylbutanoyl)-4hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (cisVH298):
Following the general synthesis method B, from the deprotected intermediate of 28 (302
mg, 0.55 mmol, 1 equiv.) and 1-cyanocyclopropanecarboxylic acid (61 mg, 0.55 mmol,
1 equiv.), compound cisVH298 was obtained as a white powder (162 mg, 0.32 mmol,
56%). 1H NMR (CDCl3, 400 MHz): δ 8.83 (s, 1H), 7.44-7.37 (m, 5H), 6.91 (d, 1H, J =
8.0 Hz) , 4.76 (d, 1H, J = 12.0 Hz), 4.67 (dd, 1H, J = 16.0, 8.0 Hz), 4.50-4.45 (m, 2H),
4.32 (dd, 1H, J = 16.0, 4.0 Hz), 3.85-3.75 (m, 2H), 2.55 (s, 3H), 2.38 (d, 1H, J = 12.0
Hz), 2.23-2.16 (m, 1H), 1.70-1.50 (m, 4H), 0.96 (s, 9H); 13C NMR (CDCl3, 101 MHz): δ
172.7, 171.4, 165.5, 151.7, 151.6, 133.2, 129.8, 128.6, 119.8, 71.2, 60.2, 58.7, 58.1, 43.7,
35.6, 35.2, 26.4, 18.0, 13.8. HRMS (ESI) m/z: [M++1] calculated for C27H34N5O4S:
524.2331; observed: 524.2329.
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(2S,4S)-1-((S)-2-acetamido-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (cisVH032): Following the
general synthesis method A, from the deprotected intermediate of 28 (221 mg, 0.40 mmol,
1 equiv.) and acetic anhydride (62 mg, 0.61 mmol, 1.5 equiv.), compound cisVH032 was
obtained as a white powder (124 mg, 0.26 mmol, 65%). 1H NMR (CDCl3, 400 MHz): 1H
NMR (CDCl3, 400 MHz): δ 8.71 (s, 1H), 7.37 (m, 4H), 5.97 (d, 1H, J = 8.0 Hz), 4.73 (d,
1H, J = 8 Hz), 4.66 (dd, 1H, J = 16.0, 8.0 Hz), 4.54-4.47 (m, 2H), 4.30 (dd, 1H, J = 16.0,
8.0 Hz), 3.92 (dd, 1H, J = 16.0, 8.0 Hz), 3.80 (d, 1H, J = 12.0 Hz), 2.52 (s, 3H), 2.38 (d,
1H, J = 12.0 Hz), 2.21-2.15 (m, 1H), 1.99 (s, 3H), 0.91 (s, 9H); 13C NMR (CDCl3, 101
MHz): δ 172.6, 172.5, 170.2, 150.6, 145.7, 137.4, 131.4, 129.8, 128.4, 71.2, 60.1, 58.8,
57.1, 43.7, 35.1, 26.4, 23.4, 16.2. HRMS (ESI) m/z: [M++1] calculated for C24H33N4O4S:
473.2222; observed: 473.2198.
HO

O

N
N

H
N

O O

S
N

(2S,4R)-1-((S)-3,3-Dimethyl-2-(2-oxopyrrolidin-1-yl)butanoyl)-4-hydroxy-N-(4-(4methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide

(12):

To

a

solution

of

intermediate 22 (205 mg, 0.38 mmol) and 4-chlorobutanoyl chloride (0.069 mg, 56 μL,
0.49 mmol, 1.3 equiv.) in DCM (15 mL) a cold 1N solution of NaOH (6 mL) was added
and the resulting mixture was stirred vigorously for 20 min at room temperature. The
organic layer was collected and dried over MgSO4, and evaporated to afford the
intermediate crude compound. To a solution of the intermediate crude compound in THF

213
cooled to 0 ºC was added potassium tert-butoxide (128 mg, 1.14 mmol, 3 equiv.), and the
mixture was allowed to warm to room temperature and stirred overnight. Water was
added, and the mixture was extracted with ethyl acetate (3x). The combined organic
phases were dried over MgSO4 and evaporated to afford the corresponding crude
compound that was purified by flash column chromatography using gradient elution of
10 to 70% Acetone in Heptane to yield the final compound 12 as a white powder (120
mg, 0.24 mmol, 63%). 1H NMR (CDCl3, 500 MHz): δ 8.68 (s, 1H), 7.37-7.32 (m, 5H),
4.74 (s, 1H), 4.70 (t, 1H, J = 10.0 Hz), 4.56-4.51 (m, 2H), 4.38 (dd, 1H, J = 15.0, 5.0 Hz),
4.01 (d, 1H, J = 10.0 Hz), 3.75-3.64 (m, 2H), 3.58 (dd, 1H, J = 10.0, 5.0 Hz), 2.58-2.51
(m, 4H), 2.41-2.35 (m, 1H), 2.31-2.25 (m, 1H), 2.11-2.07 (m, 1H), 1.99-1.93 (m, 2H),
1.00 (s, 9H); 13C NMR (CDCl3, 125 MHz): δ 177.0, 171.9, 170.2, 150.5, 148.6, 138.2,
131.7, 131.1, 129.7, 128.2, 70.0, 59.2, 58.3, 56.6, 47.2, 43.4, 35.9, 35.8, 30.7, 27.7, 19.0,
16.2. HRMS (ESI) m/z: [M++1] calculated for C26H35N4O4S: 499.2379; observed:
499.2382.

7.1.2) Thioamide inhibitor synthesis and characterization
O

O
H
N
O

N
H

+

N

-

O
O
H2N

(S)-tert-butyl (1-((2-amino-5-nitrophenyl)amino)-1-oxopropan-2-yl)carbamate: To a
solution of 4-nitrobenzene-1,2-diamine (500 mg, 3.26 mmol) in DMF was added bocAla-OH (617 mg, 3.26 mmol, 1 equiv.). DIPEA (1.26 g, 1.67 mL, 9.78 mmol, 3 equiv.)
was added dropwise, and the mixture was stirred for 5 minutes at room temperature,
HATU (2.48 g, 6.52 mmol, 2 equiv.) was then added and the reaction left to stir at room
temperature for 3h. Water was added, and the mixture was extracted with ethyl acetate
(3x). The combined organic phases were washed with brine, dried over anhydrous MgSO4
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and evaporated to afford the corresponding crude compound that was purified by flash
column chromatography using a gradient elution of 10% to 80% ethyl acetate in heptane
to yield the final compound as a pale yellow solid (846 mg, 2.60 mmol, 80%), which
spectral data matched the one published before.180
O

O
H
N

+

N

-

N
H

O

O
S
H2N

(S)-tert-butyl (1-((2-amino-5-nitrophenyl)amino)-1-thioxopropan-2-yl)carbamate:
To a solution of

(S)-tert-butyl (1-((2-amino-5-nitrophenyl)amino)-1-oxopropan-2-

yl)carbamate (700 mg, 2.16 mmol) in dry THF was added the Lawesson’s reagent (660
mg, 1.62 mmol, 0.75 equiv.) and the mixture was refluxed for 2 hours. An additional
portion of Lawesson’s reagent (660 mg, 1.62 mmol, 0.75 equiv.) was then added and
mixture was refluxed overnight. The solvent was evaporated and the crude compound
was purified by column chromatography using a gradient elution of 10% to 100% ethyl
acetate in heptane to yield the final compound as a yellow solid (367 mg, 1.07 mmol,
50%), which spectral data matched the one published before.180
O
+

N

-

O

S
H
N

O

N
O

(S)-tert-Butyl

N

N

(1-(6-nitro-1H-benzo[d][1,2,3]triazol-1-yl)-1-thioxopropan-2-

yl)carbamate (A): To a solution of (S)-tert-butyl (1-((2-amino-5-nitrophenyl)amino)-1thioxopropan-2-yl)carbamate (0.300 mg, 0.94 mmol) in a mixture of acetic acid:water
(95:5) at 4ºC was added sodium nitrite (97 mg, 1.41 mmol, 1.5 equiv.). After stirring the
mixture for 30 minutes at 4ºC, chilled water was added and the precipitate then formed
was filtered, dried and used in the following reactions without further purification.
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S
TBSO
N
Boc

(2S,4R)-tert-Butyl

N

H
N
S

4-((tert-butyldimethylsilyl)oxy)-2-((4-(4-methylthiazol-5-

yl)benzyl)carbamothioyl)pyrrolidine-1-carboxylate (35): To a solution of 5 (500 mg,
1.20 mmol) in dry DMF was added TBSCl (360 mg, 2.40 mmol, 2 equiv.) and Imidazole
(326 mg, 4.79 mmol, 4 equiv.) and the reaction mixture was then stirred overnight under
N2. Water was added, and the mixture was extracted with ethyl acetate (3x). The
combined organic phases were washed with brine, dried over anhydrous MgSO4 and
evaporated to afford the corresponding TBS protected compound as a colorless oil which
was used in the following reaction without further purification.
To a solution of the TBS protected compound (637 mg, 1.20 mmol) in toluene was added
Ammonium O,O'-diethyl dithiophosphate (473 mg, 2.39 mmol, 2 equiv.) and the reaction
mixture was then refluxed overnight. Solvent was removed under reduced pressure and
the obtained residue was partitioned between water and ethyl acetate and after collection
of the organic layer the aqueous phase was extracted again with ethyl acetate (2x). The
combined organic phases were washed with brine, dried over anhydrous MgSO4 and
evaporated to afford the corresponding crude compound that was purified by flash column
chromatography using gradient elution of 0% to 80% of ethyl acetate in heptane to yield
the final compound as a white solid (447 mg, 0.82 mmol, 68%). 1H NMR (CDCl3, 400
MHz): δ 8.69 (s, 1H), 7.43-7.37 (m, 4H), 5.13-4.69 (m, 3H), 4.50-4.32 (m, 1H), 3.76-3.46
(m, 2H), 3.30 (d, 2H, J = 7.9 Hz), 2.53 (s, 3H), 3.32-3.28 (m, 1H), 2.26-2.05 (m, 1H),
1.40 (s, 9H), 0.87 (s, 9H), 0.08 (s, 3H), 0.09 (s, 3H);

13

C NMR (CDCl3, 101 MHz): δ

203.9, 188.6, 150.7, 149.0, 136.3, 129.9, 128.7, 81.4, 70.6, 65.4, 55.8, 49.5, 44.3, 41.1,
28.5, 26.0, 18.2, 16.4, -4.6. HRMS (ESI) m/z: [M++1] calculated for C27H42N3O3S2Si:
548.2431; observed: 548.2450.
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S

HO
H
N

N
Boc NH

N

S

O

tert-Butyl ((S)-1-((2S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)
pyrrolidin-1-yl)-1-thioxopropan-2-yl)carbamate (34): A solution of 5 (130 mg, 0.31
mmol) in TFA:DCM (3:7) was stirred at room temperature for 1h. The solvents were
evaporated under reduced pressure to give the corresponding deprotected intermediate
(TFA salt) as brown oil which was used in the following reaction without further
purification.
The deprotected intermediate (134 mg, 0.31 mmol) was solubilized in DMF and to the
resulting solution was added DIPEA (161 mg, 210 µL, 1.24 mmol, 4 equiv.) and the
resulting mixture was stirred for 10 minutes at room temperature. Activated thioamide
derivative A (164 mg, 0.47 mmol, 1.5 equiv.) was added and the resulting mixture was
further stirred for 3h at room temperature. Water was added, and the mixture was
extracted with ethyl acetate (3x). The combined organic phases were washed with brine,
dried over anhydrous MgSO4 and evaporated and evaporated to afford the corresponding
crude compound that was purified by flash column chromatography using a gradient of
10% to 70% acetone in heptane to yield compound 7 as a white solid (108 mg, 0.21 mmol,
71%).1H NMR (CD3OD, 400 MHz): δ 8.88 (s, 1H), 7.48-7.42 (m, 4H), 4.98-4.88 (m,
1H), 4.38 (q, 1H, J = 6.9 Hz), 3.85 (dd, 1H, J = 10.5, 4.1 Hz), 3.75 (d, 1H, J = 11.2 Hz),
2.50 (s, 3H), 2.32-2.26 (m, 1H), 2.20-2.14 (m, 1H), 1.41 (s, 9H), 1.31 (d, 3H, J = 6.8 Hz);
13

C NMR (CD3OD, 101 MHz): δ 204.8, 173.2, 156.2, 151.6, 147.8, 138.1, 132.2, 130.4,

128.9, 128.1, 78.7, 69.0, 66.0, 55.8, 44.2, 27.1, 25.3, 15.9, 14.3.HRMS (ESI) m/z: [M++1]
calculated for C24H32N4O4S2: 505.1865; observed: 505.1859.

217
S

TBSO
H
N

N
Boc NH

N

O

S

tert-Butyl ((S)-1-((2S,4R)-4-((tert-butyldimethylsilyl)oxy)-2-((4-(4-methylthiazol-5yl)benzyl)carbamothioyl)pyrrolidin-1-yl)-1-oxopropan-2-yl)carbamate

(35):

A

solution of 6 (200 mg, 0.36 mmol) in TFA:DCM (1:9) was stirred at room temperature
for 2 hours. The solvents were evaporated under reduced pressure to give the
corresponding deprotected intermediate (TFA salt) as a yellowish oil that was used in the
following reaction without further purification.
To a solution of the deprotected intermediate (TFA salt, 205 mg, 0.36 mmol) in DMF was
added Boc-Ala-OH (69 mg, 0.36 mmol, 1 equiv.). DIPEA (189 mg, 250 µL, 1.46 mmol,
4 equiv.) was added dropwise, and the mixture was stirred for 5 minutes at room
temperature. HATU (149 mg, 0.39 mmol, 1.1 equiv.) was added and the mixture was
stirred at room temperature for 2h. Water was added, and the mixture was purified by
flash column chromatography using a gradient of 10% to 70% acetone in heptane to yield
compound 8 white solid (169 mg, 0.27 mmol, 75%). 1H NMR (CD3OD, 400 MHz): δ
8.87 (s, 1H), 7.47-7.41 (m, 4H), 5.00-4.89 (m, 4H), 4.73-4.68 (m, 1H), 4.37 (q, 1H, J =
7.0 Hz), 3.84 (dd, 1H, J = 10.4, 4.0 Hz), 3.75 (d, 1H, J = 11.1 Hz), 2.50 (s, 3H), 2.31-2.25
(m, 1H), 2.19-2.13 (m, 1H), 1.42 (s, 9H), 1.30 (d, 3H, J = 7.1 Hz), 0.91 (s, 9H), 0.12 (s,
6H); 13C NMR (CD3OD, 101 MHz): δ 204.5, 172.9, 156.2, 151.5, 147.7, 137.2, 132.0,
130.4, 129.0, 128.0, 79.1, 69.1, 65.9, 55.8, 44.0, 41.2, 27.3, 24.9, 15.8, 14.4, -6.1. HRMS
(ESI) m/z: [M++1] calculated for C21H27N4O3S2: 619.2730; observed: 619.2794.
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TBSO
H
N

N
Boc NH

N

S

S

tert-Butyl ((S)-1-((2S,4R)-4-((tert-butyldimethylsilyl)oxy)-2-((4-(4-methylthiazol-5yl)benzyl)carbamothioyl)pyrrolidin-1-yl)-1-thioxopropan-2-yl)carbamate (36):

A

solution of 6 (200 mg, 0.36 mmol) in TFA:DCM (1:9) was stirred at room temperature
for 2 hours. The solvents were evaporated under reduced pressure to give the
corresponding deprotected intermediate (TFA salt) as a yellowish oil that was used in the
following reaction without further purification.
The deprotected intermediate (205 mg, 0.36 mmol) was solubilized in DMF and to the
resulting solution was added DIPEA (189 mg, 250 µL, 1.46 mmol, 4 equiv.) and the
resulting mixture was stirred for 10 minutes at room temperature. Activated thioamide
derivative A (187 mg, 0.53 mmol, 1.5 equiv.) was added and the resulting mixture was
further stirred for 3h at room temperature. Water was added, and the mixture was
extracted with ethyl acetate (3x). The combined organic phases were washed with brine,
dried over anhydrous MgSO4 and evaporated to afford the corresponding crude
compound that was purified purified by flash column chromatography using a gradient
of 10% to 70% acetone in heptane to afford compound 9 as a pale yellow solid (113 mg,
0.18 mmol, 49%).1H NMR (CD3OD, 400 MHz): δ 8.89 (s, 1H), 7.51 (d, 2H, J = 8.5 Hz),
7.48 (d, 2H, J = 8.3 Hz), 5.01-4.91 (m, 4H), 4.73-4.69 (m, 1H), 4.37 (q, 1H, J = 6.8 Hz),
3.84 (dd, 1H, J = 11.8, 2.9 Hz), 3.75 (1H, d, J = 11.2 Hz), 2.50 (s, 3H), 2.31-2.25 (m,
1H), 2.19-2.13 (m, 1H), 1.42 (s, 9H), 1.31 (d, 3H, J = 6.8 Hz), 0.91 (s, 9H), 0.12 (s, 6H);
13

C NMR (CD3OD, 101 MHz): δ 204.5, 203.9, 155.4, 151.3, 148.0, 137.0, 132.0, 130.4,

129.0, 128.0, 79.0, 69.3, 66.0, 56.0, 44.3, 41.0, 27.6, 25.0, 16.0, 14.7, -7.0.HRMS (ESI)
m/z: [M++1] calculated for C30H46N4O3S3Si: 634.2501; observed: 634.2496.
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General acylation protocol. A solution of Boc protected intermediate (0.19 mmol) in
TFA:DCM (3:7) was stirred at room temperature for 1 hour. The solvents were
evaporated under reduced pressure to give the corresponding deprotected intermediate
(TFA salt) as a brown oil that was used in the following reactions without further
purification. To a solution of the deprotected intermediate (TFA salt, 0.19 mmol) in DCM
was added triethylamine (0.57 mmol, 3 equiv.). After stirring the mixture for 10 minutes
at room temperature, acetic anhydride (0.29 mmol, 1.5 equiv.) was added and the
resulting mixture was then stirred 3 hours at room temperature. The solvents were
evaporated under reduced pressure to afford the corresponding crude compound that was
purified by flash column chromatography using a gradient of 10% to 80% Acetone in
Heptane to yield the final compounds as solids.
S

HO
H
N

N
O

NH

N

O

S

N-((S)-1-((2S,4R)-4-Hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamothioyl)
pyrrolidin-1-yl)-1-oxopropan-2-yl)acetamide (31): Following the general acylation
protocol, from intermediate 8 (117 mg, 0.19 mmol), triethylamine (57 mg, 79 µL, 0.57
mmol, 3 equiv.) and acetic anhydride (29 mg, 27 μL, 0.29 mmol, 1.5 equiv.), compound
2 was obtained as a white powder (58 mg, 0.13 mmol, 69%). 1H NMR (CD3OD, 400
MHz): δ 8.88 (s, 1H), 7.48-7.42 (m, 4H), 5.06 (t, 1H, J = 7.7 Hz), 4.96 (q, 1H, J = 6.8 Hz
), 4.60-4.56 (m, 1H), 4.51 (1H, d, J = 15.4 Hz), 4.37 (d, 1H, J = 15.4 Hz), 4.07 (dd, 1H,
J = 11.8, 2.6 Hz), 3.93 (dd, 1H, J = 11.6, 4.8 Hz), 2.48 (s, 3H), 2.35-2.29 (m, 1H), 2.212.15 (m, 1H), 1.97 (s, 3H), 1.37 (d, 3H, J = 6.7 Hz);

13

C NMR (CD3OD, 101 MHz): δ

205.1, 173.2, 172.4, 152.8, 149.1, 140.2, 133.4, 131.6, 130.3, 129.1, 70.5, 66.5, 59.8,
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53.2, 43.7, 38.9, 22.6, 20.7, 15.8. HRMS (ESI) m/z: [M++1] calculated for C21H27N4O3S2:
447.1519; observed: 447.1527.
S

HO
H
N

N
O

S

NH

N

O

(2S,4R)-1-((S)-2-Acetamidopropanethioyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)
benzyl)pyrrolidine-2-carboxamide (32): Following the general acylation protocol,
from intermediate 7 (96 mg, 0.19 mmol), triethylamine (57 mg, 79 µL, 0.57 mmol, 3
equiv.) and acetic anhydride (29 mg, 27 μL, 0.29 mmol, 1.5 equiv.), compound 2 was
obtained as a white powder (64 mg, 0.14 mmol, 76%). 1H NMR (CD3OD, 400 MHz): δ
8.89 (s, 1H), 7.49-7.43 (m, 4H), 5.08 (t, 1H, J = 7.8 Hz), 4.98 (q, 1H, J = 6.8 Hz ), 4.624.58 (m, 1H), 4.53 (d, 1H, J = 15.4 Hz), 4.39 (d, 1H, J = 15.4 Hz), 4.09 (dd, 1H, J = 11.8,
2.3 Hz), 3.95 (dd, 1H, J = 11.9, 4.7 Hz), 2.50 (s, 3H), 2.37-2.30 (m, 1H), 2.23-2.16 (m,
1H), 1.98 (s, 3H), 1.39 (d, 3H, J = 6.9 Hz); 13C NMR (CD3OD, 101 MHz): δ 205.1, 173.2,
172.4, 152.8, 149.1, 140.2, 133.4, 131.6, 130.3, 129.1, 70.5, 66.5, 59.8, 53.2, 43.7, 38.9,
22.6, 20.7, 15.8. HRMS (ESI) m/z: [M++1] calculated for C21H27N4O3S2: 447.1519;
observed: 447.1520.
S

HO
H
N

N
O

NH

N

S

S

N-((S)-1-((2S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamothioyl)
pyrrolidin-1-yl)-1-thioxopropan-2-yl)acetamide (33): Following the general acylation
protocol, from intermediate 9 (120 mg, 0.19 mmol), triethylamine (57 mg, 79 µL, 0.57
mmol, 3 equiv.) and acetic anhydride (29 mg, 27 μL, 0.29 mmol, 1.5 equiv.), compound
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2 was obtained as a white powder (56 mg, 0.12 mmol, 64%). 1H NMR (CD3OD, 400
MHz): δ 8.88 (s, 1H), 7.50 (d, 2H, J = 8.6 Hz ), 7.44 (d, 2H, J = 8.3 Hz), 5.46 (t, 1H, J =
7.5 Hz), 5.04 (d, 1H, J = 15.1 Hz) 4.97 (q, 1H, J = 6.7 Hz ), 4.77 (d, 1H, J = 15.2 Hz),
4.71-4.68 (m, 1H), 4.14 (dd, 1H, J = 11.8, 2.2 Hz), 4.04 (dd, 1H, J = 11.8, 4.6 Hz), 2.49
(s, 3H), 2.36-2.26 (m, 2H), 1.97 (s, 3H), 1.36 (d, 3H, J = 6.8 Hz); 13C NMR (CD3OD,
101 MHz): δ 205.0, 204.3, 172.3, 152.9, 149.1, 138.6, 133.4, 131.8, 130.3, 129.6, 72.2,
70.7, 60.4, 53.3, 41.6, 22.6, 20.2, 15.HRMS (ESI) m/z: [M++1] calculated for
C21H27N4O3S3: 463.1291; observed: 463.1285.

7.1.3) Fragment synthesis and characterization
General Method A. To a stirring suspension of Cu(OAc)2 (0.25 equiv.) and
NaOAc.3H2O (3 equiv.) in methanol was added the appropriate imidazole or pyrazole
derivative (10 equiv.). The suspension was stirred at room temperature and 4(Hydroxymethyl)phenylboronic acid (1 equiv.) was added to the reaction that was
refluxed overnight. After cooling the reaction media the solvent was evaporated and the
crude compound was purified by flash column chromatography using a gradient elution
from 0% to 10% methanol in dichloromethane to yield the final fragments.
General Method B. To a solution of CuI (10 mol%) and L-proline (20 mol%) in dry
DMSO, inside a three neck round bottom flask purged with N2 were added the aryl iodide
derivative (1.1 equiv.), followed by the pyrrole derivative (1 equiv.) and K2CO3 (2
equiv.). The resulting mixture was then stirred overnight at 110ºC. The reaction mixture
was partitioned between water and ethyl acetate, the organic phase was separated and the
aqueous phase was extracted once again with ethyl acetate (3x). The combined organic
phases were washed with brine, dried over MgSO4, and evaporated to afford the crude
compound that was purified by flash column chromatography using gradient elution from
0% to 80% ethyl acetate in heptane to obtain the final compounds.
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HO

N
N

(4-(4-Methyl-1H-imidazol-1-yl)phenyl)methanol (FG15): Following the general
synthesis method A, from 4-methyl-1H-imidazole (821 mg, 10 mmol, 10 equiv.) and 4(Hydroxymethyl)phenylboronic acid (150 mg, 1.0 mmol), compound FG15 was never
obtained at sufficient purity to allow compound characterization.
HO

N
N

(4-(2-Methyl-1H-imidazol-1-yl)phenyl)methanol (FG16): Following the general
synthesis method A, from 2-methyl-1H-imidazole (821 mg, 10 mmol, 10 equiv.) and 4(Hydroxymethyl)phenylboronic acid (150 mg, 1.0 mmol), compound FG16 was obtained
as a white powder (100 mg, 0.53 mmol, 53%). 1H NMR (MeOD, 400 MHz): δ 7.53 (d,
2H, J = 8.0 Hz), 7.36 (d, 2H, J = 8.0 Hz), 7.16 (s, 1H), 6.97 (s, 1H), 4.69 (s, 2H), 2.31 (s,
3H);

13

C NMR (MeOD, 101 MHz): δ 143.7, 137.9, 129.0, 127.6, 126.6, 122.2, 114.7,

64.4, 13.3; HRMS (ESI) m/z [M++1] calculated for C11H13N2O: 189.1028; observed:
189.1033.
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N

(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)methanol

(FG17):

Following

the

general

synthesis method B, from (4-iodophenyl)methanol (150 mg, 0.6 mmol, 1.1 equiv.) and 3methyl-1H-pyrrole (43 mg, 0.045 mL, 0.54 mmol), compound FG17 was obtained as a
white powder (32 mg, 0.17 mmol, 32%). 1H NMR (CDCl3, 400 MHz): δ 7.40 (d, 2H, J =
8.0 Hz), 7.34 (d, 2H, J = 8.0 Hz), 6.99 (m, 1H), 6.87 (m, 1H), 6.18 (m, 1H), 4.71 (s, 2H),
2.17 (s, 3H); 13C NMR (CDCl3, 101 MHz): δ 140.4, 137.8, 128.4, 121.4, 120.2, 119.1,
117.3, 112.2, 65.0, 12.1; HRMS (ESI) m/z [M++1] calculated for C12H14NO: 188.1075;
observed: 188.1072.
HO

N

(4-(2-Methyl-1H-pyrrol-1-yl)phenyl)methanol (FGPS18): Following the general
synthesis method B, from (4-iodophenyl)methanol (150 mg, 0.6 mmol, 1.1 equiv.) and 2methyl-1H-pyrrole (43 mg, 0.045 mL, 0.54 mmol), compound FG18 was obtained as a
pale brown oil (30 mg, 0.16 mmol, 30%). 1H NMR (CDCl3, 400 MHz): δ 7.44 (d, 2H, J
= 8.0 Hz), 7.30 (d, 2H, J = 8.0 Hz), 6.76 (m, 1H), 6.20 (m, 1H), 6.05 (m, 1H), 4.75 (s,
2H), 2.22 (s, 3H);

13

C NMR (CDCl3, 101 MHz): δ 140.0, 139.6, 129.2, 127.8, 125.9,

121.5, 108.4, 108.2, 64.9, 13.0; HRMS (ESI) m/z [M++1] calculated for C12H14NO:
188.1075; found: 188.1076.
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(4-(2,4-Dimethyl-1H-pyrrol-1-yl)phenyl)methanol (FG19): Following the general
synthesis method B, from (4-iodophenyl)methanol (150 mg, 0.6 mmol, 1.1 equiv.) and
2,4-dimethyl-1H-pyrrole (43 mg, 0.045 mL, 0.54 mmol), compound FG19 was obtained
as a brownish oil (22 mg, 0.11 mmol, 20%). 1H NMR (CDCl3, 400 MHz): δ 7.42 (d, 2H,
J = 8.2 Hz), 7.27 (d, 2H, J = 8.2 Hz), 6.53 (s, 1H), 5.90 (s, 1H), 4.74 (s, 2H), 2.18 (s, 3H),
2.11 (s, 3H). HRMS (ESI) m/z [M++1] calculated for C13H16NO: 202.1153; Experimental
data not determined.
HO

N

N

(4-(3,5-Dimethyl-1H-pyrazol-1-yl)phenyl)methanol (FG20): Following the general
synthesis method A, from 3,5-dimethyl-1H-pyrazole (950 mg, 10 mmol, 10 equiv.) and
4-(Hydroxymethyl)phenylboronic acid (150 mg, 1.0 mmol), compound FG20 was
obtained as a white powder (101 mg, 0.50 mmol, 50%). 1H NMR (CDCl3, 400 MHz): δ
7.40-7.35 (m, 4H), 6.97 (s, 1H), 5.99 (s, 1H), 4.72 (s, 2H), 2.30 (s, 3H), 2.28 (s, 3H); 13C
NMR (CDCl3, 101 MHz): δ 149.2, 140.5, 139.6, 139.1, 127.4, 124.9, 107.0, 64.6, 13.6,
12.5; HRMS (ESI) m/z [M++1] calculated for C12H15N2O: 203.1184; observed: 203.1188.
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Methyl 4-(2,3-dimethyl-1H-pyrrol-1-yl)benzoate: To a solution of Ruthenium catalyst
(29 mg, 0.06 mmol, 3 mol%) in toluene was added TFA (13 mg, 0.11 mmol, 6 mol%)
and the resulting solution was stirred for 5 min at room temperature. 4-aminobenzoate
(290 mg, 1.91 mmol) and 3-methylpent-1-en-4-yn-3-ol (220 mg, 0.25 mL, 2.29 mmol,
1.2 equiv.) were then added and the resulting mixture was then heated for 30 min at 190ºC
under microwave irradiation. Solvent was evaporated under reduced pressure and the
resulting crude compound was purified by flash column chromatography using gradient
elution from 0% to 100% ethyl acetate in heptane to afford the corresponding ester
intermediate as a pale yellow oil (122 mg, 0.53 mmol, 28%). 1H NMR (CDCl3, 400 MHz):
δ 8.1 (d, 2H, J = 8.0 Hz), 7.34 (d, 2H, J = 8.0 Hz ), 6.73 (d, 1H, J = 2.9 Hz), 6.12 (d, 1H,
J = 2.9 Hz), 3.93 (s, 3H), 2.16 (s, 3H), 2.09 (s, 3H); 13C NMR (CDCl3, 101 MHz): δ 171.3,
166.6, 144.7, 130.8, 128.0, 124.9, 119.8, 117.7, 111.0, 52.4, 14.3, 11.6. HRMS (ESI) m/z
[M++1] calculated for C14H16NO2: 230.1181; observed: 230.1188.
HO

N

(4-(2,3-Dimethyl-1H-pyrrol-1-yl)phenyl)methanol (FG23): To a 1 M solution of
LiAlH4 (0.033 g, 0.88 mL, 0.87 mmol, 2 equiv.) in THF purged with N2 and cooled to
0ºC was added the dimethyl pyrrole ester intermediate (0.100 g, 0.44 mmol) solubilized
in dry THF. The mixture was stirred overnight at room temperature and cooled again to
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0ºC. The mixture was carefully worked up by the dropwise and sequential addition of 35
µL of water, 35 µL of a 20% aqueous sodium hydroxide solution and an additional 105
µL of water. The reaction media was stirred for 30 min at room temperature and filtered
to remove the aluminium salts, and the latter was washed with some portions of methanol
and ethyl acetate. The combined filtrates and washings were dried over MgSO4, and
evaporated to obtain the crude compound that was purified by flash column
chromatography using a gradient elution from 0% to 70% ethyl acetate in heptane to
afford compound FG23 as a pale yellow solid (0.07 g, 0.35 mmol, 80%). 1H NMR
(CDCl3, 400 MHz): δ 7.43 (d, 2H, J = 8.0 Hz), 7.27 (d, 2H, J = 8.0 Hz), 6.69 (d, 1H, J =
2.9 Hz), 6.09 (m, 1H, J = 2.9 Hz), 4.74 (d, 2H, J = 5.8 Hz), 2.12 (s, 3H), 2.09 (s, 3H); 13C
NMR (CDCl3, 101 MHz): δ 139.2, 127.8, 125.8, 120.0, 116.5, 110.0, 65.0, 11.6, 10.7.
HRMS (ESI) m/z [M++1] calculated for C13H16NO: 202.1232; observed: 202.1223.
CN

N

4-(2-Methyl-1H-pyrrol-1-yl)benzonitrile: Following the general synthesis method B,
from 4-iodobenzonitrile (1.0 g, 4.37 mmol, 1.1 equiv.) and 2-methyl-1H-pyrrole (0.32 g,
0.33 mL, 3.96 mmol). The nitrile intermediate was obtained as a pale orange powder
(0.361 g, 1.98 mmol, 50%), after crude purification by flash column chromatography
using gradient elution from 0% to 10% ether in petroleum ether (40-60ºC). 1H NMR
(CDCl3, 400 MHz): δ 7.75 (d, 2H, J = 8.0 Hz), 7.42 (d, 2H, J = 8.0 Hz), 6.78 (m, 1H),
6.25 (m, 1H), 6.10 (m, 1H), 2.27 (s, 3H); 13C NMR (CDCl3, 101 MHz): δ 144.2, 133.4,
129.0, 125.7, 121.2, 118.5, 110.2, 110.1, 109.8, 13.4. HRMS (ESI) m/z [M++1]
calculated for C12H11N2: 183.0917; observed: 183.0905.

227
NH2
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(4-(2-Methyl-1H-pyrrol-1-yl)phenyl)methanamine: To a 1 M solution of LiAlH4
(0.068 g, 1.81 mL, 1.1 equiv.) in THF purged with N2 and cooled to 0ºC was added the
nitrile intermediate (0.300 g, 1.85 mmol) solubilized in dry THF, the solution was warmed
to room temperature and let to stir overnight and cooled again to 0ºC. The mixture was
carefully worked up by the dropwise and sequential addition of 68 µL of water, 68 µL of
a 20% aqueous sodium hydroxide solution and an additional 204 µL of water. The
reaction media was stirred for 30 min at room temperature and filtered to remove the
aluminium salts, and the latter was washed with some portions of methanol. The
combined filtrates and washings were dried over MgSO4, and evaporated to afford the
amine intermediate that was used in the next reactions without further purification.
H
N
O

N

N-(4-(2-methyl-1H-pyrrol-1-yl)benzyl)acetamide (FG24): To a solution of amine
intermediate (0.130 g, 0.70 mmol) in DCM, triethylamine (0.212 g, 0.29 mL, 2.09 mmol,
3 equiv.) was added and the solution was stirred for 10 min at room temperature. Acetic
anhydride (0.107 g, 0.10 mL, 1.05 mmol, 1.5 equiv.) was then added and the resulting
mixture was stirred at room temperature for 90 minutes. The solvents were evaporated to
give the corresponding crude compound, which was purified by flash column
chromatography using gradient elution from 10% to 70% ethyl acetate in heptane to
afford compound FG24 as a pale yellow solid (0.085 g, 0.37 mmol, 53%). 1H NMR
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(CDCl3, 400 MHz): δ 7.37 (d, 2H, J = 8.0 Hz), 7.29 (d, 2H, J = 8.0 Hz), 6.76 (s, 1H), 6.21
(s, 1H), 6.06 (s, 1H), 5.94, (s, 1H), 4.50 (s, 2H), 2.23 (s, 3H), 2.08 (s, 3H);
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C NMR

(CDCl3, 101 MHz): δ 170.1, 139.8, 137.1, 129.1, 128.6, 126.0, 121.4, 108.4, 108.3, 43.3,
23.4, 13.0. HRMS (ESI) m/z [M++1] calculated for C14H17N2O: 229.1340; observed:
229.1344.
H
N

H
N
O

N

1-methyl-3-(4-(2-methyl-1H-pyrrol-1-yl)benzyl)urea (FG25): To a solution of
acetohydroxamic acid (0.040 g, 0.55 mmol) in dry DCE, inside a three-neck round bottom
flask purged with N2 and cooled to 0ºC, N-methylmorpholine (0.111 g, 0.12 mL, 1.10
mmol, 2 equiv.) and cyanuric chloride (0.040 g, 0.22 mmol, 0.4 equiv.) were added and
the mixture was stirred for 90 min at 0ºC. Amine intermediate (0.204, 1.10 mmol, 2
equiv.) was then added and the mixture was refluxed with stirring overnight. The crude
mixture was acidified with HCl (1 N) and extracted with DCM (3x) and once with ethyl
acetate. The combined organic phases were dried over MgSO4 and evaporated to obtain
the corresponding crude compound that was purified by flash column chromatography
using a gradient elution from 20% to 80% ethyl acetate in heptane to afford compound
FG25 as a pale yellow solid (0.060 g, 0.25 mmol, 50%). 1H NMR (CDCl3, 400 MHz): δ
7.36 (d, 2H, J = 8.0 Hz), 7.25 (d, 2H, J = 8.0 Hz), 6.73 (m, 1H), 6.18 (m, 1H), 6.03 (m,
1H), 4.74, (s, 1H), 4.44-4.37 (m, 3H), 2.80 (s, 3H), 2.19 (s, 3H); 13C NMR (CDCl3, 101
MHz): 158.8, 139.7, 138.2, 129.2, 128.2, 126.0, 121.5, 108.4, 108.2, 44.2, 27.5, 13.0.
HRMS (ESI) m/z [M++1] calculated for C14H18N3O: 244.1450; observed: 244.1453.
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N-(4-(2-methyl-1H-pyrrol-1-yl)benzyl)methanesulfonamide (FG26): To a solution of
the amine intermediate (0.200 g, 1.07 mmol, 1 equiv.) in DCM, pyridine (0.102 g, 0.11
mL, 1.29 mmol, 1.2 equiv.) was added and the solution was stirred for 10 min at room
temperature. After cooling the mixture to 0 ºC, methanesulfonyl chloride (0.135 g, 0.10
mL, 1.18 mmol, 1.1 equiv.) was added dropwise and the resulting mixture was stirred
overnight at room temperature. The reaction was quenched with an aqueous NaOH (3 N)
solution, the organic phase was collected and the aqueous phase was extracted once again
with DCM (3x). The combined organic phases were washed with HCl (1 N) aqueous
solution, dried over MgSO4, and evaporated to give the corresponding crude, which was
purified by flash column chromatography using gradient elution from 0% to 50% ethyl
acetate in heptane to afford compound FG26 as a pale pink solid (0.190 g, 0.37 mmol,
67%). 1H NMR (CDCl3, 400 MHz): δ 7.43 (d, 2H, J = 8.0 Hz), 7.31 (d, 2H, J = 8.0 Hz),
6.75 (m, 1H), 6.20 (m, 1H), 6.05 (m, 1H), 4.38 (d, 2H, J = 6.2 Hz), 2.94 (s, 3H), 2.20 (s,
3H); 13C NMR (CDCl3, 101 MHz): 140.3, 135.3, 129.0, 128.6, 126.0, 121.3, 108.5, 108.3,
46.7, 41.2, 13.0. HRMS (ESI) m/z [M++1] calculated for C13H16N2O2S: 265.0932;
observed: 265.1013.
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Methyl 4-(2-methyl-1H-pyrrol-1-yl)benzoate: Following the general synthesis
method B, from methyl 4-iodobenzoate (1.0 g, 3.82 mmol, 1.1 equiv.) and 2-methyl-1Hpyrrole (0.28 g, 0.29 mL, 3.46 mmol), the ester intermediate was obtained as a pale orange
powder (0.299 g, 1.39 mmol, 40%) after crude purification by flash column
chromatography using gradient elution from 0% to 10% ether in petroleum ether (4060ºC). 1H NMR (CDCl3, 400 MHz): δ 8.12 (d, 2H, J = 8.0 Hz), 7.38 (d, 2H, J = 8.0 Hz),
6.80 (m, 1H), 6.23 (m, 1H), 6.08 (m, 1H), 3.95 (s, 3H), 2.27 (s, 3H); 13C NMR (CDCl3,
101 MHz): 166.6, 144.4, 130.8, 129.0, 128.3, 125.1, 121.3, 109.5, 109.1, 52.4, 13.3.
HRMS (ESI) m/z [M++1] calculated for C13H14NO2: 216.1024; observed: 216.1019.
OH

N

(4-(2-Methyl-1H-pyrrol-1-yl)phenyl)methanol : To a 1 M solution of LiAlH4
(0.056 g, 1.49 mL, 1.48 mmol, 2 equiv.) in THF purged with N2 and cooled to 0ºC was
added the ester intermediate (0.160 g, 0.74 mmol) solubilized in dry THF. The mixture
was stirred overnight at room temperature and cooled again to 0ºC. The mixture was
carefully worked up by the dropwise and sequential addition of 60 µL of water, 60 µL of
a 20% aqueous sodium hydroxide solution and an additional 180 µL of water. The
reaction media was stirred for 30 min. at room temperature and filtered to remove the
aluminium salts, and the latter was washed with some portions of methanol and ethyl
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acetate. The combined filtrates and washings were dried over MgSO4, and evaporated to
obtain the crude compound that was purified by flash column chromatography using a
gradient elution from 0% to 70% ethyl acetate in heptane to afford hydroxy intermediate
as pale brown oil (0.107 g, 0.57 mmol, 77%) which NMR spectra matched the one from
fragment FG18.
O

N

1-(4-(Methoxymethyl)phenyl)-2-methyl-1H-pyrrole

(FG27):

Hydroxy

intermediate (0.106 g, 0.57 mmol, 1 equiv.) was solubilized in DMF and stirred at room
temperature for 10 min. NaH (60 wt% in mineral oil, 0.033 g, 0.85 mmol, 1.5 equiv.) was
added to the mixture and the reaction was stirred for an additional 10 min. Methyl iodide
(0.120 g, 0.053 mL, 0.85 mmol, 1.5 equiv.) was added to the suspension and the reaction
was stirred for 6 h at room temperature then quenched with methanol and poured into an
ice and water slurry. The mixture was extracted with diethyl ether (3x) and the combined
organic phases were washed with brine and dried over MgSO4. The solvent was
evaporated to obtain the corresponding crude compound that was purified by flash
column chromatography using a gradient elution from 0% to 30% ethyl acetate in heptane
to afford compound FG27 as a colourless oil (0.090 g, 0.45 mmol, 79%). 1H NMR
(CDCl3, 400 MHz): δ 7.41 (d, 2H, J = 8.0 Hz), 7.29 (d, 2H, J = 8.0 Hz), 6.76 (m, 1H),
6.20 (m, 1H), 6.05 (m, 1H), 4.50 (s, 2H), 3.45 (s, 3H), 2.22 (s, 3H); 13C NMR (CDCl3,
101 MHz): 140.0, 137.1, 129.2, 128.5, 125.8, 121.5, 108.3, 108.2, 74.3, 58.5, 13.0.
HRMS (ESI) m/z [M++1] calculated for C13H16NO: 202.1232; observed: 202.1237.
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4-(2-Methyl-1H-pyrrol-1-yl)benzyl acetate (FG28): A ternary mixture of the hydroxy
intermediate (0.100 g, 0.53 mmol), imidazole (0.036 g, 0.53, 1 equiv.) and acetic
anhydride (0.163 g, 152 μL, 1.60 mmol, 3 equiv.) was irradiated in a microwave oven for
3 minutes at 50 ºC. After cooling to room temperature the mixture was diluted in diethyl
ether and the resulting solution was washed successively with aqueous NaHCO3, water,
aqueous 2% citric acid and water, and then dried over MgSO4. The solvent was
evaporated to obtain the corresponding crude compound that was purified by flash
column chromatography using a gradient elution from 0% to 40% ethyl acetate in heptane
to afford compound FG28 as a white powder (0.080 g, 0.35 mmol, 66%). 1H NMR
(CDCl3, 400 MHz): δ 7.41 (d, 2H, J = 8.0 Hz), 7.31 (d, 2H, J = 8.0 Hz), 6.76 (m, 1H),
6.20 (m, 1H), 6.05 (m, 1H), 5.15 (s, 2H), 2.22 (s, 3H), 2,14 (s, 3H); 13C NMR (CDCl3,
101 MHz): 171.0, 140.5, 134.7, 129.2, 125.9, 121.5, 108.6, 108.4, 65.8, 21.2, 13.1.
HRMS (ESI) m/z [M++1] calculated for C14H16NO2: 230.1176; found: 230.1182.
O
O S
O

N

4-(2-Methyl-1H-pyrrol-1-yl)benzyl methanesulfonate: To a solution of hydroxy
intermediate (0.360 g, 1.92 mmol, 1 equiv.) in DCM, triethylamine (0.389 g, 0.54 mL,
3.84 mmol, 2 equiv.) was added. After cooling the mixture to -40 ºC, methanesulfonyl
chloride (0.308 g, 0.208 mL, 2.69 mmol, 1.4 equiv.) was added dropwise and the resulting
solution was stirred for 1 h at -40 ºC. The reaction mixture was then successively washed
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with 1% HCl aqueous solution (2x) and a saturated aqueous Na2SO4 solution (3x) and
dried over MgSO4. The solvent was evaporated to afford the mesylate intermediate that
was used in the following reaction without further purification.
N3

N

1-(4-(Azidomethyl)phenyl)-2-methyl-1H-pyrrole: To a solution of the mesylate
intermediate (0.480 g, 1.81 mmol) in DMSO, was added NaN3 (0.706 g, 10.86 mmol, 6
equiv.) and the resulting mixture was stirred overnight at room temperature. The reaction
media was then diluted with DCM and the resulting mixture was washed with brine (3x)
and the organic phase was dried over MgSO4. The solvent was evaporated to obtain the
corresponding azide intermediate as a white powder (0.250 g, 1.18 mmol, 65%) which
was used on the following reactions without further purification.
N N
N

N

4-Methyl-1-(4-(2-methyl-1H-pyrrol-1-yl)benzyl)-1H-1,2,3-triazole

(FG29):

To a solution of propyne (0.189 g, 4.7 mmol, 10 equiv.) and azide intermediate (0.100 g,
0.47 mmol) in DMF, triethylamine (0.143 g, 200 μL, 1.41 mmol, 3 equiv.) and CuI (0.022
g, 0.12 mmol, 0.25 equiv.) were added and the resulting mixture was stirred overnight at
room temperature. Water was then added and the mixture was extracted with ethyl acetate
(3x). The combined organic phases were washed with brine and dried over MgSO4. The
solvent was evaporated to obtain the corresponding crude compound that was purified by
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flash column chromatography using a gradient elution from 0% to 70% ethyl acetate in
heptane to afford compound FG29 as a colourless oil (0.065 g, 0.26 mmol, 55%). 1H
NMR (CDCl3, 400 MHz): δ 7.33-7.28 (m, 4H), 7.27 (s, 1H), 6.73 (m, 1H), 6.19 (m, 1H),
6.04 (m, 1H), 5.53 (s, 2H), 2.35 (s, 3H), 2.20 (s, 3H); 13C NMR (CDCl3, 101 MHz): 144.0,
140.7, 133.6, 129.0, 128.6, 126.1, 121.2, 121.1, 108.6, 108.4, 53.4, 13.0, 10.9. HRMS
(ESI) m/z [M++1] calculated for C15H19N4: 253.1448; observed: 253.1446.
N

Boc

N

O

N

tert-Butyl 4-(4-(1H-pyrrol-1-yl)benzoyl)piperazine-1-carboxylate: To a solution of 4(1H-pyrrol-1-yl)benzoic acid (350 mg, 1.87 mmol) in DMF was added

tert-butyl

piperazine-1-carboxylate (348 mg, 1.87 mmol, 1.0 equiv.), DIPEA (480 mg, 640 µL, 3.74
mmol, 2 equiv.) was then added, and the mixture was stirred for 10 min at room
temperature. HATU (781 mg, 2.06 mmol, 1.1 equiv.) was added and the resulting mixture
was stirred at room temperature for 2 h. Water was added, and the mixture was extracted
with ethyl acetate and dried over MgSO4. The solvent was evaporated to obtain the
corresponding crude compound that was purified by flash column chromatography using
a gradient of 0% to 90% ethyl acetate in heptane to yield the boc-protected amide
intermediate as a white solid (598 mg, 1.68 mmol, 90%). 1H NMR (CDCl3, 400 MHz): δ
7.48 (d, 2H, J = 8.0 Hz), 7.43 (d, 2H, J = 8.0 Hz), 7.11 (t, 2H, J = 2.0 Hz), 6.37 (t, 2H, J
= 2.0 Hz), 3.80-3.40 (m, 8H), 1.48 (s, 9H); 13C NMR (CDCl3, 101 MHz): δ 169.9, 154.6,
141.9, 132.3, 128.9, 128.0, 120.1, 119.1, 111.2, 80.4, 47.6, 43.6, 28.4. HRMS (ESI) m/z:
[M++1] calculated for C20H26N3O3: 356.1974; observed: 356.l961.
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N

(4-(1H-Pyrrol-1-yl)phenyl)(piperazin-1-yl)methanone hydrochloride (FG30): Boc
protected amide intermediate (200 mg, 0.56 mmol) was solubilized in a 1:1 solution of 4
N HCl in dioxane:DCM. The resulting mixture was then stirred for 90 min at room
temperature. The solvents were evaporated under reduced pressure and the resulting solid
was solubilized in CH3CN:H2O (1:1) and freeze dried to afford the final compound as a
white solid (152 mg, 0.51 mmol, 90%). 1H NMR (DMSO, 400 MHz): δ 7.63 (d, 2H, J =
8.0 Hz), 7.45 (d, 2H, J = 8.0 Hz), 7.42 (t, 2H, J = 2.0 Hz), 6.28 (t, 2H, J = 2.0 Hz), 3.633.22 (m, 1H), 2.79-2.60 (m, 8H); 13C NMR (DMSO, 101 MHz): δ 168.3, 140.4, 132.7,
128.6, 118.9, 118.8, 110.8, 111.2, 45.7. HRMS (ESI) m/z: [M++1] calculated for
C15H18N3O: 256.1444; observed: 256.1443.
NH
N

N

1-(4-(1H-Pyrrol-1-yl)benzyl)piperazine (FG31): To a 1 M solution of LiAlH4 (52 mg,
1.38 mL, 1.37 mmol, 2 equiv.) in THF purged with N2 and cooled to 0ºC was added FG30
(200 mg, 0.68 mmol) solubilized in dry THF, the solution was warmed to room
temperature and let to stir overnight. The mixture was then cooled again to 0ºC and
carefully worked up by the dropwise and sequential addition of 60 µL of water, 60 µL of
a 20% aqueous sodium hydroxide solution and an additional 180 µL of water. The
mixture was stirred for 30 minutes at room temperature and filtered to remove the
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aluminium salts, and the latter was washed with some portions of methanol. The
combined filtrates and washings were dried over MgSO4, and evaporated the resulting
residue was solubilized in CH3CN:H2O (1:1) and freeze dried to afford the final
compound as a white solid (147 mg , 0.53, 78%). 1H NMR (DMSO, 400 MHz): δ 7.50
(d, 2H, J = 8.0 Hz), 7.36-7.33 (m, 4H), 6.25 (t, 2H, J = 2.0 Hz), 3.43 (s, 2H), 2.62 (t, 4H,
J = 4.8 Hz), 2.33-2.24 (m, 4H);

13

C NMR (DMSO, 101 MHz): δ 138.7, 135.3, 130.0,

119.1, 118.9, 62.1, 54.0, 45.6. HRMS (ESI) m/z: [M++1] calculated for C15H20N3:
242.1652; observed: 242.1652.
N

H
N

Boc

N
O

N

tert-Butyl 4-((4-(1H-pyrrol-1-yl)benzyl)carbamoyl)piperazine-1-carboxylate: To a
solution of triphosgene (129 mg, 0.43 mmol, 0.5 equiv.) in dry toluene was added (4-(1Hpyrrol-1-yl)phenyl)methanamine (150 mg, 0.87 mmol). The mixture was refluxed for 4 h
and the solvents evaporated. The resulting residue was then solubilized in DCM and the
mixture was cooled on an ice bath. tert-Butyl piperazine-1-carboxylate (162 mg, 0.87
mmol, 1.0 equiv.) and triethylamine (88 mg, 0.12 mL, 0.87 mmol, 1 equiv) were added
to the solution, and the resulting mixture was stirred 1 h at room temperature. The solvent
was evaporated and the residue was solubilized in ethyl acetate. The organic phase was
washed with 1N HCl and brine then dried over MgSO4. The solvent was evaporated to
obtain the corresponding crude compound that was purified by flash column
chromatography using a gradient of 0% to 70% ethyl acetate in heptane to yield the bocprotected urea intermediate as a white solid (234 mg, 0.61 mmol, 70%). 1H NMR (CDCl3,
400 MHz): δ 7.38-7.33 (m, 4H), 7.07 (t, 2H, J = 2.0 Hz), 6.34 (t, 2H, J = 2.0 Hz), 4.44
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(d, 2H, J = 6.0 Hz), 3.46-3.44 (m, 4H), 3.40-3.38 (m, 4H), 1.47 (s, 9H); 13C NMR (CDCl3,
101 MHz): δ 157.5, 154.8, 140.2, 136.8, 129.1, 120.8, 119.4, 110.6, 80.4, 44.6, 43.8, 28.5.
HRMS (ESI) m/z: [M++1] calculated for C21H29N4O3: 385.2240; observed: 385.2223.
NH

H
N

N

HCl

O

N

N-(4-(1H-Pyrrol-1-yl)benzyl)piperazine-1-carboxamide hydrochloride (FG32): Boc
protected amide intermediate (109 mg, 0.28 mmol) was solubilized in a 1:1 mixture of 4
N HCl in dioxane:DCM, and the resulting mixture was stirred for 90 min at room
temperature. Solvents were evaporated under reduced pressure, the resulting solid was
solubilized in CH3CN:H2O (1:1) and freeze dried to afford the final compound as a white
solid (80 mg, 0.25 mmol, 89%). 1H NMR (DMSO, 400 MHz): δ 7.48 (d, 2H, J = 8.0 Hz),
7.31-7.30 (m, 4H), 7.01 (t, 1H, J = 6.0 Hz), 6.22 (t, 2H, J = 2.0 Hz), 4.23 (d, 2H, J = 6.0
Hz), 3.30 (t, 4H, J = 5.0 Hz), 2.63 (t, 4H, J = 5.0 Hz); 13C NMR (DMSO, 101 MHz): δ
157.6, 138.4, 138.2, 128.2, 118.9, 119.1, 118.9, 110.2, 45.5, 44.6, 42.9. HRMS (ESI) m/z:
[M++1] calculated for C16H21N4O: 285.1710; observed: 285.1705.

General methodology for the n-BuLi activated C-C coupling reactions: To a solution
of 1,4-diiodobenzene (300 mg, 0.91 mmol) in THF purged with N2 and cooled to -78ºC
was added n-BuLi (64 mg, 0.63 mL, 1.00 mmol, 1.1 equiv.) and the resulting mixture was
then stirred for 30 min. The appropriate ketone (1.2 equiv.) was then added and the
mixture was stirred for another 3 h. After warming the reaction mixture to room
temperature a solution of 1N HCl was added and after evaporating the excess of solvent
the crude mixture was extracted with ethyl acetate (3x). The combined organic phases
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were dried over MgSO4 and evaporated to obtain the corresponding crude compound that
was purified by flash column chromatography using a gradient elution from 0% to 70%
ethyl acetate in heptane to afford the pure hydroxy intermediates as solids.
General methodology for the microwave assisted C-N copper catalyzed coupling
reactions: To a mixture of Cu(OAc)2 (2 mol%) and Cs2CO3 (2 equiv.) in dry DMF purged
with N2 was added the appropriate iodine intermediate (1.2 equiv.) and 3-methyl-1Hpyrrole (1 equiv.) and then the resulting mixture was heated under microwave irradiation
for 15 min at 170ºC. After cooling the reaction mixture to room temperature water was
added and the resulting mixture was extracted with ethyl acetate (3x). The combined
organic phases were dried over MgSO4 and evaporated to obtain the corresponding crude
compound that was purified by flash column chromatography using a gradient elution
from 0% to 80% ethyl acetate in heptane to afford the final compounds as solids.
General methodology for the alkylation reactions: To a solution of 2-(4iodophenyl)acetonitrile (300 mg, 1.23 mmol) in dry THF cooled to 0ºC was added NaH
(150 mg, 60% in mineral, 3.70 mmol, 3 equiv.) and the mixture was stirred for 1 h. The
appropriate alkyl halide was added and the reaction was gradually warmed to room
temperature and then stirred overnight. Water was then added and the resulting mixture
was extracted with ethyl acetate (3x). The combined organic phases were dried over
MgSO4 and evaporated to obtain the corresponding crude compound that was purified by
flash column chromatography using gradient elution from 0% to 60% ethyl acetate in
heptane to afford the pure nitrile intermediates as solids.

General methodology for the microwave assisted nitrile hydrolysis: To a mixture of
the nitrile intermediate and ethylene glycol was added KOH (6 equiv.) and then the
resulting mixture was heated under microwave irradiation at 200ºC for 2 h. The mixture
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was cooled to room temperature and acidified with HCl, recrystallization from a 40%
ethanol aqueous solution yielded the final carboxylic acid intermediates as solids.

General methodology for the amine synthesis via Curtius rearrangement: to a
solution of carboxylic acid intermediates in toluene was added triethylamine (1.2 equiv.)
and diphenylphosphoryl azide (1.1 equiv.) and the reaction mixture was refluxed for 3
hours. After cooling the reaction mixture to 0ºC a solution of NaOTMS (2 equiv.) in THF
was added and the resulting mixture was stirred for 30 min at room temperature. A 5%
citric acid aqueous solution was added and the resulting mixture was evaporated to halfvolume and then extracted with Et2O (3x). The remaining aqueous phase was basified
with a NaOH aqueous solution and extracted with DCM (3x). The last organic phases
were combined dried over MgSO4 and evaporated, the resulting solid was solubilized in
CH3CN:H2O (1:1) and freeze dried to afford the final compound as solids.

General methodology for acylation: To a solution of amine intermediate in DCM,
triethylamine (2 equiv.) was added and the solution was stirred for 10 min at room
temperature. Acetic anhydride (1.5 equiv.) was then added and the resulting mixture was
stirred at room temperature for 90 minutes. The solvents were evaporated to give the
corresponding crude, which was purified by flash column chromatography using gradient
elution from 10% to 70% ethyl acetate in heptane to afford the final acetylated fragments
as solids.
OH

I

2-(4-Iodophenyl)propan-2-ol: Following the general synthesis protocol for the n-BuLi
activated C-C coupling reactions, from 1,4-diiodobenzene (300 mg, 0.91 mmol) and
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acetone (60 mg, 0.08 mL, 1.09 mmol, 1.2 equiv.), dimethyl hydroxy intermediate was
obtained as a white powder (130 mg, 0.53 mmol, 58%). 1H NMR (CDCl3, 400 MHz): δ
7.66 (d, 2H, J = 8.6 Hz), 7.24 (d, 2H, J = 8.6 Hz), 1.56 (s, 6H); 13C NMR (CDCl3, 101
MHz): δ 149.0, 137.4, 126.8, 92.3, 72.5, 31.8. HRMS (ESI) m/z: [M+-H2O] calculated for
C9H9I: 245.0805; observed: 245.0803.
OH

I

1-(4-Iodophenyl)cyclobutanol: Following the general synthesis protocol for the n-BuLi
activated C-C coupling reactions, from 1,4-diiodobenzene (300 mg, 0.91 mmol) and
cyclobutanone (76 mg, 0.08 mL, 1.09 mmol, 1.2 equiv.), cyclobutane hydroxy
intermediate was obtained as a white powder (150 mg, 0.55 mmol, 60%). 1H NMR
(CDCl3, 400 MHz): δ 7.69 (d, 2H, J = 8.6 Hz), 7.25 (d, 2H, J = 8.6 Hz), 2.54-2.47 (m,
2H), 2.38-2.31 (m, 2H), 2.07-1.97 (m, 2H); 13C NMR (CDCl3, 101 MHz): δ 146.1, 137.6,
127.2, 92.8, 76.8, 37.1, 13.0. HRMS (ESI) m/z: [M+-H2O] calculated for C10H9I:
257.0834; observed: 257.0833.
O

OH

I

3-(4-Iodophenyl)oxetan-3-ol: Following the general synthesis protocol for the n-BuLi
activated C-C coupling reactions, from 1,4-diiodobenzene (300 mg, 0.91 mmol) and
oxetan-3-one (79 mg, 0.07 mL, 1.09 mmol, 1.2 equiv.), oxetane hydroxy intermediate
was obtained as a white powder (155 mg, 0.56 mmol, 62%). 1H NMR (CDCl3, 400 MHz):
δ 7.75 (d, 2H, J = 8.6 Hz), 7.36 (d, 2H, J = 8.6 Hz), 4.89 (d, 2H, J = 7.4 Hz), 4.84 (d, 2H,
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J = 7.4 Hz); 13C NMR (CDCl3, 101 MHz): δ 142.1, 137.9, 126.6, 93.7, 85.8, 75.6. HRMS
(ESI) m/z: [M+-H2O] calculated for C9H8IO: 259.0560; observed: 259.0561.
Boc

N

OH

I

tert-Butyl 3-hydroxy-3-(4-iodophenyl)azetidine-1-carboxylate: Following the general
synthesis protocol for the n-BuLi activated C-C coupling reactions, from 1,4diiodobenzene (300 mg, 0.91 mmol) and tert-butyl 3-oxoazetidine-1-carboxylate (187
mg, 1.09 mmol, 1.2 equiv.), protected azetidine hydroxy intermediate was obtained as a
white powder (164 mg, 0.44 mmol, 48%). 1H NMR (CDCl3, 400 MHz): δ 7.73 (d, 2H, J
= 8.6 Hz), 7.26 (d, 2H, J = 8.6 Hz), 4.19 (d, 2H, J = 9.4 Hz), 4.15 (d, 2H, J = 9.4 Hz),
1.46 (s, 9H); 13C NMR (CDCl3, 101 MHz): δ 156.5, 143.0, 137.9, 126.7, 93.6, 80.3, 71.2,
64.6, 28.5. HRMS (ESI) m/z: [M++1] calculated for C14H18INO3: 376.2027; observed:
376.1925.
OH

I

1-(4-Iodophenyl)cyclohexanol: Following the general synthesis protocol for the n-BuLi
activated C-C coupling reactions, from 1,4-diiodobenzene (300 mg, 0.91 mmol) and
cyclohexanone (107 mg, 0.113 mL, 1.09 mmol, 1.2 equiv.), cyclohexane hydroxy
intermediate was obtained as a white powder (148 mg, 0.50 mmol, 55%). 1H NMR
(CDCl3, 400 MHz): δ 7.66 (d, 2H, J = 8.6 Hz), 7.26 (d, 2H, J = 8.6 Hz), 1.79-1.75 (m,
8H), 1.68-1.61 (m, 2H); 13C NMR (CDCl3, 101 MHz): δ 149.4, 137.4, 127.0, 92.3, 73.2,
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38.9, 25.5, 22.2. HRMS (ESI) m/z: [M+-H2O] calculated for C12H13I: 285.1518; observed:
285.1436.
O

OH

I

4-(4-iodophenyl)tetrahydro-2H-pyran-4-ol: Following the general synthesis protocol
for the n-BuLi activated C-C coupling reactions, from 1,4-diiodobenzene (300 mg, 0.91
mmol) and dihydro-2H-pyran-4(3H)-one (109 mg, 0.100 mL, 1.09 mmol, 1.2 equiv.),
cyclohexane hydroxy intermediate was obtained as a white powder (160 mg, 0.55 mmol,
60%). 1H NMR (CDCl3, 400 MHz): δ 7.70 (d, 2H, J = 8.6 Hz), 7.25 (d, 2H, J = 8.6 Hz),
3.90-3.88 (m, 4H), 2.18-2.09 (m, 2H), 1.67-1.63 (m, 2H); 13C NMR (CDCl3, 101 MHz):
δ 147.8, 137.6, 126.6, 92.8, 70.7, 63.8, 38.7. HRMS (ESI) m/z: [M+-H2O] calculated for
C11H11IO: 287.1518; observed: 287.1458.
Boc

N

OH

I

tert-Butyl

4-hydroxy-4-(4-iodophenyl)piperidine-1-carboxylate:

Following

the

general synthesis protocol for the n-BuLi activated C-C coupling reactions, from 1,4diiodobenzene (300 mg, 0.91 mmol) and tert-butyl 4-oxopiperidine-1-carboxylate (217
mg, 1.09 mmol, 1.2 equiv.), cyclohexane hydroxy intermediate was obtained as a white
powder (258 mg, 0.60 mmol, 68%). 1H NMR (CDCl3, 400 MHz): δ 7.69 (d, 2H, J = 8.6
Hz), 7.22 (d, 2H, J = 8.6 Hz), 4.12-3.95 (m, 2H), 3.28-3.18 (m, 2H), 2.02-1.90 (m, 2H),
1.70-1.67 (m, 2H), 1.48 (s, 9H);

13

C NMR (CDCl3, 101 MHz): δ 154.8, 147.8, 137.5,
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126.6, 92.8, 79.6, 71.5, 38.0, 28.5. HRMS (ESI) m/z: [M+-H2O] calculated for
C16H20INO2: 386.2558; observed: 386.2468.
OH

N

2-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)propan-2-ol (FG33): Following the general
synthesis protocol for the microwave assisted C-N copper catalyzed coupling reactions,
from 2-(4-Iodophenyl)propan-2-ol (130 mg, 0.50 mmol, 1.2 equiv.) and 3-methyl-1Hpyrrole (34 mg, 0.04 mL, 0.42 mmol, 1 equiv.), final compound FG33 was obtained as a
white powder (46 mg, 0.22 mmol, 43%). 1H NMR (CDCl3, 400 MHz): δ 7.52 (d, 2H, J =
8.6 Hz), 7.32 (d, 2H, J = 8.6 Hz), 6.98 (t, 1H, J = 2.5 Hz), 6.88-6.84 (m, 1H), 6.17 (t, 1H,
J = 2.2 Hz), 2.17 (s, 3H), 1.60 (s, 6H);

13

C NMR (CDCl3, 101 MHz): δ 146.1, 125.7,

121.2, 119.9, 119.1, 117.3, 112.0, 72.4, 31.9, 12.1. HRMS (ESI) m/z: [M++1] calculated
for C14H18NO: 216.1374; observed: 216.1384.
OH

N

1-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclobutanol (FG34): Following the general
synthesis protocol for the microwave assisted C-N copper catalyzed coupling reactions,
from 1-(4-Iodophenyl)cyclobutanol (144 mg, 0.53 mmol, 1.2 equiv.) and 3-methyl-1Hpyrrole (36 mg, 0.04 mL, 0.44 mmol, 1 equiv.), final compound FG34 was obtained as a
white powder (55 mg, 0.24 mmol, 46%). 1H NMR (CDCl3, 400 MHz): δ 7.53 (d, 2H, J =
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8.6 Hz), 7.35 (d, 2H, J = 8.6 Hz), 6.99 (t, 1H, J = 2.5 Hz), 6.89-6.85 (m, 1H), 6.18 (t, 1H,
J = 2.2 Hz), 2.61-2.54 (m, 2H), 2.43-2.35 (m, 2H), 2.17 (s, 3H), 2.08-2.00 (m ,1H), 1.771.65 (m, 1H); 13C NMR (CDCl3, 101 MHz): δ 143.2, 126.4, 121.3, 120.0, 119.1, 117.3,
112.1, 37.2, 13.1, 12.1. HRMS (ESI) m/z: [M++1] calculated for C15H18NO: 228.1370;
observed: 228.1379.
O

OH

N

3-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)oxetan-3-ol (FG35): Following the general
synthesis protocol for the microwave assisted C-N copper catalyzed coupling reactions,
from 3-(4-Iodophenyl)oxetan-3-ol (155 mg, 0.56 mmol, 1.2 equiv.) and 3-methyl-1Hpyrrole (38 mg, 0.04 mL, 0.47 mmol, 1 equiv.), final compound FG35 was obtained as a
white powder (64 mg, 0.28 mmol, 50%). 1H NMR (CDCl3, 400 MHz): δ 7.63 (d, 2H, J =
8.6 Hz), 7.40 (d, 2H, J = 8.6 Hz), 7.01 (t, 1H, J = 2.5 Hz), 6.91-6.87 (m, 1H), 6.19 (t, 1H,
J = 2.2 Hz), 4.94-4.90 (m, 4H), 2.17 (s, 3H); 13C NMR (CDCl3, 101 MHz): δ 140.5, 139.1,
125.9, 121.6, 119.0, 117.2, 112.4, 85.8, 75.8, 12.1. HRMS (ESI) m/z: [M++1] calculated
for C14H16NO2: 230.1174; observed: 230.1176.
Boc

N

OH

N

tert-Butyl

3-hydroxy-3-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)azetidine-1-

carboxylate: Following the general synthesis protocol for the microwave assisted C-N
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copper

catalyzed

coupling

reactions,

from

tert-Butyl

3-hydroxy-3-(4-

iodophenyl)azetidine-1-carboxylate (140 mg, 0.37 mmol, 1.2 equiv.) and 3-methyl-1Hpyrrole (25 mg, 0.03 mL, 0.31 mmol, 1 equiv.), boc-protected azetidine intermediate was
obtained as a white powder (59 mg, 0.18 mmol, 49%). 1H NMR (CDCl3, 400 MHz): δ
8.01-7.97 (m, 2H), 7.44-7.40 (m, 2H), 7.09-7.05 (m, 1H), 6.96-6.92 (m, 1H), 6.24-6.20
(m, 1H), 2.98-2.94 (m, 4H), 2.16 (s, 3H), 1.49 (s, 9H); 13C NMR (CDCl3, 101 MHz): δ
144.4, 133.6, 131.6, 130.0, 128.8, 128.0, 118.8, 116.8, 113.6, 80.2, 55.0, 35.7, 28.5, 12.1.
HRMS (ESI) m/z: [M++1] calculated for C19H24N2O3: 328.1787; observed: 328.1790.

HN

OH

N

3-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)azetidin-3-ol (FG36): tert-Butyl 3-hydroxy-3(4-(3-methyl-1H-pyrrol-1-yl)phenyl)azetidine-1-carboxylate (50 mg, 0.15 mmol) was
solubilized in a 1:1 mixture of 4 N HCl in dioxane:DCM, and the resulting mixture was
stirred for 3 h at room temperature. Solvents were evaporated under reduced pressure, the
resulting solid was directly purified by preparative HPLC using a gradient of 5-95%
acetonitrile in water, with 0.1% ammonia on aqueous phase, to afford the final compound
FG36 as a pale orange solid (16 mg, 0.06 mmol, 40%). 1H NMR (CDCl3, 400 MHz): δ
8.09 (d, 2H, J = 8.6 Hz), 7.65 (d, 2H, J = 8.6 Hz), 7.27 (t, 1H, J = 2.5 Hz), 7.17-7.13 (m,
1H), 6.20 (t, 1H, J = 2.2 Hz), 4.75-4.71 (s, 2H), 2.83 (s, 3H), 2.13 (s, 2H);

13

C NMR

(CDCl3, 101 MHz): δ 146.7, 131.4, 130.7, 124.1, 119.8, 119.4, 117.6, 114.9, 55.1, 33.5,
12.0. HRMS (ESI) m/z: [M++1] calculated for C14H17N2ClO: 264.1029; Experimental
data not acquired.
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OH

N

1-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclohexanol (FG37): Following the general
synthesis protocol for the microwave assisted C-N copper catalyzed coupling reactions,
from 1-(4-Iodophenyl)cyclohexanol (141 mg, 0.47 mmol, 1.2 equiv.) and 3-methyl-1Hpyrrole (31 mg, 0.04 mL, 0.39 mmol, 1 equiv.), final compound FG37 was obtained as a
white powder (53 mg, 0.21 mmol, 44%). 1H NMR (CDCl3, 400 MHz): δ 7.53 (d, 2H, J
= 8.6 Hz), 7.31 (d, 2H, J = 8.6 Hz), 6.98 (t, 1H, J = 2.5 Hz), 6.88-6.84 (m, 1H), 6.16 (t,
1H, J = 2.2 Hz), 2.16 (s, 3H), 1.89-1.71 (m, 8H), 1.67-1.63 (m, 2H); 13C NMR (CDCl3,
101 MHz): δ 145.9, 139.5, 125.9, 121.1, 119.8, 119.0, 117.2, 111.9, 73.0, 39.0, 25.6, 22.3,
12.1. HRMS (ESI) m/z: [M++1] calculated for C17H22NO: 256.1691; observed: 256.1696.
O

OH

N

4-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)tetrahydro-2H-pyran-4-ol (FG38): Following
the general synthesis protocol for the microwave assisted C-N copper catalyzed coupling
reactions, from 4-(4-iodophenyl)tetrahydro-2H-pyran-4-ol (158 mg, 0.52 mmol, 1.2
equiv.) and 3-methyl-1H-pyrrole (35 mg, 0.04 mL, 0.43 mmol, 1 equiv.), final compound
FG38 was obtained as a white powder (64 mg, 0.25 mmol, 48%). 1H NMR (CDCl3, 400
MHz): δ 7.52 (d, 2H, J = 8.6 Hz), 7.35 (d, 2H, J = 8.6 Hz), 6.99 (t, 1H, J = 2.5 Hz), 6.896.85 (m, 1H), 6.18 (t, 1H, J = 2.2 Hz), 3.98-3.88 (m, 4H), 2.23-2.16 (m, 5H), 1.73-1.69
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(m, 2H); 13C NMR (CDCl3, 101 MHz): δ 144.9, 139.9, 125.8, 121.4, 119.9, 119.0, 117.2,
112.2, 70.6, 64.0, 38.9, 12.1. HRMS (ESI) m/z: [M++1] calculated for C16H20NO2:
258.1489; observed: 258.1487.
Boc

N

OH

N

4-hydroxy-4-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)piperidine-1-

tert-Butyl

carboxylate: Following the general synthesis protocol for the microwave assisted C-N
copper

catalyzed

coupling

reactions,

from

tert-Butyl

4-hydroxy-4-(4-

iodophenyl)piperidine-1-carboxylate (233 mg, 0.58 mmol, 1.2 equiv.) and 3-methyl-1Hpyrrole (39 mg, 0.04 mL, 0.48 mmol, 1 equiv.), boc-protected piperidine intermediate
was obtained as a white powder (105 mg, 0.30 mmol, 51%). δ 7.49 (d, 2H, J = 8.6 Hz),
7.33 (d, 2H, J = 8.6 Hz), 6.98 (t, 1H, J = 2.5 Hz), 6.88-6.84 (m, 1H), 6.17 (t, 1H, J = 2.2
Hz), 4.04-4.08 (m, 2H), 3.28-3.22 (m, 2H), 2.16, (s, 3H), 2.12-2.00 (m, 2H), 1.76-1.64
(m, 2H), 1.46 (s, 9H); 13C NMR (CDCl3, 101 MHz): δ 154.9, 144.9, 139.8, 126.7, 125.8,
119.8, 119.0, 117.1, 112.1, 79.7, 71.4, 32.0, 28.6, 22.8, 12.0. HRMS (ESI) m/z: [M++1]
calculated for C21H29N2O3: 357.2178; observed: 357.2179.
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HN

OH

N

4-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)piperidin-4-ol (FG39): tert-Butyl 4-hydroxy4-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)piperidine-1-carboxylate (100 mg, 0.28 mmol)
was solubilized in a 1:1 mixture of 4 N HCl in dioxane:DCM, and the resulting mixture
was stirred for 3 h at room temperature. Solvents were evaporated under reduced pressure,
the resulting solid was directly purified by preparative HPLC using a gradient of 5-95%
acetonitrile in water, with 0.1% ammonia on aqueous phase, to afford the final compound
FG39 as a pale orange solid (38 mg, 0.13 mmol, 40%). δ 8.62 (s, 1H), 7.39 (d, 2H, J =
8.6 Hz), 7.35 (d, 2H, J = 8.6 Hz), 6.99 (t, 1H, J = 2.5 Hz), 6.89-6.85 (m, 1H), 6.18 (t, 1H,
J = 2.2 Hz), 3.28-3.26 (m, 4H), 2.99 (s, 3H), 2.29-2.14 (m, 4H); 13C NMR (CDCl3, 101
MHz): δ 169.3, 140.3, 139.4, 127.1, 121.5, 120.0, 118.9, 117.1, 112.3, 74.0, 49.9, 39.8,
32.0, 12.1. HRMS (ESI) m/z: [M+-H2O] calculated for C16H20N2O: 239.1563; observed:
239.1555.
CN

I

2-(4-Iodophenyl)-2-methylpropanenitrile: Following the general synthesis protocol for
the alkylation reactions, from 2-(4-iodophenyl)acetonitrile (300 mg, 1.23 mmol) and iodo
methane (526 mg, 0.23 mL, 3.70 mmol, 3 equiv.), dimethyl nitrile intermediate was
obtained as a white powder (295 mg, 1.08 mmol, 88%). 1H NMR (CDCl3, 400 MHz): δ
7.73 (d, 2H, J = 8.6 Hz), 7.22 (d, 2H, J = 8.6 Hz), 1.70 (s, 6H); 13C NMR (CDCl3, 101
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MHz): δ 141.3, 138.1, 127.2, 124.0, 93.4, 37.0, 29.1. HRMS (ESI) m/z: [M+-CN]
calculated for C9H11I: 245.0805; observed: 244.9823.
CN

I

1-(4-Iodophenyl)cyclopropanecarbonitrile: Following the general synthesis protocol
for the alkylation reactions, from 2-(4-iodophenyl)acetonitrile (300 mg, 1.23 mmol) and
1,2-dibromoethane (278 mg, 0.13 mL, 1.50 mmol, 1.2 equiv.), cyclopropane nitrile
intermediate was obtained as a white powder (248 mg, 0.92 mmol, 75%). 1H NMR
(CDCl3, 400 MHz): δ 7.67 (d, 2H, J = 8.6 Hz), 7.03 (d, 2H, J = 8.6 Hz), 1.75-1.72 (m,
2H), 1.39-1.36 (m, 2H); 13C NMR (CDCl3, 101 MHz): δ 138.0, 136.0, 127.7, 122.1, 93.0,
18.4, 13.7. HRMS (ESI) m/z: [M++1] calculated for C10H9IN: 270.0821; observed:
270.0823.
CN

I

1-(4-Iodophenyl)cyclobutanecarbonitrile: Following the general synthesis protocol for
the alkylation reactions, from 2-(4-iodophenyl)acetonitrile (300 mg, 1.23 mmol) and 1,3dibromopropane (298 mg, 0.15 mL, 1.50 mmol, 1.2 equiv.), cyclobutane nitrile
intermediate was obtained as a white powder (244 mg, 0.86 mmol, 70%). 1H NMR
(CDCl3, 400 MHz): δ 7.72 (d, 2H, J = 8.6 Hz), 7.16 (d, 2H, J = 8.6 Hz), 2.79-2.18 (m,
2H), 2.61-2.54 (m, 2H), 2.12-2.03 (m, 2H); 13C NMR (CDCl3, 101 MHz): δ 139.6, 138.1,
127.6, 93.5, 40.0, 34.7, 17.1. HRMS (ESI) m/z: [M++1] calculated for C11H10IN:
282.9858; observed: 282.9856.
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CN

I

1-(4-Iodophenyl)cyclohexanecarbonitrile: Following the general synthesis protocol for
the alkylation reactions, from 2-(4-iodophenyl)acetonitrile (300 mg, 1.23 mmol) and 1,5dibromopentane (341 mg, 0.21 mL, 1.50 mmol, 1.2 equiv.), cyclohexane nitrile
intermediate was obtained as a white powder (245 mg, 0.79 mmol, 64%).1H NMR
(CDCl3, 400 MHz): δ 7.71 (d, 2H, J = 8.6 Hz), 7.23 (d, 2H, J = 8.6 Hz), 2.14-2.10 (m,
2H), 1.89-1.78 (m, 5H), 1.74-1.68 (m, 2H), 1.33-1.22 (m, 1H);

13

C NMR (CDCl3, 101

MHz): δ 141.4, 138.1, 127.7, 122.3, 93.5, 44.3, 37.4, 25.0, 23.6. HRMS (ESI) m/z: [M+CN] calculated for C12H14I: 285.1445; observed: 285.1423.
O

CN

I

4-(4-Iodophenyl)tetrahydro-2H-pyran-4-carbonitrile: To

a solution

of 2-(4-

iodophenyl)acetonitrile (300 mg, 1.23 mmol) in dry DMSO was added NaH (150 mg,
60% in mineral, 3.70 mmol, 3 equiv.) and the mixture was stirred for 1 h. Bis-2chloroethyl ether (194 mg, 0.16 mL, 1.36 mmol, 1.1 equiv.) was added and the reaction
mixture was stirred at room temperature for 2 h. Brine was added and the resulting
mixture was extracted with ethyl acetate (3x). The combined organic phases were dried
over MgSO4 and evaporated to obtain the corresponding crude compound that was
purified by flash column chromatography using gradient elution from 0% to 80% ethyl
acetate in heptane to afford the corresponding tetrahydropyran nitrile intermediate as a
pale lime solid (273 mg, 0.87 mmol, 71%). 1H NMR (CDCl3, 400 MHz): δ 7.75 (d, 2H,
J = 8.6 Hz), 7.23 (d, 2H, J = 8.6 Hz), 4.10-4.06 (m, 2H), 3.92-3.86 (m, 2H), 2.13-2.00

251
(m, 4H);

13

C NMR (CDCl3, 101 MHz): δ 139.7, 138.4, 127.5, 121.3, 94.1, 65.0, 41.8,

36.6. HRMS (ESI) m/z: [M+-CN] calculated for C11H12IO: 287.1172; observed:
287.1152.
Boc

N

CN

I

tert-Butyl 4-cyano-4-(4-iodophenyl)piperidine-1-carboxylate: To a solution of 2-(4iodophenyl)acetonitrile (500 mg, 2.05 mmol, 1.2 equiv.) in dry DMF cooled to 0ºC was
added NaH (206 mg, 60% in mineral, 5.2 mmol, 3 equiv.) and the mixture was stirred for
1 h. tert-Butyl bis(2-chloroethyl)carbamate (417 mg, 1.72 mmol, 1 equiv.) was added and
the reaction mixture was stirred at 60ºC for 3 h. Water was added and the resulting
mixture was extracted with ethyl acetate (3x). The combined organic phases were dried
over MgSO4 and evaporated to obtain the corresponding crude compound that was
purified by flash column chromatography using gradient elution from 0% to 70% ethyl
acetate in heptane to afford the corresponding boc-protected piperidine nitrile
intermediate as a white solid (560 mg, 1.36 mmol, 79%). 1H NMR (CDCl3, 400 MHz): δ
7.74 (d, 2H, J = 8.6 Hz), 7.21 (d, 2H, J = 8.6 Hz), 4.30-4.26 (m, 2H), 3.20-3.16 (m, 2H),
2.07-2.03 (m, 2H), 1.91-1.86 (m, 2H), 1,48 (s, 9H); 13C NMR (CDCl3, 101 MHz): δ 154.4,
139.5, 138.3, 127.6, 121.0, 94.1, 80.4, 42.9, 36.2, 28.5. HRMS (ESI) m/z: [M++1]
calculated for C17H21IN2O2: 313.2660; observed: 313.2664.
H
N

O

S
O

I

N-(3-(4-Iodophenyl)oxetan-3-yl)-2-methylpropane-2-sulfinamide: To a solution of
1,4-diiodobenzene (811 mg, 2.45 mmol) in THF purged with N2 and cooled to -78ºC was
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added n-BuLi (148 mg, 2.30 mL, 3.67 mmol, 1.2 equiv.) and the resulting mixture was
then stirred for 30 min. 2-methyl-N-(oxetan-3-ylidene)propane-2-sulfinamide (517 mg,
2.95 mmol, 1.2 equiv.) was then added and the mixture was warmed to room temperature
with stirring overnight. Reaction was quenched with an aqueous saturated solution of
ammonium chloride and the resulting mixture was stirred for 30 min at room temperature.
An aqueous saturated solution of sodium bicarbonate was added and the crude mixture
was then extracted with ethyl acetate (3x). The combined organic phases were washed
with brine, dried over MgSO4 and evaporated to obtain the corresponding crude
compound that was purified by flash column chromatography using a gradient elution
from 20% to 100% ethyl acetate in heptane to afford the pure sulfinamide intermediate
as a pale lime solid (474 mg, 1.25 mmol, 51%). 1H NMR (CDCl3, 500 MHz): δ 7.74 (d,
2H, J = 8.6 Hz), 7.43-7.33 (m, 1H), 7.13 (d, 2H, J = 8.6 Hz), 5.14 (d, 1H, J = 7.0 Hz),
5.05 (d, 1H, J = 7.0 Hz), 5.01 (d, 1H, J = 7.0 Hz), 4.92 (d, 1H, J = 7.0 Hz), 1,21 (s, 9H);
13

C NMR (CDCl3, 126 MHz): δ 140.8, 138.1, 128.6, 83.8, 82.3, 62.9, 56.3, 22.6. HRMS

(ESI) m/z: [M++1] calculated for C13H19INO2S: 380.0176; observed: 380.0176.
H
N

O

O

I

N-(3-(4-Iodophenyl)oxetan-3-yl)acetamide: A solution of N-(3-(4-Iodophenyl)oxetan3-yl)-2-methylpropane-2-sulfinamide (300 mg, 0.79 mmol) in a 3:7 mixture of 4N HCl
in dioxane:DCM was stirred for 1 h at room temperature. The solvents were evaporated
under reduced pressure to give the corresponding deprotected intermediate
(hydrochloride salt) as a lime oil that was used in the following reactions without further
purification (245 mg, 0.79 mmol). To a solution of the hydrochloride intermediate (245
mg, 0.79 mmol) in DCM, triethylamine (239 mg, 0.33 mL, 2.37 mmol, 3 equiv.) was
added and the solution was stirred for 10 min at room temperature. Acetic anhydride (120
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mg, 0.12 mL, 1.18 mmol, 1.5 equiv.) was added and the resulting mixture was stirred at
room temperature for 6 h. The solvents were evaporated to give the corresponding crude,
which was purified by flash column chromatography using gradient elution from 30% to
100% ethyl acetate in heptane to afford the final acetylated intermediate as a white solid
(178 mg, 0.56 mmol, 71%). 1H NMR (CDCl3, 400 MHz): δ 7.71 (d, 2H, J = 8.6 Hz), 7.24
(d, 2H, J = 8.6 Hz), 6.22 (s, 1H), 4.95 (d, 1H, J = 7.0 Hz), 4.86 (d, 1H, J = 7.0 Hz), 2.08
(s, 3H); 13C NMR (CDCl3, 101 MHz): δ 169.3, 141.3, 137.9, 127.1, 93.3, 82.8, 59.0, 23.4.
HRMS (ESI) m/z: [M++1] calculated for C11H13INO2S: 317.9986; observed: 317.9984.
CN

N

2-Methyl-2-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)propanenitrile (FG54): Following
the general synthesis protocol for the microwave assisted C-N copper catalyzed coupling
reactions, from 2-(4-Iodophenyl)-2-methylpropanenitrile (290 mg,

1.06 mmol, 1.2

equiv.) and 3-methyl-1H-pyrrole (72 mg, 0.08 mL, 0.89 mmol, 1 equiv.), the final
compound FG54 was obtained as a white powder (136 mg, 0.61 mmol, 68%). 1H NMR
(CDCl3, 400 MHz): δ 7.49 (d, 2H, J = 8.6 Hz), 7.36 (d, 2H, J = 8.6 Hz), 6.99 (t, 1H, J =
2.5 Hz), 6.89-6.85 (m, 1H), 6.19 (t, 1H, J = 2.2 Hz), 2.17 (s, 3H), 1.75 (s, 6H); 13C NMR
(CDCl3, 101 MHz): δ 140.4, 138.2, 126.5, 124.5, 121.7, 120.3, 119.0, 117.1, 112.5, 29.2,
22.8, 14.3. HRMS (ESI) m/z: [M++1] calculated for C15H19N2: 225.1386; observed:
225.1390.
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CN

N

1-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclopropanecarbonitrile (FG55): Following
the general synthesis protocol for the microwave assisted C-N copper catalyzed coupling
reactions, from 1-(4-Iodophenyl)cyclopropanecarbonitrile (240 mg, 0.89 mmol, 1.2
equiv.) and 3-methyl-1H-pyrrole (60 mg, 0.07 mL, 0.74 mmol, 1 equiv.), the final
compound FG55 was obtained as a white powder (102 mg, 0.47 mmol, 67%). 1H NMR
(CDCl3, 400 MHz): δ 7.32 (m, 4H), 6.97 (t, 1H, J = 2.5 Hz), 6.87-6.84 (m, 1H), 6.18 (t,
1H, J = 2.2 Hz), 2.16 (s, 3H), 1.74 (m, 2H), 1.40 (m, 2H); 13C NMR (CDCl3, 101 MHz):
δ 140.3, 138.1, 132.8, 127.3, 121.7, 120.3, 119.0, 117.1, 112.5, 18.1, 13.5, 12.1. HRMS
(ESI) m/z: [M++1] calculated for C15H15N2: 223.1230; observed: 223.1225.
CN

N

1-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclobutanecarbonitrile (FG56): Following
the general synthesis protocol for the microwave assisted C-N copper catalyzed coupling
reactions, from 1-(4-Iodophenyl)cyclobutanecarbonitrile (240 mg,

0.84 mmol, 1.2

equiv.) and 3-methyl-1H-pyrrole (57 mg, 0.06 mL, 0.71 mmol, 1 equiv.), the final
compound FG56 was obtained as a white powder (117 mg, 0.50 mmol, 70%). 1H NMR
(CDCl3, 400 MHz): δ 7.44 (d, 2H, J = 8.6 Hz), 7.37 (d, 2H, J = 8.6 Hz), 7.00 (t, 1H, J =
2.5 Hz), 6.89-6.85 (m, 1H), 6.19 (t, 1H, J = 2.2 Hz), 2.88-2.81 (m, 2H), 2.66-2.59 (m,
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2H), 2.50-2.41 (m, 1H), 2.17 (s, 3H), 2.14-2.06 (m, 1H); 13C NMR (CDCl3, 101 MHz): δ
140.4, 136.5, 127.0, 124.4, 121.7, 120.3, 119.0, 117.1, 112.5, 39.9, 34.9, 17.2, 12.1.
HRMS (ESI) m/z: [M++1] calculated for C16H17N2: 237.1386; observed: 237.1386.
CN

N

1-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclohexanecarbonitrile (FG57): Following
the general synthesis protocol for the microwave assisted C-N copper catalyzed coupling
reactions, from 1-(4-Iodophenyl)cyclohexanecarbonitrile (245 mg,

0.79 mmol, 1.2

equiv.) and 3-methyl-1H-pyrrole (53 mg, 0.06 mL, 0.66 mmol, 1 equiv.), cyclohexane
pyrrole intermediate FG57 was obtained as a white powder (104 mg, 0.40 mmol, 60%).
1

H NMR (CDCl3, 400 MHz): δ 7.51 (d, 2H, J = 8.6 Hz), 7.35 (d, 2H, J = 8.6 Hz), 6.99 (t,

1H, J = 2.5 Hz), 6.89-6.85 (m, 1H), 6.18 (t, 1H, J = 2.2 Hz), 2.19-2.16 (m, 5H), 2.66-2.59
(m, 2H), 1.89-1.72 (m, 6H); 13C NMR (CDCl3, 101 MHz): δ 140.4, 138.3, 126.9, 122.7,
121.6, 120.2, 119.0, 117.1, 112.4, 44.0, 37.6, 25.1, 23.7, 12.1. HRMS (ESI) m/z: [M++1]
calculated for C18H21N2: 265.1699; observed: 265.1698.
O

CN

N

4-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)tetrahydro-2H-pyran-4-carbonitrile (FG58):
Following the general

synthesis protocol for the microwave assisted C-N copper

catalyzed coupling reactions, from 4-(4-Iodophenyl)tetrahydro-2H-pyran-4-carbonitrile

256
(273 mg, 0.87 mmol, 1.2 equiv.) and 3-methyl-1H-pyrrole (59 mg, 0.07 mL, 0.73 mmol,
1 equiv.), the final compound FG58 was obtained as a white powder (104 mg, 0.40 mmol,
60%). 1H NMR (CDCl3, 400 MHz): δ 7.51 (d, 2H, J = 8.6 Hz), 7.39 (d, 2H, J = 8.6 Hz),
7.00 (t, 1H, J = 2.5 Hz), 6.89-6.85 (m, 1H), 6.19 (t, 1H, J = 2.2 Hz), 4.12-4.08 (m, 2H),
3.94-3.88 (m, 2H), 2.17 (s, 3H), 2.15-2.06 (m, 4H); 13C NMR (CDCl3, 101 MHz): δ 140.7,
136.5, 126.9, 121.8, 120.3, 118.9, 117.0, 112.7, 65.2, 41.5, 36.9, 12.1. HRMS (ESI) m/z:
[M++1] calculated for C17H19N2O: 267.1492; observed: 267.1489.
Boc

N

CN

N

tert-Butyl 4-cyano-4-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)piperidine-1-carboxylate:
Following the general

synthesis protocol for the microwave assisted C-N copper

catalyzed coupling reactions, from tert-Butyl 4-cyano-4-(4-iodophenyl)piperidine-1carboxylate (500 mg, 1.21 mmol, 1.2 equiv.) and 3-methyl-1H-pyrrole (82 mg, 0.09 mL,
1.01 mmol, 1 equiv.), boc-protected piperidine intermediate was obtained as a white
powder (195 mg, 0.53 mmol, 53%) used in the next reaction without further purification.
HN

CN

HCl

N

4-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)piperidine-4-carbonitrile
(FG59):

tert-Butyl

hydrochloride

4-cyano-4-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)piperidine-1-

carboxylate (50 mg, 0.14 mmol) was solubilized in a 3:7 mixture of 4 N HCl in
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dioxane:DCM, and the resulting mixture was stirred for 8 h at room temperature. Solvents
were evaporated under reduced pressure, the resulting solid was solubilized in
CH3CN:H2O (1:1) and freeze dried to afford the final compound FG59 as a white solid
(35 mg, 0.12 mmol, 85%). 1H NMR (CDCl3, 400 MHz): δ 7.54 (d, 2H, J = 8.6 Hz), 7.39
(d, 2H, J = 8.6 Hz), 7.00 (t, 1H, J = 2.5 Hz), 6.89-6.85 (m, 1H), 6.19 (t, 1H, J = 2.2 Hz),
3.88-3.42 (m, 2H), 3.28-3.21 (m, 2H), 2.34-2.26 (m, 2H), 2.21-2.16 (m, 5H); 13C NMR
(CDCl3, 101 MHz): δ 140.8, 135.8, 126.9, 121.8, 121.3, 120.3, 118.9, 117.0, 112.7, 42.6,
42.1, 35.4, 12.1. HRMS (ESI) m/z: [M++1] calculated for C17H20N3: 266.1652; observed:
266.1652.
COOH

N

2-Methyl-2-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)propanoic acid (FG60): Following
the general synthesis protocol for the microwave assisted nitrile hydrolysis reactions,
from 2-Methyl-2-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)propanenitrile (130 mg,

0.58

mmol), the final compound FG60 was obtained as a pale orange powder (92 mg, 0.38
mmol, 65%). 1H NMR (DMSO-d6, 400 MHz): δ 12.40 (s, 1H), 7.45 (d, 2H, J = 8.6 Hz),
7.37 (d, 2H, J = 8.6 Hz), 7.21 (t, 1H, J = 2.5 Hz), 7.12-7.08 (m, 1H), 6.08 (t, 1H, J = 2.2
Hz), 2.07 (s, 3H), 1.48 (s, 6H); 13C NMR (DMSO-d6, 101 MHz): δ 177.5, 141.5, 138.4,
126.8, 120.1, 118.6, 116.6, 112.0, 45.3, 26.3, 11.9. HRMS (ESI) m/z: [M++H2O]
calculated for C15H19NO3: 262.3169; Experimental data not acquired.
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COOH

N

1-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclopropanecarboxylic

acid

(FG61):

Following the general synthesis protocol for the microwave assisted nitrile hydrolysis
reactions, from 1-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclopropanecarbonitrile (102
mg, 0.46 mmol), the final compound FG61 was obtained as a pale orange powder (84
mg, 0.35 mmol, 76%). 1H NMR (DMSO-d6, 400 MHz): δ 12.3 (s, 1H), 7.42 (d, 2H, J =
8.6 Hz), 7.35 (d, 2H, J = 8.6 Hz), 7.22 (t, 1H, J = 2.5 Hz), 7.11-7.08 (m, 1H), 6.10-6.07
(m, 1H), 2.08 (s, 3H), 1.47-1.44 (m, 2H), 1.16-1.14 (m, 2H); 13C NMR (DMSO-d6, 101
MHz): δ 175.8, 139.1, 137.0, 131.9, 120.6, 119.2, 118.8, 117.1, 112.4, 28.4, 16.3, 12.4.
HRMS (ESI) m/z: [M++H2O] calculated for C15H17NO33: 258.1124; observed: 258.1126.
COOH

N

1-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclobutanecarboxylic

acid

(FG62):

Following the general synthesis protocol for the microwave assisted nitrile hydrolysis
reactions, from 1-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclobutanecarbonitrile (110 mg,
0.47 mmol), the final compound FG62 was obtained as a white powder (78 mg, 0.30
mmol, 65%). 1H NMR (DMSO-d6, 400 MHz): δ 12.40 (s, 1H), 7.46 (d, 2H, J = 8.6 Hz),
7.30 (d, 2H, J = 8.6 Hz), 7.21 (t, 1H, J = 2.5 Hz), 7.11-7.07 (m, 1H), 6.08 (t, 1H, J = 2.2
Hz), 2.74-2.68 (m, 2H), 2.43-2.37 (m, 2H), 2.07 (s, 3H), 1.98-1.88 (m, 1H), 1.83-1.75 (m,
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1H); 13C NMR (DMSO-d6, 101 MHz): δ 176.6, 140.3, 138.4, 127.2, 120.1, 118.7, 116.6,
112.0, 51.3, 31.7, 16.0, 11.9. HRMS (ESI) m/z: [M++H2O] calculated for C16H19NO3:
273.3276; Experimental data not acquired.
COOH

N

1-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclohexanecarboxylic

acid

(FG63):

Following the general synthesis protocol for the microwave assisted nitrile hydrolysis
reactions, from 1-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclohexanecarbonitrile (104 mg,
0.39 mmol), the final compound FG63 was obtained as a white powder (75 mg, 0.26
mmol, 67%). 1H NMR (DMSO-d6, 400 MHz): δ 12.40 (s, 1H), 7.46 (d, 2H, J = 8.6 Hz),
7.41 (d, 2H, J = 8.6 Hz), 7.21 (t, 1H, J = 2.5 Hz), 7.09 (m, 1H), 6.08 (t, 1H, J = 2.2 Hz),
2.36-2.31 (m, 2H), 2.06 (s, 3H), 1.67-1.57 (m, 4H), 1.47-1.39 (m, 2H), 1.29-1.24 (m, 2H);
13

C NMR (DMSO-d6, 101 MHz): δ 175.9, 140.5, 138.4, 137.1, 127.0, 120.1, 118.7, 116.6,

112.0, 49.6, 34.1, 25.0, 23.4, 11.9. HRMS (ESI) m/z: [M++H2O] calculated for
C18H23NO3: 300.1594; observed: 300.1584.
O

COOH

N

4-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)tetrahydro-2H-pyran-4-carboxylic

acid

(FG64): Following the general synthesis protocol for the microwave assisted nitrile
hydrolysis reactions, from 4-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)tetrahydro-2H-pyran-
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4-carbonitrile (131 mg, 0.49 mmol), the final compound FG64 was obtained as a white
powder (66 mg, 0.33 mmol, 68%). 1H NMR (DMSO-d6, 400 MHz): δ 12.70 (s, 1H), 7.49
(d, 2H, J = 8.6 Hz), 7.42 (d, 2H, J = 8.6 Hz), 7.23 (t, 1H, J = 2.5 Hz), 7.12-7.08 (m, 1H),
6.08 (t, 1H, J = 2.2 Hz), 3.83-3.80 (m, 2H), 3.48-3.43 (m, 2H), 2.40-2.36 (m, 2H), 2.06
(s, 3H), 1.87-1.79 (m, 2H); 13C NMR (DMSO-d6, 101 MHz): δ 175.2, 139.3, 138.4, 137.2,
126.9, 120.2, 118.7, 116.6, 112.1, 64.8, 47.4, 34.0, 11.9. HRMS (ESI) m/z: [M++H2O]
calculated for C17H21NO4: 303.3536; Experimental data not acquired.
NH2

N

2-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)propan-2-amine

(FG40):

Following

the

general synthesis protocol for the amine synthesis via Curtius rearrangement, from 2Methyl-2-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)propanenitrile (85 mg, 0.35 mmol), the
final compound FG40 was obtained as a white powder (56 mg, 0.26 mmol, 75%). 1H
NMR (DMSO-d6, 400 MHz): δ 7.51 (d, 2H, J = 8.6 Hz), 7.47 (d, 2H, J = 8.6 Hz), 7.23 (t,
1H, J = 2.5 Hz), 7.12-7.08 (m, 1H), 6.08 (t, 1H, J = 2.2 Hz), 2.06 (s, 3H), 1.50 (s, 6H);
13

C NMR (DMSO-d6, 101 MHz): δ 136.6, 128.1, 126.7, 120.0, 118.7, 118.3, 116.6, 111.9,

53.8, 25.3, 21.8, 11.9. HRMS (ESI) m/z: [M+-NH2] calculated for C14H17N: 199.1360;
Experimental data not acquired.

NH2

N
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1-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclopropanamine (FG41): Following the
general synthesis protocol for the amine synthesis via Curtius rearrangement, from 1-(4(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclopropanecarboxylic acid (80 mg, 0.33 mmol),
cyclopropyl amine fragment FG41 was obtained as a pale yellow powder, subsequently
used in the following reaction without further purification..
NH2

N

1-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)cyclobutanamine

(FG42):

Following

the

general synthesis protocol for the amine synthesis via Curtius rearrangement, from 1-(4(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclobutanecarboxylic acid (70 mg,

0.27 mmol),

cyclobutyl amine fragment FG42 was obtained as a pale orange powder (43 mg, 0.19
mmol), that was used in the following reaction without further purification.
NH2

N

1-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclohexanamine (FG44): Following

the

general synthesis protocol for the amine synthesis via Curtius rearrangement, from 1-(4(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclohexanecarboxylic acid (75 mg,

0.26 mmol),

cyclohexane amine fragment FG44 was obtained as a white powder (41 mg, 0.16 mmol,
62%). 1H NMR (DMSO-d6, 400 MHz): δ 7.57 (d, 2H, J = 8.6 Hz), 7.44 (d, 2H, J = 8.6
Hz), 7.21 (t, 1H, J = 2.5 Hz), 7.11-7.07 (m, 1H), 6.07 (t, 1H, J = 2.2 Hz), 2.07 (s, 3H),
1.91-1.85 (m, 2H), 1.75-1.67 (m, 2H), 1.60-1.57 (m, 2H), 1.45-1.41 (m, 2H), 1.34-1.24
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(m, 2H);

13

C NMR (DMSO-d6, 101 MHz): δ 139.3, 127.4, 126.4, 120.9, 120.0, 119.1,

117.3, 111.8, 57.9, 45.8, 36.2, 25.5, 22.3, 12.1. HRMS (ESI) m/z: [M+-NH2] calculated
for C17H21N: 239.3481; Experimental data not acquired.

O

NH2

N

4-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)tetrahydro-2H-pyran-4-amine
Following the general
rearrangement,

from

(FG45):

synthesis protocol for the amine synthesis via Curtius
4-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)tetrahydro-2H-pyran-4-

carboxylic acid (60 mg, 0.21 mmol), pyran amine fragment FG45 was obtained as a
white powder (41 mg, 0.16 mmol, 76%). 1H NMR (DMSO-d6, 400 MHz): δ 7.55 (d, 2H,
J = 8.6 Hz), 7.44 (d, 2H, J = 8.6 Hz), 7.22 (t, 1H, J = 2.5 Hz), 7.12-7.08 (m, 1H), 6.08 (t,
1H, J = 2.2 Hz), 3.88-3.82 (m, 2H), 3.63-3.58 (m, 2H), 2.07 (s, 3H), 2.02-1.95 (m, 2H),
1.58-1.55 (m, 2H); 13C NMR (DMSO-d6, 101 MHz): δ 138.1, 127.8, 126.4, 120.0, 118.7,
116.6, 111.9, 63.1, 51.3, 38.2, 11.9. HRMS (ESI) m/z: [M+-NH2] calculated for
C16H19NO: 241.3209; Experimental data not acquired.
Boc

N

NH2

N

tert-Butyl 4-amino-4-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)piperidine-1-carboxylate:
To a solution of tert-Butyl 4-cyano-4-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)piperidine-1-
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carboxylate (190 mg, 0.52 mmol) in DMSO was added K2CO3 (216 mg, 1.56 mmol, 3
equiv.) and the resulting mixture was then stirred for 1 h at 60ºC. H2O2 (265 mg, 1 mL,
7.8 mmol, 15 equiv.) was then added and the mixture stirred for another 30 min. Water
was added and the reaction was stirred for another 30 min at room temperature and
filtered. The resulting solid was dried (amide compound) (140 mg, 0.36 mmol, 70%) and
used in the following reaction without further purification. To a solution of the amide
intermediate (140 mg, 0.36 mmol), 1 N NaOH aqueous solution (43 mg, 1.1 mL, 1.08
mmol, 3 equiv.) in t-BuOH cooled to 0ºC was added NaOCl (54 mg, 0.05 mL, 0.72 mmol,
2 equiv.) and the resulting mixture was then stirred overnight from 0ºC to room
temperature. The reaction mixture was concentrated and after adding an additional
amount of aqueous NaOH solution the mixture was extracted with ethyl acetate (3x). The
combine organic phases were washed with brine, dried over MgSO4 and evaporated to
obtain the corresponding boc-protected amine piperidine intermediate used on the
following reaction without further purification (102 mg, 0.29 mmol, 80%).

HN

NH2

N

4-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)piperidin-4-amine

(FG46):

tert-butyl

4-

amino-4-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)piperidine-1-carboxylate (50 mg, 0.14
mmol) was solubilized in a 3:7 solution of 4 N HCl in dioxane:DCM, and the resulting
mixture was stirred for 8 h at room temperature. Solvents were evaporated under reduced
pressure, the resulting solid was directly purified by preparative HPLC using a gradient
of 5-95% acetonitrile in water, with 0.1% ammonia on aqueous phase, to afford the final
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compound FG46 as a white solid (23 mg, 0.07 mmol, 50%). 1H NMR (CDCl3, 400 MHz):
δ 7.52 (d, 2H, J = 8.6 Hz), 7.33 (d, 2H, J = 8.6 Hz), 6.99 (t, 1H, J = 2.5 Hz), 6.88-6.84
(m, 1H), 6.17 (t, 1H, J = 2.2 Hz), 3.17-3.11 (m, 2H), 3.00-2.93 (m, 2H), 2.16-2.10 (m,
5H), 1.72-1.68 (m, 2H);

13

C NMR (CDCl3, 101 MHz): δ 139.3, 126.2, 121.2, 120.0,

119.0, 117.2, 112.0, 52.4, 42.5, 39.2, 12.1. HRMS (ESI) m/z: [M++1] calculated for
C16H21N3: 256.1735; Experimental data not acquired.
H
N
O

N

N-(2-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)propan-2-yl)acetamide (FG47): Following
the general

synthesis protocol for acylation, from 2-(4-(3-methyl-1H-pyrrol-1-

yl)phenyl)propan-2-amine (50 mg, 0.23 mmol) and acetic anhydride (36 mg, 0.04 mL,
0.35 mmol, 1.5 equiv.), the final compound FG47 was obtained as a white powder (43
mg, 0.17 mmol, 74%). 1H NMR (CDCl3, 400 MHz): δ 7.40 (d, 2H, J = 8.6 Hz), 7.29 (d,
2H, J = 8.6 Hz), 6.96 (t, 1H, J = 2.5 Hz), 6.85-6.81 (m, 1H), 6.15 (t, 1H, J = 2.2 Hz), 5.73
(s, 1H), 2.16 (s, 3H), 1.99 (s, 3H), 1.70 (s, 6H); 13C NMR (CDCl3, 101 MHz): δ 169.2,
143.8, 129.2, 126.0, 123.1, 120.1, 119.1, 117.2, 111.9, 55.6, 29.3, 24.4, 12.1. HRMS
(ESI) m/z: [M++1] calculated for C16H21N2O: 257.1648; observed: 257.1644.
H
N
O

N
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N-(1-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclopropyl)acetamide (FG48): Following
the general

synthesis protocol for acylation, from 1-(4-(3-Methyl-1H-pyrrol-1-

yl)phenyl)cyclopropanamine (50 mg, 0.24 mmol) and acetic anhydride (36 mg, 0.04 mL,
0.36 mmol, 1.5 equiv.), the final compound FG48 was obtained as a white powder (34
mg, 0.15 mmol, 61%). 1H NMR (CDCl3, 400 MHz): δ 7.32-7.26 (m, 4H), 6.94 (t, 1H, J
= 2.5 Hz), 6.83-6.79 (m, 1H), 6.15 (t, 1H, J = 2.2 Hz), 2.24 (s, 3H), 2.10 (s, 3H), 2.00 (m,
2H), 1.27 (m, 2H);

13

C NMR (CDCl3, 101 MHz): δ 170.3, 139.4, 127.0, 125.3, 121.1,

120.1, 119.1, 117.2, 111.9, 34.9, 23.6, 17.7, 12.0. HRMS (ESI) m/z: [M++1] calculated
for C16H19N2O: 255.3276; Experimental data not acquired.
H
N
O

N

N-(1-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)cyclobutyl)acetamide (FG49): Following
the general

synthesis protocol for acylation, from 1-(4-(3-methyl-1H-pyrrol-1-

yl)phenyl)cyclobutanamine (50 mg, 0.23 mmol) and acetic anhydride (34 mg, 0.03 mL,
0.33 mmol, 1.5 equiv.), cyclobutyl acetamide fragment FG49 was obtained as a white
powder (48 mg, 0.18 mmol, 78%). 1H NMR (CDCl3, 400 MHz): δ 7.42 (d, 2H, J = 8.6
Hz), 7.31 (d, 2H, J = 8.6 Hz), 6.96 (t, 1H, J = 2.5 Hz), 6.85-6.81 (m, 1H), 6.15 (t, 1H, J
= 2.2 Hz), 5.60 (s, 1H), 3.89-3.85 (m, 2H), 3.77-3.71 (m, 2H), 2.22-2.17 (m, 2H), 2.16 (s,
3H), 2.04 (s, 3H);

13

C NMR (CDCl3, 101 MHz): δ 169.5, 139.7, 127.3, 126.4, 121.2,

120.1, 119.1, 117.2, 112.0, 63.9, 45.5, 36.2, 24.5, 12.1. HRMS (ESI) m/z: [M++1]
calculated for C17H21N2O: 269.1648; observed: 269.1648.
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O

O

N

N-(3-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)oxetan-3-yl)acetamide (FG50): Following
the general synthesis protocol for the microwave assisted C-N copper catalyzed coupling
reactions, from N-(3-(4-Iodophenyl)oxetan-3-yl)acetamide (170 mg, 0.54 mmol, 1.2
equiv.) and 3-methyl-1H-pyrrole (36 mg, 0.04 mL, 0.45 mmol, 1 equiv.), the final
fragment FG50 was obtained as a white powder (85 mg, 0.31 mmol, 58%). 1H NMR
(CDCl3, 400 MHz): δ 7.37-7.31 (m, 4H), 6.97 (t, 1H, J = 2.5 Hz), 6.86-6.82 (m, 1H), 6.17
(t, 1H, J = 2.2 Hz), 4.66 (d, 1H, J = 8.0 Hz), 4.33 (d, 1H, J = 8.0 Hz), 3.80-3.77 (m, 1H),
3.66-3.61 (m, 1H), 2.16 (s, 3H), 2.11 (s, 3H);

13

C NMR (CDCl3, 101 MHz): δ 166.5,

140.4, 137.8, 127.0, 126.4, 121.3, 120.1, 119.0, 117.2, 112.2, 75.4, 69.1, 14.2, 12.1.
HRMS (ESI) m/z: [M++Na] calculated for C16H18N2O2Na: 293.3168; Experimental data
not acquired.
O

NH2

N

3-(4-(3-Methyl-1H-pyrrol-1-yl)phenyl)oxetan-3-amine (FG43): To a solution of N-(3(4-(3-methyl-1H-pyrrol-1-yl)phenyl)oxetan-3-yl)acetamide (70 mg,

0.26 mmol) in

ethanol was added an aqueous solution of NaOH (10 M, 238 mg, 0.6 mL, 5.96 mmol, 23
equiv.), and the resulting mixture was then refluxed 35 h. The solvent was evaporated and
1 N solution of NaOH was added and the resulting crude mixture was extracted with ethyl

267
acetate (3x). The combined organic phases were dried over MgSO4 and evaporated to
obtain the corresponding crude compound that was purified by flash column
chromatography using a gradient elution from 0% to 10% methanol (0.1% ammonia) in
DCM to afford the final oxetane FG43 as a white powder (85 mg, 0.31 mmol, 58%). 1H
NMR (CDCl3, 400 MHz): δ 7.47 (d, 2H, J = 8.6 Hz), 7.35 (d, 2H, J = 8.6 Hz), 6.98 (t,
1H, J = 2.5 Hz), 6.87-6.83 (m, 1H), 6.18 (t, 1H, J = 2.2 Hz), 3.93 (d, 2H, J = 8.0 Hz),
3.72 (d, 2H, J = 8.0 Hz), 2.16 (s, 3H); 13C NMR (CDCl3, 101 MHz): δ 140.1, 137.8, 126.9,
121.4, 120.2, 119.0, 117.1, 112.3, 68.9, 59.7, 12.1. HRMS (ESI) m/z: [M++1] calculated
for C14H19N2O2: 247.1368; observed: 247.1439.
H
N
O

N

N-(1-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)cyclohexyl)acetamide (FG51): Following
the general

synthesis protocol for acylation, from 1-(4-(3-Methyl-1H-pyrrol-1-

yl)phenyl)cyclohexanamine (50 mg, 0.20 mmol) and acetic anhydride (30 mg, 0.03 mL,
0.29 mmol, 1.5 equiv.), the final fragment fragment FG51 was obtained as a white powder
(41 mg, 0.14 mmol, 68%). 1H NMR (CDCl3, 400 MHz): δ 7.41 (d, 2H, J = 8.6 Hz), 7.28
(d, 2H, J = 8.6 Hz), 6.95 (t, 1H, J = 2.5 Hz), 6.84-6.80 (m, 1H), 6.14 (t, 1H, J = 2.2 Hz),
5.56 (s, 1H), 2.38-2.28 (m, 2H), 2.15 (s, 3H), 2.02 (s, 3H), 1.85-1.65 (m, 6H), 1.58-1.49
(m, 2H); 13C NMR (CDCl3, 101 MHz): δ 169.1, 139.3, 127.4, 126.4, 120.9, 120.0, 119.1,
117.3, 111.8, 57.9, 45.8, 36.2, 25.5, 22.3, 12.1. HRMS (ESI) m/z: [M++1] calculated for
C19H25N2O: 297.1961; observed: 297.1958.
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N-(4-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)tetrahydro-2H-pyran-4-yl)acetamide
(FG52): Following the general synthesis protocol for acylation, from 4-(4-(3-Methyl1H-pyrrol-1-yl)phenyl)tetrahydro-2H-pyran-4-amine (50 mg, 0.20 mmol) and acetic
anhydride (30 mg, 0.03 mL, 0.29 mmol, 1.5 equiv.), pyran acetamide fragment FG52 was
obtained as a pale orange powder (45 mg, 0.15 mmol, 76%). 1H NMR (CDCl3, 400 MHz):
δ 7.42 (d, 2H, J = 8.6 Hz), 7.31 (d, 2H, J = 8.6 Hz), 6.96 (t, 1H, J = 2.5 Hz), 6.85-6.81
(m, 1H), 6.16 (t, 1H, J = 2.2 Hz), 5.60 (s, 1H), 3.90-3.85 (m, 2H), 3.77-3.71 (m, 2H),
2.38-2.34 (m, 2H), 2.22-2.16 (m, 5H), 2.04 (s, 3H); 13C NMR (CDCl3, 101 MHz): δ 169.5,
142.0, 127.4, 126.4, 121.2, 120.1, 119.0, 117.2, 112.0, 63.9, 45.5, 36.2, 24.5, 12.1. HRMS
(ESI) m/z: [M++1] calculated for C18H23N2O2: 299.1754; observed: 299.1758.
Boc

H
N

N

O

N

tert-Butyl

4-acetamido-4-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)piperidine-1-

carboxylate: Following the general synthesis protocol for acylation, from tert-Butyl 4amino-4-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)piperidine-1-carboxylate (50 mg,

0.14

mmol) and acetic anhydride (22 mg, 0.02 mL, 0.21 mmol, 1.5 equiv.), boc-protected
piperidine acetamide intermediate fragment was obtained as a white powder used in the
following reaction without further purification (37 mg, 0.09 mmol, 65%).
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N-(4-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)piperidin-4-yl)acetamide

(FG53):

tert-

Butyl 4-acetamido-4-(4-(3-methyl-1H-pyrrol-1-yl)phenyl)piperidine-1-carboxylate (37
mg, 0.09 mmol) was solubilized in a 3:7 solution of a 4 N HCl in dioxane:DCM, and the
resulting mixture was stirred for 8 h at room temperature. Solvents were evaporated under
reduced pressure, the resulting solid was directly purified by preparative HPLC using a
gradient of 5-95% acetonitrile in water, with 0.1% ammonia on aqueous phase, to afford
the final compound FG53 as a white solid (16 mg, 0.05 mmol, 55%). 1H NMR (CDCl3,
400 MHz): δ 7.31 (d, 2H, J = 8.6 Hz), 7.23 (d, 2H, J = 8.6 Hz), 6.89 (t, 1H, J = 2.5 Hz),
6.77 (m, 1H), 6.10-6.06 (m, 1H), 2.97-2.94 (m, 4H), 2.45-2.41 (m, 2H), 2.08 (s, 3H),
2.00-1.89 (m, 5H);

13

C NMR (CDCl3, 101 MHz): δ 170.9, 142.0, 139.5, 126.1, 121.0,

119.8, 118.8, 117.0, 111.8, 55.7, 41.3, 34.6, 23.4, 11.8. HRMS (ESI) m/z: [M++1]
calculated for C18H24N3O: 298.1914; observed: 298.1918.

7.2) Biophysical techniques
7.2.1) Fluorescence Polarization (FP)
FP competitive binding experiments were performed on 384-well plates (Corning 3575)
with a PHERAstar FS (BMG LABTECH), with an excitation wavelength at 485 nm and
emission wavelength at 520 nm. Each well contained 15 µL solution of 15 nM of VBC
protein,

10

nM

of

FAM-labelled

HIF-1α

peptide

(FAM-

DEALAHypYIPMDDDFQLRSF, Kd = 3 nM as measured by a direct FP titration) and a
range of concentrations of test compound (14-point serial two-fold dilutions starting from
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50 µM) buffered in 100 mM Bis-tris, 100 mM NaCl, 1 mM DTT, pH 7. Positive control
wells containing VBC and peptide in the absence of compound and negative control wells
containing peptide only were set up to measure the maximum and background signal,
respectively. Data were obtained in triplicate and the percentage of displacement was
determined and ploted against log[VHL inhibitors]. Average IC50 values and the standard
error of mean (SEM) were determined for each titration using Prism 6. Dissociation
constants Kd were back-calculated from the measured IC50 values using a displacement
binding model, as described previously.67

7.2.2) Isothermal Titration Calorimetry (ITC) VHL:HIF Inhibitors
ITC experiments were performed on an ITC200 micro-calorimeter (GE Healthcare). The
compounds were diluted from DMSO stock solution to 300 µM in a buffer of 20 mM BisTris propane, 150 mM NaCl, 1 mM DTT, pH 7. The compounds were titrated against 30
µM VBC complex, equilibrated in the same buffer. The final concentration of DMSO in
each experiment was 3% (v/v).
The titrations consisted of 20 injections of 2 µL of ligand solution at a rate of 0.5 μL/s at
120 s time intervals. An initial injection of ligand (0.4 µL) was made and discarded during
data analysis. All experiments were performed at 25°C whilst stirring at 750 rpm. The
data were fitted to a single-binding-site model using the Microcal LLC ITC200 Origin
software provided by the manufacturer to obtain the stoichiometry n, the dissociation
constant Kd and the enthalpy of binding ΔH.

Thioamide Inhibitors
Experiments were performed on the instrument as described previously. The compounds
were diluted from DMSO stock solution to 600 µM in a buffer of 20 mM Bis-Tris
propane, 150 mM NaCl, 1 mM DTT, pH 7. The compounds were titrated against 60 µM
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VBC complex, equilibrated in the same buffer. The final concentration of DMSO in each
experiment was 3% (v/v).
The titrations consisted of 20 injections of 2 µL of ligand solution at a rate of 0.5 μL/s at
120 s time intervals. An initial injection of ligand (0.4 µL) was made and discarded during
data analysis. All experiments were performed at 25°C whilst stirring at 750 rpm. The
data were fitted to a single-binding-site model using the Microcal LLC ITC200 Origin
software provided by the manufacturer to obtain the stoichiometry n, the dissociation
constant Kd and the enthalpy of binding ΔH.

Titrations against V(200W)BC mutant
Experiments were performed on the instrument as described previously. VH298 was
diluted from DMSO stock solution to 300 µM in a buffer of 20 mM Bis-Tris propane,
150 mM NaCl, 1 mM DTT, pH 7. VH298 was titrated against 30 µM V(200W)BC complex,
equilibrated in the same buffer. The final concentration of DMSO in each experiment was
3% (v/v). HIF-1α peptide (DEALAHypYIPMDDDFQLRSF) was diluted from its stock
solution to 100 μM in a buffer of 20 mM Bis-Tris propane, 150 mM NaCl, 1 mM DTT,
pH 7. HIF-1α peptide was titrated against 10 μM V200WBC complex, equilibrated in the
same buffer.
The titrations consisted of 20 injections of 2 µL of ligand solution at a rate of 0.5 μL/s at
120 s time intervals. An initial injection of ligand (0.4 µL) was made and discarded during
data analysis. All experiments were performed at 25°C whilst stirring at 750 rpm. The
data were fitted to a single-binding-site model using the Microcal LLC ITC200 Origin
software provided by the manufacturer to obtain the stoichiometry n, the dissociation
constant Kd and the enthalpy of binding ΔH.
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7.2.3) Surface Plasmon Resonance (SPR)
VHL:HIF Inhibitors
VHL inhibitors were dissolved in DMSO (1 mM) and then diluted 20 fold in DMSO to
achieve a 50 μM final stock concentration. Ligand stock solution was serially diluted at
two-fold per step for five steps in DMSO and the obtained solutions were then further
diluted in SPR buffer (20 mM HEPES, 150 mM NaCl, 1 mM DDT, 0.005% Tween P20
(v/v), pH 7.0) to obtain a final ligand two-fold dilution series from 1 μM to 31.25 nM
with total 2% (v/v) DMSO. The solutions were then transferred to a 96-well plate. The
experiment was conducted on a Biacore T100 (GE Healthcare, Biacore, Uppsala,
Sweden) at 10 ºC or 20 ºC and solutions were injected individually using 60 s association
time and 160 s dissociation times. Data were analysed using Biacore T100 Evaluation
Software from the manufacturer. Reference flow-cell response was subtracted from the
sample response with immobilized VBC protein to correct for systematic noise and
baseline drift. Solvent correction was performed and the response from the blank
injections was used to double reference the binding data. Binding responses were
normalized by molecular weight of the tested compounds and kon or koff values were
obtained using a 1:1 binding model fit.

2nd VHL pocket fragment screening
2nd VHL pocket fragments were dissolved in DMSO (100 mM) and then diluted 3.3 fold
in DMSO to achieve a 30 mM final stock concentration for MB756, FG17-18, FG23-26
and FG29-32 fragments and 4.4 fold in DMSO to achieve a 23 mM final stock solution
for the FG33-64 fragments. Ligand stock solution was serially diluted at two-fold per
step for five steps in DMSO and the obtained solutions were then diluted in SPR buffer
(20 mM potassium phosphate, 150 mM NaCl, 1 mM TCEP, 0.005% Tween 20, pH 7.5
and 3% DMSO) to obtain a final ligand two-fold dilution series from 900 μM to 28 µM
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for the first series of fragments or 700 µM to 21 µM for the spiro fragment series. The
diluted ligand solutions were then transferred to a 96-well plate. The experiment was
conducted on a Biacore T100 upgraded for T200 sensitivity (GE Healthcare, Biacore,
Uppsala, Sweden) at 10 ºC. Solutions were injected individually using 70 s association
time and 80 s dissociation time. Data were analysed using Biacore T100 Evaluation
Software from the manufacturer. Reference flow-cell response was subtracted from the
sample response with immobilized VBC protein to correct for systematic noise and
baseline drift. Solvent correction was performed and the response from the blank
injections was used to double reference the binding data. Binding responses were
normalized by molecular weight and %Rmax was determined for each fragment individual
injections based on the surface activity and normalized for the control responses. Steady
state Kd’s were determined for the most promising fragments using the previously
described software by plotting the responses obtained on each individual injections before
dissociation against the fragment concentrations.

7.2.4) Protein X-ray Crystallography
7.2.4.1) VBC, VBCH and V(R200W)BCH protein crystallization and soaking
VBC
Crystallization trial droplets were set up by mixing equal volumes of purified VBC
protein solution (~5 mg/mL) and precipitating solution on 24-well plates at 18°C using
hanging-drop vapor diffusion method for 2 days. The precipitating solution contained 0.1
mM sodium cacodylate, pH 6.2-6.6, 16-18% polyethylene glycol 3350, 0.2 M magnesium
acetate and 10 mM DTT. The drop was streaked with seeds of disrupted VBC crystals.
To obtain thioamide inhibitors soaked VBC crystals, apo VBC crystals were transferred
to soaking solution containing 3 mM of inhibitor in 3% v/v DMSO, 12% v/v isopropanol
and 85% v/v precipitating solution and incubated for 5 hours at room temperature.
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VBCH
Crystallization trial droplets were set up by mixing equal volumes of purified VBCH
solution (~5 mg/mL) and precipitating solution on 24-well plates at 18°C using hangingdrop vapor diffusion method for 3 days. The precipitating solution contained 0.1 mM
potassium phosphate, pH 6.2-6.6, 18-22% polyethylene glycol 5000, 0.2 M ammonium
sulphate and 10 mM DTT. To obtain fragments FG30-32 soaked VBCH crystals, apo
VBCH crystals were transferred to a soaking solution containing 30 mM fragment in 3%
v/v DMSO, 12% v/v isopropanol and 85% v/v precipitating solution and incubated
overnight at room temperature. To obtain fragments FG35, FG52 and FG53 soaked
VBCH crystals; apo VBCH crystals were transferred to a soaking solution containing
either 15 or 5 mM fragment in 3% v/v DMSO, 12% v/v isopropanol and 85% v/v
precipitating solution and incubated overnight at room temperature.
VR200WBCH
Crystallization trial droplets were set up by mixing equal volumes of purified VR200WBCH
(~5 mg/mL) and precipitation solution on 24-well plates at 18°C using hanging-drop
vapor diffusion method for 3 days. The precipitating solution contained 0.1 mM
potassium phosphate, pH 6.2-6.6, 17-20% polyethylene glycol 5000, 0.2 M ammonium
sulphate and 10 mM DTT. To obtain fragments FG31 and FG32 soaked VR200WBCH
crystals, VR200WBCH crystals were transferred to a soaking solution containing 30 mM
of fragment in 3% v/v DMSO, 12% v/v isopropanol and 85% v/v liquor solution and
incubated overnight at room temperature.

7.2.4.2) X-ray data collection, structure solution, model building and refinement
Crystals were pre-screened using in-house Rigaku M007HF X-ray generator and Saturn
944HG+ CCD detector. X-ray data were collected at 100 K at Diamond Light Source
beamline I04-1 or ESRF beamline ID23-1. Indexing and integration of reflections was
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performed using XDS with the XDSGUI interface,181 and scaling and merging with
AIMLESS

in

CCP4i.182,183

The

isomorphous

datasets

were

refined

using

REFMAC5184,185 and COOT186 using a template structure derived from the Protein Data
Bank (PDB) entry 1vcb (VBC crystal structures) and entry 1lm8 (VBCH and
VR200WBCH).30,47 Ligand structures and restraints were generated using the PRODRG
server.187 The MOLPROBITY server was used to validate the geometry and steric clashes
in the structures.188

7.2.5) Nuclear Magnetic Resonance (NMR)
2nd VHL pocket fragment displacement assay
The NMR (CPMG, STD and WaterLOGSY) experiments were performed at 5 ºC on a
Bruker Advance III 500 spectrometer equipped with CryoProbe. The NMR displacement
solutions (200 μL final solution) were prepared by mixing 125 μL buffer (20 mM
potassium phosphate, 150 mM NaCl, 1 mM DTT and pH = 7), 40 μL Trimethylsilyl
propanoic acid aqueous solution (20 μM final concentration), 25 μL VCB protein
complex solution (30 μM final concentration), 5 μL DMSO solution of spy molecule
FG17 and 5 μL DMSO solution of displacer (500 μM final concentration for spy and
displacer, 5% v/v for DMSO). NMR spy molecule solutions without protein and displacer
(maximum displacement) and without displacer (minimum displacement) were also
tested to calculate displacement values. NMR spectra for each experiment were analysed
using Bruker TopSpin 3.2 software.

2nd VHL pocket fragment screening of binding against VBC and VR200WBC
The NMR binding screening (CPMG, STD) experiments were performed at 5ºC on a
Bruker Advance III 500 spectrometer equipped with CryoProbe. The NMR solutions (200
μL final solution) were prepared by mixing 125 μL VBC buffer solution (20 mM
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potassium phosphate, 150 mM NaCl, 1 mM DTT and pH = 7), 40 μL Trimethylsilyl
propanoic acid aqueous solution (20 μM final concentration), 25 μL VCB or VR200WCB
protein complex (20 μM final concentration) and 10 μL DMSO solution of fragment (500
μM final concentration, final DMSO concentration 5% v/v). NMR fragment solutions
without protein were also prepared to evaluate fragment binding. NMR spectra for each
experiment were analysed using Bruker TopSpin 3.2 software.

7.2.6) Fragment solubility evaluation sample preparation
Sample fragment concentration was evaluated by Quantitative HPLC coupled Mass
spectroscopy in a 96 well-plate. Calibration line solutions were prepared by dilution of
the fragments in DMSO (100 μL final solution) with variable fragment concentrations
(seven concentration points) and then plated. The saturated sample solutions were
prepared by dilution of a DMSO fragment stock solution in a 20 mM HEPES (pH =7),
150 mM NaCl, 1 mM DTT. The final concentration of DMSO on each sample was 5%.
All fragment saturated solutions were shaken for 5 hours at room temperature and then
centrifuge to spin down insolubilized fraction. Fragment sample was plated (100 μL) and
the plate was submitted for HPLC-MS analysis.

7.2.7) Differential Scanning Fluorimetry (DSF)
DSF screening assays were performed in CFX96 Touch Real-time PCR detection system
(Biorad). SYPRO Orange (Invitrogen Molecular Probes) at a dilution of 1:1000 was used
as the reporter dye to monitor proteins thermal denaturation (VBC, VR200WBC, VBCH
and VR200WBCH). Samples were diluted from their respective DMSO stock solution into
a buffered solution (20 mM HEPES, 100 mM NaCl, 1 mM DTT, 2.5x SYPRO Orange)
with protein to obtain a final 1.5 mM (MB756, FG17-18, FG23-26 and FG29-32) or 1
mM (FG35-64) fragments and 7.5 µM protein in 5% v/v DMSO.

277
The temperature was raised from 25ºC to 95ºC in increments of 1ºC per minute, collecting
fluorescence reading at the end of each interval. Each sample was run in triplicate and
data is reported as an average value ± standard deviation.

7.3) Molecular Biology Methods
7.3.1) Plasmids
The plasmids encoding 6 his-tagged pVHL short isoform (54-213) and encoding EloBC
were cloned by Dr. Inge van Molle, a former post-doctoral researcher in Ciulli laboratory.
All plasmids and respective mutations are summarized in Table 1.
Table 1 – Summary of all constructs
Plasmid ID

Protein

Vector

Resistance

Tags

Cleavage
site

Expected Mass
(Da)

Measured
Mass (Da)

pIVM01

pVHL54-213

pHAT4

Ampicillin

6xHis

TEV

18676

18676

pIVM26

EloB1-104/EloC17-112

pCDF1b
-DUET

Streptomycin

-

-

EloB: 11733
EloC: 10964

EloB: 11733
EloC: 10964

pIVM29

pVHL54-213 R200W

pHAT4

Ampicillin

6xHis

TEV

18706

18707

pPS1

pVHL54-213

pHAT4

Ampicillin

10xHis

TEV

23018
(pVHL+tag)

23018

pPS2

pVHL54-213 R200W

pHAT4

Ampicillin

10xHis

TEV

23048
(pVHLR200W+tag)

23045

7.3.2) Site-direct mutagenesis
The pVHL protein with 10 his-tag was prepared by PCR-based method using the
respective expression vectors which encoded for the 6 his-tag pVHL protein as a template.
pVHL 10 his-tagged Chuvash disease mutant protein (pVHL54-213 R200W) was prepared
by the same method using the vector that encoded for the 10 his-tag wild type protein as
a template. The expression vectors were amplified using Phusion (Thermo Scientific),
following manufacturer guideline and specific primers (Table 2). The obtained PCR
products were incubated with DpnI to digest template DNA and then transformed into
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DH5α E. coli cells. Plasmids were extracted from the transformant by miniprep and the
correctness of mutations was confirmed by DNA sequencing.
Table 2 – Primers used for the mutations of pVHL
Protein

pVHL

Mutation

Fw primer 5’→3’

Rv primer 5’→3’

6xHis tag→10xHis tag

CATCATCACCATCACCACCATCACAACCACTAGTGGATCTG

GTGGTGATGGTGATGATGGTGATGAATGGTGTTCA
TGGATA

10xHis tag WT→10xHis
tagR200W

TGGAGTGGCTGACACAGGAGCGCATTGCACATCAAC

GTGTCAGCCACTCCAGGTCTTTCTGGACATTTGGG

7.3.3) Transformation
A solution of 50 µL of chemically competent E. coli cells [DH5α strain was used for
cloning and BL21(DE3) strain was used for protein expression] were thawed on ice and
then 100-150 ng of plasmid DNA (1-3 µL) were added and the samples incubated on ice
for 30 min. Then, the cells were heat-shocked for 60 sec in a water bath at 42ºC and
immediately cooled on ice for 10 min. After diluting the cells with 150µL of autoclaved
lysogeny broth (LB) media cells were incubated for 60 min at 37ºC. Lastly the cell
suspension was plated on a LB/agar plates containing the appropriate antibiotic and
incubated at 37ºC overnight.
7.3.4) Bacterial Protein expression
VBC ternary complex and variant proteins were expressed and purified as described
previously.67 BL21 (DE3) E. coli cells were co-transformed with the plasmid for
expression of pVHL and the bi-cistronic pDUET plasmid for expression of EloBC. A
single colony of transformant was used to inoculate LB media with the appropriate
antibiotics. Protein expression was induced with 0.3 mM IPTG (OD600 reached 0.8) at
24ºC for 18 h. Co-expression of these proteins resulted in the formation of the trimeric
complex (VBC) which was purified by two steps of affinity chromatography (only one
for the 10 his-tagged proteins), followed by ion exchange chromatography and finally by
size-exclusion chromatography. The His-tag was cleaved between the two affinity
chromatography steps of the 6 his-tagged proteins with TEV. Following this protocol the
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yield of protein was about 15-20 mg of protein per litre of culture for VBC wild type, 1015 mg for V(R200W)BC mutant and about 2-8 mg for the 10 his-tagged proteins.
The protein identities were confirmed by electrospray mass spectrometry analysis.
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Figure AI.1 – Fluorescence Polarization data of the titration of pVHL:HIF inhibitors
(VH032 and 2-12) into VBC. The inhibitors were used as displacers of a FAM-labelled
HIF-1α peptide (FAM-DEALAHypYIPMDDDFQLRSF). The experiments were
performed in triplicate and the results are an averaged value. The error bars represent the
standard deviation of each point. The responses were normalized [peptide in the absence
of compound (0% displacement), and peptide in the absence of protein (100%
displacement)] and fitted using GraphPad Prism 7 software.
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Figure AI.2 – Fluorescence Polarization data of the titration of pVHL:HIF inhibitors (
11-21) into VBC. The inhibitors were used as displacers of a FAM-labelled HIF-1α
peptide (FAM-DEALAHypYIPMDDDFQLRSF). The experiments were performed in
triplicate and the results are an averaged value. The error bars represent the standard
deviation of each point. The responses were normalized [peptide in the absence of
compound (0% displacement), and peptide in the absence of protein (100%
displacement)] and fitted using GraphPad Prism 7 software.

303
Figure AI.3 – Isothermal Titration Calorimetry data of the titrations of pVHL:HIF
inhibitors (3, 6, 10, 15, 16, 17, 18 and 19) against VBC.

304
Figure AI.4 – Surface Plasmon Resonance sensograms of pVHL:HIF inhibitors (VH032,
10 and 15) binding into surface-immobilized VBC. The experiments were performed at
10 and 20ºC and the binding kinetic parameters were obtained from a 1:1 binding model
fit.
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Figure AI.5 – Surface Plasmon Resonance sensograms of pVHL:HIF inhibitors (16 and
18) binding into surface-immobilized VBC. The experiments were performed at 10 and
20ºC and the binding kinetic parameters were obtained from a 1:1 binding model fit.
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Figure AI.6 – Fluorescence Polarization data of the titration of thioamide inhibitor
derivatives (31-33) into VBC. The inhibitors were used as displacers of a FAM-labelled
HIF-1α peptide (FAM-DEALAHypYIPMDDDFQLRSF). The experiments were
performed in triplicate and the results are an averaged value. The error bars represent the
standard deviation of each point. The responses were normalized [peptide in the absence
of compound (0% displacement), and peptide in the absence of protein (100%
displacement)] and fitted using GraphPad Prism 7 software.
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Figure AI.7 – Isothermal Titration Calorimetry data of the titrations of thioamide
inhibitor derivatives (31-33) against VBC.
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Figure AI.8 – Surface Plasmon Resonance sensograms of fragments MB756, FG17,
FG18, FG23 and FGPSB1-2 (FG24-25) into a surface-immobilized VBC. The
experiments were performed at 10ºC. Kds were estimated from the fitting of the steady
state responses.
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Figure AI.9 – Surface Plasmon Resonance sensograms of fragments FGPSB3 (FG26),
FGPSB7-10 (FG29-32) into a surface-immobilized VBC. The experiments were
performed at 10ºC. Kds were estimated from the fitting of the steady state responses.
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Figure AI.10 – Ligand observed CPMG NMR experiment of fragments FGPSB1-5
(FG24-28) and FGPSB7 (FG29). The experiments were performed in a competition
format, evaluating capacity of the fragments to displace a known binder (FG17) of the
second pVHL pocket.
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Figure AI.11 – Ligand observed STD NMR experiment of fragments FGPSB1-4 (FG2427) and FGPSB7 (FG29). The experiments were performed in a competition format,
evaluating capacity of the fragments to displace a known binder (FG17) of the second
pVHL pocket.
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Figure AI.12 – DSF screening assays of VBC in the presence of fragments MB756,
FG17, FG18, FG23, FGPSB1-3 (FG24-26) and FGPSB8-10 (FG30-32). The
temperature was raised between 25 to 95ºC with increments of 1ºC per minute, collecting
fluorescence at the end of each interval. The assay was done in triplicate and the melting
temperature reported as an average ± sd.
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Figure AI.13 – DSF screening assays of VBC in the presence of fragments FGPS17B15 (FG33-37). The temperature was raised between 25 to 95ºC with increments of 1ºC per
minute, collecting fluorescence at the end of each interval. The assay was done in
triplicate and the melting temperature reported as an average ± sd. (Results are presented
as T(ºC)vsRFUs or T(ºC)vs-d(RFU)/dT).
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Figure AI.14 – DSF screening assays of VBC in the presence of fragments FGPS17B68 (FG38-40). The temperature was raised between 25 to 95ºC with increments of 1ºC per
minute, collecting fluorescence at the end of each interval. The assay was done in
triplicate and the melting temperature reported as an average ± sd. (Results are presented
as T(ºC)vsRFUs or T(ºC)vs-d(RFU)/dT).
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Figure AI.15 – DSF screening assays of VBC in the presence of fragments FGPS17B1115 (FG43-47). The temperature was raised between 25 to 95ºC with increments of 1ºC
per minute, collecting fluorescence at the end of each interval. The assay was done in
triplicate and the melting temperature reported as an average ± sd. (Results are presented
as T(ºC)vsRFUs or T(ºC)vs-d(RFU)/dT).
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Figure AI.16 – DSF screening assays of VBC in the presence of fragments FGPS17B1620 (FG48-52). The temperature was raised between 25 to 95ºC with increments of 1ºC
per minute, collecting fluorescence at the end of each interval. The assay was done in
triplicate and the melting temperature reported as an average ± sd. (Results are presented
as T(ºC)vsRFUs or T(ºC)vs-d(RFU)/dT).
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Figure AI.17 – DSF screening assays of VBC in the presence of fragments FGPS17B2125 (FG53-57). The temperature was raised between 25 to 95ºC with increments of 1ºC
per minute, collecting fluorescence at the end of each interval. The assay was done in
triplicate and the melting temperature reported as an average ± sd. (Results are presented
as T(ºC)vsRFUs or T(ºC)vs-d(RFU)/dT).
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Figure AI.18 – DSF screening assays of VBC in the presence of fragments FGPS17B2630 (FG58-FG62). The temperature was raised between 25 to 95ºC with increments of
1ºC per minute, collecting fluorescence at the end of each interval. The assay was done
in triplicate and the melting temperature reported as an average ± sd. (Results are
presented as T(ºC)vsRFUs or T(ºC)vs-d(RFU)/dT).
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Figure AI.19 – DSF screening assays of VBC in the presence of fragments FGPS17B3132 (FG63-64), VHL:HIF inhibitor VH298 and no ligand. The temperature was raised
between 25 to 95ºC with increments of 1ºC per minute, collecting fluorescence at the end
of each interval. The assay was done in triplicate and the melting temperature reported as
an average ± sd. (Results are presented as T(ºC)vsRFUs or T(ºC)vs-d(RFU)/dT).
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Figure AI.20 – DSF screening assays of VBCH in the presence of fragments FGPS17B15 (FG33-37). The temperature was raised between 25 to 95ºC with increments of 1ºC per
minute, collecting fluorescence at the end of each interval. The assay was done in
triplicate and the melting temperature reported as an average ± sd. (Results are presented
as T(ºC)vsRFUs or T(ºC)vs-d(RFU)/dT).
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Figure AI.21 – DSF screening assays of VBCH in the presence of fragments FGPS17B68 (FG38-40). The temperature was raised between 25 to 95ºC with increments of 1ºC per
minute, collecting fluorescence at the end of each interval. The assay was done in
triplicate and the melting temperature reported as an average ± sd. (Results are presented
as T(ºC)vsRFUs or T(ºC)vs-d(RFU)/dT).
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Figure AI.22 – DSF screening assays of VBCH in the presence of fragments
FGPS17B11-15 (FG43-47). The temperature was raised between 25 to 95ºC with
increments of 1ºC per minute, collecting fluorescence at the end of each interval. The
assay was done in triplicate and the melting temperature reported as an average ± sd.
(Results are presented as T(ºC)vsRFUs or T(ºC)vs-d(RFU)/dT).
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Figure AI.23 – DSF screening assays of VBCH in the presence of fragments
FGPS17B16-20 (FG48-52). The temperature was raised between 25 to 95ºC with
increments of 1ºC per minute, collecting fluorescence at the end of each interval. The
assay was done in triplicate and the melting temperature reported as an average ± sd.
(Results are presented as T(ºC)vsRFUs or T(ºC)vs-d(RFU)/dT).
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Figure AI.24 – DSF screening assays of VBCH in the presence of fragments
FGPS17B21-25 (FG53-57). The temperature was raised between 25 to 95ºC with
increments of 1ºC per minute, collecting fluorescence at the end of each interval. The
assay was done in triplicate and the melting temperature reported as an average ± sd.
(Results are presented as T(ºC)vsRFUs or T(ºC)vs-d(RFU)/dT).
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Figure AI.25 – DSF screening assays of VBCH in the presence of fragments
FGPS17B26-30 (FG58-62). The temperature was raised between 25 to 95ºC with
increments of 1ºC per minute, collecting fluorescence at the end of each interval. The
assay was done in triplicate and the melting temperature reported as an average ± sd.
(Results are presented as T(ºC)vsRFUs or T(ºC)vs-d(RFU)/dT).
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Figure AI.26 – DSF screening assays of VBCH in the presence of fragments
FGPS17B31-32 (FG63-64) and no ligand. The temperature was raised between 25 to
95ºC with increments of 1ºC per minute, collecting fluorescence at the end of each
interval. The assay was done in triplicate and the melting temperature reported as an
average ± sd. (Results are presented as T(ºC)vsRFUs or T(ºC)vs-d(RFU)/dT).
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Figure AI.27 – Surface Plasmon Resonance sensograms of fragments FGPS17B1-8
(FG33-FG40) into a surface-immobilized VBC. The experiments were performed at
10ºC. Kds were estimated from the fitting of the steady state responses.
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Figure AI.28 – Surface Plasmon Resonance sensograms of fragments FGPS17B11-16
(FG43-48) into a surface-immobilized VBC. The experiments were performed at 10ºC.
Kds were estimated from the fitting of the steady state responses.
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Figure AI.29 – Surface Plasmon Resonance sensograms of fragments FGPS17B17-24
(FG49-56) into a surface-immobilized VBC. The experiments were performed at 10ºC.
Kds were estimated from the fitting of the steady state responses.
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Figure AI.30 – Surface Plasmon Resonance sensograms of fragments FGPS17B25-32
(FG57-64) into a surface-immobilized VBC. The experiments were performed at 10ºC.
Kds were estimated from the fitting of the steady state responses.
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Figure AI.31 – Surface Plasmon Resonance steady state responses of fragments FG3335, FG37-38 and FG40-64 (VBC) plotted against fragment concentration. The
experiments were performed at 10ºC. Kds were estimated from the fitting of the steady
state responses.
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Figure AI.32 – Isothermal Titration Calorimetry data of the titrations of VH298 and 19mer HIF-1α against VR200WBC.
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Figure AI.33 – Ligand observed CPMG NMR experiment of fragments (MB756, FG17,
FG18, FG23 and FGPSB1-2 (FG24-25). Fragments biding was evaluated in the presence
of VBC or mutant VR200WBC.
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Figure AI.34 – Ligand observed CPMG NMR experiment of fragments FGPSB3
(FG26), FGPS7-10 (FG29-32). Fragments biding was evaluated in the presence of VBC
or mutant VR200WBC.
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Figure AI.35 – Ligand observed STD NMR experiment of fragments (MB756, FG17,
FG18, FG23 and FGPSB1-2 (FG24-25). Fragments biding was evaluated in the presence
of VBC or mutant VR200WBC.

336
Figure AI.36 – Ligand observed CPMG NMR experiment of fragments FGPSB3
(FG26), FGPS7-10 (FG29-32). Fragments biding was evaluated in the presence of VBC
or mutant VR200WBC.
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Figure AI.37 – Surface Plasmon Resonance sensograms of fragments MB756, FG17,
FG18, FG23 and FGPSB1-2 (FG24-25) into a surface-immobilized VR200WBC. The
experiments were performed at 10ºC. Kds were estimated from the fitting of the steady
state responses.
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Figure AI.38 – Surface Plasmon Resonance sensograms of fragments FGPSB3 (FG26),
FGPSB8 (FG30), FGPSB10 (FG32) into a surface-immobilized VR200WBC. The
experiments were performed at 10ºC. Kds were estimated from the fitting of the steady
state responses.
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Figure AI.39 – Surface Plasmon Resonance steady state responses of fragments MB756,
FG17-18, FG24-26 and FG30-32 (VR200WBC) plotted against fragment concentration.
The experiments were performed at 10ºC. Kds were estimated from the fitting of the
steady state responses.
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Figure AI.40 – DSF screening assays of VR200WBC in the presence of fragments
FGPS17B1-4 (FG33-36). The temperature was raised between 25 to 95ºC with
increments of 1ºC per minute, collecting fluorescence at the end of each interval. The
assay was done in triplicate and the melting temperature reported as an average ± sd.
[Results are presented as T(ºC)vsRFUs or T(ºC)vs -d(RFU)/dT].
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Figure AI.41 – DSF screening assays of VR200WBC in the presence of fragments
FGPS17B5-8 (FG37-40). The temperature was raised between 25 to 95ºC with
increments of 1ºC per minute, collecting fluorescence at the end of each interval. The
assay was done in triplicate and the melting temperature reported as an average ± sd.
[Results are presented as T(ºC)vsRFUs or T(ºC)vs -d(RFU)/dT].
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Figure AI.42 – DSF screening assays of VR200WBC in the presence of fragments
FGPS17B11-14 (FG43-46). The temperature was raised between 25 to 95ºC with
increments of 1ºC per minute, collecting fluorescence at the end of each interval. The
assay was done in triplicate and the melting temperature reported as an average ± sd.
[Results are presented as T(ºC)vsRFUs or T(ºC)vs -d(RFU)/dT].
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Figure AI.43 – DSF screening assays of VR200WBC in the presence of fragments
FGPS17B15-19 (FG47-51). The temperature was raised between 25 to 95ºC with
increments of 1ºC per minute, collecting fluorescence at the end of each interval. The
assay was done in triplicate and the melting temperature reported as an average ± sd.
[Results are presented as T(ºC)vsRFUs or T(ºC)vs -d(RFU)/dT].
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Figure AI.44 – DSF screening assays of VR200WBC in the presence of fragments
FGPS17B20-24 (FG52-56). The temperature was raised between 25 to 95ºC with
increments of 1ºC per minute, collecting fluorescence at the end of each interval. The
assay was done in triplicate and the melting temperature reported as an average ± sd.
[Results are presented as T(ºC)vsRFUs or T(ºC)vs -d(RFU)/dT].
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Figure AI.45 – DSF screening assays of VR200WBC in the presence of fragments
FGPS17B25-29 (FG57-61). The temperature was raised between 25 to 95ºC with
increments of 1ºC per minute, collecting fluorescence at the end of each interval. The
assay was done in triplicate and the melting temperature reported as an average ± sd.
[Results are presented as T(ºC)vsRFUs or T(ºC)vs -d(RFU)/dT].
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Figure AI.46 – DSF screening assays of VR200WBC in the presence of fragments
FGPS17B30-32 (FG62-64), VHL ligand VH298 and protein alone. The temperature
was raised between 25 to 95ºC with increments of 1ºC per minute, collecting fluorescence
at the end of each interval. The assay was done in triplicate and the melting temperature
reported as an average ± sd. [Results are presented as T(ºC)vsRFUs or T(ºC)vs d(RFU)/dT].
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Figure AI.47 – DSF screening assays of VR200WBCH in the presence of fragments
FGPS17B1-5 (FG33-37). The temperature was raised between 25 to 95ºC with
increments of 1ºC per minute, collecting fluorescence at the end of each interval. The
assay was done in triplicate and the melting temperature reported as an average ± sd.
[Results are presented as T(ºC)vsRFUs or T(ºC)vs -d(RFU)/dT].
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Figure AI.48 – DSF screening assays of VR200WBCH in the presence of fragments
FGPS17B6-8 (FG38-40). The temperature was raised between 25 to 95ºC with
increments of 1ºC per minute, collecting fluorescence at the end of each interval. The
assay was done in triplicate and the melting temperature reported as an average ± sd.
[Results are presented as T(ºC)vsRFUs or T(ºC)vs -d(RFU)/dT].
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Figure AI.49 – DSF screening assays of VR200WBCH in the presence of fragments
FGPS17B11-15 (FG43-47). The temperature was raised between 25 to 95ºC with
increments of 1ºC per minute, collecting fluorescence at the end of each interval. The
assay was done in triplicate and the melting temperature reported as an average ± sd.
[Results are presented as T(ºC)vsRFUs or T(ºC)vs -d(RFU)/dT].
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Figure AI.50 – DSF screening assays of VR200WBCH in the presence of fragments
FGPS17B16-20 (FG48-52). The temperature was raised between 25 to 95ºC with
increments of 1ºC per minute, collecting fluorescence at the end of each interval. The
assay was done in triplicate and the melting temperature reported as an average ± sd.
[Results are presented as T(ºC)vsRFUs or T(ºC)vs -d(RFU)/dT].

351
Figure AI.51 – DSF screening assays of VR200WBCH in the presence of fragments
FGPS17B21-25 (FG53-57). The temperature was raised between 25 to 95ºC with
increments of 1ºC per minute, collecting fluorescence at the end of each interval. The
assay was done in triplicate and the melting temperature reported as an average ± sd.
[Results are presented as T(ºC)vsRFUs or T(ºC)vs -d(RFU)/dT].
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Figure AI.52 – DSF screening assays of VR200WBCH in the presence of fragments
FGPS17B26-30 (FG58-62). The temperature was raised between 25 to 95ºC with
increments of 1ºC per minute, collecting fluorescence at the end of each interval. The
assay was done in triplicate and the melting temperature reported as an average ± sd.
[Results are presented as T(ºC)vsRFUs or T(ºC)vs -d(RFU)/dT].

353
Figure AI.53 – DSF screening assays of VR200WBCH in the presence of fragments
FGPS17B31-32 (FG63-64) and protein alone. The temperature was raised between 25 to
95ºC with increments of 1ºC per minute, collecting fluorescence at the end of each
interval. The assay was done in triplicate and the melting temperature reported as an
average ± sd. [Results are presented as T(ºC)vsRFUs or T(ºC)vs -d(RFU)/dT].
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Figure AI.54 – Surface Plasmon Resonance sensograms of fragments FGPS17B1-3
(FG33-35), FGPS17B6 (FG38), FGPS17B8 (FG40) into a surface-immobilized
VR200WBC. The experiments were performed at 10ºC. Kds were estimated from the fitting
of the steady state responses.
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Figure AI.55 – Surface Plasmon Resonance sensograms of fragments FGPS17B11-15
(FG43-47) into a surface-immobilized VR200WBC. The experiments were performed at
10ºC. Kds were estimated from the fitting of the steady state responses.
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Figure AI.56 – Surface Plasmon Resonance sensograms of fragments FGPS17B16-21
(FG48-53) into a surface-immobilized VR200WBC. The experiments were performed at
10ºC. Kds were estimated from the fitting of the steady state responses.
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Figure AI.57 – Surface Plasmon Resonance sensograms of fragments FGPS17B28-29
(FG59-60), FGPS17B31-32 (FG61-62) into a surface-immobilized VR200WBC. The
experiments were performed at 10ºC. Kds were estimated from the fitting of the steady
state responses.
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Figure AI.58 – Surface Plasmon Resonance steady state responses of fragments FG3335, FG38, FG40-53 and FG60-64 (VR200WBC) plotted against fragment concentration.
The experiments were performed at 10ºC. Kds were estimated from the fitting of the
steady state responses.
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