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Abstract

Protein-protein interactions (PPIs) play essential roles in regulating cellular
processes, thus emerging as an important class of targets for drug discovery.
The B cell CLL/lymphoma-2 (BCL-2) family of proteins control the intrinsic (or
mitochondrial) apoptotic pathway, and can be divided into two major classes:
pro-apoptotic members and pro-survival members. In cancer cells, the
overexpression of pro-survival proteins can block pro-apoptotic signalling by
sequestering the BH3-only proteins (pro-apoptotic), thus allowing cancer to
grow and spread. Selective inhibition of BCL-xL, a pro-survival member, is of
great interest due to its functional roles in solid tumours and drug resistance.
Using peptides as inhibitors of PPIs serves as a promising approach because
of their larger sizes and intrinsic conformations mimicking native binding
domains. However, peptides that have native helical structures do not readily
adopt bioactive shapes when taken out of the corresponding parent proteins.
The main aim of this project was to design potent and selective inhibitors of
BCL-xL using peptidomimetic approaches. The generated hits were proposed
to serve as starting points for development of therapeutics for treatment of BCL-
xL-overexpressed cancer. To do this, two main methods, peptide constraining
and coiled-coil grafting, were used with assistance of computational tools.

Peptide constraining is one of the notable methods for generating stabilised
helices. Strategies and consequences of constraining are described in chapter
1 (published in Chem. Sci.). Two BH3 ligands, BAD and HRK, were chose as
starting points for the design of peptidomimetics targeting BCL-x.. Chapter 2
describes efforts to constrain the BAD BH3 domain (published in Bioorganic
Med. Chem. Lett.). CD spectroscopy and MD simulations revealed that the loss
of potency after introducing a constraint might be due to disruption of the
orientation of key hot-spot residues and a reduced helicity of the bound-state
ligand or complex.

Efforts to construct HRK-derived constrained peptides led to more promising
outcomes as described in chapter 3 (also published in Chem. Commun.). A
combination of computational modelling and a maleimide-staple scan led to a
constrained peptide, HRKS4, with slightly improved potency, enhanced helicity
in comparison to the linear precursor, and improved proteolytic stability. Further
sequence truncation alongside hybridisation led to shorter peptides with
significantly improved potency. The corresponding constrained peptide,
HRKS4H, had slightly reduced potency; but more importantly, was observed to
have improved selectivity.
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Finally, the well-fined coiled coil, CC-Di, was selected for grafting hot-spot
residues from BH3 ligands, in order to develop coiled-coil-templated inhibitors
targeting the BCL-xL. Using computational tools, suitable grafting sites in the
sequence were successfully identified. Several designed peptides showed
weak potency in the FA competition assays. Further studies will focus on the
improvement of potency and investigation of selectivity.
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Chapter 1 Introduction
1.1 Protein-protein interactions

1.1.1 Protein-protein interactions and hot-spot residues

Protein-protein interactions (PPIs) play an essential role in many biological
functions.! The human interactome is estimated to span over 600,000 PPIs.? In
addition, PPIs offer opportunities for therapeutic interventions in a large number
of diseases; modulation of key PPIs involved in different diseases, e.g., cancer,
Alzheimer’s disease and viral infections, has been considered as a promising
approach to discover potent therapeutics.® Unfortunately, PPIs are difficult to
target, due to their lack of clear features and well-defined pockets for small-
molecule binding; they are considered less suitable for de novo drug design or
in silico drug screening.*

In traditional small-molecule drug discovery, a small molecule ligand binds to a
well-defined protein pocket which is usually composed of a few amino acid
residues, e.g. an enzyme with an active site for a substrate (usually described
as a “lock and key” model, Figure 1-1 (a)).! In contrast, the binding interfaces
of PPIs are often flat, continuous or discontinuous, and show various
topographies that require contact across an area larger than 800 A, usually
1200-2000 A.5¢ Inhibiting this class of interactions using small molecules
remains a difficult challenge mainly because of their small molecular weight and
shape that is unsuitable for binding to a large protein interface; therefore a
larger ligand is usually required, and is analogous to a “hand holding an object”
manner (Figure 1-1 (b)).
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Figure 1-1 Comparison between binding features of pockets for small
molecules and PPIs;. (a) a “lock and key” model for small-molecule binding;
(b) a “hand holding an object” model for PPls

The concept of “hot-spots” was initially introduced by Clackson and Wells.”
During their study of the binding energy in the PPI complex between human
growth hormone (hGH) and its first bound receptor (hGHbp), only a few
residues showed a significant contribution to the binding energy for formation
of the hGH/hGHbp complex. When replacing each of them with alanine, the
binding free energy exhibited a significant decrease. Therefore, these residues
were identified as hot-spots for the PPI. Since then, alanine scanning has
become a useful procedure to detect hot-spots, and applied to a wide range of
PPIs.® However, experimental alanine scanning methodology involves a time-
consuming and costly procedure, thus computational identification of hot-spots
has become an attractive alternative (Figure 1-2). Here, the methodological
studies are not discussed in detail; versatile algorithms and models have been
previously reviewed 8-10



FEsgsstenr I
Synthesis & 229 '88888‘8%% In vitro validation
Purification $88885888520
)N A
Alanine variants /
89 - 66000009 AAG = ACwr A
Preparation of
000 0000000 structure
sscsee In silico validation
e ——

Figure 1-2 Alanine scanning to identify hot-spot residues.

1.1.2 Helix-mediated PPIs

The most common secondary structures are the a-helix and the B-sheet. PPI
complexes are often mediated by several different classes of structural
elements, among which a-helices are the most common class of motif'°. An a-
helix has a right-handed spiral conformation. The typical one turn a-helix
consists of 3.6 amino-acid residues, with backbone dihedral angles of ®=-60°,
W=-45°, and Q=180° (Q =0° for proline) (Figure 1-3 (a)).*! The a-helical structure
repeats itself every 5.4 A (a pitch) along the helix axis; and each C=0 (i) and
N-H (i+4) group form a hydrogen bond, stabilising the main chain (Figure 1-3
(b)). Therefore, in an a-helical region, a given amino-acid residue at the i
position is located on the same face as the i+4 or i+7 residues (Figure 1-3 (c)).1*
This structural characteristic determines the molecular functional pattern,
providing a starting point for designing diverse molecules as helix-mediated PPI
inhibitors.
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Figure 1-3 Structural features of an a-helix; a) torsion angles in a-helical
peptides; b) hydrogen bonds (yellow) formed between i and i+4 residues; ) i
and i+4/7 residues are located on the same face.

Different helix-mediated PPIs, e.g., tumour protein 53 (p53)/hDM2,1?2 BCL-2
family'® and HIV-1 gp41 fusion core,** showed various architectures. The
simplest interacting model mediated by helices is the coiled-coil.'> Coiled coils
consist of two or more a-helices, which interact with another helix to form
supercoiled assemblies.*® The formation of coiled-coils is mediated by the so-
called “knobs-into-holes” (KIH) model, in which stretches of side-chains from
one helix insert into a binding area formed by adjacent helice(s).}” The most
common type of sequence in coiled-coils is the heptad repeat (HR), in which
hydrophobic (h) and polar (p) residues appear repeatedly as hpphppp, often
denoted abcdefg (Figure 1-4). At appropriate spacing between the i and i+4
positions, hydrophobic a and d residues, located on the same face of a helix,
can give rise to an amphipathic structure.



(a) (b)

Figure 1-4 Single a-helices and coiled coils; (a) The helical wheel and structure
of a single a-helix (PDB code: 1CE9); (b) The helical wheel and structure of a
dimeric coiled-coil (PDB code: 511V) (a and d positions are shown in yellow,
which are usually hydrophobic residues; other positions are shown in blue).

The HIV-1 gp4l fusion core (also referred to as 6-helical bundle, 6-HB) is a
more complex protein-protein interaction driven by formation of a hexameric
coiled coil assembly.'®19 In the structure of HIV-1 6-HB, three N-terminal heptad
repeat (NHR) domains form a trimeric core, with three C-terminal heptad repeat
(CHR) domains binding in an anti-parallel manner.?° 6-HBs in other analogous
viruses share structural similarities, e.g., MERS-CoV,?* EBOLA virus,? and
SARS-CoV-2 (Figure 1-5).
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Figure 1-5 Crystal structures of 6-helical bundles (6-HBs) in different viruses
20-22 (NHRs are shown in grey and CHRs are shown in orange).

In addition to the helical coiled interactions, other interactions have remarkably
different features. A different type is the mode in which a monomeric helical
ligand binds to a globular protein.?*>-2% For instance, hDM2 binds to a short
helical region of the tumour suppressor p53 (Figure 1-6(a)); therefore, short
helical peptides derived from the p53 helical region act as inhibitors against
p53/hDM2.28 In this interaction, three hydrophobic hot-spot residues insert into
a cleft formed on the interacting face of hDM2. PPIs of BCL-2 family proteins
usually involve the interactions between a helical segment, which contains 4
hydrophobic hot-spot residues (h1-h4), and a globular protein that contains a
hydrophobic cleft (Figure 1-6 (b)).

(a)

p53/hDM2 BID/BCL-x,
(PDB ID: 1YCQ) (PDB ID: 4QVE)

Figure 1-6 Representative PPI structures for p53/hDM2 and BCL-2 family
proteins (a) structure of p53/hDM2 (PDB ID:1YCQ);?’ (b) structure of BID/BCL-
xL (PDB ID:4QVE)?® (hDM2 and BCL-xL are shown in grey; p53 and BID are
shown in orange with hot-spot residues shown in blue).



1.2 BCL-2 family

1.2.1 Intrinsic apoptosis pathway

The mitochondrial pathway (intrinsic pathway) of apoptosis (programmed cell
death) plays an essential role in normal eukaryotic cell development,
organismal homeostasis and immunity.?3° This pathway is controlled by the B
cell CLL/lymphoma-2 (BCL-2) family of proteins, which can be divided into two
functional classes: pro-survival (anti-apoptotic) and pro-death(pro-apoptotic)
(Figure 1-7).% In addition, pro-apoptotic members consist of two subfamilies:
BH3 only pro-apoptotic sensitizers and effectors.3?

Anti-apoptotic (pro-survival)
BH3 BH1

)
g

BCL-2, BCL-x, MCL-1

H3 BH1 Al, BFL-1

Pro-apoptotic

BH3 g BH1 BAX, BAK, BOK

BH3 BIK, BIM, HRK, NOXA

BAD, BID

Figure 1-7 BCL-2 family proteins containing one or more BH domains : pro-
survival and pro-apoptotic effector proteins consist of four BH domains (BH1-4)
and transmembrane domain (TM) while BH3-only proteins only have BH3
domains with or without TM domains.

Most cells express a variety of BCL-2 proteins; regulation of their interactions
determines cellular fate i.e. to survive or to commit to apoptosis. The BCL-2
family includes almost 20 members, each of which comprise one or more BCL-
2 homology (BH) domains, BH1-BH4. To initiate apoptosis, cellular stress, such
as viral infection, DNA damage, Endoplasmic Reticulum (ER) stress or growth
factor deprivation, causes transcriptional and posttranscriptional upregulation
of the BH3-only proteins, which contain only the BH3 domain, such as BCL-2-
interacting mediator of cell death (BIM), BH3-interacting domain death agonist
(BID) and p53-upregulated modulator of apoptosis (PUMA). These BH3-only
proteins are initiators or activators of apoptosis, and they can be sequestered
by pro-survival proteins, which consist of four BCL-2 homology (BH) domains



(BH1-4) (Figure 1-7). BCL-2, B cell ymphoma extra-large (BCL-xL) and myeloid
cell leukemia-1 (MCL-1) are major members of the pro-survival subfamily.3?
BH3-only proteins bind to different pro-survival or effector proteins with various
binding affinities.3*3> When these pro-survival proteins are saturated by BH3
only proteins, excess BH3 only proteins can act as direct or indirect activators
of the pro-apoptotic members BCL-2-associated X protein (BAX) and/or BCL-2
antagonist/killer (BAK), resulting in their conformational changes and
mitochondrial outer membrane permeabilization (MOMP). The resulting release
of cytochrome ¢ and other pro-apoptotic proteins initiates the formation of the
apoptosome and the activation of a proteolytic cascade that ensures the cells’
demise (Figure 1-8).%4

f Cellular Stress D BH3 Only Proteins Pro-Survival Proteins BAX/BAK © Cytochrome C

Figure 1-8 The mitochondrial apoptosis pathway.

Resistance to apoptosis is an important hallmark of cancer.3® In cancer cells,
the upregulation of pro-survival BCL-2 family proteins, for example, BCL-2,
BCL-xL and MCL-1, can block pro-apoptotic signalling, thus preventing cancer
cells from removal. Based on this paradigm, a significant number of inhibitors
of pro-survival members of the BCL-2 family, termed BH3 mimetics, have been
developed, including peptides and small molecules.>37:38 BH3-mimetics can
inhibit pro-survival proteins and free the BH3 only proteins that are binding to
those pro-survival proteins. Recently, the US FDA approved the BCL-2 inhibitor
venetoclax (ABT-199) for the treatment of chronic lymphocytic leukaemia.
Agents targeting other pro-survival proteins, such as MCL-1 and BCL-x., are
also undergoing clinical evaluation.3°4°



1.2.2 BCL-2 family proteins and BCL-x.

Regulation of the intrinsic apoptotic pathway by the BCL-2 family proteins is
essential for normal embryonic development and control of cancer
progression.344! The name of the family is based on the member, BCL-2, which
shows abnormal expression in B-cell lymphomas.#?43 BCL-2 family proteins
consist of two functional classes: pro-survival (anti-apoptotic) and pro-
death(pro-apoptotic).3! Pro-apoptotic members consist of two subfamilies: BH3
only pro-apoptotic sensitizers (only containing BH3 domains) and effectors.3?

The gene bcl-2 was the first oncogene discovered that inhibits cell death by
blocking programmed cell death, rather than promoting cell growth. 4345 Other
functions, e.g. autophagy,*® metabolism,*” and neuronal activities,*® also
involve the engagement of BCL-x..%® Animal studies (knockout studies) have
shown the important roles of BCL-2 family proteins in cell death and embryonic
development.®%5! Individual knockout of BH3-only proteins, e.g. BID or BAD,
didn’t abolish cell apoptosis induced by DNA damage.>?> On the contrary,
deletion of individual pro-survival members may result in various phenotypes.
It was shown that deletion of either MCL-1 or BCL-xL cause embryonic death at
different stages®%°! Deletion of BCL-2 doesn’t lead to lethality but does cause
immune side effects and kidney diseases.®®%* Unlike BCL-2, BCL-xL is
fundamental for maintaining platelet circulation.>>%¢ Deletion of BAK can
rescue the loss of platelets caused by deletion of BCL-x. 5556

1.2.3 Structural features of BCL-x. and its recognition mode

Although BCL-2 was the first member discovered in the BCL-2 family, the first
extensive structural data were disclosed based on its analogue, BCL-x..5” apo-
BCL-xL is composed of eight helices (a1- a8) (Figure 1-9 (a)). BCL-x. has all
BH1-4 domains in its structure. The BH1 domain is located on a4 and a5 while
the BH2 domain is located on a7 and a8; the BH3 domain is only located on a2
while the BH4 is only located on a1. Notably, the BH1-BH3 domains create a
large hydrophobic cleft (Figure 1-9 (b)), involving a2, a3, a4, a5 and a8, which
provides binding sites for native BH3-only proteins and also provides a template
for designing small molecule inhibitors.



Figure 1-9 Structure features of apo-BCL-x. (PDB ID: 1MAZ). (a) location of
BH1-4 domains and a1-8 helices; (b) the hydrophobic cleft for BH3 ligands
binding comprising BH1-3 domains.

BCL-xv is known to bind to multiple BCL-2 family members, e.g. BAX, BAK and
many BH3-only members.3+41.58.59 Early structural studies on BAK/BAX or BH3
only proteins verified that the BH3 domain in each member is the key part
participating in the interaction with the BCL-xL. ¢ The BH3 domain is usually a
short helical region containing four hydrophobic residues, referred to as h1-h4,
and a highly conserved aspartic acid residue, which usually interacts with an
arginine on the multiple-domain BCL-2 protein. In addition, residues at h1+1
and h3+1(Asp-1) are usually alanine or glycine, which have small-sized side
chain (Table 1-1). In a structural study using NMR, the 16-mer BAK peptide has
a helical conformation in the complex with BCL-x..%° The helical peptide
embeds into the hydrophobic cleft of BCL-xL, with all h1-h4 residues on one
face and project into the cleft (Figure 1-10 (a)). Similar interaction modes were
found in other complexes of BCL-x. with various BH3-only peptides, including
BIM, BID, PUMA and BAD. In each case, four hydrophobic residues at h1-h4
positions insert into the hydrophobic cleft and the conserved Asp interacts with
Arg139 in BCL-x., forming a charge-reinforced hydrogen bond. However, a
slight difference was also found in different BH3/BCL-xL interactions. For
instance, the fifth hydrophobic residue Phe125 in BAD shows 1-1T interaction
with Tyr195 in BCL-x. (Figure 1-10 (b)), whilst a His residue at h2-1 in BID
exhibits pi-pi interaction with Phe105 in BCL-x. (Figure 1-10(c));?8 neither of the
interactions is observed in other complexes.
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Figure 1-10 Structures for complexes between BCL-x. and different native BH3
ligands (a) structure of BAK/BCL-xL (PDB ID: 1BXL); (b)structure of BAD/BCL-

xL (PDB ID: 1G5J); (c) Structure of BID/BCL-x. (PDB ID: 4QVE)
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1.2.4 Native ligands and small molecule inhibitors of BCL-xL

BCL-xL can interact with various BH3 only proteins to inhibit apoptosis. A
number of BH3-only peptide sequences show binding to the BCL-x., including
BIM, BID, PUMA, BAD, BMF, HRK and BIK.>?

Wang and co-workers chose BH3 sequences with comparable lengths and
tested their binding affinity (Kd) for different pro-survival proteins.®® In SPR
assays, BIM and PUMA showed low nanomolar Kds (<5 nM), whilst BMF and
HRK showed slightly weaker binding, with K4 of 8.3 and 11 nM, respectively.
BID and BIK showed medium binding in the assays, with 48 and 102 nM,
respectively (Table 2-1).

Other BH3-like proteins also bind to BCL-xt, e.g. Beclin-1,%861 translationally
controlled tumour protein (TCTP),%? and SOUL.> Beclin-1 is a key regulator of
autophagy, which contains a BH3-like domain. The weaker affinity of Beclin-1
peptide may arise from the polar residue Thr at the h3 position. % Similarly, the
TCTP peptide lacking the conserved h1l residue also binds to BCL-xL with low
affinity. 2 The SOUL peptide showed even weaker binding to BCL-xi,
potentially due to its Asp residue at the h3 position and also a basic Lys residue
instead of the highly conserved Asp residue in other BH3 peptides.>® Another
sequence from p73TAD binds to BCL-x. with weak affinity however it lacks BH3
sequence homology (Table 1-1).5°

12



Table 1-1 Native peptide ligands of BCL-xL

Ligand Sequence? Kaor ICso®  Specificity Ref

hi h2 h3 h4

BIM79-104 DMRPETW AQE RR G E NAYYARR  0.65 nM Non- 35
(Kd sPr) specific
PUMA13-  EEQWARE GAQ RR A D NAQYERR  2.2nM (Ka Non- 3%
155 SPR) specific
BMF12s-151 HRAEVQ ARK QC A Q HRLHTQ 8.3nM (Ka BCL-2, 35
SPR) BCL-xL,
BCL-w
BAD103-128 NLWAAQR GRE RR S E VDSFKKG  0.27 nM BCL-2, 35
(Kd spPr) BCL-xL,
BCL-w
BIKs1-75 MEGSDA ALR AC G E DVSLRAP 102 nM (Ka BCL-xi, 35
SPR) BCL-w
HRK26.51 RSSAAQL AAR KA G E HORTMWR 11 nM (Ka  Non- 35
SPR) specific
BID79-104 QEDITRN ARH AQ G S DRSIPPG 48 nM (Ka  Non- 35
SPR) specific
BAK72.87 GQ GRQ AI G D NR 4 nM Non- 63
(Ka Fa) specific
Beclin-1104- GTMEN SRR KV G L DIMSGOT 1.4 UM (Kd Notclear 62
131 FA)
TCTP1131 DEMFS IYK RE A G CLEV 12 uM (Ka  Not clear 62
ITC)
SOUL147- SAQKNQEQ---- ~40 uM Not clear 5°

172 --—-LLT ASI RE G V DEK

P73TAD10. DGGGTTFEHLWSSLEPD ND Not clear ©4

25

a8h1-4 positions are highlighted in red and the positions for conserved Asp are
highlighted in blue; PValues cannot be compared directly due to different
conditions in different studies.
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Since ABT-737 was discovered as the first small molecule inhibitor of BCL-2
and BCL-xt, further studies led to discovery of ABT-263 (Navitoclax,Table
1-2).37 ABT-263 is an orally bioactive small molecule inhibitor against BCL-2,
BCL-w and BCL-x.. However, the potential thrombocytopenia, which derives
from the reduction of platelets caused by BCL-xL inhibition, limits its clinical
use.%5-67 Optimisation led to a BCL-2 selective inhibitor, ABT-199 (Venetoclax),
which was approved by the FDA in 2016 for treatment of restrictive types of
chronic lymophoblastic leukemia (CLL) and acute myeloid leukemia (AML).%8
BCL-xL-specific inhibitors have also been developed. For example, WEHI-539
was discovered as the first selective small molecule inhibitor of BCL-x..%° A
more potent compound, A1155463, was discovered based on WEHI-539.7°
Targeting BCL-x. using proteolysis-targeting chimera (PROTAC) showed
potency in BCL-x.-dependent cancer cells but less toxicity than ABT-263 as
lack of E3 ligases in platelets and low doses needed for targeted protein
degradation.”

Table 1-2 Representative small molecule ligands for BCL-xL

Compou Structure Ki, Kaor  Specificity Ref
nd ECso
(BCL-xv)
ABT-373 R <0.5 BCLx,
QA i Q\i BCL-2
8 O ) :

cl O f NO,
BCL-W

ABT-263 @iﬁé{[ﬁgz <05 BCLx, 3
H [e]
(Navitocl (][} A (K) BCL-2,
e P! BCL-W

NS -
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ABT-199 0 9
(0]
(Venetocl NS NO,

ax) @oo
oVshs
O G

WEHI- Q
539 N
S /
0 S\IH
HO \ \
|\
© sﬁ
H,N
A115546 @
3 SYN o on \
0 _ N—
HN.__O /,’\f\\ \FQ\/
[\ I N S
DT2216

48nM BCL-2 69
(Ki)
0.6 nM BCL-xL 69
(Ka)

<0.01 nM BCL-xL 70
(Ki)

0.052 M BCL-x. ™
(ECs0)
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1.2.5 Conformational diversity of BCL-xL upon binding

Superposition of apo-BCL-x. and BH3-bound BCL-x. provides insights on
conformational changes occurred due to binding. The a3 region moves away
from the BH3 ligand and becomes disordered and less helical upon binding
whilst the a4 helix moves towards the BH3 ligand, resulting in a longer and
wider hydrophobic cleft for the BH3 ligand to embed (Figure 1-11). For example,
when PUMA BH3 binds to the BCL-x., the a2- a3 corner becomes highly
disordered (Figure 1-11(c)).”®

PUMA/BCL-x,

~J

apo-BCL-x, BID/BCL-x,

Figure 1-11 Unbound and BH3-bound BCL-x. structures; (a) structure of apo-
BCL-x. (PDB ID: 1MAZ); (b) Structure of BID/BCL-x. (PDB ID: 4QVE); (c)
structure of PUMA/BCL-xL (PDB ID: 2M04).

Extensive structural studies were carried out on the small molecules, e.g. ABT-
373 and WEHI-539, with BCL-x.. Taken together, all complexes between the
compounds and BCL-x. show similar features, with the ligand binding to the top
of the cleft where the h2-h4 residues usually bind. In contrast to peptide-bound
BCL-x., the ABT-373-bound protein has a more helical a3 (Figure 1-12 (a)),
whilst WEHI-539-bound BCL-x. bears a moved a2-a3 corner that is less
disordered than the BH3-bound counterparts (Figure 1-12 (b)). In a structure of
a ternary complex of VHL/PROTAC/BCL-x., BCL-xL also has shifted a2-a3
corner (Figure 1-12 (c)).”® It has not been clear whether the ability to disturb the
a2-a3 corner is relevant to selectivity of BCL-xv inhibition.
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Figure 1-12 Small-molecule-bound BCL-xL structures; (a) structure of the
complex of ABT-373 with BCL-xL (PDB ID: 2YXK); (b) structure of the complex
of WEHI-539 with BCL-x. (PDB ID: 3ZLR) (c) structure of the ternary complex
of PROTACS6, BCL-x. and VHL (PDB ID: 6ZHC).

In addition, BCL-xL is a unique pro-survival protein that can directly bind to
cytosolic p53, which is promoted by tetramerization of p53,7? and also p73,%*
both in noncanonical modes. Structural studies revealed that the p73-TAD
peptide interacts with a different site of BCL-xL in a different orientation from
that of other BH3 peptides, involving contacts with BH1, BH3 and BH4 domains
(Figure 1-13 (a)); % p53 doesn’t bind to the traditional hydrophobic cleft for BH3-
only proteins, but an acidic region involving a1, the loop between a3 and o4,
and the loop between a5 and a6 (Figure 1-13 (b)). PUMA and BAD also showed
an ability to block the p53/BCL-xL interactions through an allosteric
mechanism.”274
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(b)

Figure 1-13 (a) structure of the complex of P73-TAD with BCL-x. (PDB ID:
61JQ); (b) structure of the complex between p53 and BCL-x. (PDB ID: 2MEJ).

1.3 Chemical toolbox to make constrained peptides

Utilising peptides as modulators of PPIs has emerged as a promising strategy,
given their larger sizes and intrinsic conformations mimicking native binding
domains.” Peptides have many advantages to serve as highly potent and
biocompatible drug candidates, but possess also limitations that hamper their
applications in the clinic, e.g. low oral absorption, poor membrane permeability
and rapid clearance.’®8° One of the problems for peptides that have intrinsic
helical structures, is the high tendency to lose their bioactive shape when taken
out of their natural parent proteins, therefore developing an efficient chemical
toolbox to stabilise the helical conformation of peptides could result in improved
pharmacodynamic properties.81-82 Constraining a peptide into a preorganised
helical conformation can promote the binding between a peptide and its target
protein, facilitating modulation of helix-mediated PPIs.””8384 Many chemical
biologists are enriching the arsenal of synthetic linkages that can reinforce the
a-helical conformation of peptides, commonly referred to as “constraining” or
“stapling”. Peptide constraining techniques have many advantages, e.g. they
can increase the a-helical propensity, facilitate ligand-target binding, enhance
cellular uptake and improve metabolic stability.”7.84-86

The earliest reported investigation of cross-linking between peptide side-chains
was intramolecular lactamisation developed by Madison and co-workers34.
They created a lactam linkage by replacing the natural salt bridge with a
covalent amide bond between Lys and Asp residues. In the last few decades,
a blooming chemical library of stapled peptides has been established, e.g.
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hydrocarbon bridges,®’ triazoles,®® thioether,?® and others,® some of which will
be discussed in the rest of this chapter.

1.3.1 Hydrocarbon peptide stapling

1.3.1.1 Hydrocarbon stapling using a,a-disubstituted amino acids

Importantly, one of the most notable methods in this field is hydrocarbon
stapling, which was firstly developed by Verdine and colleagues,®’ to create
intramolecular side-chain to side-chain cross-linkages using two aq,a-
disubstituted amino acids with one methyl group and one hydrocarbon side
chain containing a terminal olefin handle of variable length. This work was
inspired by Grubbs’ pioneering work in which they cross-linked peptide
sidechains using O-allyl serine variants via ring-closing metathesis (RCM).%°
Verdine and co-workers further incorporated the a,a-disubstituted non-natural
amino acids into the BID BH3 domain to synthesise hydrocarbon stapled
bioactive peptides, laying a solid foundation for application of hydrocarbon
stapled peptides to other PPIs which were considered as undruggable
targets.®r Nowadays, hydrocarbon stapling has become the most widely used
method to stabilize a-helical segments as useful modulators or inhibitors of
helix-mediated PPIs.®? The most notable advantages of hydrocarbon stapled
peptides are improved proteolytic stability and enhanced cell penetration,
promoting their use as probes of intracellular targets.’’
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Figure 1-14 a,o-disubstituted non-natural amino acids pairs for different
stapling positions?3-%

Various lengths of olefinic side chains of a,a-disubstituted non-natural amino
acids provide opportunities to create staples of different lengths at different
positions. These non-natural amino acids are usually presented as Sn or Rn,
where S or R denotes the absolute configuration and n denotes the number of
carbon atoms in the hydrocarbon side chain. Positions i, i+3 and i, i+4 in a
helical peptide are located on the same face of a helix one turn from each other
and are most commonly used to introduce a staple. For stapling at i, i+3
positions, an eight-atom or six-atom hydrocarbon linkage can be created,
through R5/S5% or R3/S5°% pairs, respectively (Figure 1-14). So far, i, i+4
stapling is the most widely used method, which involves two S5 building blocks
to afford a hydrocarbon bridge. The reduction of helix stabilisation as well as
cellular uptake, as a result of replacement of an S5/S5 pair with an R5/R5 pair,
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has been reported.®? Although the stereochemical difference of an R5 pair was
found to result in loss of helix stabilisation in left-handed helices of L-peptides,
the R5 pair was reported to be used in the synthesis of i, i+4 stapled p-peptides
which comprise right-handed helices.®’ Positions i, i+7 usually span two turns
of a helix and are also located on the same surface of a helical peptide, thus
they are another popular pair of stapling sites. To achieve i, i+7 hydrocarbon
stapling, R8/S5 are the most commonly used building blocks, creating a
hydrocarbon linkage containing 11 carbon atoms.%?

Walensky and co-workers reported that the incorporation of double staples
exhibited a synergistic effect on bioactivity and proteolytic stability of
hydrocarbon stapled peptides (Figure 1-15 (a)).°® Moreover, Verdine and co-
workers reported a unique bicyclic form of double stapled peptides, termed
“stitched peptides”, with two contiguous staples sharing one common bridging
site (Figure 1-15 (b)).*° In this strategy, a bis-alkenyl non-natural amino acid,
termed B5, was used. B5 has two 5-atom alkenyl side chains, each contributing
to one hydrocarbon staple different from the other. Through this method, i,
i+4+4 or i, i+4+7 staples can be inserted into a peptide.

(a) (b)

(c)

Figure 1-15 Double hydrocarbon stapling methods Double i, i+4 stapled
peptide;*® (b) i, i+4+4 stitched peptide;*® (c) i, i+4+7 stitched peptide.®®

1.3.1.2 Hydrocarbon stapling using monosubstituted amino acids

In general, incorporation of the a, a-disubstituted non-natural amino acids can
be challenging due to steric hindrance arising from the co-existence of the a-
methyl group and the a-alkenyl group.t® Therefore, monosubstituted alkenyl
amino acids provide an alternative strategy to assemble hydrocarbon stapled
peptides. The Wilson group reported the incorporation of (S)-alkenylglycine into
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a BID BH3 peptide to synthesise the corresponding stapled peptides, and
compared them to a peptide stapled using conventional a, a-disubstituted
amino acids (Figure 1-16).1°1 The monosubstituted stapled BID showed not
only similar inhibitory activity in a fluorescence anisotropy assay against the
BCL-x/BAK PPI, but also comparably improved helicity and proteolytic stability,
demonstrating an efficient approach to simplify synthesis of hydrocarbon
stapled peptides.

= X

—_ s Grubbs Cat.
7 /\§
/, \

Figure 1-16 Schematic diagram of monosubstituted hydrocarbon stapling. 0t

1.3.1.3 Hydrocarbon stapling using naturally mimicking non-natural

amino acids

Synthesising a hydrocarbon stapled peptide requires the replacement of two
original residues. To avoid the loss of interaction with targets, the stapling sites
are typically located at a non-interacting surface (also known as the solvent-
exposed surface).1%2 While creating a stapled peptide, maintaining intrinsic
properties of naturally occurring residues could prevent the reduction of
interaction between peptide and target. Moore and co-workers reported y-
methylated disubstituted amino acids based on S5 as both building blocks for
staples and mimics of isoleucine and leucine (Figure 1-17 (a)).1% The resulting
stapled peptide using the (S)-y-methylated amino acid showed higher binding
affinity in comparison to the S5 stapled counterpart in the Estrogen
Receptor/Coactivator PPI.

Recently, Hu and co-workers developed a novel class of a,a-disubstituted non-
natural amino acids with replacement of the a-methyl group with the original
side chain (Figure 1-17(b)).1°* These amino acids can be used for i, i+3/4
stapling and also contain protecting groups for standard Fmoc-based solid
phase peptide synthesis.
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Figure 1-17 Structures of Non-natural amino acids for mimicking native amino
acid residues (a) non-natural amino acid with y-methylated hydrocarbon side
chain;% (b) non-natural amino acid containing alkenyl side chain derived from
leucine.1%4

1.3.2 Click chemistry in peptide stapling

The concept of a “click” reaction was initially introduced by Sharpless, to
synthesise a triazole linkage from an azido group and an alkynyl group under
Cu(l) catalysis in an aqueous environment (Cu(l)-catalysed azide—alkyne
cycloaddition, (CUAAC) ).1% The concept of “click” reactions has since been
vastly broadened. The “Click” reaction can denote a variety of conjugation
reactions that occur with high yield, under biologically compatible conditions
and produce limited byproducts, and has been extensively reviewed by Tang
et al.l® The type of click reactions that are related to azide-alkyne
cycloaddition, will be discussed in this section, because they have emerged as
a class of widely used approaches in peptide modifications, particularly in
peptide stapling.

One approach to synthesise stapled peptides by CuAAC is to incorporate two
non-natural amino acids, of which one has an azido side chain and the other
has an alkyne side chain, into a linear peptide sequence at appropriate
positions and perform the cross-linking reaction (Figure 1-18). In practice,
Wang and co-workers designed a series of peptides targeting the PPI between
B-catenin and B-cell CLL/lymphoma 9 (BCL9).88 The 24-residue helical
segment in BCL9 was selected and was incorporated with the complementary
azido and alkynyl amino acids at specific i, i+4 positions. They systematically
investigated the lengths of cross-linking as well as the stapling positions that
would have influence on the a-helicities and binding affinities of the resulting
peptides. They also utilised the click reaction to create double stapled peptides
that showed better a-helicity and metabolic stability.
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Figure 1-18 CuAAC and RUuAAC form different triazole bridges between
peptide side chains. 88 107

Kormar and co-workers’ work provides an alternative solid-phase synthetic
route to triazole stapled peptides (Figure 1-18).197 Normally aqueous CuAAC
combines azides and terminal alkynes to exclusively afford 1,4-disubstituted
1,2,3-triazoles.'%® In contrast, Kormar's method using a ruthenium(ll)-based
catalyst (RUAAC) creates a 1,5-disubstituted 1,2,3-triazole. However, the
difference between these two triazole bridges results in divergence of biological
activities.10°

While a single click reaction can link two complementary functionalised
residues to form a staple, a bis-triazole staple is accessible using a diyne cross-
linker that reacts with two residues bearing azido sidechains. Bong and co-
workers applied double click reaction to a 21-residue segment from the GCN
leucine zipper.*® They incorporated a pair of azidoalanine residues at i, i+4
positions for the formation of staples with several diyne linkers. Spring and co-
workers developed an i, i+7 double click stapling methodology, that allows for
various functional groups to be attached on the stapling bridges (Figure
1-19),'1 and utilised the stapled peptide-conjugates in a cellular study. They
afterwards explored the application of double-click i, i+4/7 stapled peptides as
well as their corresponding functionalised conjugates, either helical'*? or non-
helical,**3 in targeting PPIs.
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Figure 1-19 Comparison of i, i+7 stapling via CUAAC and SPAAC double-click
methods (the blue spheres denote functionalities). 111 114

Although CuAAC plays an important role in the peptide constraining repertoire,
the residual copper may have significant influence on interpretation of biological
analyses due to the cytotoxicity of Cu(l).1% To overcome the barriers caused
by copper, Bertozzi and co-workers replaced the alkyne with a strained
cyclooctyne.*® Because this class of click reactions are driven by the strain in
the alkyne rings, they are referred to as “Strain-promoted azide-alkyne
cycloaddition” (SPAAC) reactions. Spring and co-workers developed a new
copper-free double-click constraining method based on SPAAC (Figure
1-19).1¢ The constraining was carried out on a p53-derived peptide in cell
culture. Several in situ constrained peptides showed inhibitory activities against
the p53/hDM2 interaction. This method allows scientists to screen constrained
peptides without further purifications after constraining. More recently, they
optimised the cyclooctadiyne-derived linker with water-soluble tertiary and/or
guaternary ammonium groups.'** In addition, the post-macrocyclization
modification was successfully achieved via substituted crosslinkers.’

1.3.3 Cysteine-based peptide constraining

Cysteine can serve as an efficient handle to install staples due to its unique
properties as a naturally occurring amino acid. The reasons why cysteine
becomes an ideal stapling site are as follows: 1) high accessibility of
incorporation into a peptide or protein through solid-phase peptide synthesis or
engineered coding E-coli expression machinery; 2) easy and selective
modification because of the high nucleophilicity of the thiolate group; 3) stapling

25



can be achieved through many reactions that use biocompatible conditions and
cheap reagents; 4) spatial versatility of staples provided by other cysteine
analogues (e.g. p-cysteine and homocysteine).

Dawson and co-workers developed a thioether constraining technique via
inserting an a-bromoacetyl ornithine residue (Orn) that can react on-resin with
free cysteine after deprotection of the orthogonal protecting group (Figure 1-20
(a)).2° Li and co-workers reported a novel constraining reaction between a free
cysteine and a free lysine on a peptide in PBS buffer, involving an ortho-
phthalaldehyde (OPA) molecule as a covalent linking mediator (OPA-guided
cyclization, Figure 1-20 (b)).1*® At the same time, Perrin and co-workers utilised
substituted OPAs as fluorescent linkers; they have named this constraining
reaction as “Fluorescent Isoindole Crosslink (FIICk) chemistry”.11°

Cysteine is a chemical precursor of dehydroalanine (DHA) which is a useful
starting point for different post-translational modifications (PTMs).'?° Lu and co-
workers started from cysteine and lysine to create stapled peptides as
hDM2/hDMX inhibitors.*?! In their procedure, they firstly converted the cysteine
to DHA, then formed the dithiocarbamate (DTC) linkage via a thiocarbonyl
group with the lysine. However, the stapling cysteine loses its stereogenic
center during the DHA formation (Figure 1-20 (c)). Li and co-workers developed
a photo-induced thiol-yne constraining strategy with the assistance of a
photoinitiator (Figure 1-20 (d)).1?> Recently, the same group reported a new
stapling strategy involving alkylation of one cysteine and one methionine with a
dihalogenated small-molecule linker.1?®> The resultant stapled peptide has
applicable potential in peptide-based ligand induced protein labelling (Figure
1-21).
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Figure 1-20 Single-cysteine-based peptide constraining methods; (a)
Thioehther stapling method developed by Dawson; 8° (b) OPA-guided stapling;
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Figure 1-21 Methionine-based peptide stapling and protein labelling.*?3

Placing two cysteines into a peptide sequence as stapling handles has been
widely studied with a variety of chemical linkers. In general, the stapling
reactions for bis-cysteine-containing peptides are usually achieved by S-
alkylation or S-arylation with bis-electrophilic spacers. The nucleophilic
substitution reactions are often carried out in aqueous solution using pre-
treatment with tris(2-carbonxyethyl)phosphine (TCEP) as a reducing reagent.
Avoidance of disulfide-bond formation, and the assistance of water-soluble
organic solvents (e.g. acetonitrile, DMSO and DMF), are usually necessary.'?*

Typically, bis-cysteine staples are formed between two thiolate groups of
unprotected cysteine and a bifunctional small-molecule linker. Dihalogenated
spacers have been widely used and studied as thiol-reactive reagents. The
Woolley group reported photo-switchable bis-cysteine stapled peptides
containing a photosensitive azobenzene linker located at i, i+7 positions with
light-dependent tunability between the cis- and trans- conformation.?®> The Lin
group utilised optimal rigid bisarylmethylene bromides to achieve i, i+7
stapling.t?61%7 In this staple, a pair of L- or p-cysteines or the hybrid combination
could be selected as building blocks to match the spatial distance between two
ends of the linkers.

In order to synthesise i, i+4 bis-cysteine stapled peptides, many commercially
available dibromo-linkers have been screened in various templates.'?®
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Pentelute and co-workers developed a class of perfluoroaryl linkers for i, i+4
stapling.t?® Although the resulting stapled peptides showed an abnormal
circular dichroism (CD) spectrum probably due to the CeFa4 linker, they exhibited
improved binding to the C-terminal domain of an HIV-1 capsid assembly
polyprotein, enhanced cellular uptake and better metabolic stability. In addition,
i, i+3 bis-cysteine stapled peptides are also accessible by many linkers which
are commonly used in i, i+4 spacing.t*® More recently, Wang and co-workers
developed a novel class of dinitroimidazole-based cross-linkers in peptide
stapling involving a pair of cysteines or lysines at i, i+2/4/6 positions.*3!

The rapid and quantitative conversion and biocompatible condition for bis-
alkylation of cysteines provide opportunities for screening constrained peptides
without further purification.'3? Kritzer and co-workers described a diversity-
oriented stapling method to generate cell-permeable autophagy inducers. In
this study, L- or p- cysteines were introduced into a 10-mer Beclin-1 sequence,
followed by constrained with various dibromo-linkers to generate diverse
peptides and tested in cell-based assays. A constrained peptide was observed
to have retained cell-permeability and autophagy inducing activity in
comparison to the conjugate containing the cell-penetrating motif.

Similar to the double-click stapling, post-macrocyclization modification is a
special advantage of the bis-cysteine stapling techniques using spacers with
sites accessible for further modifications.®38 Smith and colleagues introduced
a tetrazine into an unprotected peptide between two cysteines located at
various positions (Table 1-3).133 An inverse electron demand Diels-Alder
reaction (IEDDA) was then used to conjugate other functional probes with the
stapled peptides.

The Wilson group reported a novel i, i+4 bis-cysteine or bis-homocysteine
stapling method using dibromomaleimide.'** The formed staples significantly
improved a-helicities of the precursors, with the added benefit of being
reversibly removed by excess glutathione. Moreover, an alkynyl handle onto
the maleimide bridge as installed via a Mitsunobu reaction, was shown to
facilitate further modification via CUAAC click chemistry (Table 1-3).

Conjugations are not easily achieved on aliphatic cross linkers due to their lack
of reactive sites. The Dawson group reported a new bis-cysteine stapling
strategy using dichloroacetone (DCA), facilitating further modification via an
oxime ligation (Table 1-3).1%° What's more, they expanded the scope of this
acetone-crosslinking technique to generation of N-terminus to side-chain
macrocyclic peptides.
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Table 1-3 A summary of representative post-macrocyclization modification
methods for bis-Cys peptide constraining.
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1.3.4 Other stapling methods

Horne and co-workers reported the synthesis of stapled peptides via an oxime
cross-linkage (Figure 1-22 (a)).*3” They created the oxime staple, affording a Z-
and E- mixture, between an isostere of Orn or Lys bearing an aminooxy group
and Ser-acylated side chain that can be oxidised to an aldehyde under mild
conditions in solution. Based on this methodology, they showed that the
presence of protein (receptor) can induce conformational changes of
disordered peptide ligands and affect crosslinking reaction yield and rate.!38

Apart from the oxime stapling, the blooming C-H activation toolkit has also
triggered a wave of applications in creating new constrained peptide
architectures. Lavilla and co-workers reported a stapling strategy between
Phe/Tyr and Trp via a selective Pd-catalysed C-H arylation, which is suitable to
create an i, i+3/4 linkage (Figure 1-22 (b)).1*° They have also successfully
achieved cross-linking between two peptides as well as a bicyclic peptide.
Albericio and co-workers then described a new stapling approach through a
C(sp®)-H activation (Figure 1-22 (c)).1*° This method showed ideal tolerance for
different sequences and accessibility for both i, i+3 and i, i+4 positions.
Moreover, they expanded the methodological scope of this strategy to solid-
phase chemistry. Moellering and co-workers recently reported an
unprecedented stapled structure using a Diels-Alder cycloaddition (Figure 1-22
(d)).*** They described the synthesis of i, i+4 as well as i, i+7 stapled peptides
using this method.
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Figure 1-22 Other peptide constraining methods (a) Reversible oxime
stapling;'3’ (b) C(sp2)-H activation peptide stapling;*3° (c) C(sp3)-H activation
peptide stapling;**° (d) Peptide stapling via Diels-Alder reaction.4!
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1.4 An introduction of cysteine crosslinking using maleimide-

based linkers

Maleimide-derived linkers have been widely used in protein modification and
bioconjugation since the Baker 2010 study.!#? In this study, the group showed
the power of using N-Methylbromomaleimide for efficient cysteine crosslinking
and protein modification, which was shown to be reversible under treatment
with TCEP, when the maleimide moiety is monosubstituted; and irreversible
when the maleimide moiety is disubstituted (Figure 1-23(a)).}*? In the same
study, bromomaleimide and dibromomaleimide (DBM) were also reported to be
used for bis-cysteine crosslinking (Figure 1-23 (b)). Further functionalities, e.g.
fluorescent label or PEG, could be installed through a dehydrative cyclisation
using dibromomaleic  anhydride'*> or a Mitsunobu reaction.}*?
Dibromomaleimide can also be used as a starting material to generate
dithiophenolmaleimide, which is more reactive for crosslinking and more
tolerant to reducing reagents.43
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Figure 1-23 Maleimide-based linkers for protein modification; (a) protein
modification using N-methylbromomaleimide; (b) protein modification using
dibromomaleimide.13¢

Thereafter, maleimides have been widely used to generate antibody-drug
conjugates (ADCs). Caddick and co-workers developed an acid-cleavable
linker for generation of ADCs.*3 The payload can be released under lysosomal
pH. Cyclisation and hydrolysis of substituted maleic acid/anhydride have also
been used to develop drug delivery systems with acid-cleavable or charge
reversal functions.'** The Caddick group thereafter applied maleimide-based
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linkers to generate ADCs from trastuzumab and doxorubicin (DOX), with
controlled drug-to-antibody ratio (DAR) (Figure 1-24).14% Lyon et al. described
self-hydrolysing maleimides for generation of stable ADCs.1#®> The maleimide
containing an adjacent amino group can undergo hydrolysis rapidly under
neutral pH.

(a) (b)

e

Figure 1-24 Dibromomaleimide linkers to generate ADCs (a) antibodies without
further chemical modification; (b) ADC generated by dibromomaleimide linker
and DOX.14%

Baker and co-workers described a method using monosubstitued maleimides
to irreversibly crosslink a pair of cysteines via [2+2] photocyclisation in peptides
(Figure 1-25 (a)).1*¢ The Wilson group firstly used dibromomaleimide for peptide
constraining.’® Using BID and RNase S peptides as models,
dibromomaleimide (DBM) was used to generate constrained peptides at i, i+4
positions (Figure 1-25 (b)). The constraint can be removed using excess
reducing reagents. The DBM constrained peptides showed enhanced helicity,
retained bioactivity and improved proteolytical stability. Additional
functionalities could be added using an alkyne modified dibromomaleimide and
further alkyne-azide cycloaddition.
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Figure 1-25 Maleimide-based molecules for peptide cyclisation; (a) [2+2]
photocyclization of bromomaleimide-modified peptides; 4¢ (b) peptide
cyclisation using dibromomaleimide.16

1.5 Importance of peptide binding mechanisms and influence

of introducing a constraint

Pre-organisation of a peptide by introducing a constraint has been shown to
improve binding affinity towards the target in a large number of examples.’"147
This effect is usually attributed to increased concentration of the bioactive
conformer arising from limited conformational freedom, thus reducing the
entropic cost for binding and resulting in favourable interaction with its target.148
This binding process is usually referred to as a conformational selection model
(Figure 1-26 (a)).1*® In contrast, accumulated studies demonstrate binding
processes are more complex in other cases, which are usually described as a
“bind and fold” or an “induced fit” mechanism (Figure 1-26 (b)).}48-150 In these
cases, the target protein is able to recognise various conformers and undergo
a conformational change during binding and the ligand adopts the bound
conformation upon binding.14%1%9 Addition of a constraint onto a peptide is
expected to restrict conformational flexibility and limit existence of conformers
that potentially bind to the target. As a result, the constrained peptide is
expected to bind and unbind to the target with a lower rate (kon and kot); and
lose the enthalpy contribution associated with folding, e.g. contributions from
backbone and side chain hydrogen-bonding, in comparison to the
unconstrained peptide. These opposing entropic and enthalpic outcomes,
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referred to as enthalpy-entropy compensation, are likely to lead to little or
negative impact on affinity of constrained peptides.14/:149.150

Enthalpy-entropy compensation has been observed in previous studies. 83151152
In a study on constrained peptides as BCL-x. and MCL-1 inhibitors, the Wilson
group found that introduction of a constraint led to increased helicity; however
no enhancement of potency was observed and some constrained peptides lost
potency.®® From crystal structures, the constraints did not show steric clashes
with the target; and the constrained peptides adopted a similar bound
conformation compared to that of the wild-type. Further surface plasmon
resonance (SPR) assays disclosed that the constrained peptides had slower
binding rates (kon) and similar unbinding rate (koff) in comparison to the wild-
type; whilst Van't Hoff analyses of direct fluorescent anisotropy binding assays
revealed that the decreased entropy, which is favourable for the binding, was
compensated by an increased enthalpy, thus resulting in an overall
unfavourable influence on the binding free energy. Similar observations were
reported in other studies, e.g. H3/ASF1'%2 and elF4E/elF4G*%3 interactions.
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Figure 1-26 The influence of introducing a constraint on peptides; (a)
constraining a peptide limits its potential conformers, thus (a) favouring peptide-
ligand binding for a conformational selection mechanism; (b) resulting in loss of
enthalpy upon backbone folding although reduced entropy from pre-
organization in a “bind and fold” recognition mode (enthalpy-entropy
compensation).
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1.6 Applications of constrained peptides in modulation of
BCL-2 family PPIs

Peptides are considered a class of candidate molecules for traditionally
undruggable targets because of their intermediate molecular sizes and fully or
partially retained binding affinities in comparison to native proteins.”” The
development of peptide stapling technologies has allowed scientists to
synthesise conformationally stabilised peptides, which often have improved
binding affinities arising from the pre-organisation towards a bioactive
conformation, as well as more optimal biophysical properties, e.g. enhanced
cellular penetration and proteolytic stability. Up to date, a variety of stapled
peptides have been created based on versatile templates, e.g. hormones,
antimicrobial peptides, and PPI inhibitors, for a broad range of biomedical
applications, which have been reviewed previously.””*>* In the following
section, stapled peptides which serve as PPI inhibitors towards the BCL-2
family will be discussed.

BCL-2 family proteins include a number of proteins which are involved in cell
survival and death processes.?** Walensky et al. firstly introduced
hydrocarbon stapling to a peptide from the BID BH3 domain.®* Compared with
the wild-type BID peptide, one of the stapled peptides, BID-1 (SAHBA) showed
high a-helicity, improved binding affinity, strong in vivo activity against human
leukemia in mouse models, longer half-life and significant cell-permeability.
Inspired by this pioneering work, numerous studies have been reported
applying various stapling methods to different BCL-2 family proteins.

1.6.1 BID-derived constrained peptides

Walensky et al. reported the first hydrocarbon stapled BID BH3 peptide
SAHBA.%! Thereafter, the same group described a stapled peptide BID SAHBA,
truncated from both the N-terminal and C-terminal by one residue according to
SAHBA that can not only interact with BCL-xL, but also bind to and activate BAX
directly in vivo.®* The Wilson group replaced the hydrocarbon staple formed by
a, a-disubstituted amino acids with the one formed using monosubstituted
alkenyl amino acids.> The stapled BID BH3 peptide, BID-MM, built using
monosubstituted amino acids (Figure 1-27 (a)), showed comparable binding
affinity in a BCL-x./BAK competition assay and proteolytic stability to its
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counterpart (Table 1-4), SAHBA, which incorporated a, a-disubstituted amino
acids. Thereafter, the group described that the increased a-helical helicity does
not enhance the inhibitory activity of constrained peptides against PPIs
involving an induced fit mechanism.®® Furthermore, Green and co-workers
demonstrated that the same hydrocarbon stapled BID peptide SAHBA can
trigger the conformational changes of BAK via a “hit and run” mechanism, thus
activating the further homodimerization that is required for MOMP; the co-
crystal structure of the constrained peptide, SAHBa with BAK was reported
(Figure 1-27 (b)).'*®¢ Recently, the Wilson group developed a novel
dibromomaleimide crosslinker for cysteine-based peptide stapling, and applied
it to the BID BH3 domain.3® The dibromomaleimide-stapled peptides with two
cysteines (STA-BID-Cys) or two homocysteines (STA-BID-hCys) both exhibited
increased binding affinities in a BID/MCL-1 competition FA assay (Table 1-4),
and improved proteolytic stabilities as demonstrated by trypsin proteolysis.

Figure 1-27 Two crystal structures for complexes between hydrocarbon stapled
peptides and their targets (a) Crystal structure of the complex between BID-
MM and MCL-1. (PDB ID: 5C3F); % (b) Crystal structure of the complex
between SAHBA and BAK (PDB ID: 2M5B). 156

39



Table 1-4 A summary of BID-derived constrained peptides.

Peptide Sequence? kd or 1Cso Ref

(Target/
testing
method)®

BID BH3 EDIIRNIARHLAQVGDSZDRSIW ND

38.8 nM 9

SAHBA ﬁ (BCL-2/FA)

EDIIRNIARHLA*VGD*ZDRSIW

230 NM o1
BID SAHBA ﬂ (BCL-xU/FA)
DI IRNIARHLA*{/GD;ZDRSI
620 NM 155

BID-MM a (BCL-xU/FA)

EDIIRNIARHLA*VGD*ZDRSIW

16.6 UM 136
STA-BID- oK (BCL-x/FA);
(0]
Cys ?:Z: 19.4 uyM
v
EDITIRNIARHLACVGDCZDRSIW (MCL-1/FA)
4.2 uM 136
"
STA-BID- Oﬁfo (BCL-XU/FA);
hCyS <‘S SZ 9.5 uM
EDIIRNIAWRHLACVGDCZDRSIW (MCL-1/FA)

aZ denotes nor-Leucine; Asterisk denotes non-natural amino acids participating
in formation of hydrocarbon staples; italic C denotes homocysteine; °ND: not
determined; ka values are shown in red and ICso values are shown in blue; FA:
fluorescent anisotropy.
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1.6.2 BIM-derived constrained peptides

BIM is a BH3-only member of the BCL-2 family that can bind to many anti-
apoptotic proteins, e.g. BCL-2, BCL-w, BCL-x., BFL1 and MCL1, and directly
activate the effectors like BAK and BAX (Figure 1-28).3441157 The Walensky
group identified the interaction between the BAX protein and the BIM BH3
domain using a hydrocarbon stapled peptide.'*® Thereafter, the same group
investigated the in vivo anticancer activity of a BIM BH3-derived stapled
peptide, termed BIM SAHBA.'*® The stapled peptide was found to bind to
different anti-apoptotic proteins with increased affinities, e.g. BCL-x., MCL-1,
BCL-w, and BFL-1, while the replacement of Argl53 with Asp resulted in
significant loss of affinity (BIM SAHBa R153D, Table 1-3). In the in vivo study,
BIM SAHBAa selectively restored the death pathway in Bim-deficient immune
cells, and exhibited significant anticancer activity in a human acute myelocytic
leukemia (AML) xenograft model.

Figure 1-28 Representative structures for complexes between BIM and its
BCL-2 family receptor proteins; Crystal structure of the complex between BIM
and BAX (PDB ID: 2K7W);1%8 (b) Crystal structure of the complex between BIM
and BCL-2 (PDB ID: 4B4S);'%0 (c) Crystal structure of the complex between
BIM and BCL-x. (PDB code: 4QVF);? (d) Crystal structure of the complex
between BIM and MCL-1 (PDB code: 2PQK).161

Interestingly, Okamoto et al. reported an unexpected result when they used a
similar BIM-derived hydrocarbon stapled peptide, BImSAHB (Figure 1-29), to
investigate binding affinities for anti-apoptotic members of the BCL-2 family and
cellular uptake.®? They found that the stapled peptide showed reduced binding
affinities to several anti-apoptotic proteins and no significant cell-permeability
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or cellular apoptotic activity in mouse embryonic fibroblasts (MEF) cells. In
response to these unusual results, the Walensky group suggested that this
stapled peptide was not considered as a strong candidate for cellular studies
due to its poor biophysical properties, e.g. low a-helical propensity, weak
binding affinity and overall negative charge.'®® The Walensky group later
revealed that BIM SAHBAa, with improved a-helicity and positive net charge,
showed significant cytotoxicity and caspase 3/7 activation in living cells.64
These studies have demonstrated the importance of biophysical properties of
stapled peptides in biomedical applications.

Figure 1-29 Crystal structure of the complex between BImMSAHB and BCL-XL.
(PDB code:2YQ6).162

Repression of BIM was found to be associated with T-cell acute lymphoblastic
leukemia (T-ALL) by Reynolds et al.'®> They utilised the stapled peptide BIM
SAHBA to restore BIM activity in a zebrafish model. Recently, LaBelle and co-
workers found that BIM SAHBA can efficiently decrease the viability of diffuse
large B-cell lymphoma (DLBCL) cell lines but not the MCL-1 deficient MEF cells,
demonstrating that the stapled peptide acts as a potent MCL-1 inhibitor.1%° The
Keating Group synthesised a library of hydrocarbon stapled peptides from a
BIM-derived peptide MS1, among which several exhibited low nanomolar
binding affinity for MCL-1.1% The most advanced stapled peptide incorporating
aminoisobutyric acid (Aib) and Norleucine showed specifically improved
binding affinity to MCL-1 and low nanomolar depolarisation activity of
mitochondrial membranes. Later they reported a set of hydrocarbon stapled
peptides, e.g. SAH-MS1-18, with enhanced a-helicity, cell-permeability and
selectivity for inhibition of MCL-1-dependent cancer cells (Figure 1-30, Table
1_5)_167
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Figure 1-30 Crystal structure of the complex between MCL-1 and SAH-MS1-
18. (PDB code: 5W5F).167

In addition to hydrocarbon stapled BIM peptides, Spring and co-workers
developed functionalised stapled BIM peptides using a two-component CUAAC
reaction.®® Compared with ABT-373, a small molecule inhibitor of BCL-2 and
BCL-xL,'%° a BIM-derived stapled peptide (peptide 19, Table 1-5) was found to
have comparable bioactivity but different mechanisms for apoptosis of platelets.

Table 1-5 A summary of BIM-derived constrained peptides.

Peptide Sequence? kd or I1Cso Ref
(Target/ testing
method)®
BIM BH3 IWIAQELRRIGDEFNAYYARR ND
3.2 nM (BCL-x/FA); 159
BIM _ 2.7 nM (BCL-w/FA);
SAHBA a 10.7 nM (MCL-1/FA);
IWIAQELR*IGD*FNAYYARR
1.4 nM (BFL-1/FA);
>400 nM (BCL-xL/FA); 159
BIM _ >400 nM (BCL-W/FA);
SAHBA
33 nM (MCL-1/FA);
R153D IWIAQELD*IGD*FNAYYARR
>400 nM (BFL-1/FA);
460 nM (BCL-2/SPR); 162
BimSAHB 300 nM (BCL-xL/SPR);

EIWIAQELR*IGD*FNAYYA

370 nM (BCL-W/SPR);
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MS1

M3d

SAH-
MS1-18

Peptide
19

RPEIWMTQGLRRLGDEINAYYAR

IWZXQGBRRLGDEI*AYY*RR

IWZ*QEL*RLGDEINAEYAR
RRR-NH,

N, . ~.N

IWIAQELR#IGD#FNAYYARR

3.4 nM (MCL-1/SPR)

>5000 nM
(BCL-2, BCL-xL
BCL-w, MCL-
1/FA)

25 nM
(MCL-1/FA)

74 nM

(MCL-1/FA)

ND

166

166

167

169

aZ denotes nor-Leucine; Asterisk denotes non-natural amino acids participating
in formation of hydrocarbon staples; X denotes aminoisobutyric acid; hash
denotes azidoalanine residue for triazole staples; °ND: not determined; Kqd
values are shown in red and ICso values are shown in blue; FA: fluorescent
anisotropy; SPR: surface plasmon resonance; the values cannot be compared

directly as different conditions were used in different studies.
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1.6.3 Constrained peptides based on the MCL-1 BH3 domain

Myeloid cell leukemia 1 (MCL-1) protein has been reported to be particularly
associated with drug resistance in human cancer.'’® The Walensky group
reported that the MCL-1 BH3 helix can inhibit MCL-1 itself efficiently and
selectively.!’ They synthesised a library of hydrocarbon stapled peptides
derived from BH3 domains of different BCL-2 family members, among which
only MCL-1 SAHBa showed no significant binding affinities for other anti-
apoptotic proteins but low nanomolar affinity for MCL-1. Interestingly, a single
point mutation V220F eliminated the MCL-1 selectivity (Table 1-6). The MCL-1
BH3 stapled helix MCL-1 SAHBp induced caspase-dependent apoptosis in
living cells. Furthermore, according to a structural study, the stapled peptide
was found to gain additional interaction with MCL-1 via the hydrophobic
hydrocarbon staple (Figure 1-31),** which was also supported by molecular
dynamics simulations.’2

Figure 1-31 Crystal structure of the MCL-1 SAHBp and MCL-1 complex. (PDB
code: 3MK8). 171
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Table 1-6 A summary of MCL-1-BH3-derived constrained peptides.

Peptide Sequence? Kd Ref
(Target/ testing
method)®?
MCL-1 245 nM (MCL-1/FA) 1
KALETLRRVGDGVQRNHETAF
BH3
- 43 nM (MCL-1/FA); 171
MCL-1
KALETLR*VGD*VQRNHETAF
SAHBA
o _ . 171
MCL-1 Y 89 nM (BCL-xL/FA);
SAHBA KALETLR*VGD*FQRNHETAF 191 nM (BCL-W/FA);
V220F
B 10 nM (MCL-1/FA); 171
MCL-1
KALETLRRVGDGV*RNH*TAF
SAHBD

a Asterisk denotes non-natural amino acids participating in formation of
hydrocarbon staples;kq values are shown in red; FA: fluorescent anisotropy.

1.6.4 BAD-derived constrained peptides

Bcl-2 agonist of cell death (BAD) protein is a BH3-only protein that not only
interacts with anti-apoptotic members in the BCL-2 family, but also regulates
insulin secretion by phosphorylation of Ser155.172 Danial et al. described that a
hydrocarbon stapled phospho-BAD peptide can selectively activate
glucokinase (GK) and restore insulin secretion in pancreatic 3-cells induced by
glucose.'’* Thereafter, Szlyk et al. reported that the mechanism of insulin
secretion activation by stapled phospho-BAD is different from that of other
allosteric activators due to interaction with a new region in GK, suggesting that
stapled peptides can act as glucokinase activators (GKAs).1">

To investigate the binding to BCL-x. and cytotoxicity of short BAD-derived
peptides in cells, Fairlie and co-workers described a set of lactam-stapled
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peptides truncated from the wild-type BAD peptide.1’® A triple constrained short
peptide (Peptide 12) showed 4-fold weaker binding affinity than that of the wild-
type peptide (Table 1-7). Peptide 16 which incorporated four hydrophobic non-
natural amino acids, including norleucine (Nle), hydrophobic 1-naphthylalanine
(INal), aminoisobutyric acid (Aib) and 3,4-dichlorophenylalanine (F(CI2)),
showed 2-fold higher activity in an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay compared to the wild-type BAD, although
it exhibited 134-fold weaker in vitro binding affinity for BCL-xc, indicating that
the enhanced activity of the short stapled peptide in the cells results from the
improvement of cellular uptake.

Table 1-7 A summary of BAD-derived constrained peptides.

Peptide Sequence? ICs0 Ref
(Target/ testing
method)P
BAD BH3 NLWAAQRYGRELRRMSDEFVDSFKK 53 nM (BCL-XU/FA); 176
§ N N 176
Pep“de {N\ZO {N\Zo {N\TO 252 nM (BCL'XL/FA),
12 YGRDLRKZSDDFVKSFKD
Peptide N0 5.8 UM (BCL-xFA); 176
16 1Nal-XKZADD-F (Cls)

aX denotes aminoisobutyric acid; 1-Nal denotes 1-naphthylalanine; F(CI2)
denotes 3,4-dichloro-phenylalanine; PICso values are shown in blue; FA:
fluorescent anisotropy
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1.6.5 NOXA-derived constrained peptides

The Walensky group reported a hydrocarbon stapled peptide, termed NOXA-1
(NOXA SAHBsg), derived from the NOXA (Phorbol-12-myristate-13-acetate-
induced protein 1) BH3 domain. This peptide showed high and specific binding
affinity for MCL-1, with Kg~110 nM, and sensitised the apoptotic response of
Jurkat cells to death receptors, such as TRAIL and FasL.!’! Based on a
previous study of p53 stapled peptides, Lin and co-workers applied the 4,4'-
bis(bromomethyl)biphenyl (Bph)-mediated (Bph)-mediated stapling to a NOXA
BH3 peptide.1?6 A set of NOXA peptides with incorporation of L- or p- cysteines
were synthesised and further stapled with the (Bph)-crosslinker (Figure 1-32
(a), Table 1-8). Surprisingly, all the stapled peptides showed improved binding
affinity and also retained selectivity for MCL-1. The decreasing net charge and
N-methylation of alanines at the N-terminus resulted in improvement of cellular
uptake (Peptide 8, Table 1-8Table 1-8). Furthermore, the stapled peptides
exhibited enhanced proteolytic stabilities in chymotrypsin, trypsin and mouse
serum. Thereafter, the same group reported several rigid or flexible
crosslinkers.'’” Interestingly, the flexible stapled peptides (Noxa-6) showed
better inhibitory activities than the rigidly stapled peptides (Noxa-3) in a FA
competition assay. Additionally, the stapled peptides with relatively
hydrophobic and flexible crosslinkers exhibited more significant cell-
permeabilities. More recently, Walensky and co-workers incorporated an
acrylamide as a covalent crosslinking warhead into stapled NOXA peptides,
which can react with BFL-1 Cys55. The resulting peptides selectively and
covalently inhibited BFL-1 and showed improved inhibitory activity against BFL-
1 in melanoma cells.'”® The same group later revealed the crystal structure of
the covalent inhibitor with BFL-1 (based on NOXA SAHBA C25S, Table 1-8),
suggesting that BFL-1 is the only member that has a surface-exposed cysteine
in the BCL-2 family and an additional hydrophobic contact can be exploited for
affinity, in this case involving the p-nipecotic acid and a hydrophobic cavity
proximal to Cys55.17°
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Table 1-8 A summary of NOXA-derived constrained peptides.

Peptide Sequence? kd or 1Cso Ref
(Target/ testing
method)P

NOXA ND 171

BH3 LEVESATQLRRFGDKLNFROKL

NOXA _
SAHBg a

LEVES*TQL*RFGDKLNFRQKL

110 nM (MCL-1/FA); 171

54 nM (MCL-1/FA); 126

Peptide 2 SO0 ;
AACLRRIGDCVNLRQKLLN
22 nM (MCL-1/FA); 126
Peptide 8 LavaY !

AmAmC;LRRI GDCVNLRQKLLN

183 nM (MCL-1/FA); 177
Noxa-3 <0

\ < J
AACLRRIGDCVNLRQKLLN
49 nM (MCL-1/FA); 177
Noxa-6 sy
\ /
AACLRRIGDCVNLRQKLLN
NOXA = 46.6 nM (BFL-1/BLI) 179
SAHBA
* *
CoES AELEVESATQLR*FGD* LNFROKLL

a Asterisk denotes non-natural amino acids participating in formation of
hydrocarbon staples; ¢ denotes p-cysteine; Am denotes N-methylated alanine;
bkq values are shown in red; ICso values are shown in blue; FA: fluorescent
anisotropy; BLI: Biolayer Interferometry; the values cannot be compared
directly as different conditions were used in different studies.
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(b)

Figure 1-32 Crystal structures of the constrained peptides with MCL-1 or BFL-
1. (a) Crystal structure of the complex between MCL-1 and a stapled peptide
with the (Bph)-crosslinker (PDB ID: 4G35);%?6 (b) Crystal structure of BFL-1 and
its covalent complex with a stapled peptide (PDB ID: 5WHH, peptide in yellow,
constraint in blue and covalent warhead in magenta).1®

1.7 Coiled-coils

1.7.1 An introduction

The coiled coil is one of the most common structural motifs in native proteins,
which is estimated to occur in 10% of all eukaryotic proteins.8%181 Crick initially
proposed that the packing in coiled coils is in a “knobs in holes” manner,*2
which means that a-helices wrap together and form coiled coils with an angle
of 20° away from a perfectly parallel orientation and with side chain residues
from one helix filling the gaps generated by clusters of side chains on the other
helix (Figure 1-33 (a) and (b)). Left-handed coiled coils exhibit a seven-residue
periodicity where seven amino acids span two turns of helices, because of the
distortion from 3.6 residues per turn to 3.5 residues during the formation of this
motif.1” In coiled coils, this seven-residue repeat is typically termed a heptad
repeat, denoted (abcdefg)n, and illustrated as helical wheels from a top view
(Figure 1-33 (c)).
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(b)

Figure 1-33 Coiled coils and helical wheels; (a) Crystal structure of a
representative coiled coil (PDB code 1C1G), illustrating how two helices (purple
and blue) wrap around one another; (b) A schematic diagram of “knobs in holes”
packing with 20° away from parallel orientation (knobs (x) filling the holes (+));
(c) Helical wheel representation of a parallel dimeric coiled coil from top view
(a, d positions are in yellow, which are usually hydrophobic; e, g positions are
shown in magenta or blue, which usually form interchain salt-bridges; b, ¢ and
f positions are shown in white, which are exposed to solvents and flexible for
modification).

Coiled coils are a class of useful building blocks in construction of different self-
assemblies.*® For instance, coiled coils can assemble into cages with different
shapes,®4, nanotubes'® and a-helical barrels.*®® In addition, coiled coils can
undergo conformational changes triggered by many environmental factors, e.g.
temperature,’®’ pH,® and oxidation!®. The diversity of coiled coils
architectures and the tunability of coiled coils conformation open a new avenue
for a broad range of biological applications.1>1%0-193 |n the following part, the de
novo design principles of oligomeric coiled coils consisting of two to four
helices, and their applications for the modulation of PPIs will be discussed.

1.7.2 De novo design of coiled-coil assemblies
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The diversity of coiled coils architectures provides opportunities to understand
the principles to modulate their folding and specificity. Generally, the residues
at positions a and d are hydrophobic, promoting tight contact via the
hydrophobic effect and van der Waals interactions.1®31%94 Secondly, the
residues at positions e and g are usually charged, providing interhelical or
intrahelical electrostatic forces to stabilise the structures of coiled coils. The
positions b, ¢c and f are considered relatively flexible. However, they were found
to provide additional benefits for coiled coils stability or inserting sites of
residues that are essential for biological functions.95-197

1.7.2.1residues aand d

The hydrophobic and steric nature of a and d residues play important roles in
oligomerization of coiled coils.’®® The leucine zipper structure of the yeast
transcriptional activator GCN4, sometimes termed GCN4-pl facilitates its
homodimerization.'® Alber and co-workers systemically investigated the
influence of positions a and d on the oligomeric states of GCN4 variants (Table
1-9).1%° Briefly, isoleucine at a and leucine at d favour a homodimer; isoleucine
at both a and d favour a homotrimer; leucine at a and isoleucine at d favour a
homotetramer; leucine at both a and d favour a homotrimer; valine at a and
leucine at d favour a homotrimer while the inverse arrangement leads to a
mixture of dimer and trimer. Inspired by this seminal work, Woolfson and co-
workers described a series of de novo designed peptides that form different
oligomers.?® They found that the incorporation of asparagine at position a
favours the dimer while asparagine at position d favours the trimer. Thereatfter,
the same group described that central locations of asparagine retained the
specificity of oligomerization while weakening the thermal stability of coiled
coils. On the contrary, the locating asparagine near the termini led to increasing
stability but undermined specificity (Table 1-9).20%
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Table 1-9 A summary of sequences that form parallel homooligomeric coiled
coils

Peptide Sequence® Oligomeric Ref

State

e gabcdef gabcdef gabcdef gabcdef gabcd

199

GCN4 RMKQLED KVEELLS KNYHLEN EVARLKK LVGE Homodimer
GCN-pIL RIKQLED KIEELLS KIYHLEN EIARLKK LIGE Homodimer 200
GCN-pll RIKQIED KIEEILS KIYHIEN EIARIKK LIGE Homotrimer 200
GCN-pLI RLKQIED KLEEILS KLYHIEN ELARIKK LLGE Homotetram  2%°
er

GCN-pVL RVKQLED KVEELLS KVYHLEN EVARLKK LVGE Mixture® 200
CC-plL G EIAALKQ EIAALKK EIAALKW EIAALKQ GYY Homodimer 201
CC-Tri- G EIAAIKQ EIAANKK EIAAIKW EIAAIKQ GYG Homotrimer 201
N13

CC-Tet G ELAAIKQ ELAAIKK ELAAIKW ELAAIKQ GAG Homotetram 201

er

9a and d residues are highlighted in bold and orange. "Mixture of dimer and
trimer.

1.7.2.2 Residues e and g

In coiled coils, positions e and g are usually occupied by charged residues, e.g.
lysine and glutamic acid.'%3 The pairing pattern determines the preference for
the formation of homo- or heterooligomeric coiled coils. Kim and co-workers
designed two peptides, ACID-pl and BASE-pl, by replacing all e and ¢
residues with glutamic acid or lysine in a peptide derived from GCNA4,
respectively.?9?2 The resulting peptides were found to form a heterodimer rather
than a homodimer, which has been described as a “velcro”-like model (Figure
1-34 (a) and (b)). Similarly, Chaiken and co-workers designed two 35-mer
peptides, E/E35 and K/K35, containing only glutamic acid or lysine at positions
e and g, respectively.?°2 These two peptides were found to form a heterodimer
at neutral pH (Figure 1-34 (c)).
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Leucine
zipper

E-K
“Velcro”

(b) bcdefga bcdefga bcdefga bcecdefga be
ACID-pl: AQLEKEL QALEKEN AQLEWEL QALEKEL AQ
BASE-pl: AQLKKKL QALKKKN AQLKWKL QALKKKL AQ

(C) bcdefga bcdefga bcdefga bcdefga bcdefga
E/E35: CGGDSEV SSLESEV SSLESEV SSLESEV SSLESKY
K/K35: CGGDSKV SSLKSKV SSLKSKV SSLKSKV SSLKSKY

Figure 1-34 “Zipper” and “Velcro” models and heterodimers; (a) A schematic
diagram of “Zipper” and “Velcro” models in dimeric or trimeric coiled coils; (b)
Helical wheel representation of ACID-pl/BASE-pl heterodimer from top
view;2%2 (c) Helical wheel representation of E/E35/K/K35 heterodimer from top
view,203

In addition to the specificity of oligomeric states, residues e and g also play
important roles in selecting the orientation of dimeric coiled coils. Hodges and
co-workers designed a set of disulfide-crosslinked dimeric coiled coils.?%* The
peptides have leucine or alanine at positions a and d. Different combinations of
glutamic acid and lysine at positions e and g were used to control whether
parallel or anti-parallel orientation would be favoured (Figure 1-35).
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(a) (b)

gabcdef gabcdef gacbdef gabcdef gabcdef gabcdef gabcdef gacbdef gabcdef gabedef
Ac-KCEALEG KLEALEG KAEALEG KLEALEG KLEALEG-NH, Ac-KCEALEG KLEALEG KAEALEG KLEALEG KLEALEG-NH,
Ac-KCEALEG KLEALEG KAEALEG KLEALEG KLEALEG-NH, H,N-GKCEALE GKLEALE GKAEALE GKLEALE GKLEALE-Ac

K fedcbag fedcbag fedcbag fedcbag fedcbag
K

A K
A K
A K
A K
A

L
L
A
L
C

[a1a]nln]A]
[alalalnTA]
(alalalalA)

Figure 1-35 Disulfide-bond crosslinked parallel and antiparallel dimeric coiled
coils; (a) Disulfide-bond crosslinked parallel dimeric coiled coil;?°* (b) Disulfide-
bond crosslinked antiparallel dimeric coiled coil?** (cysteines forming the
interchain disulfide-bonds are highlighted in red).

The E-K “Velcro’-like effect plays an essential role in the formation of triple
stranded coiled coils. Alber and co-workers designed a A-B-C type
heterotrimeric coiled coil mediated by isoleucines at both positions a and d, and
specific interchain E-K pairing at positions e and g (Figure 1-36 (a)).2°®> The
Tanaka group previously described a de novo design peptide 1Z, which can
form a homotrimeric coiled coil, driven by both the a, d isoleucine zipper and e,
g E-K “Velcro”.2% Inspired by Alber's work, the Tanaka group designed a
heterotrimeric coiled coil combining the tryptophan-alanine-alanine steric
matching from a residues and e, g interchain E-K “Velcro”(Figure 1-36 (b)).2%”

55



(a) (b) abcdefg abcdefg abedefg abcecdefg abedefg
fgabcde fgabcde fgabcde fgabcde fgabed — A:YGGIEKK IEAIKKK AEATEKK AEATEKE IEAIEKG
A:AEIAAIE YEQAAIK EEIAAIK DKIAAIK EYIAAI  RB:YGGIEKE IEAIEKK AEAIKKK WEAIEKE IEAIEKG
B:EKIAAIK EEQAATE EEIQAIK EEIAAIK YLIAQI  (.yGGIEKK TEATEKE WEATEKK AEATEKE IEATEKG
C:AEIAAIK YKQAATIK NEIAAIK QEIAAIE QMIAAI 137.YGGIEKK IEAIEKK IEAIEKK IEAIEKK IEA
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Figure 1-36 ABC-type heterotrimers; Helical wheel representation of ABC-type
heterotrimer reported by Alber;2% (b) Helical wheel representation of ABC-type
heterotrimer reported by Tanaka.??’

1.7.2.3 Residues b, c and f

Intrachain
Salt bridge

Figure 1-37 A schematic diagram of insertion of intrachain i, i+3/4 salt bridges
at positions b, ¢ and f in coiled coils.

The specificity and stability of coiled coils can not only be affected by a, b, e, g
residues, but also residues at positions b, ¢ and f.1932°8 Dahiyat et al. reported
that replacement of b, c, f residues with glutamic acid, aspartic acid, lysine,
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arginine and alanine, to incorporate intramolecular hydrogen bonds, salt
bridges, or promote a-helical propensity, resulted in increased stability of
GCN4-derived homodimeric coiled coils (Figure 1-37,Table 1-10).2%°
Interestingly, the insertion of alanine to all positions b, ¢ and f led to a
conversion of the oligomeric state from dimerization to tetramerization, while
increasing the thermal stability. Keating and co-workers also reported that
intrachain i, i+3/4 salt-bridges can tighten the binding between a single strand
and its partner during the formation of coiled coils.?!® Recently, Jerala and co-
workers found that the a-helical propensity and thermal stability of dimeric
coiled coils can be dramatically improved by incorporating intrachain i, i+3/4
salt-bridges by E/K or E/R pairs at positions b, ¢ and f without changing the
specificity of oligomerisation.%

Table 1-10 Peptides with b, c, f variations based on GCN420°

Sequence® Tm  Oligomeric
Peptide (°C) state

gabcdef gabcdef gabcdef gabcdef gabcd

GCN4 RMKQLED KVEELLS KNYHLEN EVARLKK LVGER 57 2
GCN4-A RMEKLED KVRELLR KNRRLEE EVRRLKE LVGER 71 2
GCN4-B RMEKLEQ KVKELLR KNERLEE EVERLKQ LVGER 72 2
GCN4-C RMARLEA KVAALLA KNRRLER EVARLKA LVGER 69 2
GCN4-D RMRELEE KVRRLLR KNEDLER EVARLKA LVGER 71 2
GCN4-E RMNTLER KVAKLLS KNANLEH EVNTLKQ LVGER 15 2
GCN4-F RMAALEA KVAALLA KNAALEA EVAALKA LVGER 73 4

%Original residues b, c and f are shown in blue, the changed residues are shown
in red.
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1.7.3 Coiled-coil-based strategies to modulate protein-protein

interactions

Highly stable de novo designed coiled coils serve as useful tools to stabilise a-
helical structures, thus enriching the arsenal to construct modulators of a-helix-
mediated PPIs.1®” Compared with constrained peptides, this new class of
methods provides unique advantages, e.g. simplicity of synthesis, tunability of
structures and less risk of unnecessary interactions from staples. %7 Two
rational ways to create coiled-coil-based PPl modulators will be discussed in
this part, including grafting and fusing strategies (Figure 1-38).

Figure 1-38 A schematic diagram of grafting and fusing strategies to create
coiled coil-based PPl modulators (coiled coil templates are shown in cyan and
residues in the templates are shown as white spheres; bioactive peptide
segments are shown in magenta; hot-spot residues are shown as red spheres
(big) and other residues are shown as yellow spheres in bioactive peptides
(small)).

1.7.3.1 Coiled coils as scaffolds: grafting hot-spots

Oakley and co-workers reported a proof-of-concept study that a coiled coil can
be utilised as a scaffold to graft key residues involving in PPIs.?!! According to
a previous structural study, protein kinase N is an antiparallel heterodimeric
coiled coil. The PKN/RhoA interaction involves two contacting interfaces,
contact 1 and 2.212 To clarify the mechanism of this PPI, the Oakley group
introduced 15 key residues from contact 1 or 2 interfaces of PKN, respectively,
into an anti-parallel coiled coil derived from seryl tRNA synthetase (SRS-ACC).
As a result, the contact 2-derived coiled coil, HPC2, showed binding affinity for
RhoA similar to the corresponding domain in PKN, while the contact 1-derived
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HPC1 exhibited no significant interaction with RhoA, suggesting that the contact
2 is solely pivotal for the PKN/RhoA interaction (Figure 1-39).

Contact 1

Figure 1-39 Grafting hot-spots in contact 1 or 2 involved in PKN/RhoA PPI on
SRS-ACC antiparallel heterodimeric coiled coil 2! (hot-spots in contact 1 are
highlighted in cyan; hot-spots in contact 2 are highlighted in red; hot-spots
involved in both contacts are highlighted in purple).
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gabcdef gabcdef gabcdef gabcdef ga
GCN4LZ RMKQLED KVEELLS KNYHLEN EVARLKK LV
p53TAD SQETFE SDLWKLL PEN
p53LZ2 RMKQLED KVGELLE SNYWLEL EVARLKK LV

Figure 1-40 Grafting hot-spots of the p53TAD peptide involved in p53-
hDM2/hDMX PPl on GCN4 homodimeric coiled coil 213 (hot-spots in the p53-
hDM2/hDMX PPI were highlighted in cyan; additional mutations of the GCN4LZ
based on the sequence of p53TAD were highlighted in green).

Lee et al. utilised a homodimeric coiled coil derived from the GCN4 sequence
as a scaffold to graft hot-spots in a p53-derived peptide p53TAD, involved in its
interactions with hDM2 and hDMX.?13 The most advanced coiled coil, p53LZ2,
showed high binding affinities for both hDM2 and hDMX, with values of 18 and
80 nM, respectively (Figure 1-40). Moreover, the variant conjugated with a cell-
penetrating peptide TAT, TAT-P53LZ2, showed significant anticancer activity
on the HCT 166 xenograft model.

Recently, Fletcher et al. developed a set of homo- and heterodimeric coiled
coils that can disrupt the MCL-1/NOXA B PPI.1°7 After being identified using
virtual alanine scanning, the hot-spots were grafted on a de novo designed
homodimeric coiled coil, CC-Di, with different numbers of hot-spots. As
expected, the coiled coil with more grafted hot-spots showed stronger binding
as evidenced by lower ICso in an MCL-1/BID competition fluorescent anisotropy
assay. Surprisingly, the homodimers showed specificity of MCL-1 inhibition in
the presence of other proteins, e.g. BCL-x. and hDM2. Additionally,
heterodimers were also designed using the E-K “Velcro” principle, with the hot-
spots on only one of the coils. Interestingly, grafting the hot-spots on the acidic
or basic strand resulted in different selectivity, suggesting non-specific
electrostatic interactions could be involved in the binding (Figure 1-41).
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fgabcde fgabcde fgabcde fgabcde fgab

NOXA B: PADLKDE CAQLRRI GDKVNLR QKLLNM

CC-Di: GEIAALK QEIAALK KENAALK QEIAALK QGYG
CC-Di_S: GEIAALK QEILRLI GDNVALK QEIAALK QGYG
CC-Di_El: GEILALK QEILRLI GDNVALK QEILNLK QGYG
CC-Di_E2: GKILALE QEILRLI GDNVNLK QEILNLK QGYG
CC-Di-A: GEIAALE QEIAALE KENAALE QEIAALE QGYG
CC-Di-A_S: GEIAALE QEILRLI GDNVALE QEIAALE QGYG
CC-Di-B: GKIAALK QKIAALK KKNAALK QKIAALK QGYG

CC-Di-A_S: GKIAALK QKILRLI GDNVALK QKIAALK QGYG

ICs,: 44 pM, non-specific ICs4: 40 pM, specific

Figure 1-41 Grafting hot-spots of the NOXA B peptide involved in the NOXA
B/MCL-1 PPl on CC-Di dimeric coiled coils set 19 (hot-spots in the NOXA
B/MCL-1 PPI are highlighted in cyan; mutations of CC-Di based on the
sequence of NOXA B are highlighted in green); additional residues are
highlighted in red).
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1.7.3.2 Coiled coils as templates: fusing with bioactive domains

In addition to the grafting strategy, coiled coils can be fused with a segment
with an original a-helical bioactive conformation, to induce and stabilise the
conformation essential for bioactivity. HIV-1 6-HB is a coiled coil complex
formed by three NHR domains and three CHR domains.?? The approval of the
CHR-derived (C-peptide) fusion inhibitor enfuvirtide offers an alternative option
for the regular antiretroviral treatment of HIV-1. However, the rapidly increasing
drug resistance to C-peptide fusion inhibitors hampers their clinical
applications.?* Therefore, developing NHR-derived (N-peptide) fusion
inhibitors emerged as a promising approach to overcome the drug resistance
caused by C-peptides. However, native N-peptides are not bioactive due to
their high tendency towards aggregation, which precludes the formation of the
trimer required for the binding of C-peptides.?*® Bianchi et al. reported a fusing
strategy to reinforce the N-trimers.?1® They first truncated the native N36
sequence to generate short N-peptides, followed by fusion with the previously
reported homotrimer-forming sequence IZ. Surprisingly, the chimeric peptide
IZN17 and 1ZN23 showed low nanomolar inhibitory activities against HIV-1
fusion, with ICso = 1.3 and 2.3 nM, respectively. Moreover, N-capped cysteine
pairs were incorporated for the formation of interchain disulfide-bridges. The
covalent crosslinked coiled coil (CCIZN17)s exhibited 30-fold lower ICso than
IZN17 (Table 1-11). Crosslinking coiled coils with stable crosslinkers
dramatically improves the stability of coiled coils.?!” Liu and co-workers
reported a novel crosslinking method using an isopeptide-tether (Figure 1-42).
The group first developed de novo designed peptides 3HR and 4HR, which can
form a homotrimeric coiled coil with high stability.?'® By fusing 3HR or 4HR with
an NHR-derived peptide, N23, and incorporating isopeptide-bridges by an acyl
transfer reaction, a set of covalently crosslinked homotrimeric coiled coils were
found to exhibit anti-HIV-1 activities similar to enfuvirtide (Table 1-11).
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Figure 1-42 A schematic diagram of isopeptide-bond tethered trimeric coiled
coil. 218

Thereafter, based on the native N36 sequence, the same group mutated
appropriate residues at a and d positions to isoleucine which favours trimeric
coiled coil formation, incorporated intrachain i, i+3/4 salt-bridges at positions b,
c and f and replaced the interchain e, g salt-bridges with covalent isopeptide-
bridges (Figure 1-42, Table 1-11).?'° The resulting coiled coil (NS6MEK2)3
showed improved anti-HIV-1 activity in comparison to enfuvirtide, as well as
extremely enhanced metabolic stability in proteinase K solution, liver
homogenate, kidney homogenate and rat plasma. These results demonstrate
that variation of native sequences is another rational way for de novo design of
coiled coil PPI inhibitors.
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Table 1-11. A summary of coiled-coil-based N-peptide fusion inhibitors against
HIV-1

Peptide Sequence* ICso  Ref
(V)

bcdefgabcdefgabcdefgabcdefgabecdefgab

N36 SGIVOOQNNLLRAIEAQOHLLOLTVWGIKOLOARIL 920 219
N23 >5000 28
N17 N.D. 216
1Z IKKEIEATKKEQEAIKKKIEAIEK N/A 216
IZN17 IKKEIEAIKKEQEAIKKKIEAIEK 1.26 216
(CCIZN17)s CCGGIKKEIEAIKKEQEAIKKKIEAIEK 0.04 216
4HR WRIQQIEQKIHHIEQRIQQIEQRIQQIEQ N/A 218
3HR WRIQQIEQKIHHIEQRIQOIEQ N/A 218
(4HRN23)3 WRIQQIEQKIHHIEQRIQOIEQRIQQIEQ 11.6 218
(3HRN23)3 WRIQOIEQKIHHIEQRIQOIEQ 10.2 218
(N36MEK2)3 5" IV KINNTERAIEAQQ LLOLTVWGIKOLOARIL 27.1 219

9The residues participating in the formation of interchain covalent crosslinker
are highlighted in red; residues a and d are highlighted in bold; residues for
interchain crosslinking are shown in red; N23 segment are shown in blue and
N17 segment are shown in green; additional variations in (N36MEK2)s are
highlighted in orange.

1.8 Overall aims

Discovery of inhibitors and further understanding of the BH3/BCL-x. PPIs would
pave the way to develop new modulators as probes or therapeutics. To this
end, | envisaged that constrained peptides and coiled coils would be ideal
approaches for discovery of efficient peptidomimetic inhibitors targeting the
BH3/BCL-xL PPIs. The Wilson group recently introduced stapled and coiled-coil
peptides that inhibit helix mediated PPIs (e.g. MCL-1 and BCL-xv inhibitors) and
are amenable to solid phase synthesis.'319 The mono-substituted
hydrocarbon staple and dibromomaleimide-staple were introduced into the BID
peptide, which is a non-selective inhibitor of pro-survival BCL-2 family
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proteins.>>13¢ More recently, coiled coils based on NOXA-B, which can
selectively inhibit MCL-1, reported.*®’

In this work, the BAD/BCL-x. and HRK/BCL-x. PPIs were chosen as targets.
The main goal was to develop constrained peptides and coiled coils based on
the BAD and HRK BH3 domains with improved binding and selectivity towards
BCL-xL. | planned to explore both monosubstituted hydrocarbon stapling and
dibromomaleimide constraining approaches. In the long-term, | also planned to
explore the current peptide constraining techniques e.g. developing irreversible
constraining methods based on dibromomaleimide. Secondly, coiled-coils
based on the BAD and HRK peptides were planned to be investigated. |
planned carry out computational modelling for peptide design; and | planned to
perform biophysical evaluation, e.g. fluorescent anisotropy (FA) for screening
potency, and circular dichroism (CD) for investigation of secondary structures.
The expected outcome of this work was the successful identification of selective
peptide-based BCL-xL inhibitors. Accordingly, | planned to generate crystal
structures for the complexes of the compounds with the BCL-x. protein, and
also optimise the peptides by adding cell-penetrating functionalities for further
cell-based studies.
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Chapter 2 Inhibition of the BAD/BCL-x. interaction using

constrained peptides

2.1 The introduction to BAD and chapter aims

The BAD protein is a BH3-only protein that binds to several anti-apoptotic
proteins, including BCL-2, BCL-W and BCL-x., rather than pro-apoptotic
effector proteins, e.g. BAK or BAX.??0 Similar to other BH3-only proteins, such
as NOXA, BIK, BMF and HRK, single deletion of BAD has little effect on normal

development in mice models, although deletion of BIM shows a lethal effect.?2%-
224

BAD has dual functions in both apoptotic and anti-apoptotic processes, which
are regulated by posttranslational modification (PTM).1’* The pro-apoptotic
function of BAD can be inhibited through phosphorylation mediated by several
kinases, e.g. Akt, in response to growth factors.??02?5 As a result of
phosphorylation, phospho-BAD can be recognised and inactivated by 14-3-3
proteins, suppressing the interaction with anti-apoptotic proteins.?? Moreover,
BAD BH3 phosphorylation also contributes to the regulation of glucokinase
activity. 174227

In this chapter, the aim was to use the BAD BH3 domain as a starting point to
construct constrained peptides using dibromomaleimide, for inhibition of the
BAD/BCL-xL interaction. Virtual alanine scan would be used to predict hot-spot
residues in the sequence. The peptides would be characterised by FA and CD
and MD simulations would be used to investigate the difference of the bound
and unbound states of peptides.

66



2.2 Virtual alanine scanning to determine hot-spot residues

Hot-spot residues are a subset of key residues that contribute to the
affinity within PPIs, for which, the variation to alanine causes a significant
calculated decrease of binding free energy (AAG>1 kcal/mol or 4.2
kJ/mol).?28:22° Alanine scanning is a commonly used method to identify hot-
spot residues (amino acids with contribution > 4.2 kJ/mol to the binding free
energy) at a protein-protein interface.”??° A virtual alanine scan can be quicker
and lower-cost in comparison to experimental approaches.?3° In order to inform
the design of peptidomimetics based on the BAD BH3 domain, | first selected
the human hBAD/BCL-x. structure (PDB ID: 1G5J)%%° and performed a virtual
alanine scan using the BUDE?3! Alanine Scan (BAlaS). 232 BAlaS is a efficient
and versatile approach for rapid analysis of PPIs and allows scientist to use
different types of input files.?3? Previously the Wilson group compared virtual
alanine scanning results using six different computational tools with
experimental results.?>® The data showed that BAlaS had above-average
accuracy in comparison to others. For using BAlaS, the input files can be
uploaded to the BAIaS webserver for modelling and users don’t need to install
extra softwares. Therefore, it is a convenient and user-friendly tool to rapidly
predict hot-spot residues in PPIs.

To identify potential hot-spot resides in the hBAD BH3 sequence, BAIaS was
employed. As a result, several residues were identified as potential hot-spot
residues in the BAD/BCL-x. interaction, including Leul04, Tyr110, Leull4,
Argl15, Phel21 and Phel25 (Figure 2-1 (a)). Notably, two aromatic residues,
Phel21 and Phel25, were predicted to exhibit a significant increase in binding
free energy after replacement with alanine (18 kJ/mol and 13.2 kJ/mol
respectively), highlighting an important contribution for these two residues for
interaction with BCL-xL. For comparison, a crystal structure of the complex
between zBAD and an anti-apoptotic analogue of BCL-x. from zebra fish, NRZ
(zBAD/NRZ, PDB ID:6FBX), was subjected to BAIaS.?%° In the complex with
NRZ, the zBAD peptide was identified to have Tyr95, Leu99, Argl00 and
Phel06 as hot-spot residues associated with BCL-xL recognition (Figure 2-1
(b)).

The observed residue locations are consistent with the typical hl, h2, h3, and
h4 hydrophobic residue constellations in other BH3-only proteins, although
M117 (h3) showed AAG<4.2 kJ/mol, indicating it is not identified as a hot-spot
residue. The similarity of the virtual alanine scanning results using zZBAD/NRZ
provided additional confidence in informing the design of BAD-derived
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peptidomimetics. In detail: Tyr95, Leu99, Argl00 and Phel06 were identified
as hot-spot residues together with three more residues including Lys93, Lys94
and GIn110.
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Figure 2-1 Virtual alanine scanning results using BAlaS: (a) results for
hBAD/BCL-x. (PDB ID: 1G5J); (b) results for zZBAD/NRZ (PDB ID: 6FBX) (the
predicted hot-spot residues are shown in orange and other residues are shown
in green).

To clarify the conformational orientation and detailed interactions involving the
identified hot-spot residues, | inspected the hBAD/BCL-xL structure, confirming
that the five hydrophobic hot-spot residues, Leul04, Tyr110, Leull4, Phel2l
and Phe125, are grafted on the same face of the a-helix and insert into the
hydrophobic cleft of the BCL-xL (Figure 2-2 (a)). The aromatic residues, Phel21
and Phel25 of BAD, interact with Phe97 and Tyrl95 of BCL-x. via TT-11
interactions, respectively. Notably, the conserved Aspl19 forms a charge
reinforced hydrogen-bond with Arg139 of BCL-xL. Similarly, in the interaction
between the BAD and NRZ, Tyr95, Leu99, Phel06 sit on the same face of the
a-helix and embed into the hydrophobic cleft of NRZ; Asp104 forms a charge
reinforced hydrogen-bond with Arg90 of NRZ (Figure 2-2 (b)); the role of GIn110
as a hot-spot residue is less clear, however Arg1l00 is engaged in charge
reinforced hydrogen-bonding interaction with Glu79 and Asp83 simultaneously.
In addition, the two lysine residues, Lys93 and Lys94 were also identified as
hot-spot residues, which interact with acidic residues in NRZ in terms of the
crystal structure. (Figure 2-2 (b)).
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Figure 2-2 Ligand-receptor interactions for BAD BH3 peptides and the
receptors; (a) ligand-receptor interactions in hBAD/BCL-xL structure (PDB ID:
1G5J); (b) ligand-receptor interactions in zBAD/NRZ structure (PDB ID: 6FBX)
(hot-spot residues in the BAD peptides are coloured orange with light green
labels; residues involved in recognition of BAD in BCL-xL or NRZ are labelled
in white and coloured: yellow for hydrophobic, blue for simultaneous
electrostatic interaction and hydrogen-bond, purple for 1T-1T interaction and red
for electrostatic interaction).

2.3 Dibromomaleimide constraint scan

2.3.1 Direct titration FA assays
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Figure 2-3 Fluorescence anisotropy direct titration results for titration of FAM-
Ahx-BAD with the receptors proteins; (a) BCL-xt;(b) MCL-1 (FAM-Ahx-BAD
(50 nM), BCL-x. (6 nM-125 yM), MCL-1 (5 nM-105 pyM), 20 mM Tris, 150 mM
NaCl, pH 7.6, 20 °C, all experiments were repeated for three times, error bars
show standard deviations).

69



First of all, a direct fluorescence anisotropy (FA) assay was established for
testing the binding affinity of hBAD peptides (hereafter referred to as BAD)
towards BCL-xL and also facilitating the development of competition FA assays
to screen designed molecules. A 19-mer BAD tracer was used in this study
(FAM-Ahx-BAD109-127 (FAM-Ahx-RYGRELRRMSDEFVDSFKK-NHz2), here after
referred to as FAM-Ahx-BAD) for the direct titration assay. FAM-Ahx-BAD was
found to bind to BCL-x. with a Ka = 119 £ 23 nM (Figure 2-3 (a)).

In addition, | also used MCL-1 to investigate the selectivity of the BAD
sequence; FAM-Ahx-BAD failed to exhibit any anisotropy change up to 100 yM
of MCL-1 (Figure 2-3 (b)), suggesting that the 19-mer sequence has excellent
selectivity and serves as a suitable tracer for assay development and a
promising starting point for designing BAD-based peptidomimetic BCL-xL
inhibitors.

2.3.2 Peptide design and competition FA screening

In this section, | applied the fast and efficient peptide constraining method using
dibromomaleimide at i and i + 4 positions'®*® to identify suitable sites for
generation of constrained peptides based on BAD BH3. To do this, pairs of i
and i + 4 residues in the wild-type BAD1o9-127-BH3 sequence (hereafter referred
to as BAD-s) were replaced by cysteines for constraining. To retain the hot-spot
residues from the binding interface and minimise the influence arising from the
replacement of original residues, cysteines were incorporated to avoid
changing the relatively hydrophobic hot-spot residues Leu104, Tyr110, Leull4,
Phel21 and Phel25, identified from the virtual alanine scan. All peptides were
synthesised using Fmoc-based standard solid-phase peptide synthesis and
purified by prep-HPLC for further study (purity>85%).

A dibromomaleimide constraint scan led to 8 bis-cysteine variants (BADL1-L8)
based on BAD-s, by incorporating a pair of cysteines at different i and i+4
positions from the N-terminus to the C-terminus. Thereafter, a maleimide
constraint was installed on each peptide using diboromomaleimide as previously
described?3® and all resultant peptides were tested in fluorescence anisotropy
competition assays. The longer wild-type peptide, BAD1o03-127 (25-mer, hereafter
referred to as BAD-wt), gave an ICso = 0.2 + 0.01 yM, which was more potent
than that of the shorter template peptide, BAD-s (3.6 £ 0.2 uM, Figure 2-4 (a)).
Several cysteine variants showed comparable ICso values in comparison to
BAD-s. However, BADL2, BADL4 and BADL7 showed diminished inhibitory
potency (all >50 uM) after incorporation of the cysteines, indicating that those
positions are unsuitable to for replacement (Figure 2-5). The loss of inhibitory
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potency may be attributed to the replacement of Argl1l5 which interacts with
BCL-xL or Asp119 which is highly conserved across BH3-only ligands and can
interact with Arg139 in BCL-x..23* Loss of inhibitory potency was observed for
most maleimide constrained peptides in comparison to either their
unconstrained precursors or the wild-type sequence. Notably, two constrained
peptides, BADS1 and BADS5, showed similar ICso values to that measured for
BAD-s. In competition against the BID/MCL-1 interaction these peptides
showed poor inhibitory activity or no significant anisotropy change (Figure 2-4
(b), Table 2-1), demonstrating that the selectivity preference of the parent wild-
type sequence is well-retained.
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Figure 2-4 Competition FA results for BAD-wt, BAD-s, BADL5 and BADSS5; (a)
against BCL-x. (20 mM Tris, 150 mM NacCl, pH 7.6, 200 nM BCL-xL, 50 nM
FAM-Ahx-BAD, 20 °C); (b) against MCL-1 (20 mM Tris, 150 mM NacCl, pH 7.6,
150 nM MCL-1, 25 nM FAM-Ahx-BID, 20 °C) (see sequences in Table 2-1)
(error bars show standard deviations observed in triplicate experiments and
errors are standard deviations generated in data fitting).
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Figure 2-5 Competition FA results for the BAD peptides against BCL-x. (@)
competition FA results for BADL1, BADS1, BADL2, BADS2, BADL3 and
BADS3; (b) competition FA results for BADL4, BADS4, BADL6 and BADSS;
competition FA results for BADL7, BADS7, BADL8 and BADS8 (20 mM Tris,
150 mM NacCl, pH 7.6, 200 nM BCL-x., 50 nM FAM-Ahx-BAD, 20 °C, error bars
show standard deviations observed in triplicate experiments and errors are
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2.3.3 Structural analysis using CD

In order to investigate the conformational features of the peptides and the
relationship between helicity and potency, CD was used to determine the
secondary structures of the peptides, including the linear and constrained. The
two wild-type peptides, BAD-wt and BAD-s were observed to adopt a
combination of random coil and helical conformation, with helicities of 14% and
10%, respectively (Table 2-1 and Figure 2-6 (a)), which is consistent with a prior
report.1’® In most sequences, the installation of the maleimide linker did not
significantly improve the observed helicity for each single peptide in solution in
comparison to BAD-s or the corresponding cysteine precursors (Figure 2-6).
For example, the best constrained candidate, BADS5, was observed to have a
helicity of only 10%, whereas it showed an ICso of 2.4 £ 0.2 yuM, which is
comparable to that of BAD-s. Also, the other peptide with retained binding,
BADS1, did not show improvement of helicity after constraining. One
constrained peptide, BADS4, showed improved helicity in comparison to the
linear precursor (8% to 14%). However, BADS4 did not retain inhibitory potency
in the FA competition assay against BAD/BCL-xL. Taken together, these results
indicate that in-solution a-helicity of the BAD peptides are relatively low and do
not have strong correlations with potency, indicating that BAD potentially
interacts with BCL-x. through a bind-and-fold mechanism as has been
observed for other BCL-2 family interactions.?3%236

73



Table 2-1 A summary of FA competition results of the peptides against BCL-xL

Peptide Sequence? ICs0 BAD/BCL-XL (UM)P
(Helicities)®
(L) (S)
Hs.  Hs. oMo
BAD10o-127 Ac-NLWAAQRYGRELRRMSDEFVDSFKK-NH, 0.2+0.01
(14%)
BAD103-127 Ac-RYGRELRRMSDEFVDSFKK-NH, 3.6+0.2
(10 %)
BADL1/S1 Ac-CYGRCLRRMSDEFVDSFKK-NH, 5.1+ 0.7 (11%) 5.5+0.9
(11%)
BADL2/S2 Ac-RYCRELCRMSDEFVDSFKK-NH, >50 (11%) >50 (10%)
BADL3/S3 Ac-RYGCELRCMSDEFVDSFKK-NH, 6.8 = 0.7 (10%) > 50 (8%)
BADL4/S4 Ac-RYGRELCRMSCEFVDSFKK-NH, > 50 (8%) > 50 (14%)
BADLS5/S5 Ac-RYGRELRCMSDCFVDSFKK-NH, 6.9+0.4 (9%) 2.440.2
(10%)
BADLG6/S6 Ac-RYGRELRRMCDEFCDSFKK-NH; 2.9+0.2 (7%) > 50 (9%)
BADL7/S7 Ac-RYGRELRRMSCEFVCSFKK-NH> > 50 (7%) > 50 (8%)
BADLS8/S8 Ac-RYGRELRRMSDCEFVDCFKK-NH; 4.5 +0.4 (10%) > 50 (10%)

@Hot residues are underlined and shown in bold; incorporated cysteines are
highlighted in red; a maleimide constraint was added on the cysteines in each
BADSnN peptide; °20 mM Tris, 150 mM NacCl, pH 7.6, 200 nM BCL-x., 50 nM
FAM-Ahx-BAD, 20 °C; all experiments were repeated for three times, fitting
errors showed in table; ¢ [peptide] = 50 uM, 20 mM phosphate, 100 mM NaCl,

pH 7.4.
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Figure 2-6 CD spectra for the BAD peptides (peptide concentration: 50 uM, 20
mM phosphate, 100 mM NaCl, pH 7.4)
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2.3.4 Molecular dynamics simulations

The unusual observation of the relationship between in-solution helicity and
potency motivated me to further investigate the impact of introducing a
maleimide constraint on the conformation of the peptides in isolation and their
complexes with BCL-x.. To do this, | performed molecular dynamics (MD)
simulations using YASARA.?®” First, | modelled structures of complexes
between BAD-s or each constrained peptide and BCL-xL in YASARA and
performed energy minimisation. The minimised structures showed that
installation of a maleimide constraint does not cause steric clashes in most
complexes with the protein, although it did make slight conformational changes
or drift of the peptides in several complexes (Figure 2-7 and Figure 2-8).
However, clashes in BADS2/BCL-x. and BADS6/BCL-x. were observed,
suggesting that these positions are not suitable for introducing a maleimide
constraint.

BADS2/BCL-x, BADS3/BCL-x,

Figure 2-7 Energy-minimised structures of the complexes of BAD-s, BADS1,
BADS2, and BADS3 with BCL-xL (clashes are highlighted in BADS2/BCL-XL).
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BADS8/BCL-x_

Figure 2-8 Energy-minimised structures of the complexes of BADS4, BADSS5,
BADS6, BADS7 and BADS8 with BCL-x. (clashes are highlighted in
BADS6/BCL-xL).
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Thereafter, BAD-s, BADL5, BADS5, BADL8 and BADS8 and their complexes
with the BCL-xL were subjected to simulations for >160 ns using the AMBER14
forcefield (Figure 2-17 - 2-26, Table 2-2). To calculate helicity of each peptide,
the conformer at 50 ns was chosen as a starting point and helicity from 50 to
160 ns was averaged. In the simulations, the apo-peptides showed various
helicity. BAD-s was calculated to have an average helicity of 63% in two
simulations, whilst BADL5 and BADS5 gave average helicity of 72% and 57%,
respectively; BADL8 and BADS8 gave higher helicity, with 71% and 75%.
However, these results did not show strong correlation to the observed helicity
using CD.
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Figure 2-9 Replicate MD simulations for BAD-s
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Figure 2-10 Replicate MD simulations for BADL5
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Figure 2-11 Replicate MD simulations for BADS5
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Figure 2-12 Replicate MD simulations for BADLS8
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Figure 2-13 Replicate MD simulations for BADS8

In the simulations of the complexes, BAD-s, BADL5, BADS5 and BADLS8 were
observed to maintain high helicity in the corresponding complexes with BCL-xL
after 120 ns. In general, the peptides exhibited similar or greater helicity in the
bound state than in isolation (Table 2-2). BAD-s showed an average helicity of
76% in the complex with BCL-x. (Figure 2-14), whilst BADL5 and BADS5
showed similarly high helicities of 75% and 81% (Figure 2-15 and Figure 2-16),
respectively. However, compared with the other three peptides and its linear
precursor BADL8 (79% helicity in bound state), the bound BADS8 showed a
lower helicity (62%) (Figure 2-18), suggesting that introducing a maleimide
constraint at this position potentially decreases helicity of the peptide in its
bound state, which may attribute to the loss of inhibitory potency observed in
the competition FA assays.

Table 2-2 A summary of helicities in MD simulations

Peptide Helicityapo-peptide Helicitybound-peptide
BAD-s 63% 76%
BADLS 72% 75%
BADS5 57% 81%
BADL8 71% 78%
BADS8 75% 62%
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Figure 2-18 Replicate MD simulations for bound BADS8 in BADS8/BCL-xL

Next, | analysed changes in interactions between the linear/constrained
peptides and BCL-x. using the average structures generated by MD
simulations. After 160 ns simulation, BAD-s maintained major interactions
observed in the original structure (Figure 2-19). Furthermore, a new hydrogen
bonding between Tyr110 in BAD and Alal04 in BCL-x. was observed (Figure
2-19), indicating the potential for MD to map missing interactions in crystal
structures. The key interactions, including the new hydrogen-bonding, between
BADL5/BADS5/BADLS8 and BCL-xL were also maintained after the simulations
(Figure 2-20, Figure 2-21 and Figure 2-22); however, the important Phel121-
Phe97 -1 interaction disappeared in BADS8/BCL-xL average structure (Figure
2-23). These results suggest that the loss of potency may arise from
conformational changes resulting in a loss of helicity of bound peptide in
combination with a failure to orient key residues optimally for productive

="
== Hydrogen bonding N
n-Ttinteraction

== Electrostatic
Interaction

Figure 2-19 Interactions between BAD-s and BCL-x. after MD simulation
(residues in BCL-xL are highlighted in: green for hydrogen-bond, yellow for
hydrophobic contacts, blue for simultaneous electrostatic interaction and
hydrogen-bond, purple for 1r-11 interaction and red for electrostatic interaction).
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Figure 2-20 Interactions between BADL5 and BCL-x. after MD simulation
(residues in BCL-xL are highlighted in: green for hydrogen-bond, yellow for
hydrophobic contacts, blue for simultaneous electrostatic interaction and
hydrogen-bond, purple for 1-11 interaction and red for electrostatic interaction).

TN X
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Figure 2-21 Interactions between BADSS5 and BCL-x. after MD simulation
(residues in BCL-x. are highlighted in: green for hydrogen-bond, yellow for
hydrophobic contacts, blue for simultaneous electrostatic interaction and
hydrogen-bond, purple for 1r-11 interaction and red for electrostatic interaction).
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Figure 2-22 Interactions between BADL8 and BCL-x. after MD simulation
(residues in BCL-xL are highlighted in: green for hydrogen-bond, yellow for
hydrophobic contacts, blue for simultaneous electrostatic interaction and
hydrogen-bond, purple for 1-11 interaction and red for electrostatic interaction).
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"~ m-minteraction
== Electrostatic
Interaction

Figure 2-23 Interactions between BADS8 and BCL-x. after MD simulation
(residues in BCL-x. are highlighted in: green for hydrogen-bond, yellow for
hydrophobic contacts, blue for simultaneous electrostatic interaction and
hydrogen-bond, purple for -1 interaction and red for electrostatic interaction).
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2.4 Conclusions

In this chapter, | chose the BAD BH3 sequence as a starting point and have
successfully designed maleimide-constrained peptides as BCL-xL inhibitors.
Using a maleimide-staple scan, | identified suitable sites for incorporation of a
maleimide constraint in the wild-type peptide, BAD-s. A number of peptides
exhibited diminished inhibitory potency as the bis-cysteine and constrained
variants, whilst a number exhibited diminished potency only as the constrained
variant. Conformational analyses by CD indicated that a-helicity of the peptides
in isolation is unlikely to influence inhibitory potency. These unusual results
motivated me to use MD simulations to further investigate the bound states of
the complexes between peptide ligands and the protein. These MD simulations
suggest that differences in bound-state-helicity between the active and inactive
constrained peptides might influence inhibitory potency and that for a number
of peptides, constraining modulates the orientation of key side chains such that
optimal interaction with BCL-xL cannot be achieved. These observations
highlight the importance of constraint placements in peptide design, and
emphasise the complex effects that introducing a constraint can have on
potency.238-240

2.5 Future work

2.5.1 Irreversible maleimide constraining

Dibromomaleimide is a linker to rapidly crosslink two cysteines in peptides
under biocompatible conditions, thus serving as a powerful tool to generate
constrained peptides. However, the constraining reaction is reversible, which
may result in uninstallation of the maleimide linker in cytosolic reducing
environment.*3* The outcome of this on-and-off process is not certain, as the
constraint always add more benefits, e.g. improvement of proteolytic stability.
Therefore, optimisation to an irreversible linker based on dibromomaleimide
may open a new avenue to apply the constrained peptides in cell-based assays.
The existence of the double bond in a maleimide ring plays an important role in
this reversible process. Hence, conversion of the maleimide to a succinimide
may cancel the reversibility of the constraint. To do this, using reducing regents
is not ideal as the maleimide constraint itself can also be removed. Therefore,
using a monosubstituted maleimide, e.g. bromomaleimide or N-
methylbromomaleimide may provide possible options to generate irreversible
constrained peptides with similar structural preference.
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In addition, hydrolysis of the maleimide ring is another option to make the
constraint irreversible. For instance, Lyon et al. described a class of self-
hydrolysing maleimides that can make stabilised and irreversible ADCs (Figure
2-24). %> The dibromomaleimide linker will be investigated by hydrolysis.

v

ﬁ ° (NHz is H,0 ES
Figure 2-24 Self-hydrolysing maleimide linker for antibody-drug conjugation
(Ab: antibody).4°

2.5.2 Acid-cleavable maleimide constraining

The structural reversibility between maleic acid and maleimide has been used
in design of various delivery systems targeting the tumour acidic
microenvironment.44 A large number of peptide conjugates with functionalities
adding to a trifunctional constraint have been reported. Caddick and co-workers
developed an acid-cleavable linker for generation of ADCs (Figure 2-25).143
However, an acid-cleavable linker is yet to be developed. To generate an acid-
cleavable constrained peptide conjugate, dibromoanhydride can be used to add
a constraint, following by a ring-opening reaction using a nucleophile e.g. free
amine (Figure 2-26). This type of constrained peptides may pave the way to
design new peptide pro-drugs with better cell-permeability but minimised
impact on potency.
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Figure 2-26 Proposed acid-cleavable linker to make constrained peptides.

2.5.3 Structural study

The observations of the BAD peptides in biophysical studies in this chapter are
consistent with a bind-and-fold mechanism. Crystallography may provide new
structural insights of the interaction between constrained peptides and BCL-x.
in combination with computational analysis.
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Chapter 3 Development of HRK-derived constrained peptides

as BCL-2 family inhibitors

3.1 A brief introduction of the HRK protein

The Harakiri/death protein 5 (HRK/DP5) protein is a BH3-only member of
the BCL-2 family, encoded by the gene harakiri, which interacts
predominantly with BCL-2 and BCL-x..?*** HRK plays a pivotal role in
neuronal cell death in response to nerve growth factor (NGF) deprivation.?+2
NGF deprivation induces upregulation of BIM and HRK in neonatal sympathetic
neurons.?*® HRK also regulates pancreatic B-cell apoptosis, indicating the
possibility to prevent loss of B-cells, which is observed in type 1 diabetes, by
blocking HRK-mediated apoptosis.?** Another study showed that HRK is not
essential for apoptosis of haematopoietic cells although it was found to be
expressed in the central and peripheral nervous system.?4°

3.2 Chapter aims

Previous studies have described constrained peptides based on other BH3
ligands, e.g. BID*°! and BIM.?*6 However, HRK-derived constrained peptides
have been less explored. HRK was classified as BCL-2 and BCL-x. selective
in prior studies.?*! Herein, clarifying the binding profiles of peptide sequences
derived from the HRK BH3 domain and constructing constrained peptides
based on the sequence would pave the way to develop new BCL-xL selective
peptidomimetic inhibitors. The main goal of the chapter was to design HRK-
derived constrained peptides targeting BCL-x. and to further identify selective
BCL-xL inhibitors.

3.3 Rational design of HRK-derived constrained peptides as
BCL-xL and MCL-1 inhibitors

3.3.1 In silico modelling to identify potential hot-spot residues

To identify the hot-spot residues in the HRK BH3 sequence involved in
the interaction with BCL-x., | chose BUDE?*! Alanine Scan (BAlaS),?*? a
well-established and fast tool, to perform a virtual alanine scan. To carry
out a virtual alanine scan, a structure of the complex between a peptide
ligand and a protein is required; however, a structure for the HRK/BCL-xL
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interaction has not been reported. | initially chose the structure of HRK
with SPPV14 (HRK/SPPV14, PDB ID:6XY4),%4” which is a BCL-2
analogue in sheeppox virus,?*® to perform alanine scanning. To compare
the modelling results and facilitate the peptide design, | thereafter chose
the structure of BAD/BCL-x. (PDB ID:1G5J), and also generated a
homology model by replacing the BAD from the BAD/BCL-xL structure
with an HRK ligand (Figure 3-1 and Figure 3-2 (a)). The homology structure
was repacked in Rosetta to remove small clashes. All three structures
were subjected to a virtual alanine scan using the BAlaS webserver
(Figure 3-1).
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Figure 3-1 Workflow for generation of homology model and virtual alanine
scan.

The virtual alanine scanning results showed that the hot-spot residues in
the HRK peptide involving interactions with either SPPV14 or BCL-xL are
similar (Figure 3-2 (b)), which provides confidence that there is similarity
in recognition modes between SPPV14 and human BCL-2 family
proteins. Three leucine residues, Leu37, Leu40 and Leu44, showed
decrease of calculated free binding energy (AAG>4.2 kJ/mol) in both
HRK/SPPV14 and HRK/BCL-xL PPIs. Lys38 showed AAG>4.2 kJ/mol in
HRK/BCL-xL but <4.2 kJ/mol in HRK/SPPV14. Six Residues, including
LeulO4, Tyrll0, Leull4d, Argll5, Phel21 and Phel25, were identified
as hot-spots in the BAD sequence, which is consistent with the fact that
BAD is a stronger ligand for BCL-xL than HRK.3% Notably, variation of the
two Phe for Ala resulted in significant decrease in binding free energy,
with 18 kJ/mol and 13.2 kJ/mol, respectively, suggesting that these two
residues play more important roles in the BAD/BCL-xXL interaction.
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Figure 3-2 Homology modelling and virtual alanine scanning (a) Structures of
complexes of HRK/SPPV14 (PDB ID: 6XY4), BAD/BCL-x. (PDB ID: 1G5J) and
HRK/BCL-x. (homology model); (b) Virtual alanine scanning results for the
three structures.

3.3.2 Direct titration FA assays

To establish a fluorescence anisotropy assay for screening, | prepared a
tracer peptide, FAM-Ahx-HRK, by adding an aminohexanoic (Ahx) linker
and a 5(6)-carboxyfluorescein (FAM) group at the N-terminus of the 23-
mer HRK sequence after automated Fmoc-based standard solid-phase
peptide synthesis (purity >90% after prep-HPLC purification). In the direct
titration experiment, the tracer was observed to bind to the BCL-xL with
an affinity of Kq = 38 (+ 6) nM (Figure 3-3). These data indicate the HRK
peptide to be a good starting point for design of BCL-xL inhibitors and
suitable to develop competition assays for screening.

89



1.2-
K4=38%6 NM

1.0- .s”
0.81
0.6

0.4 1

Ligand Bound

0.2

0.0+

'0.2 T T T T T T T T 1
10° 102 10% 10° 10* 10° 10° 10* 10° 10°
Protein Conc. (nM)

Figure 3-3 Direct titration of FAM-Ahx-HRK with BCL-x. (FAM-Ahx-HRK (50
nM) BCL-x. (6 nM-125 uM) 20 mM Tris, 150 mM NaCl, pH 7.6, 20 °C; error
bars show standard deviations observed in triplicate experiments and errors
are standard deviations generated in data fitting; the tested data agrees with
the range in the literature).?4°

3.3.3 Maleimide constraint increases potency

Subsequent to the virtual alanine scan analysis, | designed 10 peptides
by inserting a pair of cysteines into the 23-mer peptide sequence, HRKzs-
50 (ACc-SAAQLTAARLKALGDELHQRTMW-NH2, hereafter referred to as
HRK-wt), at i, i+4 positions. HRKC1-9 peptides were designed by
incorporating i, i+4 cysteines from the N-terminus to C-terminus excluding
hot-spot residues (Table 3-1). In addition, peptide HRKS10 was designed
by replacing the original D-K salt-bridge with a maleimide-bridge, in order
to investigate the influence of replacement of the native salt bridge with a
covalent linker. After Fmoc based solid-phase peptide synthesis, the
linear peptides were treated with TCEP and each maleimide-constraint
was installed using dibromomaleimide. All peptides were purified by prep-
HPLC and lyophilised to afford solid peptides for further study (purity
>85% after prep-HPLC purification).

Thereafter, the constrained peptides and their linear precursors were
tested in competition FA assays with BCL-x. and FAM-Ahx-HRK. All
assays were repeated for three times and HRK-wt was used as a positive
control for comparison. As a result, several peptides showed no
significant response in the competition assays, e.g., HRKC6, HRKS®6,
HRKC7, HRKS7, HRKC10 and HRKS10 (Figure 3-4 (b) and (c)), indicating
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neither incorporation of a pair of cysteines at these positions nor insertion
of a maleimide-staple could sustain interactions with the BCL-xL. These
results may be attributed to changing of the highly conserved XD motif (X
is a residue with a small sidechain, e.g. Gly, Ala or Ser, and D (Asp) forms
a charged reinforced hydrogen-bond with an arginine residue in the
receptor protein) in BH3-only members.?3* In addition, some peptides
showed a slight decrease in potency. For instance, HRKC1, HRKS1,
HRKC3, HRKC4, HRKC5, HRKS5, HRKC8 and HRKS8 exhibited 1.5-4-
fold loss of potency (Figure 3-4 (a), (b) and (c)). Two maleimide-
constrained peptides, HRKS3 and HRKS9, showed similar potency in
comparison to the wild-type sequence, with ICso = 1.6 (x0.1) and 2.6
(£0.2) pM, respectively. Moreover, HRKS4 showed slightly improved
potency in comparison to HRK-wt, whereas the linear peptide, HRKC4,
showed decreased potency (Figure 3-4 (d)).

These results demonstrate that incorporation of a maleimide constraint at
appropriate sites can add potency, which may arise from the pre-
organisation of peptides’ secondary structures based on the HRK BH3
sequence.
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Figure 3-4 FA competition results for the HRK peptides; (a) HRKC/S1,
HRKC/S2 and HRKC/S3; (b) HRKC/S5, HRKC/S6, and HRKC/S7; (c)
HRKC/S8, HRKC/S9 and HRKC/S10; (d) HRK-wt, HRKC4 and HRKS4 (20 mM
Tris, 150 mM NaCl, pH 7.6, 250 nM BCL-x., 50 nM tracer, 20 °C; error bars
show standard deviations observed in triplicate experiments and errors are

standard deviations generated in data fitting).

3.3.4 Structural analysis of the constrained peptides

Additionally, | investigated the secondary structural preference of the
peptides using CD. | tested HRK-wt, HRKC1-10 and HRKS1-10 in
phosphate buffer using CD. It was found that the maleimide constraint did
not significantly change the conformational preference of most peptides
in solution. For example, HRKS6 was observed to have a helicity of 32%
whilst HRKC6 gave a helicity of 29% (Figure 3-5 (b)). Other peptides, like
HRKC/S2, HRKC/S3, HRKC/S7, HRKC/S8, and HRKC/S9, gave similar
observations (Figure 3-5 (a), (b) and (c)). Decrease of helicity was
observed in HRKC/S5 and HRKC/S10, suggesting that the constraint is
not favourable for helicity at these positions. Notably, HRKS1 and HRKS4
conferred observable enhancement of helicity after dibromomaleimide
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constraining, with 26% to 35, and 14% to 25%, respectively (Figure 3-5
(a)(d)). Taken FA competition results together, HRKS4 also showed
improved potency after maleimide stapling (Table 3-1), suggesting the
pre-organisation by the maleimide constraint might reduce the entropic
cost for binding or stabilise the conformation of bound state.®2 The loss in
helicity of the unconstrained variant — HRKC4 — in comparison to the wild-
type sequence is consistent with variation of two Ala for two Cys residues
and the concomitant loss in inhibitory potency supports a role for
preorganisation in HRKS4. Although HRKS1 exhibited improved helicity
in solution, it did not show improved potency. This might arise because
the maleimide constraint was placed away from the cluster of hot-spot
residues in the sequence. These data demonstrate that maleimide
peptide constraining is a promising approach to generate BCL-xL
inhibitors based on the HRK and the placement of the i, i+4 maleimide
constraint is important for improved bioactivity and helicity in solution.
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Figure 3-5 CD spectra for the HRK peptides; (a)HRKC/S1, HRKC/S2 and
HRKC/S3; (b) HRKC/S5, HRKC/S6 and HRKC/S7; (c) HRKC/S8, HRKC/S9
and HRKC/S10; (d) HRK-wt, HRKC4 and HRKS4 (peptide concentration: 50

UM, 20 mM phosphate, 100 mM NaCl, pH 7.4).
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Table 3-1 A summary of FA competition results and helicity of the peptides.

Peptide Sequence? ICs0 HRK/BCL-  Helicit
XL (UM)P y°©

HRK-wt SAAQLTAARLKALGDELHQRTMW 2.2+0.1 29%
50)

HRKC1 SCAQLCAARLKALGDELHQRTMW 5.0 + 0.7 26%
HRKS1 SCAQLCAARLKALGDELHQRTMW 5.4 + 0.6 35%
HRKC2 SACQLTCARLKALGDELHQRTMW >50 16%
HRKS2 SACQLTCARLKALGDELHQRTMW >50 15%
HRKC3 SAACLTACRLKALGDELHORTMW 3.4+ 0.3 21%
HRKS3 SAACLTACRLKALGDELHQRTMW 1.6 +0.1 21%
HRKC4 SAAQLTACRLKCLGDELHQRTMW 5.6+ 0.9 14%
HRKS4 SAAQLTACRLKCLGDELHQRTMW 0.9+ 0.1 25%
HRKC5 SAAQLTAARLKCLGDCLHQRTMW 8.6 +1.0 26%
HRKS5 SAAQLTAARLKCLGDCLHQRTMW 6.2 + 0.4 20%
HRKC6 SAAQLTAARLKALCDELCQRTMW  No response 29%
HRKS6 SAAQLTAARLKALCDELCQRTMW  No response 32%
HRKC7 SAAQLTAARLKALGCELHCRTMW  No response 25%
HRKS7 SAAQLTAARLKALGCELHCRTMW  No response 29%
HRKCS SAAQLTAARLKALGDCLHQCTMW 4.7 + 0.4 34%
HRKSS8 SAAQLTAARLKALGDCLHQCTMW 48+ 1.2 34%
HRKC9 SAAQLTAARLKALGDELCQRTCW 1.7+0.1 20%
HRKS9 SAAQLTAARLKALGDELCQRTCW 2.6 +0.2 28%
HRKC10 SAAQLTAARLCALGCELHQRTMW  No response 23%
HRKS10 SAAQLTAARLCALGCELHQRTMW  No response 19%

a8Hot-spot residues are highlighted in bold; the incorporated cysteines are

underlined, constrained cysteines are highlighted in red; all peptides are

acetylated at the N-terminus and C-terminally amidated; °conditions: 20 mM
Tris, 150 mM NacCl, pH 7.6, 50 nM tracer, 250 nM BCL-x; all experiments were
repeated for three times; error numbers are standard deviations generated in data
fitting “conditions: 20 mM phosphate, 100 mM NacCl, pH=7.2.
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3.3.5 Proteolytic studies

Next, | tested the proteolytic stability of the maleimide-constrained peptide,
HRKS4 using alpha-chymotrypsin and trypsin, respectively, and compared it
with its linear precursor, HRKC4, and also HRK-wt (Figure 3-6). As a result,
similar effects were observed in both assays. The constrained peptide, HRKS4,
was observed to have half-lives of 53.5 min (a-chymotrypsin, Figure 3-6 (a)(b))
and 5.8 min (trypsin, Figure 3-6 (c)(d)), respectively, of which each is
approximately twice as long as that of HRK-wt or HRKC4. These data show
that incorporation of a maleimide constraint can enhance the proteolytic stability
of the HRK BH3 peptide sequence.
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Figure 3-6 Proteolysis of HRK-wt, HRKC4 and HRKS4 using (a) (b) a-
chromotrypsin (c) (d) trypsin (buffer condition: 20 mM Tris, 150 mM NaCl, pH
7.6; enzyme:peptide=1:25000); (all experiments were repeated for three times
and error bars show standard deviations).
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3.3.6 Attempts to generate bicyclic peptides based on the HRK

BH3 sequence

In the first series of HRK constrained peptides, HRKS3 and HRKS4 showed
similar-to-better potency in comparison to the wild-type, and also shared a
constraining site for maleimide installation (Table 3-2). Therefore, | planned to
expand the constraining area in the peptide sequence in two ways: 1) using a
longer linker, 4,4'-bis(bromomethyl)-1,1'-biphenyl, to connect the two cysteine
at i, i+8 positions; 2) or generating a bicyclic peptide by crosslinking three
cysteines using a trifunctional linker, 1,3,5-Tris(bromomethyl)benzene. As a
result, the cysteine variants, HRKBPh34 and HRKBC34, were found to have
maintained or decreased potency, with 2.7+ 0.1, or 16.2 + 5.2uM, respectively
(Figure 3-7, Table 3-2). Unfortunately, cyclisation of these peptides resulted in
significant loss of potency, demonstrating that a direct combination of
contiguous constraining sites may not be beneficial to potency, which may arise
from the different conformation caused by pre-organisation (this section
supports section 3.4.5.4 in Chapter 3).

0.08 +

0.06 +

0.04 A

0.02 +

Anisotropy

= HRKBPh34 (2.7 £0.1 uM)
0004 ¢ HRKBPh34S (>50 uM)

4 HRKBC34 (16.2 £ 5.2 uM)
.0.02{ v HRKBS34 (>50 uM)

10° 10* 10? 10° 10* 10°
Protein Conc. (nM)

Figure 3-7 Competition FA results of HRKBPh34, HRKBPh34S, HRKBC34 and
HRKBS34 (20 mM Tris, 150 mM NaCl, pH 7.6, 250 nM BCL-x., 50 nM tracer,
20 °C, error bars show standard deviations observed in triplicate experiments
and errors are standard deviations generated in data fitting)
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Table 3-2 A summary of FA competition results for the peptides derived from
HRKS3 and HRKS4.

Peptide Sequence? ICs0 HRK/BCL-x.
(LM)P
HRK-wt SAAQLTAARLKALGDELHQRTMW 2.2 +0.1
(HRK28-50)
HRKC3 SAACLTACRLKALGDELHQRTMW 3.4+0.3
S 87
HRKS3 SAACLTACRLKALGDELHQRTMW 1.6+0.1
HRKC4 SAAQLTACRLKCLGDELHQRTMW 56+0.9
S S7
HRKS4 SAAQLTACRLKCLGDELHQRTMW 0.9+0.1
HRKBPh34 SAACLTAARLKCLGDELHQRTMW 2.7+0.1
S
<
SAACLTAARLKCLGDELHQRTMW >50
HRKBC34 SAACLTACRLKCLGDELHQRTMW 16.2+5.2
S
S\L\EEVS
HRKBS34 SAACLTACRLKCLGDELHQRTMW >50

aHot-spot residues are highlighted in bold; the incorporated cysteines are
underlined; the maleimide constraint crosslinking two cysteines is
highlighted in red; the biphenyl constraint crosslinking two cysteines is
highlighted in green; the trimethylphenyl linker crosslinking three
cysteines is highlighted in pink; all peptides are N-terminally acetylated
and C-terminally amidated; ? conditions: 20 mM Tris, 150 mM NacCl, pH
7.6, 50 nM tracer, 250 nM BCL-xL; all experiments were repeated for three
times and errors are standard deviations generated in data fitting.
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3.3.7 A comparison study: influence of constraint types on

potency

3.3.7.1 Regarding the synthesis of Fmoc-mS5-OH

Hydrocarbon peptide stapling at i, i+4 positions using disubstituted alkenyl
amino acid Fmoc-(S)-2-(4-pentenyl)alanine (Fmoc-S5-OH, 1, Figure 3-8) has
been widely studied.!® Previously the Wilson group developed a new
hydrocarbon stapling method using a monosubstituted alkenyl amino acid,
Fmoc-(S)-2-(4-pentenyl)glycine (Fmoc-mSs-OH, 2, Figure 3-8), by which the
acquired stapled peptides showed similar biophysical and biological properties
in comparison to their disubstituted-amino-acid-derived counterpart.'® In this
part, the initial aim was to efficiently synthesise the monosubstituted alkenyl
amino acid suitable for peptide synthesis and further peptide stapling. To this
end, | planned to utilise and compare different routes to complete the synthesis
of this non-natural amino acid in high yield and high enantiomeric purity.

FmocHN FmocHN COOH
1
2

Figure 3-8 Structures of Fmoc-S5-OH (1) and Fmoc-mS5-0OH (2).

To synthesise Fmoc-mSs-OH, | firstly prepared the BPB based ligand 6 starting
from L-proline via the synthetic route as previously reported7 In these two
synthetic routes, the benzylproline 3 or fluorobenzylproline 4 generated from
proline were not suitable for flash chromatography because of the free
carboxylic group, which gave less pure products via precipitation and filtration
although the calculated yields for the first step were high.

After formation of the ligands 6 or 7, the nickel complexes 8 or 9 were
synthesised as previously described7: 15 (Scheme 7-1). With the nickel
complexes 7 or 8 in hand, the alkylation with 5-bromopent-1-ene was found to
be successful. Thereafter, the alkylated complex 10 or 11 was disassociated by
acidolysis, affording the free amino acid 12. The crude compound was purified
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using ion exchange chromatography, followed by addition of Fmoc-protecting
group, giving the final product Fmoc-mSs-OH 2.

Glycine, NaOMe

for 8
R or KOH for 9, 5-iodopent-1-ene,
NI(NO3)26H20, R NaOH, R
{ \ MeOH, O O DMF, (0]

N _70°C.1h, N N o
R r.t., 15min R W /\/\
i .
™9 o o N N Yield 41% for10 0~ N~ N
Yield 38% for 8 | Y 1 70% for 11 I
Yield 78% for 9 e o for I
8 R=H 10 R=H
7 R=F 9 R=F 11 R=F

3M HCI/MeOH. Fmoc-OSU, DIPEA,

Yield 61% from10 ) o
Yield 62% from 11 1y \“Scoon 09 37% EmocHN” >coOH
12 2

Scheme 3-1 Synthetic route of Fmoc-mS5-OH from ligand 6 or 7.

| also used the method based on (1R,2R,5R)-hydroxypinan-3-one to synthesise
the amino acid 2 (Scheme 7-2). The desired amino acid was synthesised in four
steps. Briefly, (1R,2R,5R)-hydroxypinan-3-one was used to synthesise Schiff
base 13 which was alkylated using Lithium diisopropylamide (LDA) and 5-
bromopent-1-ene or 5-iodopent-1-ene. It was found that the alkylation of the
Schiff base using 5-iodopent-1-ene gave better yield than using 5-bromopent-
1l-ene. The alkylated Schiff base 20 was then hydrolysed using citric acid,
followed by deprotection of OtBu using TFA and Fmoc N-protection, affording
the desired amino acid 2 with a total yield of 30%.
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NEts, toluene, r.t., 1.5h
then LDA, THF, -78°C, 30min

i then
(1R,2R,5R)-hydroxypinan-3-one, 5-bromo-pent-1-ene,
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Scheme 3-2 The synthetic route of Fmoc-mS5-OH using (1R,2R,5R)-
hydroxypinan-3-one

The enantiomeric purities of Fmoc-mSs-OH derived from different synthetic
routes were determined using a chiral HPLC. The (R)-configured control was
synthesised based on the BPB route but using p-proline as a starting material.
And the mixture of this product and Fmoc-mS5-OH final product made using
the pinanone-based route were mixed and subjected to chiral HPLC analysis
(Figure 3-12). Two main separate peaks were observed, indicating the
racemates can be separated using the chiral HPLC. | found that the ee value
of amino acid 2 synthesised using (S)-BPB-based method was 85% (Figure
3-9, Table 3-3). Unfortunately, the (S)-FBPB-based route gave much worse ee
value, which was only 63% (Figure 3-10, Table 3-3). This might arise from
unsuccessful alkylation or poor separation of the diastereomers. Using
(1R,2R,5R)-hydroxypinan-3-one as an auxiliary gave the best ee value, 98%
(Figure 3-11, Table 3-3), and higher optical activity than that of the (S)-BPB-
derived product, suggesting a more convenient method with higher yield and
better stereoselectivity. Therefore, the synthetic route based on (1R,2R,5R)-
hydroxypinan-3-one was selected to produce the amino acid 2 for hydrocarbon
stapled peptides assembly in this study.
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Table 3-3 Chiral HPLC analysis and optical rotation of Fmoc-mS5-OH from

different synthetic routes and Fmoc-mR5-OH

Compound Ligand [a]p®>(CHCI3, ¢ ee%P
= 1)(1
Fmoc-mSs-OH (S)-BPB +3.5 85
Fmoc-mSs-OH (S)-FBPB ND 63
Fmoc-mSs-OH (1R,2R,5R)- +5.1 97
hydroxypinan-3-one
9ND: not determined; Psee chiral HPLC traces.
150 I:nZA2821 #99 [modified by chmhplc]  Fmoc-mS5-0H-BPB DAD_Signal_A
300 . 1:25’2’?’5‘/-’ ‘
2004 .
95.33,-5::1:'9;---- ;‘f\
100+
0
-50 i} |_ : . ; . min
0.0 5.0 10.0 15.0 25.0 300 34
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min E
1 24.64 n.a. 49.026 16.138  13.09 n.a. BM *
2 2528 na 298.096 107176 8691 na MB*
Total: 347122 0 123.314 100.00 0.000

Figure 3-9 Chiral HPLC trace for Fmoc-mS5-OH synthesised by the BPB-

based route
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PZ2021 #98 [modified by chmhplc] Fmoc-mS5-0H-FEFPB DAD_Signal_A
1,600
ImAL
] 55.00
1,250+
1,000
YET P 8.48,
: 95.00
500+
250
2-25244
1 L_/\_,\ 1{ 24.595 )
fgwcﬁs'n_Jslz_Fsvcgn|s-;s. 5.00 % 6.4
-200 1 : : . . . min
0.0 50 10.0 15.0 20.0 25.0 30.0 349
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 24.59 n.a. 31271 10.855  27.02 n.a. BM
2 2524 na 85127 28503 7298 na. MB
Total: 116.398 39.058 100.00 0.000

Figure 3-10 Chiral HPLC trace for Fmoc-mS5-OH synthesised by the FBPB-
based route

PZ2021 #101 [modified by chmhplc] DAD_Signal_A
2,500
maL
5.00
2,000+
1,500+
;j,ﬁ;&:,_’;g" 8.5%
1,000 95.00
500 .
2-25.445
0 ‘ .}ﬂzluas
Egmpcﬁs'n'n_s-\zfsums;s: 5.00 % 5.5%]
-500 ; . : . : : min
0.0 5.0 10.0 15.0 200 250 300 349
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1| 24.80 n.a. 5.234 1.692 1.64 na. BMB*
2 | 2545 n.a. 271.031  101.305  98.36 na. _ BMB
Total: 276.265  102.997 100.00 0.000

Figure 3-11 Chiral HPLC trace for Fmoc-mS5-OH synthesised using
(1R,2R,5R)-hydroxypinan-3-one
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PZ2021 #100 [modified by chmhplc] RacimicmS5+mR5 DAD Signal A

250U

95.00
200 ~"2.25477

1504

%8 5:00 % 8.51,
100~

Y
&
]
o,

min|
0.0 5.0 10,0 15.0 200 250 300 349

No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU*min %
1 24.53 n.a. 75779 26483 26.33 n.a. BM
2 25.18 n.a. 199.197 74.093  T73.67 n.a. MB
Total: 274.975  100.575 100.00 0.000

Figure 3-12 HPLC trace for mixture of Fmoc-mS5-OH synthesised by
pinanone-based route with the product synthesised from p-Proline using BPB-
based method

3.3.7.2 FA competition assays

So far, various synthetic linkages have been developed, e.g. lactam
bridges, hydrocarbon bridges, triazoles and xylene, amongst which
hydrocarbon stapling has been widely used for its significant effects on
improvements of helicity, proteolytic stability and cell-permeability.81: 240,
250 Based on the constraining using dibromomaleimide, the Wilson group
previously studied the influence of different combinations of cysteine and
homocysteine on i, i+4 maleimide stapling and found that the i (Cys), i+4
(hCys) is optimal to improve helicity in solution.?°! In this study, | selected
different combinations of cysteine/homocysteine or a pair of D-configured
cysteines for maleimide constraint and different types of constraints3? to
replace the original constraint in HRKS4, and tested the resultant variants
in FA assays for comparison. For hydrocarbon stapling, a
monosubstituted alkenyl amino acid, 2-(4’-pentenyl)glycine,1°1.238 was
used for peptide synthesis instead of the commonly used disubstituted
building block, 2-(4’-pentenyl)alanine.l®® The Wilson group previously
demonstrated that this monosubstituted non-native amino acid can be
used as an alternative building peptide assembly (for synthesis see:
section 3.3.7.1). Herein, a pair of 2-(4’-pentenyl)glycine (mS5) were used
to replace the cysteines in HRKC4 and further crosslinked using a ring-
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closing metathesis (RCM) reaction. All peptides were synthesised using
standard Fmoc-based chemistry and purified using prep-HPLC for further
study (purity > 90%). Both linear and constrained variants were tested in
the FA assays.

P(Cy)s  Ph
AN R’| )\\\\Cl
u
c?” |
P(Cy)3
=R 7 X b
Y ‘ DCE, r.t.,
\ Dark, 4h

Figure 3-13 Synthesis of hydrocarbon stapled peptides containing mS5
residues via an RCM reaction.

As a result, neither the xylene nor hydrocarbon stapled peptides showed
enhanced potency in comparison to the maleimide constrained peptide,
HRKS4 (Table 3-4). Using the optimal combination of Cys/hCys, HRKS4-
ChC showed tolerated potency, with an ICso of 0.8 (£0.1) pM. Using a pair
of homocysteines instead of a pair of cysteines gave an ICso of 1.9 (£0.2)
MM, which is similar to that observed with hydrocarbon stapling. However,
using the maleimide constrained peptide, HRKS4-DCys, with the
constraint generated from a pair of p-cysteines, showed dramatically
decreased potency, indicating the important role of the absolute
configuration of anchoring residues for stapling. Combining the results
together, the peptides containing relatively rigid constraints (HRKS4,
HRKS4-ChC, HRKS4-xylene) showed slightly stronger potency than the
constrained peptides with relatively flexible constraints (HRKS4-hCys,
HRKS4-hydrocarbon), suggesting that installation of a relatively rigid
constraint at the identified position is more favourable for BCL-xL binding.

In summary, compared with other constraints, the maleimide constraint
showed similar-to-better ability to improve the potency of the HRK-based
peptides towards BCL-XL.
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Table 3-4 FA results of HRKS4 variants with different staples?

SAAQLTAX;RLKX,LGDELHQRTMW

ICso
Peptide Staple X1 X2 HRK/BCL-x.
(1M)P

HRK-wt None Ala Ala 22+0.1
HRKC4 None Cys Cys 56+0.9
HRKS4 Maleimide Cys Cys 0.9+0.1
HRKS4-xylene m-Xylene Cys Cys 1.2+0.1
HRKC4-DCys None D-Cys D-Cys 21.4 2.7
HRKS4-DCys Maleimide D-Cys D-Cys 165+1.4
HRKC4-ChC None Cys hCys 29+0.1
HRKS4-ChC Maleimide Cys hCys 0.8+0.1
HRKC4-hCys None hCys hCys 2.6 +0.3
HRKS4-hCys Maleimide hCys hCys 1.9+0.2
HRKL4-

Unstapled mS5 mS5 1.8+0.3
hydrocarbon
HRKS4- hydrocarbo

mS5 mS5 1.7x0.1

hydrocarbon n

aHot-spot residues are highlighted in bold; all peptides are N-terminal
acetylated and C-terminal amidated; the residues participating in the
formation of constraints are referred to as X1 and Xz, and highlighted in
red; mS5 denotes 2-(4’-pentenyl)-glycine; ® conditions: 20 mM Tris, 150
mM NaCl, pH 7.6, 50 nM tracer, 250 nM BCL-XL.
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3.3.8 Inhibition of MCL-1 using HRK-derived peptides

The anti-apoptotic BCL-2 member, Myeloid cell leukaemia-1 (MCL-1),%%?
is overexpressed in a number of cancers and provides a mechanism for
drug resistance in response to BCL-2 inhibition.?>3 Prior studies classified
the HRK BH3 domain as BCL-xL selective.?®425 To assess the selectivity
of HRK constrained peptides | thus tested the selectivity using MCL-1 and
an appropriate MCL-1 binding BH3 ligand —MCL-1 ubiquitin ligase E3
(MULE). Surprisingly, the 23-mer HRK tracer was found to have a Kqd of 66 (£3)
nM, which is comparable with that of the 23-mer MULE tracer (57 (£9) uM)
(Figure 3-14 (a) (b)) whereas the MULE tracer didn’t show significant binding
for the BCL-xL in the direct titration assay (Figure 3-14 (c)). These results
showed that the 23-mer HRK sequence had a comparable Kq to the equally
long sequence derived from the MULE BH3 domain.
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Figure 3-14 Direct FA titration results for HRK and MULE tracers; (a) Direct titration
of FAM-Ahx-HRK with MCL-1 (FAM-Ahx-HRK (50 nM) MCL-1 (6 nM-125 puM) 20mM
Tris, 150 mM NaCl, pH 7.6, 20 °C; (b) Direct titration of FAM-Ahx-MULE with MCL-1
(FAM-Ahx-MULE (50nM) MCL-1 (6 nM-125 uM) 20 mM Tris, 150 mM NaCl, pH 7.6, 20
°C); (c) Direct titration of FAM-Ahx-MULE with BCL-x. (FAM-Ahx-MULE (50 nM) BCL-x.
(6 NnM-125 uM) 20 mM Tris, 150 mM NacCl, pH 7.6, 20 °C).
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Next, | tested the potency of HRK-wt, HRKC4 and HRKS4 against MCL-
1 using either the HRK tracer or the MULE tracer in the FA assays (Figure
3-15). The further competition FA assays showed that HRK-based
peptides were able to displace different tracers from MCL-1 and that the
maleimide constraint plays a positive role in enhancing the potency for
the inhibition of the BCL-x. and MCL-1. HRK-wt showed an ICso of 2.7
(£0.3) uM against HRK/MCL-1 whereas it showed an ICso of 28.4 (£1.9)
MM, which is 1.5-fold weaker than that of MULE-wt against MULE/MCL-
1. Although the cysteine variant, HRKC4, showed reduced potency for
both HRK/MCL-1 (3.9 (20.2 pM)) and MULE-MCL-1 (>30 uM), the
maleimide constraint was shown to improve the potency for inhibition of
both interactions. Compared with HRK-wt, HRKS4 showed maintained
potency against HRK/MCL-1 (2.0 (0.2 uM)); but also enhanced potency
against MULE/MCL-1 (14.3 (z1.1 uM)), which is comparable to that of
MULE-wt (11.4 (1.7 pM)).
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Figure 3-15 Competition FA results for MULE-wt, HRK-wt, HRKC4 and HRKS4
using (a) the HRK tracer (20 mM Tris, 150 mM NacCl, pH 7.6, 250 nM BCL-x,
50 nM FAM-Ahx-HRK); (b) the MULE tracer (20 mM Tris, 150 mM NacCl, pH
7.6, 200 nM MCL-1, 50 nM FAM-Ahx-MULE.
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3.4 Sequence truncation and hybridisation to generate more

selective BCL-x. peptidomimetic inhibitors.

3.4.1 In silico modelling and peptide design

In order to inform peptide design to improve selectivity for BCL-x. over MCL-1,
a number of structures of complexes between BH3 peptides and BCL-x. or
MCL-1 were selected and subjected to BAIaS, including the BID/BCL-x. (PDB
ID: 4QVE), BID/MCL-1 (PDB ID: 2KBW), NOXAB/MCL-1 (PDB ID: 2JM6),
MULE/MCL-1 (PDB ID: 2KBW), and Beclin-1/BCL-x. (PDB ID:2PON). In
addition, a homology model of HRK/MCL-1 was generated by replacing the BID
BHS3 ligand in BID/MCL-1 (PDN ID: 5C6H) with the HRK peptide. The additional
BAlaS analyses indicated that C-terminal residues play more important roles in
the interactions between BH3 ligands and MCL-1, whereas they showed less
important roles in the interactions with BCL-x. (Table 3-5).

Table 3-5 A summary of BAIaS analyses of the PPIs.

Peptide Sequence?

hi h2 h3 h4

BID (with BCL-xv) ESQEDIIRNIARHLAQVGDSMDRSIPPG
BID (with MCL-1) ESQEDIIRNIARHLAQVGDSMDRSIPPGLV
HRK (with BCL-xv) SAAQLTAARLKALGDELHQRTMW
HRK (with MCL-1) SAAQLTAARLKALGDELHQRTMW
BAD (with BCL-x) NLWAAQRYGRELRRMSDEFVDSFKK
MULE (with MCL-1) PGVMTQEVGQLLQDMGDDVYQQYRS
NOXAB (with MCL-1) PADLKDECAQLRRIGDKVNLRQKLLNM
Beclin-1(with BCL-xL) GTMENLSRRLKVTGDLFDIMS

aHot-spot residues are highlighted in red (with BCL-x.) and blue (with MCL-1);
all conserved h1-4 residues and the conserved Asp residue are underlined.

For instance, in BID/BCL-xvL interaction, only residue Asp98 at h4+1 position
was identified as a hot spot among the residues close to the C-terminus; whilst
three residues, including Arg99 (h4+2), lle101 (h4+4), and Leul05 (h4+8) were
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identified as hot-spot residues at the C-terminus involved in the interaction of
BID/MCL-1 (Figure 3-16 (a)). Similarly, using the homology models of
HRK/BCL-x. and HRK/MCL-1, Met49 at h4+5 position was predicted to be a
hot-spot residue in HRK/MCL-1 although it was not predicted to have a
significant decrease in AAG in HRK/BCL-x.. Additionally, Thr48 (h4+4) was
calculated to have a negative AAG in the HRK/BCL-x. model generated from
BID/MCL-1 (PDB ID:2KBW, Figure 3-16 (b)), suggesting a negative role of this
polar Thr residue in the interaction.

(a) I BID/BCL-x|_ (PDB ID: 4QVE) (b) I HRK/BCL-x

12 [ BID/MCL-1 (PDE ID: 2KBW) 10, [ ]HRK/MCL-1
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Figure 3-16 BAlaS modelling results for additional structures and homology
models (a) BID/BCL-x. (PDB ID:4QVE) and BID/MCL-1 (PDB ID: 2KBW); (b)
HRK/BCL-x. and HRK/MCL-1 (homology models).
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Figure 3-17 BAIaS modelling results for additional structures and a homology
model (a) MULE/MCL-1 (PDB ID:5C6H); (b) Beclin-1/BCL-x. (PDB ID: 2PON);
(c) NOXA-B/MCL-1 (PDB 1D:2JM6); (d) HRK/MCL-1 (homology model
generated from MULE/MCL-1 (PDB ID:5C6H)).

BAlaS analyses using other structures gave similar results. Tyr20 (h4+1) and
Tyr23 (h4+4) were identified as hot spot residues in MULE/MCL-1(PDB
ID:5C6H, Figure 3-17 (a)). In Beclin-1, Leu2y at the h1l position was identified
as a hot spot residue for interacting with BCL-x. whilst the The24 at the h3
position was not (Figure 3-17 (b)); the C-terminal region of this peptide was
shorter than others. In NOXA-B, several residues close to the C-terminus were
predicted to have significant AAG, including Arg88 (h4+3), GIn89 (h4+4), Leu92
(h4+7) and Asn93 (h4+8) (Figure 3-17 (c)). An additional HRK/MCL-1 model,
generated from HRK and MULE/MCL-1 (PDB ID:5C6H), further verified the
positive role of Met49 (h4+5) in this interaction (Figure 3-17 (d)).

3.4.2 FA competition assays for the short peptides

In terms of the BAlaS analyses, a series of C-terminal residues in BH3
ligands were identified as being productive for binding to MCL-1 but not
BCL-xL. Previous studies also demonstrated that a shorter (21-mer) HRK
sequence exhibits selectivity for BCL-x. although weaker potency than
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other BH3-only sequences.?®® Therefore, | created a shorter (19-mer)
peptide, termed HRK-s. This shorter peptide indeed showed reduced potency
against BCL-xL (21.7 £7.7 uyM) but improved selectivity (Figure 3-19). BH3-only
sequences typically contain 4 important hydrophobic residues that are
usually hot-spots, denoted as h1, h2, h3 and h4.23%250 By comparing the
sequences of BAD-wt and HRK-wt, | found that each sequence has three
hot-spots among the four important hydrophobic positions (Table 3-6). In
BAD-wt, h1-Tyr, h2-Leu and h4-Phe identify as hot spots whereas h3-Met
was not identified by the virtual alanine scan. In the HRK-wt sequence,
h1-Thr was not identified as a hot-spot residue whereas h2-Leu, h3-Leu
and h4-Leu were. A further BH3 ligand, Beclin-1-wt, gave similar insight
(Table 3-6). An FA direct titration assay was performed for validation of the
Beclin-1/BCL-x. interaction (Figure 3-18); a weaker binding was observed,
which may arise from the polar h3-Thr residue (also h3-Thr was not identified
as a hot-spot residue, Table 3-6, Figure 3-17 (b)). | hypothesised that
replacing HRK-wt residues with hot-spots from other BH3 ligands might
add additional potency. Therefore, | synthesised HRK-1 and HRK-4, which
alternatively contains h1lY and hlL, respectively. Furthermore, | introduced
one or two phenylalanine residues, which are hot-spot residues of BAD-
wt, into the short HRK sequences, generating HRK-2, HRK-3, HRK-5 and
HRK-hybrid. Thereafter, | tested the designed shorter peptides using FA
competition assays.

1.2
109 K,=9.742.3 pM
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Figure 3-18 Direct FA titration of FAM-Ahx-Beclin-1 with BCL-x. (FAM-Ahx-
Beclin-1 (150 nM) BCL-xL (6 nM-125 yM) 25 mM Tris, 150 mM NacCl, pH 7.4,
20 °C, error bars show errors observed in triplicate experiments and error
numbers are standard deviations generated in data fitting).
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Surprisingly, introducing one more hydrophobic hot-spot residue at the hl
position significantly improved the potency of shorter sequences (Table 3-6).
1.6-fold improvement was observed by replacing the polar h1-Thr residue with
tyrosine; whilst a 14.5-fold improvement was observed after change of h1-Thr
to hl-Leu (Figure 3-21 (a)). However, the Thr-to-Leu variation did not give
retained selectivity (Figure 3-21, Table 3-6). Further variation using
phenylalanine led to HRK-2, HRK-3, HRK-5 and HRK-hybrid. All peptides
showed restored potency in comparison to HRK-wt, except HRK-3, for which
the data could not be fitted. These results demonstrate that mapping and
adding the missing hot-spot residues at the conserved h1-h4 positions may be
beneficial to the inhibitory potency of BH3-only peptides; and suggest
transposition of key hot-spot residues from other BH3 sequences may improve
selectivity.
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Figure 3-19 Competition FA results of HRK-s (@) for inhibition of HRK/BCL-xL
(20 mM Tris, 150 mM NacCl, pH 7.6, 250 nM BCL-x., 50 nM tracer, 20 °C); (b)
for inhibition of HRK/MCL-1 (20 mM Tris, 150 mM NacCl, pH 7.6, 200 nM MCL-
1, 50 nM tracer, 20 °C, error bars show errors observed in triplicate experiments
and error numbers are standard deviations generated in data fitting).
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Figure 3-20 Competition FA results for BAD-wt, BAD-s, Beclin-1-wt, HRK-wt,
and HRK-s for inhibition of (a) HRK/BCL-x. (20 mM Tris, 150 mM NaCl, pH
7.6, 250 nM BCL-x, 50 nM tracer, 20 °C); (b) HRK/MCL-1 (20 mM Tris, 150
mM NacCl, pH 7.6, 200 nM MCL-1, 50 nM tracer, 20 °C, error bars show errors
observed in triplicate experiments and error numbers are standard deviations
generated in data fitting).
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Figure 3-21 Competition FA results for HRK-1, HRK-2, HRK-3, HRK-4, and
HRK-5, HRK-hybrid for inhibition of (a) HRK/BCL-x. (20 mM Tris, 150 mM
NaCl, pH 7.6, 250 nM BCL-x., 50 nM tracer, 20 °C); (b) HRK/MCL-1 (20 mM
Tris, 150 mM NaCl, pH 7.6, 200 nM MCL-1, 50 nM tracer, 20 °C, error bars
show errors observed in triplicate experiments and error numbers are standard
deviations generated in data fitting).
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Table 3-6 FA results for the short HRK-based peptides

Peptid Sequence? ICso ICso Selectivity
e HRK/BCL-x. HRK/MCL- index (ICsp
(uM)P 1 (uM)¢  ratio MCL-
hl h2 h3 h4
1:BCL-x.)¢
BAD- >50 >906.1
NLWAAQRYGRELRRMSDEFVDSFKK 0.5 + 0.05
wi 4 LRR 2
BAD-s RYGRELRRMSDEFVDSFKK 144+ 3.2 >50 >3.4
Beclin ND NA
TMENLSRRLKVTGDLFDIMS 15.1+2.4
-1-wit - - - -
HRK- 2.7+0.2 1.2
SAAQLTAARLKALGDELHQRTMW 2.2+0.1
wt L SRAL -
HRK-s SAAQLTAARLKALGDELHQ 21.7+7.7 >50 >2.3
HRK-1 SAAQLYAARLKALGDELHQ 8.5+ 0.9 >50 >5.8
HRK-2 SAAQLYAARLKALGDEFHQ 1.1+0.1 >50 >45.4
HRK-3 SAAQLYAARLKAZGDEFHQ NF >50 NA
HRK-4 SAAQLLAARLKALGDELHQ 1.4+0.1 35+1.2 2.5
16.0 + 16.0
HRK-5 SAAQLLAARLKAFGDEFHQ 1.0+0.1
- - - 4.4
HRK- >50 >55.5
_ SAAQLYAARLKAFGDEFHQ 0.9+0.1
hybrid - -

aHot-spot residues are highlighted in bold; the conserved h1-h4 positions
and incorporated cysteines are underlined; the maleimide constraint
crosslinking two cysteines is highlighted in red; all peptides are N-
terminally acetylated and C-terminally amidated; Z denotes norleucine; °
NF: the original data could not be fitted; conditions: 20 mM Tris, 150 mM
NacCl, pH 7.6, 50 nM tracer, 250 nM BCL-xt; ¢ ND: not determined; ¢ NA:
not applicable; all experiments were repeated for three times and error
numbers are standard deviations generated in data fitting.
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3.4.3 The influence of introducing a constraint on potency

From the FA competition assays for short HRK peptides, HRK-hybrid was
identified as the optimal hit with high potency and selectivity. | then made a
constrained peptide, HRKS4H, by transposing the identified constraint position
of HRKS4 into HRK-hybrid and adding the constraint using dibromomaleimide.
However, a 20-fold loss of potency resulted from the replacement of original
residues with cysteines (Figure 3-22 (a)). Surprisingly, improved potency was
observed after diboromomaleimide constraining, although not fully restored in
comparison to HRK-hybrid. Moreover, a good selectivity was retained (Figure
3-22, Table 3-7), indicating the maleimide constraint to have a potency-
enhancement effect and minimal influence on selectivity.
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Figure 3-22 Competition FA results of HRK-wt, HRK-hybrid, HRKC4H and
HRKS4H (a) for inhibition of HRK/BCL-xL (20 mM Tris, 150 mM NacCl, pH 7.6,
250 nM BCL-xt, 50 nM tracer, 20 °C); (b) for inhibition of HRK/MCL-1 (20 mM
Tris, 150 mM NaCl, pH 7.6, 200 nM MCL-1, 50 nM tracer, 20 °C, error bars
show errors observed in triplicate experiments and error numbers are standard
deviations generated in data fitting).

Table 3-7 Summary of FA results for the shorter HRK-based peptides

Peptide Sequence? ICs0 I1Cs0 ICso ratio
hi h2  h3 h4 HRK/BCL- HRK/MCL-1 MCL-1:BCL-
XL (UM)® (EM)© XL
2.7+0.2 1.2
HRK-wt SAAQLTAARLKALGDELHQRTMW 22201
#yﬁﬁd SAAQLYAARLKAFGDEFHQ 0.9+0.1 >50 >55.5
HRKC4H SAAQLYACRLKCFGDEFHQ 19.9+ 3.8 >50 >2.5
HRKS4H SAAQLYACRLKCEGDEFHQ 84+1.6 >50 >5.9

aHot-spot residues are highlighted in bold; the conserved hl-h4 positions and incorporated
cysteines are underlined; the maleimide constraint crosslinking two cysteines is highlighted in red;
all peptides are N-terminal acetylated and C-terminal amidated; Z denotes norleucine; ®
conditions: 20 mM Tris, 150 mM NaCl, pH 7.6, 50 nM tracer, 250 nM BCL-xt; ¢conditions: 20 mM

Tris, 150 mM NacCl, pH 7.6, 50 nM tracer, 200 nM MCL-1
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3.4.4 Conclusions

In summary, using a combination of homology modelling and virtual alanine
scanning, | have successfully identified the potential hot-spot residues involving
in the HRK/BCL-xv interaction. Next, | described the first constrained peptides
based on the HRK-BH3 sequence; | showed that dibromomaleimide
constraining scan serves as a powerful tool for rapid identification of optimal i,
i+4 constraining sites. The optimal constrained peptide, HRKS4, was observed
to have improved potency, enhanced helicity in comparison to the
unconstrained precursor, and increased proteolytic stability. Compared with
other techniques for peptide constraining, e.g. hydrocarbon and xylyl), | showed
that the maleimide linker acts as an alternative constraint to construct
constrained peptides with optimal potency in inhibition of HRK/BCL-xL. The first
series of HRK-peptides were observed to inhibit MCL-1 with similar potency to
BCL-x.. The poor selectivity of these peptides motivated me to further
investigate more PPIs using homology modelling and virtual alanine scanning.
Additional BAIaS results inspired peptide truncation and residue transposition
from other BH3 ligands. Several short 19-mer peptides were identified to have
good selectivity for BCL-x. over MCL-1. HRK-hybrid, the most potent and
selective candidate in this series, was selected to construct cysteine variant and
constrained peptide using dibromomaleimide. The maleimide constrained
peptide, HRKS4H, showed partially restored potency and well-maintained
selectivity for HRK/BCL-x. over HRK/MCL-1. These results highlight that a
rational approach to peptide design can identify truncated constrained peptides
and that the constraint can potentiate selectivity.

3.4.5 Future work

3.4.5.1 Constructing constrained peptides hybridisation and

dibromomaleimide constraining

In this chapter, two series of peptides were designed, synthesised and
characterised, including the long 23-mer peptides and the short 19-mer
peptides. Sequence hybridisation was found to have a positive role in adding
potency in the short sequences. However, the positive impact of sequence
hybridisation on long 23-mer sequences has not been studied. In future studies,
| would make 23-mer HRK peptides by combining dibromomaleimide
constraining and residue transposition, in order to optimise both potency and
selectivity for the long HRK sequence.
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3.4.5.2 Crystallography for the HRK/BCL-xL and HRK/MCL-1 structures

So far, the structures of HRK with human BCL-2 family members have been
less well-studied. In this chapter | have shown that HRK BH3 sequences are
potent binders for BCL-x.. Solving a crystal structure between HRK and BCL-
XL would be helpful to understand the recognition mode of the PPI. In future
studies, | would screen crystallising conditions for HRK/BCL-xL and HRK/MCL-
1 and further solve crystal structures for the complexes.

3.4.5.3 Screening peptide-small-molecule hybrids using dynamic ligand

exchange

The short HRK-s sequence was shown to have improved selectivity but
reduced potency. The Wilson group described a general method to rapidly
screen peptide-small-molecule conjugates as PPI inhibitors using dynamic
arylhydrazone exchange and fluorescent anisotropy.2® In the future, | would
apply this method on the HRK short sequence, in order to discover hybrid
molecules with enhanced potency and selectivity.

3.4.5.4 Sulfonium-tethered bicyclic prodrug peptides

| have shown that bicyclic peptides would not have retained potency towards
BCL-x.. Bicyclic peptides could have more advantageous properties like
enhanced proteolytic stability and cell-permeability.?5:%° Li and co-workers
reported a peptide stapling method which involves cysteine (i) and methionine
(i+4).2%8 The generated sulfonium bridge could be attacked by other
nucleophiles, thus could be applied for protein labelling. Herein, a bicyclic
peptide with prodrug-like property could be generated using methionine instead
of one cysteine among the three in the peptide HRKBC4 (see section 3.3.6),
and the trifunctional linker (Figure 3-23). The peptide is expected to have high
proteolytic stability, better cell-permeability and less off-target effect due to no
direct inhibition for BCL-xL. The average concentration of glutathione in cancer
cells is higher and can cause dissociation of maleimide constraints.*3 In cellular
assays, the bicyclic peptide is expected to restore the bioactive conformation in
reducing cytosolic environment, thus inhibiting anti-apoptotic proteins and
promoting further apoptosis.
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Figure 3-23 Proposed sulfonium-tethered bicyclic peptides with pro-drug-like
properties (R=reducing reagent).

3.4.5.5 Cell-based studies

As mentioned above, | would like to know how the peptides behave in cellular
assays and if the peptides would have effect on apoptosis of platelets.
Subsequent studies would focus on testing the peptides on cells.
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Chapter 4 Coiled coils to disrupt the BAD/BCL-x. interaction

4.1 Chapter Aims

In previous studies, coiled coils were developed for binding to hDM22'3 and
MCL-1.2°" Grafting hot-spot residues of a native ligand onto a well-defined
coiled-coil template shows promise for developing PPI inhibitors; coiled coils
could be used to recognise multiple targets given the availability of two or more
recognition faces to induce event-driven pharmacology, e.g. PROTAC.!*3
Briefly, the typical repeat sequences spanning 7 residues are termed heptad
repeat (HR), denoted (abcdefg)n. Residues at a and d positions are usually
hydrophobic and play important roles in switching the oligomeric states of coiled
coils: a-lle and d-Leu lead to dimers; a, d-lle lead to trimers; a-Leu and d-lle
lead to tetramers (see section 1.6.1 for the introduction of coiled coils).1%2

So far, coiled coils targeting other BCL-2 family members, e.g. BCL-x., have
not been described. The main aim of this chapter was to apply coiled-coil
templates to construct BCL-xL inhibitors by grafting hot-spot residues from its
ligands, e.g. BAD, HRK and BID (Figure 4-1), and further improve or modulate
the selectivity. To do this, both rational design and computational modelling
were employed; alongside biophysical characterisation will be performed to
investigate the structure-activity relationship (SAR) and validate the coiled coil
design.

Homodimeric coiled coils

Grafting sites for hot-spot
residues from BAD, HRK and
BID

Figure 4-1 A diagram for grafting strategy to construct homodimeric coiled coils
as BCL-x. inhibitors.

4.2 ISAMBARD Modelling and Peptide Design

The de novo designed dimer, CC-Di (PDB: 4DZM), was selected as a template
for grafting hot-spots due to its well-defined structure and success in designing
MCL-1 inhibitors.’®” The Woolfson group developed an open-source
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computational tool, ISAMBARD, for parametric modelling and design of
biomolecules.?®® This tool allows scientists to generate models without
experimentally determined structures. Based on CC-Di, | performed an in silico
systemic evaluation of variations using ISAMBARD, 2°° in order to clarify the
influence on replacement of each residue in the sequence to other native amino
acids. Each residue was replaced by the other 19 native amino acids
individually in each variation. The structures were repacked by SCWRL4.260
The total energy and steric contribution of each sequence variation were
obtained using the BUDE?%! empirical free energy forcefield in ISAMBARD (for
python scripts see appendix).

Our modelling provided a heatmap for grafting residues onto the template
(Figure 4-2). For example, replacement of most residues with proline caused
an increase of total energy with a high steric contribution, which is unfavourable.
Variation of the 16 residues (Gly1-Glul6) close to the N-terminus didn’t change
the total energy significantly. However, variation of Ala4b, Aladc and Ala5b
resulted in dramatic steric clashes, suggesting that these positions are not
suitable for grafting other amino acids although they are located at positions b
or ¢ which faced away from the coiled coil dimerisation interface and are usually
considered as ideal grafting points.

Steric contribution
Total energy to the total energy

Mutation
<<E4uovmEA-r_IOMONDZ3>®

<<E-4nvNnEAr-_IOMONDZa>

| | | | |
m HE E IR N 100
B I 150
| |
.......................................................... 200
GEIAALKQEIAALKKENAALKXEIAALKQGY GEIAALKQEIAALKKENAALKXEIAALKQGY
f a d a d  Residue d a d a f a d a d Residue d a d a

| | 1 | 1 1 I 1 | 1
1 2 1 3 1 4 1 S Ty 2 4 3 4y 5 6

Figure 4-2 Normalised BUDE scores with total energy (BUDE points, left) and
extracted steric component (right) in ISAMBARD for saturation variation based
on CC-Di.
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Thereafter, based on the virtual alanine scan results for the HRK/BCL-xL
(homology model) and BAD/BCL-x. (PDB ID:1G5J) interactions (see section
3.3.1, chapter 3), | designed 5 peptides by grafting hot-spot residues from both
sequences. CC-Di-BAD was designed by inserting hot-spot residues from the
BAD/BCL-xL interaction. All hot-spot residues, including Leul03, Tyrl10,
Leull4d, Argll5, Phel21 and Phel25, were grafted at 2f, 3e, 4b, 4c, 5b and 5f.
However, in terms of the ISAMBARD modelling results, substitutions of Aladb
with Leu and Ala5b with Phe were expected to cause an increase of total energy
and steric clashes. In the BID BH3 domain, the position is occupied by a Met
residue, which is more tolerable in the variation. Therefore, this Met residues
was introduced for further coiled coil design. A number of hot-spot residues
from the sequences of BAD, HRK and BID, were introduced onto the grafted
positions in the previously reported coiled coil, CC-Di-S, generating CC-Di-
HRKL1 (Table 4-1). In CC-Di-HRK1, Leu3b and Arg3c were retained as these
residues were also identified as hot-spot residues for the BAD/BCL-xL
interaction. lle3e was replaced by Leu, which was identified as a hot-spot
residue for the HRK/BCL-xv interaction. More binding features from CC-Di-E2
were introduced into CC-Di-HRKZ2, in order to generate a binder that could bind
to both BCL-x. and MCL-1. One or two additional hot-spot residues of BAD
were introduced based on CC-Di-HRK1, leading to CC-Di-HRK3 (Q4fF) and
CC-Di-HRK4 (K2eY and Q4fF), respectively.
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Table 4-1 Coiled coil design by grafting hot-spot residues

Peptide Sequence?
1 2 3 4 5 6

f gabcdef gabcdef gabcdef gabcdef gab

BAD103-127 NL WAAQRYG RELRRMS DEFVDSF KK
HRK28-50 SAAQLTA ARLKALG DELHQRT MW

BIDso-102 E DIIRNIA RHLAQVG DSMDRSI W
NOXA-B1s-44 P ADLKDEC AQLRRIG DKVNLRQ KLLNM

CC-Di G EIAALKQ EIAALKK ENAALKQ EIAALKQ GYG
CC-Di-S G EIAALKQ EILRL NVALKQ EIAALKQ GYG
CC-Di-E1 G EILALKQ EILRL NVALKQ EILNLKQ GYG
CC-Di-E2 G KILALEQ EILRL NVNLKQ EILNLKQ GYG
CC-Di-BAD G EIAALKL EIAALYK ENLRLKQ EIFALKF GYG
CC-Di-HRK1 G EIAALKQ EILRLLG DNMALKQ EIAALKQ GYG
CC-Di-HRK2 G KILALEQ EILRLLG DNMNLKQ EILNLKQ GYG
CC-Di-HRK3 G EIAALKQ EILRLLG DNMALKF EIAALKQ GYG
CC-Di-HRK4 G EIAALYQ EILRLLG DNMALKF EIAALKQ GYG

aHot-spot residues are coloured: blue for BAD, red for HRK, purple for BID and
green for NOXA,; positions a and d are underlined in coiled coils; three alanine
residues, (Aladb, Ala4dc and Ala5b, which were sensitive to variation in
ISAMBARD modelling) are shown in italic.

| packed all the designed peptides onto the template, CC-Di, using
ISAMBARD.?%® Each sequence was modelled onto the dimeric backbone and
the side chains were repacked with SCWRL4.%52 The acquired models were
scored by the BUDE empirical free energy forcefield for calculation of total
energy and steric clashes.?®' Meanwhile, | chose three coiled coils targeting
MCL-1 as controls, including CC-Di-S, CC-Di-E1 and CC-Di-E2. As a result,
CC-Di-BAD showed positively high total energy due to the replacement of Alal9
and Ala25, indicating an unfavourable structural stability for the coiled coil
assembly. The other peptides, CC-Di-HRK1-4, showed negative total energy
and positively low steric contribution in ISAMBARD modelling, indicating a
better potential for acting as coiled-coil inhibitors targeting BCL-xL.
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Figure 4-3 Normalised BUDE scores with total energy (BUDE points, left) and
extracted steric component (right) in ISAMBARD for the designed coiled coils
(for python scripts and detailed values see appendix).

4.3 FA competition assays

All coiled coil peptides were synthesised using standard Fmoc-based solid-
phase peptide synthesis and purified by prep-HPLC for further study
(purity>90%). All designed peptides were tested in the established competition
assay using FAM-Ahx-HRK and with BCL-x.. Several peptides showed
micromolar ICsos and the Q4fF variation was observed to improve potency (see
appendix); however, the results were not well-reproducible due to the high
affinity of the tracer (FAM-Ahx-SAAQLTAARLKALGDELHQRTMW, K4=38 £ 6
nM, see chapter 3, section 3.3.2). Therefore, | tested all peptides except CC-
Di-HRK3 (as this peptide ran out temporarily) in FA competition assays using a
weaker tracer, FAM-Ahx-BAD tracer (FAM-Ahx-
QRYGRELRRMSDEFVDSFKK, Kg¢= 119 + 23 nM, see Chapter 2, section
2.4.1). | used BID-wt as a positive control in both FA competition assays for
inhibition of BID/MCL-1 or BAD/BCL-x. (Figure 4-4, Figure 4-12). Several
peptides were observed to displace the BAD tracer; however, the deviations of
most peptides were high, suggesting that optimising the assay is necessary.
The wild-type BID was observed to have an ICso of 137.7 + 31.8 nM for inhibition
of BAD/BCL-x. (Figure 4-4), whilst it was shown to have an ICso 0f 6.4 + 1.1 yM
for BID/MCL-1 (Figure 4-12). CC-Di-BAD was observed to have an ICso of 15.9
MM although it doesn’t contain the conserved Asp residue. CC-Di-HRK1 gave
an ICso of 16.1 puM. However, both peptides showed high deviations,
diminishing the data quality. CC-Di-HRK2 gave a similar ICso for BCL-xL with

123



high standard deviation for fitting (5.1 £ 6.2 uM), whilst it showed some inhibiting
potency in the BID/MCL-1 assay. Considering the difference of the BID-wt
peptide in both assays, CC-Di-HRK2 could be deduced to have considerable
binding to both BCL-x. and MCL-1. However, the hook effect at high
concentration for CC-Di-HRK2 indicated a tendency towards aggregation at
high concentration. Another peptide, CC-Di-HRK4, gave a similar ICso (15.7 *
6.6 uM), with a reasonable fitting error. These peptides showed micromolar
potency but also exhibited tendency to aggregate at high concentration,
indicating a significant potential to optimise coiled coils for better properties.
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0.015 4 Model Logistic
Equation y =A2 + (A1-A2)/(1 + (x/x0)"p
Plot BID
Al 0.0057 + 6.76139E-4
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8' X0 137.69058 + 31.74934
ot ™ p 1.65083 + 0.54839
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» 0.005-= R-Square (COD) 0.94722
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<
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Figure 4-4 Competition FA results of BID-wt for inhibition of BAD/BCL-x. (20
mM Tris, 150 mM NacCl, pH 7.6, 150 nM BCL-xL, 25 nM FAM-Ahx-BAD, 20 °C,
the experiment was performed without repeat and the error is a fitting error)
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Figure 4-5 Competition FA results of HRK-wt, CC-Di-HRK1, CC-Di-HRK2, and
CC-Di-HRK3 (data was not fitted as large deviations; 20 mM Tris, 150 mM
NaCl, pH 7.6, 250 nM BCL-x., 50 nM FAM-Ahx-HRK, 20 °C, error bars show
standard deviations observed in triplicate experiments)
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Figure 4-6 Competition FA result for CC-Di-BAD against BAD/BCL-x. (20 mM
Tris, 150 mM NacCl, pH 7.6, 25 nM FAM-Ahx-BAD, 150 nM BCL-xL, error bars
show standard deviations observed in triplicate experiments and errors are
standard deviations generated in data fitting)
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Figure 4-7 Competition FA result for CC-Di-HRK1 against BAD/BCL-x. (20
mM Tris, 150 mM NacCl, pH 7.6, 25 nM FAM-Ahx-BAD, 150 nM BCL-xd, error
bars show standard deviations observed in triplicate experiments and errors
are standard deviations generated in data fitting)
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Figure 4-8 Competition FA result for CC-Di-HRK2 against BAD/BCL-x. (20
mM Tris, 150 mM NacCl, pH 7.6, 25 nM FAM-Ahx-BAD, 150 nM BCL-xc, error
bars show standard deviations observed in triplicate experiments and errors
are standard deviations generated in data fitting)
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Figure 4-9 Competition FA result for CC-Di-HRK4 against BAD/BCL-x. (20

mM Tris, 150 mM NacCl, pH 7.6, 25 nM FAM-Ahx-BAD, 150 nM BCL-xd, error
bars show standard deviations observed in triplicate experiments and errors

are standard deviations generated in data fitting)
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Figure 4-10 Competition FA result for CC-Di-E1 against BAD/BCL-xL (20 mM
Tris, 150 mM NacCl, pH 7.6, 25 nM FAM-Ahx-BAD, 150 nM BCL-xt, error bars
show standard deviations observed in triplicate)
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Figure 4-11 Competition FA result for CC-Di-E1 against BID/MCL-1 (20mM
Tris, 150 mM NaCl, pH 7.6, 25 nM FAM-Ahx-BID, 150 nM MCL-1, error bars
show standard deviations observed in triplicate experiments and errors are
standard deviations generated in data fitting).
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Figure 4-12 Competition FA result for BID-wt, CC-Di-S, CC-Di-E1 and CC-Di-
E2 against BID/MCL-1 (20mM Tris, 150 mM NaCl, pH 7.6, 25 nM FAM-Ahx-
BID, 150 nM MCL-1, error bars show standard deviations observed in triplicate
experiments and errors are standard deviations generated in data fitting).
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Table 4-2 FA competition titration results for the coiled coils

Peptide Sequence? ICs0 ICs0

f gabcdef gabcdef gabcdef gabcdef gab BAD/BCL- BID/MCL-1°

XLP
hl  h2 h3 h4
BAD L WAAQRYG RELRRMS DEFVDSF KK ND ND
HRK SAAQLTA ARLKALG DELHQRT MW ND ND
BID E DIIRNIA RHLAQVG DSMDRSI W 137.7 £ 3.8+0.5
31.8 nM UM
NOXA- P ADLKDEC AQLRRIG DKVNLRQ KLLNM
B1s-44
CC-Di G EIAALKQ EIAALKK ENAALKQ EIAALKQ GYG ND ND
CC-Di-S G EIAALKQ EILRLIG DNVALKQ EIAALKQ GYG ND 12.2+0.5
uM
CC-Di-E1 G EILALKQ EILRLIG DNVALKQ EILNLKQ GYG No 0.5+0.05
response M
CC-Di-E2 G KILALEQ EILRLIG DNVALKQ EIZNLKQ GYG ND 0.5+0.09
uM
CC-Di- G EIAALKL EIAALYK ENLRLKQ EIFALKF GYG 15.9 ymd ND
BAD
CC-Di- G EIAALKQ EILRLLG DNMALKQ EIAALKQ GYG 16.1 ymd ND
HRK1
CC-Di- G KILALEQ EILRLLG DNMNLKQ EILNLKQ GYG 51+6.2 >50 yM
HRK2 pMe
CC-Di- G EIAALKQ EILRLLG DNMALKF EIAALKQ GYG ND ND
HRK3
CC-Di- G EIAALYQ EILRLLG DNMALKF EIAALKQ GYG  15.7 +6.6 ND
HRK4 uM

aHot-spot residues are coloured: blue for BAD, red for HRK, purple for BID and
green for NOXA; positions a and d are underlined in coiled coils; Aladb, Ala4c
and Ala5b (sensitive to variation in ISAMBARD modelling) are shown in italic.
b.CND: not determined; %large deviation of data fitting; ¢hook effect was observed
at high concentration.

129



4.4 Structural study by CD spectroscopy

| investigated the secondary structures of the peptides and the complexes with
proteins using CD. | tested CC-Di-BAD and CC-Di-HRK1. Some of the other
peptides were not tested singly due to their poor water solubility. Furthermore,
their complexes with BCL-x,, including CC-Di-HRK1/BCL-x., CC-Di-
HRK2/BCL-x., CC-Di-HRK4/BCL-x. were tested in thermal unfolding CD
assays. All samples were prepared with a concentration of 15 pM
(concentration of each component), which was similar to their ICs0s.As a result,
CC-Di-HRK1 showed a classical helical CD spectrum and high helicity, with
78%, whilst CC-Di-BAD showed only 38% helicity (Figure 4-13), indicating a
good correlation with the ISAMBARD modelling results which indicated that CC-
Di-BAD doesn’t have optimal BUDE scores to form a coiled coil (Figure 4-3). In
addition, the complex of CC-Di-HRK1 with BCL-x. showed similar spectrum and
helicity to the average results (Figure 4-14), suggesting that CC-Di-HRK1
doesn’t affect the helicity of the protein significantly at these concentrations.
Several other peptides were not tested due to poor solubility.

8.0x10% -
' —— CC-Di-HRK1 (helicity 78%)
6.0x10" - —— CC-Di-BAD (helicity 38%)
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Figure 4-13 CD spectra for CC-Di-HRK1 and CC-Di-BAD (20 mM phosphate,
pH7.4, peptide concentration: 15 yM).
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Figure 4-14 CD spectra for CC-Di-HRK1, BCL-xL, and CC-Di-HRK1/BCL-xL
(20 mM phosphate, pH7.4, peptide concentration: 15 yM).

Next, | investigated the structural stability of CC-Di-BAD and CC-Di-HRK1 in
thermal unfolding CD assays; several other peptides were too hydrophobic to
be tested. A number of complexes, including CC-Di-BAD/BCL-x. and CC-Di-
HRK1/BCL-x., CC-Di-HRK2/BCL-x., CC-Di-HRK4/BCL-x. and CC-Di-
HRK2/MCL-1, were also tested using thermal unfolding CD spectroscopy. CC-
Di-BAD was observed to have a low Tm, with 33 °C, whilst CC-Di-HRK1 gave a
much higher Tm, with 66 °C (Figure 4-15); however, it did not give a typical
thermal transition for coiled colls, indicating that it might not form a stable coiled
coll; this experiment would be repeated in the future to confirm the results. The
CC-Di-HRK1/BCL-xL complex was observed to have a Tm of 58 °C whilst apo-
BCL-xL gave a Tm of 59 °C (Figure 4-16, Table 4-3), indicating a minimal
influence on the thermostability from the peptide (32aa-peptide vs 142aa-
protein). Similar curves were observed for CC-Di-HRK2/BCL-x. and CC-Di-
HRK4/BCL-xt, with Tm of 57 °C and 61 °C, respectively.

131



o
o
A

1y

a1l

o

X

=

o
w
1

N = [=
o u o
< < <
[ [ [
o o o
= = B
1

MRE (deg cm? dmol”

-2.5x10%
—— CC-Di-HRK1 (66 °C)

-3.0x10% 1 —— CC-Di-BAD (33 °C)

-3.5x10*

0 20 40 60 80 100
Temperature (°C)

Figure 4-15 Thermal unfolding curves for CC-Di-BAD and CC-Di-HRK1 (20
mM phosphate, pH7.4, peptide concentration: 15 yM; 5-95 °C).
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Figure 4-16 Thermal unfolding curves for CC-Di-HRK1, BCL-x., and CC-Di-
HRK1/BCL-x. (20 mM phosphate, pH7.4, peptide concentration: 15 puM; 5-
95 °C).
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Figure 4-17 Thermal unfolding curves for CC-Di-HRK2/BCL-x. and CC-Di-
HRK4/BCL-x. complexes (5% DMSO for CC-Di-HRK4, 20 mM phosphate,
pH7.4, peptide concentration: 15 pM; 5-95 °C).

Table 4-3 Helicity and melting temperature of the peptides and complexes

Peptide Sequence? Helicity/  Helicity/Tm

Tm (complex
XL)
f gabcdef gabcdef gabcdef gabcdef gab

CC-Di- G EIAALKL EIAALYK ENLRLKQ EIFALKF GYG 38% ND

BAD

CC-Di- G EIAALKQ EILRLLG DNMALKOQ EIAALKQ GYG 78%/66°  74%/58°C

HRK1 C

CC-Di- G KILALEQ EILRLLG DNMNLKQ EILNLKQ GYG ND 51%/57°C

HRK2

CC-Di- G EIAALKQ EILRLLG DNMALKF EIAALKQ GYG ND ND

HRK3

CC-Di- G EIAALYQ EILRLLG DNMALKF EIAALKQ GYG ND 56%/61°C

HRK4

aHot-spot residues are coloured:
green for NOXA,; positions a and d are underlined in coiled coils.

blue for BAD, red for HRK, purple for BID and
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45 Conclusions

In this chapter, | have combined multiple computational tools to inform the
design of coiled coils as BCL-xv inhibitors. First of all, | applied ISAMBARD to
investigate the saturation variation of a well-defined coiled coil. Together with
virtual alanine scanning results, hot-spot residues from BAD, BID and HRK
were grafted onto the template sequence, CC-Di, at suitable sites. Surprisingly,
several peptides showed weak potency in the FA competition assays using
BAD/BCL-xL, although optimisation of the assays was needed. Several
peptides failed to be tested in CD experiments due to poor solubility; whilst for
other peptides, the correlation between BUDE scores and helicities
demonstrate the importance of computational modelling. In thermal unfolding
assays, a number of peptides did not show typical thermal unfolding curves for
a coiled coil and their peptide/protein complexes gave similar results to the apo-
protein, indicating that these peptides had little impact on the overall helicity and
melting temperature for the complexes; the formation of complexes and the
oligomeric states of coiled coils would be confirmed by further experiments, e.g.
analytical ultracentrifugation (AUC). These results show good starting points for
designing new coiled coils targeting BCL-xL with high potency and selectivity,
and also indicate the importance of combining computational tools, e.g. virtual
alanine scan and structural modelling, i.e. ISAMBARD in this chapter, and
rational design to lead to bioactive and structurally stable coiled coils.

4.6 Future work

4.6.1 FA assay optimisation

Although several peptides were observed to have inhibiting potency against the
BCL-xL, the deviations of data were high. To optimise this, different buffer
conditions could be used, e.g. phosphate or tris buffer at different pH; and add
different types of detergents, e.g. Triton-X or BSA.

4.6.2 CD assay optimisation

Several CD samples could not be tested due to poor solubility. Further
experiments will be focusing on using DMSO-free conditions and also design
new peptides with improved solubility. In addition, all assays were performed
with a peptide/protein ratio= 1:1 and ICsos were calculated based on the
concentrations of monomers; in the future a ratio of 2:1 will be tested as the
peptides are supposed to interact with the protein as homodimers.
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4.6.3 Investigation of selectivity

A number of peptides in this chapter showed binding to the BCL-xL. The other
peptides will be tested in the FA competition assays using MCL-1 and a tracer
which has comparable Kqd to the BAD tracer for comparison.

4.6.4 Generation of covalently crosslinked homodimers and
heterodimers

Although several peptides did show binding in the FA competition assays, it
was difficult to confirm whether they bound to the protein as coiled coils or
monomeric peptides. To confirm this, analytical ultracentrifugation (AUC) can
be employed to determine the oligomeric states of the peptides in absence of
the protein and the formation of complexes between peptides and the protein.
In addition, covalently crosslinked dimeric coiled coils will be generated using
either disulphide bonds or amide bonds.?'6:2® Covalently tethered coiled coils
could be more advantageous, e.g. enhanced structural stability and
proteolytical stability.®?1” Once the covalently crosslinked homodimers show
binding in the assays, heterodimers will also be designed to functionalise the
other face which doesn’t participate in the interaction between a coiled coil and
the protein, e.g. incorporating cell-penetrating motifs.
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Chapter 5 Overall conclusions and future work

The overall aim of the project was to design and develop potent and selective
BCL-x. inhibitors using peptidomimetic approaches. Two main approaches
were employed, including constrained peptides and coiled coils. Various
computational tools were used to assist rational peptide design in this work.
Successful hits could act as useful probes for further structural studies and
starting points to develop therapeutics for treatment of BCL-x.-dependent
cancers.

In Chapter 2, the BAD BH3 sequence was chosen for design of BCL-xL
inhibitors. In direct FA titration assays, the BAD tracer showed good affinity and
selectivity towards BCL-x.. Using a combination of virtual alanine scanning and
a maleimide-staple scan, | identified suitable sites for incorporation of a
maleimide constraint in the wild-type peptide, BAD-s. However, several
constrained peptides showed loss of potency although their bis-cysteine
precursors did not. CD spectroscopy was used to investigate the secondary
structures. The observed helicity from CD did not show strong correlation to
the potency. This unusual observation motivated me to use MD simulations to
further investigate the apo-peptides and also the bound peptides in the
complexes with BCL-x.. These MD simulations suggest that differences in
bound-state-helicity between the active and inactive constrained peptides likely
influence inhibitory potency; and a constraint at inappropriate positions may
disrupt orientation of the key side chains so that optimal interaction with BCL-
XL cannot be achieved. These data highlight the importance of a staple scan
alongside computational and structural analyses and the complex outcomes
from introducing a constraint.

In Chapter 3, based on the HRK BH3 domain, | constructed the first HRK
constrained peptides. Using a combination of homology modelling and virtual
alanine scanning, | successfully identified the potential hot-spot residues
involved in the HRK/BCL-xL interaction. A dibromomaleimide staple scan led to
an optimal constrained peptide, HRKS4, which gave improved potency, and
enhanced helicity in comparison to the unconstrained precursor, alongside
increased proteolytic stability. | further compared the maleimide constraint with
other types, e.g. hydrocarbon and xylyl. | showed that the maleimide constraint
acts as an alternative option to construct constrained peptides with optimal
potency in inhibition of HRK/BCL-xL. | sought to design a second series of
peptides with improved selectivity as the first series of HRK-peptides, including
the wild-type and the constrained, were observed to inhibit MCL-1 with similar
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potency to BCL-x.. To better inform peptide design for improving selectivity,
additional virtual alanine scanning and homology modelling was carried out,
resulting in a new series of truncated peptides with retained potency and
significantly improved selectivity. Although the maleimide constrained peptide,
HRKS4H, did not fully maintained potency, it was observed to have better
selectivity. To best of my knowledge, this is the first example of constrained
peptides based on the HRK BH3 domain. | have shown that the maleimide
constraint can be applied to the HRK sequences and the selectivity can be
modulated by truncation and transposition of key residues. These findings will
help other scientists who are interested in BCL-2 family PPIs study and develop
selective and potent inhibitors.

In Chapter 4, a well-defined homodimeric coiled coil template, CC-Di, was
chose for grafting hot-spot residues from BH3 ligands which bind to BCL-xL.
Applying ISAMBARD for a saturation variation scan, | identified suitable grafting
sites in the template. Several alanine residues at b or ¢ positions, which are
usually considered ideal for grafting other residues, were found to be sensitive
to replacement. A peptide, CC-Di-BAD, designed by grafting hot-spot residues
from the BAD BH3 sequence onto CC-Di, showed a nonideal BUDE score in
ISAMBARD as well as lower helical structure and low melting temperature in
CD experiments. This observation indicated correlation between the acquired
energy in ISAMBARD and real structural stability, and has motivated me to
optimise the design. Several hot-spot residues from HRK, BAD and BID were
transposed into CC-Di at more optimal positions in terms of the saturation
variation scanning results. In competition FA assays, a humber of peptides
showed weak potency against BAD/BCL-x.. Further studies will focus on
optimisation of assays and investigation on selectivity.

In summary, | have applied constrained peptides and coiled coils mainly based
on the BAD and HRK BH3 sequences for discovery of BCL-xL peptidomimetic
inhibitors. | have demonstrated that a combination of computational tools, e.g.
virtual alanine scanning and homology modelling, with dibromomaleimide
staple scanning can rapidly identify suitable sites for peptide constraining and
inform design of selective BCL-xc inhibitors. Furthermore, | have grafted hot-
spot residues from the BH3 ligands onto a well-defined coiled coil template
assisted by in silico methods. Several peptides showed potential as starting
points for further optimisation.

In the future, further studies will focus on revealing the corresponding crystal
structures and applying the peptides in cell-based assays. In chapter 2 and 3, |
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described constrained peptides derived from the BAD and HRK BH3 domains
as BCL-x. inhibitors. Although several structures for complexes between a BH3
peptide and BCL-x. have been reported, a structure of a constrained peptide
derived from these two BH3 domains with BCL-x. has not been revealed.
Solving these structures will help scientists understand the recognition mode
and mechanism of selectivity, and design optimal peptidomimetic inhibitors. In
addition, structures of complexes between HRK and pro-survival BCL-2 family
proteins are less studied. HRK was observed to bind to BCL-x. and MCL-1 in
this study. Prior studies described that HRK could bind to BCL-2.2*! However,
none of these structures have been reported. In the future, HRK/BCL-xL and
HRK/MCL-1 are expected to be crystallised and the structures are expected be
solved, which will be beneficial for design of new probes targeting these
proteins.

In addition to structural studies, cell-based studies will also be carried out. HRK
can induce apoptosis in glioblastoma (GBM) cells,?® therefore the HRK
peptides in this work are expected to show ability to induce apoptosis in GBM
cells. However, due to the reversibility of maleimide constraint, the constrained
peptides are supposed to be partially or fully unconstrained in reducing
cytosolic environment and lose benefits from the constraint. Therefore,
irreversible constraining methods will be developed based on maleimide
linkers. To do this, other approaches, e.g. self-hydrolysing maleimide linkers'4®
or monosubstituted maleimides, will be employed. Furthermore, bicyclic
peptides will be generated by combining a pair of cysteines and a methionine
for constraining. The generated bicyclic peptides are expected have high
proteolytic stability, good cell-permeability, and less off-target effect and can be
used in cellular studies.

Finally, several coiled coils in chapter 4 showed potential for further
optimisation. In the future, more hot-spot residues will be introduced to design
new peptides with improved potency, good selectivity and retained structural
stability. Coiled coils with different oligomeric states, e.g. heterodimer,
homotrimer and heterotrimer, will be designed and generated for event-driven
studies, i.e. making proteolysis-targeting chimeras (PROTACSs) because
PROTACs showed their efficacy in treatment of BCL-x. over-expressed
cancers and reduced side-effects in platelets.”* Covalent linkers will be used to
crosslink the coiled coils, in order to make highly stable molecules.
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Chapter 6 Experimental
6.1 Peptide synthesis and purification

6.1.1 General considerations

Rink amide resin, ethyl cyanohydroxyiminoacetate (Oxyma), N,N-
diisopropylethylamine  (DIPEA), hydroxybenzotriazole (HOBt), N,N'-
diisopropylcarbodiimide (DIC), piperidine, trifluoroacetic acid (TFA), O-(1H-6-
Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HCTU), triisopropyl silane (TIPS), 3,6-dioxa-1,8-octanedithiol (DODT) and
Fmoc-.-amino acids were purchased from Fluorochem (UK) or Merck
(Germany). Dimethylformamide (DMF) was purchased from Sigma-Aldrich
(UK). The designed peptides were synthesised using standard Fmoc-based
solid-phase methods on a LibertyBlue microwave-assisted automated peptide
synthesiser (CEM; Mathews, NC, USA) or a MultiPep2 parallel synthesiser
(CEM; Mathews, NC, USA). Peptide purifications were carried out on a 1260
Infinity 1l prep-HPLC system (Agilent; Santa Clara, CA, USA). The identities of
peptides were confirmed by LCMS (Bruker Amazon Speed) or HRMS (Bruker
MaXis Impact).

6.1.2 Manual methods for peptide synthesis

Method A: Manual deprotection of N-Fmoc groups

Fmoc-protecting groups were removed using 20% piperidine in DMF (2 mL x 5
min, then 2 mL x 25 min), followed by washing with DMF. Successful
deprotection was confirmed by a positive colour change using Method C. For
initial deprotection, the resin was swelled by addition of DMF (5 mL) and
agitated for 15 min before deprotection.

Method B: Manual coupling of amino acids

The desired amino acid (4.5 equiv.) DIPEA (6 equiv.) and HCTU (4.5 equiv.)
were dissolved in DMF (5 mL) and added to the resin, followed by agitation for
45 min at room temperature. Upon completion of coupling, the resin was
washed with DMF (2 x 3 mL x 2 min) and tested by Method C. If a positive
colour change was observed, then the coupling step was repeated.

Method C: Kaiser Test
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The Kaiser Test was carried out to determine a successful coupling or
deprotection reaction. To do this, a small number of resin beads were rinsed by
diethyl ether and transferred into a glass vial, followed by the addition of one
drops of each of the three solutions in the following order: 1) Ninhydrin (5% w/v)
in ethanol; 2) Phenol (80% w/v) in ethanol; 3) 1 mM potassium cyanide (KCN)
(aq.) in pyridine (2% v/v). The solution was then heated to 110 °C for 1 min. A
successful coupling gave no change in the colour of the beads, whilst dark blue
beads illustrate a successful deprotection.

Method D: N-terminal Acetylation

After final deprotection, acetic anhydride (10 equiv.) and DIPEA (10 equiv.)
were dissolved in DMF (3 mL) and added to the resin. After 45 min, the resin
was drained, washed with DMF (3 x 2 mL x 2 min) and successful capping
determined by a negative colour test (Method C).

Method E: N-terminal FAM labelling

To make fluorescent labelled tracers, N-terminally free peptides were
coupled with Fmoc-Ahx-OH, followed by deprotection using 20 %
piperidine in DMF and final coupling with 5(6)-carboxylic fluorescein (4.5
equiv) using HOBt (4.5 equiv.) and DIC (6 equiv.) at room temperature
overnight.

Method F: Peptide Cleavage

All peptides were cleaved by TFA/H20/TIPS/DODT (92.5:2.5:2.5: 2.5)
for 3 hours at room temperature. Cleavage cocktail solutions were
concentrated under nitrogen flow and crude peptides were precipitated
with treatment of cold diethyl ether (diethyl ether: cleavage cocktail=10:1).
Crude peptides were dissolved in acetonitrile/H20 (1:1) and subjected to
prep-HPLC directly.

Method G: Dibromomaleimide constraining

Each purified linear peptide was dissolved in ACN/phosphate buffer
(ratio=3:7; peptide concentration: 4 mg/mL; phosphate buffer: 20 mM
phosphate, 150 mM NaCl, pH = 7.8) and transferred into a 15 mL
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centrifuge tube. TCEP (1mg/mL solution in water, 2 equiv.) was added
and the peptide was agitated for 30 mins to reduce any disulfide bonds.
Thereafter, diboromomaleimide (1mg/mL solution in ACN, 2 equiv.) was
added and the peptide was agitated for 2 h. A colour change to yellow
was observed during the reaction. The reaction was monitored by LC-MS.
Upon completion of the reaction, peptide solutions were injected directly
into prep-HPLC to isolate final maleimide-constrained products.

Method H: m-Xylene constraining

After being dissolved and transferred as mentioned above (method G),
each peptide was treated with TCEP (solution in phosphate buffer,
2equiv.) for 30 mins to reduce disulfide bonds, followed by addition of
dibromomethylbenzene (1mg/mL solution in DMF, 2 equiv.) and DIPEA
(4 equiv.). The reacting solution was agitated for 2 h and monitored by
LC-MS. Upon completion of the reaction, reaction mixtures were purified
using prep-HPLC.

Method I: Hydrocarbon stapling

After peptide assembly, the on-resin peptide was acetylated (Method D)
and transferred to a round bottom flask. Grubbs 1st generation catalyst
(0.10 equiv.) was added, followed by addition of anhydrous
dichloroethane (DCE, 5 mL). The reaction was stirred in the dark for 4 h
under nitrogen flow and repeated by addition of fresh catalyst (0.1 equiv.).
The resin bound peptide was washed with DCE (5 mL x 3), cleaved and then
crude peptide purified using prep-HPLC.

6.1.3 Cycles for automated peptide synthesis

Table 6-1 Cycles used on the CEM LibertyBlue synthesiser

Step Parameters

Standard Deprotection | 4.5 mL 20% piperidine in DMF, 90 °C, 1 min 30 s

Wash 4 mL DMF, 5s

Wash 4 mL DMF, 5s
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Standard Coupling

2.5 mL amino acid (0.5 M in DMF), 1 mL DIC (0.5
M in DMF), 0.5 mL Oxyma (1 M in DMF), 90°C,
5min

Standard Coupling

This step is for double coupling, parameters are
as shown above

Wash 4 mL DMF, 5s
Wash 4 mL DMF, 5s
Wash 4 mL DMF, 5s
Wash 4 mL DMF, 5s

Table 6-2 Cycles used on the CEM MultiPep parallel synthesiser

Cycle

Steps

Prepare

RinseNeedle 2 mL DMF x 3, PrimeManifold 5 mL
DMF, WashResin 6 mL DMF

1-10

Deprotection 1.5 mL 20% piperidine in DMF x 2,
Rinse Needle 2 mL, WashResin 9 mL DMF x 5,
Extract 30 s, Double Coupling 0.5 mL amino acid
(0.5 M in DMF) + 0.25 mL DIPEA (2 M in NMP) +
0.05 mL NMP +0.52 mL HCTU (0.5 M in DMF),
WashResin 9 mL DMF x 5, Extract 30 s

11-end

Deprotection 1.8 mL 20% piperidine in DMF x 2,
Rinse Needle 2 mL DMF, WashResin 10 mL DMF
x 5, Extract 30 s, Double Coupling 0.6 mL amino
acid (0.5 M in DMF) + 0.3 mL DIPEA (2 M in
NMP) + 0.05 mL NMP +0.63 mL HCTU (0.5 M in
DMF), WashResin 10 mL DMF, Capping 1.8 mL
10% acetic anhydride in DMF, RinseNeedle 2mL
DMF, Extract 30 s, WashResin 10 mL DMF x 4,
Extract 30 s

Final

Deprotection 1.8 mL 20% piperidine in DMFx 2,
Rinse Needle 2 mL NMP, WashResin 10 mL
DMF x 5, Extract 30 s
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6.2 Modelling section

6.2.1 Virtual alanine scanning using BAlaS

All structures which were used to carry out BAlaS modelling were uploaded on
the Bude Alanine Scanning server
(https://pragmaticproteindesign.bio.ed.ac.uk/balas/),?3? which is based on the
Bristol University Docking Engine (BUDE).?3! Contributions of >4.2 kJ
mol-1 were considered as significant.

6.2.2 Generation of homology models using ROSETTA

The ligand peptides were extracted from the original structures in PyMol. The
extracted ligands were aligned into the binding sites of the corresponding
receptors in PyMol and the originally bound ligands were removed from the
complexes. Thereafter, the generated structures were repacked in Rosetta to
remove small clashes.

Repack script that was used:

<ROSETTASCRIPTS>

<SCOREFXNS>

</SCOREFXNS>

<TASKOPERATIONS>
<InitializeFromCommandline name="ifcl" />
<RestrictToRepacking name="rtr" />

</TASKOPERATIONS>

<FILTERS>

</FILTERS>

<MOVERS>

<PackRotamersMover name="repack" scorefxn="talaris2014"
task_operations="ifcl,rtr" />

<MinMover name="minimize_sc" scorefxn="talaris2014" chi="1"
bb="0" jump="0" type="dfpmin_armijo_nonmonotone" tolerance="0.0001" />

</MOVERS>
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<APPLY_TO_POSE>
</APPLY_TO POSE>
<PROTOCOLS>
<Add mover="repack" />
<Add mover="minimize_sc" />
</PROTOCOLS>
</ROSETTASCRIPTS>

Options file that was used:
-in:file:fullatom

-out:file:fullatom

-linmem_ig 10

-ex1

-ex2

-use_input_sc

-score:weights talaris2014.wts
-corrections:restore_talaris_behavior true

-out:file:scorefile repack_1.fasc

6.2.3 Molecular dynamics simulations

All peptide/protein complexes were subjected to MD simulations using
YASARA structure.?®” Maleimide constraints were modelled in YASARA by
swapping the pertinent amino acids for cysteines and connecting to maleimide
fragments. Minimised structures were generated using the energy minimisation
function with default settings. The modelled complexes were subjected to MD
simulations using YASARA structure macro for fast MD run (
www.yasara.org/md_runfast.mcr).?%4 Briefly, the AMBER14 forcefield was used
and the temperature was set as 298.0 K with the timestep set as 2*2.50 fs.
Each structure was run for >160ns. Ligand helicity was calculated by averaging
per-residue helicity from 50 to 160 ns. Peptide/protein interactions were
analysed using Discovery Studio Visualizer and figures were created in PyMol.

6.3 Synthesis of Fmoc-mS5-OH
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6.3.1 General considerations

Solvents and reagents were purchased from major suppliers, including Sigma-
Aldrich, Fisher, Alfa Aesar, Fluorochem and Merck, and utilised as received
without further purification. Anhydrous tetrahydrofuran was obtained from the
in-house solvent purification system from Innovative Technology Inc.
PureSolv®. Anhydrous dimethyl formamide was obtained from major chemical
suppliers equipped with a SureSeal™ (or equivalent). Water used in
preparation of solutions and reaction quenching was deionised.

Thin layer chromatography (TLC) was carried out on Merck Kieselgel 60 F254
0.25 mm precoated aluminium plates with visualisation via ultraviolet light
(Amax = 254 nm), ninhydrin reagent and/or potassium permanganate. Flash
column chromatography was performed using Merck Kieselgel 60 (230-400
mesh) with assistance of a head pump.

NMR spectra were recorded on Bruker AV4 NEO 11.75 T (500 MHz 1H) or
Bruker AV3HD 9.4 T (400 MHz 1H) NMR spectrometers. The NMR chemical
shifts (&) are quoted in ppm TMS peak, and with coupling constants (J) quoted
to the nearest 0.1 Hz. The identities of small molecules were confirmed by
LCMS (Bruker Amazon Speed) or HRMS (Bruker MaXis Impact).

6.3.2 Procedures and data for Fmoc-mS5-OH synthesis

>
OH

(0]

(S)-N-benzylproline 3

L-Proline (25.01 g, 217.2 mmol, 1 equiv.) was added to a flask, followed by
addition of 136 mL methanol. MeONa (81 mL, 30% wt, in methanol solution,
434.3 mmol, 2 equiv.) was added slowly under stirring at room temperature and
then the mixture was heated up to 50 °C. After the solution became transparent,
Bn-CI (25 mL, 220 mmol, 1 equiv.) was added and the reaction mixture was
stirred at the same temperature overnight. The mixture was neutralised with
concentrated HCI (approx. 22 mL) until pH reached ~7 using pH test paper.
Then chloroform (100 mL) was added and the mixture was kept stirring for 1 h.
The precipitate was filtered and washed with chloroform. The filtrate was
concentrated in vacuo and the residue was treated with acetone (30 mL). The
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precipitate of crude product was filtered and washed with acetone and then
dried thoroughly to give (S)-N-benzylproline as yellowish solid (43.7 g, 85%),
which was used in synthesis of ligand 3 without further purification. &+ (500
MHz; CDClIs) 1.88-2.05 (2H, m, y-CHy), 2.18-2.37 (2H, m, B-CH>), 2.85 (1H, d,
J=9.9 Hz, 8-CH>), 3.63 (1H, ddd, J=10.9 Hz, 7.4 Hz, 3.3 Hz, 8-CH>), 3.76 (1H,
dd, J=8.8 Hz, 6.1 Hz, a-CH), 4.17 (1H, d, 13.0 Hz, N-CH>), 4.31 (1H, d, J=13.0
Hz, N-CH>), 7.33-7.48 (5H, m, Ar-CH). &c (125 MHz, CDCls): 23.1, 28.9, 57.7,
66.7, 77.0, 115.9, 116.1, 125.0, 132.0, 133.28, 162.4. ESI-HRMS found m/z
206.1178; [C12H15NO2+H]* requires 206.1181. These data agree with that
measured in the literature.°t

(S)-2-[N-(N’-benzylprolyl)amino]-benzophenone (BPB) 4

(S)-N-benzylproline 3 (43.7 g, 213.18 mmol, 1 equiv.), N-methylimidazole (37.2
mL, 468.67 mmol, 2.2 equiv.) and CH2Cl2 (200mL) were added to a flask. MsClI
(16.5 mL, 213.35 mmol, 1 equiv.) was added dropwise at 0 °C. After removing
the ice bath, 2-aminobenzophenone (37.8 g, 191.68 mmol, 0.9 equiv.) was
added and the reaction mixture was stirred at 50 °C overnight. Then, saturated
aqueous NH4Cl (150 mL) was added to the reaction mixture and the organic
phase was separated. The aqueous phase was extracted with CH2Cl2 (100
mLx3) and the combined organic layers were dried over MgSOa. Solvents were
removed in vacuo to afford crude ligand 4 as a yellow oil which was purified as
follows: to the flask containing crude ligand 4, acetone (200 mL) was added to
dilute the oil, followed by the addition of concentrated HCI (36.35 mL, 2 equiv.).
After filtration, the precipitate was washed with acetone twice and then 2/3 of
acetone was removed in vacuo. The residue was left at -20 °C overnight,
followed by filtration to afford (S)-2-[N-(N’-benzylprolyl)amino]-benzophenone
(BPB) 4 (23.43 g, 30 %) as colourless solid. 61 (500 MHz; CDCl3) ©1.71-1.89
(2H, m, y-CH>), 1.96 (1H, ddd, J=16.9, 8.1, 4.2 Hz,6-CH>), 2.19-2.32 (1H, m, &-
CHy), 2.41 (1H, td, J=9.5, 6.9 Hz, 3-CH), 3.22 (1H, ddd,J=9.0, 6.4, 2.7 Hz, 3-
CHy»), 3.32 (1H, dd, J=10.1, 4.8 Hz, a-CH), 3.59 (1H, d, J=12.9 Hz, N-CHy), 3.92
(1H, d, J=12.9 Hz, N-CHy), 7.04-7.20 (4H, m, Ar-CH), 7.38 (2H, dt, J=7.4, 3.6
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Hz, Ar-CH), 7.43-7.58 (4H, m, Ar-CH), 7.58-7.66 (1H, m, Ar-CH), 7.78 (2H, dd,
J=5.2 Hz, 3.3 Hz, Ar-CH), 8.57 (1H, d, J=8.3 Hz, Ar-CH), 11.50 (1H, s, NH). &c
(125 MHz, CDCI3): 21.9, 28.4, 53.4, 64.0, 77.0, 122.4, 123.7, 124.3, 125.1,
126.5, 128.4, 129.1, 129.7, 130.1, 130.7, 131.3, 132.6, 133.4, 133.8, 134.1,
135.8, 137.3, 137.6, 166.3, 197.6. ESI-LCMS found m/z 385.45 [M+H]*;
C2sH2sN202 requires 385.19. These data agree with that measured in the
literature. 101

(S)-({2-[1-(benzyl)benzyl)pyrrolidine-2-carboxamide]phenyl}phenylmethylene)-
glycinato-N,N’,N”,O}nickel (II) (Ni-Gly-2-BPB) 5

Ph

J o
NOo

NI tﬁ
07NN

(S)-2-[N-(N’-benzylprolyl)amino]-benzophenone (BPB) 4 (5.5 g, 13.05 mmol, 1
equiv.), nickel (Il) nitrate hexahydrate (4.54 g, 15.65 mmol, 1.2 equiv.) and
glycine (1.95 g, 26.1 mmol, 2 equiv.) were dissolved in methanol (50 mL) at
55°C, followed by addition of NaOMe (30% w/w in methanol solution, 31.3 mL,
26.08 mL, 95.40 mmol, 7.2 equiv.). Additional methanol (120 mL) was added
to dilute the mixture. After stirring for 1h, the mixture was cooled down to r.t.
and glacial acetic acid (8.5 mL, 148.63 mmol, 10 equiv.) was added, followed
by dilution with water (400 mL). The mixture was extracted with CHCIs (3x100
mL) and dried over Na2SOa, then concentrated in vacuo followed by a flash
column chromatography (CHClIs: Acetone=5:1), to give nickel complex (4) (2.57
g, 38 %) as a glassy scarlet solid. &+ (400 MHz; CDCl3) 62.02-2.22 (2H, m, y-
CHy), 2.45 (1H, m B-CH>), 2.57 (1H, m, B-CH2), 3.37 (1H, m, 8-CH>), 3.50 (1H,
dd, J=11.4 Hz, 5.4 Hz, a-CH), 3.69 (1H, d, J=12.5 Hz, N-CH>), 3.71 (1H, d,
J=20.2 Hz, CH2), 3.72 (1H, m, 6-CHy), 3.81 (1H, d, J=20.2 Hz, CH>), 4.52 (1H,
d, J=12.6 Hz, N-CH>), 6.73 (1H, m, Ar-CH), 6.82 (1H, dd, J=8.2 Hz, 1.6 Hz, Ar-
CH), 7.00 (1H, m, Ar-CH), 7.12 (1H, d, J=8.2 Hz, Ar-CH), 7.24 (1H, m, Ar-CH),
7.34 (1H, m, Ar-CH), 7.46 (2H, m, Ar-CH), 7.54 (3H, m, Ar-CH), 8.09 (2H, m,
Ar-CH), 8.32 (1H, dd, J=8.2, 1.6 Hz, Ar-CH). &¢ (100 MHz, CDCI3): 23.7, 30.6,
55.8, 57.3, 61.4, 65.9, 70.0, 116.3, 120.4, 124.3, 124.6, 125.3, 125.7, 126.3,
128.9, 129.3, 129.6, 129.8, 129.9, 131.4, 132.2, 133.3, 134.2, 134.6, 142.5,
171.7,177.3, 181.0; ESI-HRMS found m/z 520.1141 [M+Na]*; C27H2sN3sNaNiO3
requires 520.1147. These data agree with that measured in the literature. 101
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(S)-({2-[1-benzyl)benzyl)pyrrolidine-2-carboxamide]phenyl}phenylmethylene)-
(S)- pentenylglycinato}N,N’,N”,O}nickel (II) (Ni-a-pent-4-enylgly-2-BPB) 6

g"‘ ,0‘§/H
0 N/N"‘lN NN

To a flask containing freshly powered NaOH (0.28 g, 6.88 mmol, 4 equiv.) and
Ni-Gly complex 5 (1 g, 1.72 mmol, 1 equiv.), dry DMF (9 mL) was added and
the mixture was stirred at O °C under an atmosphere of N2 for 2 min. The ice
bath was removed after 2 min, 5-iodopent-1-ene (1.2g, 5.16 mmol, 3 equiv.)
was added to the mixture. The solution was stirred for 15 min at r.t. and then
guenched with H20 (10 mL). The mixture was concentrated and taken up in
water (10 mL) and extracted with DCM (3x16 mL). The combined organic layers
were dried over MgSO4 and concentrated in vacuo. The crude product was
purified using flash chromatography (CHCIs: Acetone=8:1). dn (400 MHz;
CDCls) 1.56-1.75 (2H, m, alkyl), 1.82-2.31 (7H, m, alkyl, B-CHa, y-CH>), 2.41-
2.59 (m, 1H, B-CH>), 2.70-2.82 (1H, m, 8-CH>), 3.40-3.63 (4H, m, N-CH3, a-
CHa, 6-CH>, B-(Gly)-CH>), 3.91 (1H, dd, J = 8.1, 3.4 Hz, a-CH>), 4.45 (1H, d,
J=13.0 Hz, N-CH>), 4.92-5.02 (m, 2H, CH=CHy), 5.73 (ddt, J = 16.9, 10.2, 6.7
Hz, 1H, CH=CHz), 6.56-6.70 (m, 2H, Ar-CH), 6.92 (d, J = 7.2 Hz, 1H, Ar-
CH),7.09-7.22 (m, 2H, Ar-CH), 7.24-7.27 (m, 1H, Ar-CH), 7.35 (t, J = 7.6 Hz,
2H, Ar-CH), 7.42-7.56 (m, 3H, Ar-CH), 8.05 (d, J = 7.1 Hz, 2H, Ar-CH), 8.13 (d,
J =8.7 Hz, 1H, Ar-CH). &c (100 MHz, CDCls): 23.7, 24.6, 29.3 30.7, 33.3, 35.4
53.9, 57.0, 63.1, 70.2, 115.3, 116.2, 120.8, 123.8, 126.6, 127.2, 127.1, 127.6,
129.0, 129.7, 131.3, 132.1, 133.2, 133.8, 134.1, 137.8, 142.2, 142.8, 170.5,
179.0, 180.2. ESI-HRMS found m/z 588.1767 [M+Na]*; Cs2H33N3NaNiO3
requires 588.1773. These data agree with that measured in the literature .10

(S)-2-aminohept-6-enoic acid 7
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H,N"~ >COOH

The alkylated Ni complex 6 (0.49 g, 0.87 mmol, 1.0 equiv.) was dissolved in
methanol (25 mL) and added dropwise to a solution of hydrochloric acid (3 M,
7 mL). The mixture was heated to 70 °C until a colour change from scarlet to
yellow/green was observed (after 15 min), then cooled to rt and the solvent was
evaporated in vacuo. The resulting yellow/white residue was taken up with
water (20 mL) extracted with chloroform (3 x 25 mL) to remove the BPB ligand
4 for re-use. The aqueous fraction was loaded on an activated Dowex 50X2
100 H+ column (prewashed with H20 to pH 7), which was then rinsed with
methanol (50 mL) and water (50 mL) to remove residual nickel. The amino acid
7 was then eluted with 20% ammonium hydroxide:ethanol 1:1, and fractions
containing 7 were identified by ninhydrin staining. Concentration of the fractions
in vacuo afforded (S)-2-amino-hept-6-enoic acid (6) (118 mg, 62%) as a white,
amorphous solid.

d1 (400 MHz; D20) 81.32-1.56 (2H, m, CH2CHCH2), 1.70-1.87 (2H, m,
CHCH2CH), 2.04 (2H, q, J=7.2 Hz, CH>.CH=CH), 3.65 (1H, t, J=5.9 Hz, -
CH), 4.95 (1H, d, J=10.3 Hz, CH=CH:cis), 5.01 (1H, d, J=17.3 Hz, CH=CH:
trans), 5.80 (1H, ddt, J=17.0, 10.3, 6.6 Hz, CH=CH2). &¢c (100 MHz, CDCI3):
23.4, 29.4, 32.4, 53.7, 115.1, 138.4, 174.9 ESI-HRMS found m/z 144.1018
[M+H]*; C7H14NO:2 requires 144.1025. These data agree with that measured in
the literature.10!

(S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)hept-6-enoic acid 8
|

Fmoc\N COOH
H

(S)-2-amino-hept-6-eneoic acid 7 (186 mg, 1.30 mmol, 1 equiv.) and DIPEA
(452 L, 2.59 mmol, 2 equiv.) were dissolved in water (4 mL) and cooled to 4
°C. 9-fluorenylmethyl succinimidyl carbonate (657 mg, 1.95 mmol, 1.5 equiv.)
was dissolved in ACN (8 mL) at 4 °C and added dropwise to the amino acid
aqueous solution. After 1 h, the reaction was warmed to rt and allowed to
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continue for a further 23 h. The reaction suspension was concentrated in vacuo
and then taken up with water (15 mL) and extracted with ethyl acetate (2 x 25
mL). The organic layers were back-extracted with saturated sodium hydrogen
carbonate solution (20 mL). The combined aqueous fractions were acidified to
pH 1 with 3M hydrochloric acid and extracted with ethyl acetate (3 x 35 mL).
The combined organic fractions were dried (Na2SO4) and concentrated in
vacuo to afford a vyellow oil. Purification by flash chromatography
(Dichloromethane:methanol:acetic acid 95:4:1) afforded (S)-2-((((9H-fluoren-
9yl)methoxy)carbonyl)amino)hept-6-enoic acid 8 as a viscous, straw coloured
ol (260 mg, 53%). & (400 MHz; DMSO-ds) 1.46 (2H, m,
NHCHCH>CH2CH2CH=CH), 1.56-1.85 (2H, m, NHCHCH2CH2>CH2CH=CH>),
1.96-2.18 (2H, m, NHCHCH2CH2CH2CH=CH2), 3.91-4.02 (1H, m,
NHCHCOOH), 4.26 (1H, m, CO2CH2CH), 4.29-4.36 (2H, m, NHCO2CHy), 5.02
(2H, m, CH=CH), 5.82 (1H, m, CH=CHgy), 7.29-7.98 (8H, HFmoc), 12.57 (1H, s,
NH). &c (100 MHz, DMSO-g6): 28.3, 33.6, 35.3,57.2, 68.2, 113.8, 121.0, 123.5,
128.0, 128.8, 135.1, 139.0, 142.3, 144.4, 155.0, 177.1; ESI-HRMS found m/z
366.1702 [M+H]*, C22H24NOa4 requires 366.1705. These data agree with that
measured in the literature . 101

(S)-1-(2-Fluorobenzyl)pyrrolidine-2-carboxylic acid 9

E F
i ,\\N
OH

(0]

To a flask containing potassium hydroxide (14.6 g, 260.7 mmol, 3 equiv.),
iPrOH (100 mL) was added and the mixture was heated to 40 °C, followed by
addition of L-Proline (10.0 g, 86.9 mmol, 1 equiv.) and dropwise addition of 2-
Fluorobenzyl bromide (10.5 mL, 86.9 mmol, 1 equiv.) White and yellow
precipitate was observed and the mixture was stirred at 40 °C for 24 h. The
reaction was monitored by TLC. Then aqueous HCI (16 mL) was added to the
mixture until the solution reached pH 6 (as determined using pH paper). The
resulting suspension was cooled down in ice bath and filtered. The filtrate was
dried in vacuo to give (S)-1-(2-Fluorobenzyl)pyrrolidine-2-carboxylic acid 9
(18.0 g, 92 %) as a yellow solid (Rf=0.45, MeOH:DCM=1:4). &n (400 MHz;
CDCI3) 61.87-2.08 (2H, m, y-CH>), 2.15-2.46 (2H, m, B-CH>), 2.90-3.10 (1H, m,
6-CH>), 3.64-3.78 (1H, m, 6-CH>), 3.89 (1H, dd, J=9.2, 6.3 Hz, a-CH), 4.39 (1H,
d, J=13.2, N-CH»), 4.48 (1H, d, J=13.2 Hz, N-CH>), 7.11 (1H, dt, J=13.0, 7.5

150



Hz, Ar-CH), 7.14-7.21 (1H, m, Ar-CH), 7.32-7.43 (1H, m, Ar-CH), 7.62 (id,
J=7.5, 1.5Hz, Ar-CH). &c (100 MHz; CDCls): 23.1, 28.9, 50.9, 53.5, 66.7, 115.9,
116.1 119.4, 125.0, 131.9, 133.8, 160.5; ESI-LCMS found m/z 223.93 [M+H]*,
C12H15sFNO2 requires 224.11. These data agree with that measured in the
literature.25°

(S)-N-(2-Benzoylphenyl)-1-(2-fluorobenzyl)pyrrolidine-2-carboxamide ((2S)-

FBPB) 10
E F
EN

0O~ NH O

To a flask containing (S)-1-(2-Fluorobenzyl)pyrrolidine-2-carboxylic acid (8) (18
g, 80.4 mmol, 1 equiv.), DCM ( 200 mL) was added, followed by addition of N-
methylimidazole (14.0 mL, 177.6 mmol, 2.2 equiv.). Then MsCI (6.0 mL, 80.4
mmol, 1 equiv.) was added dropwise at 0°C. After 5 min, 2-
aminobenzophenone (14.4 g, 72.6 mmol, 0.9 equiv.) was added and the ice-
bath was removed. The reaction mixture was heated to 50 °C and stirred for 16
h. Then the mixture was cooled down and saturated NaHCOs3 solution (200mL)
was added. The organic phase was separated, and the aqueous phase was
extracted with CH2Cl2 (3x100mL). The combined organic layers were dried over
Na2SOa, concentrated in vacuo and purified by flash column chromatography
(Hexane:EtOAc=4:1) to afford yellow oil (7.75 g, 24%). dn (400 MHz; CDCl3) &
1.71-1.86 (2H, m, y-CH>), 1.95 (1H, m, B-CH>), 2.24 (1H, m, B-CH>), 2.46 (1H,
m, 6-CHy), 3.23 (1H, m, 6-CH>)3.35 (1H, dd, J=10.2, 4.6 Hz, a-CH), 3.73 (1H,
d, J=13.2 Hz, N-CHy), 3.89 (1H, d, J=13.2 Hz, N-CH>), 6.78 (1H, dd, J=9.7, 8.6
Hz, Ar-CH), 6.92 (1H, td, J=7.5, 1.0 Hz, Ar-CH), 7.03-7.15 (2H, m, Ar-CH), 7.41-
7.56 (5H, m, Ar-CH), 7.56-7.64 (1H, m, Ar-CH), 7.75 (2H, dd, J=5.2, 3.2 Hz, Ar-
CH), 8.54 (1H, d, J=8.3 Hz, Ar-CH), 11.40 (1H, s, NH). 8¢ (100 MHz; CDCls):
24.2, 31.0, 52.0, 53.7, 67.9, 115.0, 115.3, 121.5, 122.3, 123.9, 124.2, 124.8,
125.0, 125.6, 128.3, 128.9, 129.3, 130.1, 131.7, 132.5, 133.3, 138.6, 139.0,
174.5, 197.9. ESI-LCMS found m/z 403.34 [M+H]*, C2sH24FN202 requires
403.18. These data agree with that measured in the literature.?®
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(S)-({2-[1-(2-Fluorobenzyl)benzyl)pyrrolidine-2-
carboxamide]phenyl}phenylmethylene)-glycinato-N,N’,N”,O}nickel (II) (Ni-Gly-
2-FBPB) 11

F
O
»\N\ /O
NP ‘ﬁ
0" N IN

To a flask containing a solution of (2S)-FBPB 10 (4.0g, 9.96 mmol, 1 equiv.),
Ni(NO3)2-6H20 (5.9 g, 20 mmol, 2 equiv.), glycine (1.6 g, 20 mmol, 2 equiv.) in
methanol (100 mL) and freshly powdered KOH (4 g, 70 mmol, 7 equiv.) was
added. The mixture was heated to 70 °C and stirred for 1 h. The mixture was
then cooled down and concentrated in vacuo. The resulting residue was taken
up in water (100 mL) and extracted with EtOAc (3x100 mL). The combined
organic layers were washed with saturated brine solution (3x200 mL), dried
over MgSOa4 and concentrated in vacuo to afford 11 as a scarlet solid (4.0 g, 78
%). 61 NMR (400 MHz; CDCI3) 2.02-2.21 (2H, m, y-CH>), 2.47 (1H, m, B-CH>),
2.66 (1H, m, B-CHy), 3.27-3.40 (1H, m, 5-CH), 3.66 (1H, dd, J=17.8, 10.6 Hz,
a-CHy), 3.72-3.82 (1H, m, 8-CH>), 3.93 (1H, d, J=13.0 Hz, N-CH>), 4.48 (1H, d,
J=13.0 Hz, N-CH>), 6.72 (1H, ddd, J=8.2, 7.0, 1.1 Hz, Ar-CH), 6.82 (1H, dd,
J=8.2, 1.6 Hz, Ar-CH), 6.93-7.04 (1H, m, Ar-CH), 7.11 (1H, td, J=8.4, 1.5 Hz,
Ar-CH), 7.18-7.25 (2H, m, Ar-CH), 7.29-7.39 (2H, m, Ar-CH), 7.42-7.59 (3H, m,
Ar-CH), 8.22-8.39 (2H, m, Ar-CH). 6c NMR (100 MHz; CDCIs): 23.7, 30.7, 55.8,
57.3,61.4,70.1, 116.1, 116.3, 120.4, 121.0, 124.6, 125.3, 125.7, 126.3, 129.4,
129.7, 129.8, 131.4, 131.5, 132.3, 133.3, 134.2, 134.6, 142.5, 171.7, 177.3,
181.0. ESI-HRMS found m/z 516.1155 Ca27H24N30O3FNi [M+H]+ requires
516.1241. These data agree with that measured in the literature.?%®

(S)-({2-[1-(2-Fluorobenzyl)benzyl)pyrrolidine-2-
carboxamide]phenyl}phenylmethylene)-(S)- pentenylglycinato-
N,N’,N”,O}nickel (Il) (Ni-a-pent-4-enylgly-2-FBPB) 12
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To a flask containing freshly powered NaOH (0.28 g, 6.88 mmol, 4 equiv.) and
Ni-Gly complex (10) (1 g, 1.72 mmol, 1 equiv.), dry DMF (9 mL) was added and
the mixture was stirred at 0 °C under an atmosphere of N2 for 2 min. The ice
bath was removed after 2 min, 5-iodopent-1-ene (1.2g, 5.16 mmol, 3 equiv.)
was added to the mixture. The solution was stirred for 15 min at r.t. and then
qguenched with H20 (10 mL). The mixture was concentrated and taken up in
water (10 mL) and extracted with DCM (3x16 mL). The combined organic layers
were dried over MgSO4 and concentrated in vacuo. The crude product was
purified using flash chromatography (CHCls: Acetone=8:1), to give a red oil (0.8
g, 70%). dn (400 MHz; CDCls) 1.57-1.76 (2H, m, alkyl), 1.85-2.35(6H, m, alkyl,
y-CH2), 2.48-2.63 (1H, m, B-CH>), 2.83 (1H, dd, J=9.2, 5.7 Hz, 3-CH>), 3.36-
3.67 (3H, m, a-CH,, 8-CH>, CHCH2CH2CH2CH=CH>), 3.84 (1H, d, J=13.0 Hz, N-
CH>), 3.90 (1H, dd, J=8.0, 3.5 Hz, a-CH), 4.44 (1H, d, J=13.0 Hz, N-CH), 4.97
(2H, m, CH=CH>), 5.72 (1H, ddt, J=17.0, 10.2, 6.7 Hz, CH=CH>), 6.61-6.71 (2H,
m, Ar-CH), 6.92 (1H, d, J=7.5 Hz, Ar-CH), 7.04 (1H, dd, J=10.9, 6.6 Hz, Ar-CH),
7.16 (2H, ddd, J=8.3,4.8, 2.3 Hz, Ar-CH), 7.19-7.25 (2H, m, Ar-CH), 7.37-7.56
(3H, m, Ar-CH), 8.16 (1H, d, J=8.5 Hz, Ar-CH), 8.31 (1H, td, J=7.4, 1.6 Hz, Ar-
CH). &c (100 MHz, CDCls): 23.6, 24.7, 30.3 30.7, 33.3, 34.9 56.5, 57.0, 63.1,
70.2, 115.3, 120.8, 123.7, 126.5, 127.2, 127.6, 128.9, 129.1, 129.7, 131.6,
132.1, 133.2, 133.6, 133.8, 134.1, 137.8, 142.2, 142.8, 170.9, 179.4, 180.4.
ESI-HRMS found m/z 584.1808 Cs2H33N3OsFNi [M+H]+ requires 584.1789.
These data agree with that measured in the literature.?%°

The alkylated Ni complex 12 (0.49 g, 0.87 mmol, 1.0 equiv.) was dissolved in
methanol (25 mL) and added dropwise to a solution of hydrochloric acid (3 M,
7 mL). The mixture was heated to 70 °C until a colour change from scarlet to
yellow/green was observed (after 15 min), then cooled to rt and the solvent was
evaporated in vacuo. The resulting yellow/white residue was taken up with
water (20 mL) extracted with chloroform (3 x 25 mL) to remove the FBPB ligand
10 for re-use. The aqueous fraction was loaded on an activated Dowex 50X2
100 H+ column (prewashed with H20 to pH 7), which was then rinsed with
methanol (50 mL) and water (50 mL) to remove residual nickel. The amino acid
7 was then eluted with 20% ammonium hydroxide:ethanol 1:1, and fractions
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containing 7 were identified by ninhydrin staining. Concentration of the fractions
in vacuo afforded (S)-2-amino-hept-6-enoic acid 7 (118 mg, 62%) as a white,
amorphous solid. See characterisation above.

tert-butyl-2-(((1R,2R,5R,E)-2-hydroxy-2,6,6-trimethylbicyclo[3.1.1]heptan-3-
ylidene)amino)acetate 13

To a flask containing glycine tert-butylester hydrochloride (1.5 g, 9 mmol, 1.5
equiv.), toluene (50 mL) was added followed by addition of triethylamine (1.85
mL, 9 mmol, 1.5 equiv.), then the suspension was stirred for 1.5 h. After removal
of triethylammonium chloride by filtration, (1R, 2R, 5R)-2-hydroxy-3-pinanone
(1 g, 5.98 mmol, 1 equiv.) was added to the free amine solution. After addition
of boron trifluoride diethyl ether (0.1 mL) the mixture was heated to 130 °C.
Water that formed during the reaction was removed with a Dean—Stark trap.
The reaction was monitored using TLC (hexane:EtOAc=7:3, Rf
(product)=0.34). Flash chromatography (Hexane:EtOAc=7:3 containing 1%
TEA) gave the title compound as a yellowish oil (0.80 g, 48%). dn (400 MHz;
CDCls) 60.80 (3H, s, CHabridge), 1.26 (3H, s, CHabridge), 1.42 (9H, s, C(CHz)3),
1.45 (3H, s, C(OH)CHs3), 1.84-2.05 (3H, m, CH2CHC(OH)), 2.21-2.33 (1H, m,
CHCH2CN), 2.34-2.49 (2H, m, CH2CN), 4.01 (2H, d, J=1.1 Hz, CNCH>). ESI-
LCMS found m/z 282.28 [M+H]*, Cis6H2sNOs requires 282.21. These data agree
with that measured in the literature.?5°

tert-butyl (S)-2-(((1R,2R,5R,E)-2-hydroxy-2,6,6-trimethylbicyclo[3.1.1]heptan-
3-ylidene)amino)hept-6-enoate 14

E ;)\\N OtBu
HO o)

To a solution of diisopropylamine (1mL, 7.13 mmol, 2.5 equiv.) in dry THF (18
mL), the solution of n-butyllithium (4.3 mL of 1.6M in hexane, 7.13 mmol, 2.5
equiv.) was added dropwise at -78 °C (dry ice/acetone). Then the solution of
compound 13 (0.80 g, 2.85 mmol, 1 equiv.) in dry THF (4 mL) was added to the
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cold mixture. After 30 min, 5-bromo-pent-1-ene (0.6 mL, 5.13 mmol, 1.8 equiv.)
was added at -78°C. The low temperature was kept for 6 h by addition of fresh
dry ice and then the reaction mixture was left stirring overnight. The reaction
was quenched by a saturated NH4Cl solution (30 mL) and then TLC was used
to monitor the reaction (Hexane: EtOAc=9:4, Rf (product)=0.71). The solvents
were concentrated under 140 Torr at 40°C and then the aqueous layer was
extracted with EtOAc (3x50 mL). The organic layer was dried over Mg2SOa.
After concentration, the crude product was purified by flash chromatography on
silica (hexane: EtOAc=4:1 containing 1% TEA), to afford a colourless oil (0.48
g, 48%). &n (400 MHz; CDCls) 0.82 (3H, s, CHabridge), 1.32 (2H, m, CH.CHCH2),
1.33 (3H, s, CHabridge), 1.42 (9H, s, C(CHs3)3), 1.46 (3H, s, C(OH)CH3s), 1.78-1.97
(2H, m, CH2=CHCH2CH2CH,), 1.99-2.13 (4H, m, C(OH)CHCH: and
CH2=CHCHy), 2.26-2.38 (1H, m, C(OH)CH), 2.45-2.64 (2H, m, NCCH>), 4.06
(1H, dd, J=8.5, 4.8 Hz, NCHCO:2tBu), 4.98 (2H, m, CH>=CH), 5.79 (1H, ddt,
J=16.9, 10.2, 6.6 Hz, CH2=CH). ESI-LCMS found m/z 350.52 [M+H]",
C21H3sNOs requires 350.27. The values agree with the values in the
reference.?%®

tert-butyl (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)hept-6-enoate 15

Fmoc.. OtBu
(0] ” I
Precursor 14 (0.48 g, 1.37 mmol, 1 equiv.) was dissolved in THF (3 mL)
followed by addition of a solution of citric acid (15 % in water, 8.2 mL). The
mixture was stirred at r.t. for 4 days monitored by LCMS. After removing THF
in vacuo (140 Torr at 40°C), the aqueous layer was extracted with diethyl ether
(3%x15 mL) to remove the ketone. Then, the pH was increased to 8-9 with K2COs3
anhydrous (2.5 g). The free amine was then extracted with EtOAc (20 mL x 3
times). The organic layer was concentrated at 30 ° C under 100 Torr. Then the
oil was dissolved in EtOAc (6.5 mL) and Fmoc-OSu (0.60 g, 1.78 mmol, 1.3
equiv.) and DIPEA (478 uL, 2.74 mmol, 2 equiv.) were added. The mixture was
stirred overnight. Solvents were removed in vacuo followed by flash
chromatography of the residue (Hexane:EtOAc=4:1) to give Fmoc-protected
amino acid precursor 15 as a colorless oil (0.30 g, 0.69 mmol, 52 % two steps).
o1 NMR (400 MHz; CDCI3) & 1.48 (9H, s, OC(CHz3)3), 1.59-1.92 (2H, m,
CH2=CHCH2CH2CH>), 1.95-2.17 (2H, m, CH2=CHCH2CH2CH2), 4.25 (2H, m,
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CO2CH2CH (Fmoc) and NHCH), 4.39 (2H, d, J=6.9 Hz, CO2CH2 Fmoc), 4.87-5.09
(2H, m, CH2=CH), 5.66-5.86 (1H, m, CH2=CH), 7.29-7.85 (8H, Hrmoc). ESI-
HRMS found m/z 444.2147 [M+Na]*, C2sH3iNNaO4 requires 444.2151.The
values agree with the values in the reference. 266

Compound 15 (300 mg, 0.71 mmol, 1 equiv.) was dissolved in DCM (3 mL),
followed by addition of TFA (3 mL) and the reaction mixture was stirred for 1 h.
The reaction was monitored by TLC. The mixture was then concentrated in
vacuo and loaded on a silica gel column after being dissolved in the following
mobile phase (3mL). After a flash chromatography (EtOAc: toluene: Acetic
acid=2:17:1), the product was dried in vacuo and then freeze dried (MeOH/H20,
2 mL/2 mL) to give 8 as a white solid (180 mg, 70.4 %). See characterisation
above.

6.4 Protein expression

The pET28a HIS-SUMO BCL-x. (1-198, missing 26-81) was over-
expressed in the E. coli strain BL21 (DE3) and the pET28a HIS-SUMO
MCL-1 (172-327) was over-expressed in the E. coli strain Rosetta 2. 10
ml of overnight culture was used to inoculate 1 L LB media containing 100
hug mL1t Ampicillin. Cultures were being shaken at 37 °C until OD600 ~
0.6 — 0.8, thereafter the protein expression was induced by the addition
of 0.1 mM IPTG and the induced cultures were grown at 18 °C overnight.
After harvesting by centrifugation, cells were resuspended in 25 mM Tris,
500 mM NacCl, pH 8.0 solution and lysed using sonication. The lysate was
spun down and the supernatant was filtered before applied to a 5mL
HisTrap column. The HisTrap was then washed with 10 CV of 25 mM
Tris, 500 mM NacCl, 15 mM imidazole, pH 8.0 solution followed by elution
with 25 mM Tris, 500 mM NacCl, 300 mM imidazole, pH 8.0 solution. The
His-SUMO tag was cleaved in overnight dialysis (25 mM Tris, 250 mM
NacCl, pH 8.0) at 4 °C with presence of Smt3 protease, Ulpl. Uncleaved
materials and residual HIS-SUMO tag were removed by reapplication to
a HisTrap and the flow-through was collected and further purified using a
Superdex 75 SEC system (GE healthcare; Chicago, IL, USA).
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6.5 Circular dichroism spectroscopy

The peptides were dissolved in phosphate buffer (peptide concentration: 15-50
MM, 20 mM phosphate, 100 mM NaCl, pH 7.4) to a final concentration of 50 uM.
The CD spectra were obtained on a Chirascan circular dichroism spectrometer
(Applied Photophysics, UK), at 20 °C, using a 1 mm quartz cuvette. The
parameters were set as follows: wavelength 195-260 nm, scan speed 5
nm- min-, step resolution 1 nm. The spectra were averaged over triplicates after
subtracting buffer baselines. The percentages of helicity were calculated based
on the mean residue ellipticity at 222 nm using the following equation:

[9]222 - [0]0 (1)

f B [e]max - [9]0

Where [B]222 is the observed residue ellipticity at 222 nm and calculated using:
[0]222=1/n"[B]obs/(10:1-C), where n = number of residues; [6]obs = measured value
in mdeg; C = sample concentration (mol/L); | = path length of the cuvette in cm.
[B]o is the mean residue ellipticity of a random coiled peptide and calculated by
(2220-53T). [B]max is the theoretically maximum mean residue ellipticity of a n-
mer helical peptide and equals to [B]- - (n-3)/n, where [8]-~ equals to (-44000 +
250T) (T is the temperature of peptide solutions in Celsius; 20 °C was used in
the calculations in this study).

6.6 Fluorescence anisotropy assays

Fluorescence anisotropy assays were performed using 384-well plates
(Greiner Bio-one, UK). Each assay was performed in triplicates and
fluorescence anisotropy was measured using an EnVisionTM 2103
MultiLabel plate reader (Perkin Elmer; Waltham, MA, USA). Excitation
wavelength of 480 nm (30 nm bandwidth) and emission wavelength of
535 nm (30 nm bandwidth) were used for the FAM labelled peptides. All
assays were performed in 20mM Tris, 150 mM NacCl, pH 7.6 solutions.
Fluorescence anisotropy data were processed and analysed as
previously described.?3? Briefly, the measured data of the P (perpendicular
intensity) and S (parallel intensity) channels were subtracted by the
corresponding control wells, and used to calculate the intensity and anisotropy
using the following equations:

1=Q2PG)+S (2)
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r=(S—-PG) (3)

r—r.

Lb:/’l(r —r)+r—r, ()

max min

y=(k+x+[FL])—\/(k+926+[FL]2—4><x><[FL]) 5)
Voin — Thax
y=rmax+m (6)

Where | = total intensity; P = perpendicular intensity; S = parallel intensity; G =
instrument factor which was set to 1.1 for all assays; r = anisotropy; Lb = ligand
bound fraction; A = 1, [FL] = fluorescent ligand concentration; k = Kq; y = Lb X
Flu-trimer and x = added protein concentration. For analysis of direct titration
FA assays, equations (3), (4) and (5) were used to calculate Kq values. For
competition FA assays, the average anisotropy and the average standard
deviation of the values derived from equation (2) were calculated and fit to a
sigmoidal logistic model (equation (6)) using Origin 2021.

6.7 Proteolysis

Each peptide was dissolved in Tris buffer (20 mM Tris, 150 mM NacCl, pH 7.5)
to a final concentration of 150 yM. a-chymotrypsin or trypsin was prepared as
a stock solution of 600 nM and added to the peptide solutions (n/n=1/25000).
Then the mixtures were incubated at 37 °C, with aliquots removed after 0, 5,
15, 30, 60, and 90 min. Test samples were quenched in the same volume of
acetonitrile containing 2% TFA. All assays were repeated three times. The
HPLC analysis was performed on an Agilent 1290 Infinity Il HPLC analytical
system (20 uL injection, 0.5 mL min-1 flow rate, 5-95% acetonitrile:water
gradient, 10 min run time). The HPLC time points were converted into a
percentage of the original substrate (S), and plotted as a natural logarithm (InS)
against time (t) in minutes. Half-lives (t12) were calculated by dividing —In(2) by
the slope of the graph, plotted in Origin 2021.
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6.8 MS data for all peptides

Table 6-3 Peptide characterisation data

Peptide Sequence? Massexp [M+4H]4exp [M+4H]* obsP
BAD-25mer Ac-NLWAAQRYGRELRRMSDEFVDSFKK-NH> 3142.5883 786.6470 786.9078
BAD-19mer Ac-RYGRELRRMSDEFVDSFKK-NH> 2459.2492 820.7497 821.0944
FAM-Ahx-BAD FAM-Ahx-RYGRELRRMSDEFVDSFKK-NH> 2888.6772 963.8924 964.1346
BADL1 Ac-CYGRCLRRMSDEFVDSFKK-NH> 2380.1239 596.0310 595.7872
BADS1 Ac-CYGRCLRRMSDEFVDSFKK-NH> 2473.1649 619.2912 619.5359
BADL2 Ac-RYCRELCRMSDEFVDSFKK-NH> 2452.1450 614.0363 614.2955
BADS2 Ac-RYCRELCRMSDEFVDSFKK-NH> 2545.1860 637.2965 637.5424
BADL3 Ac-RYGCELRCMSDEFVDSFKK-NH> 2353.0653 589.2663 589.5262
BADS3 Ac-RYGCELRCMSDEFVDSFKK-NH> 2446.1063 612.5266 612.7714
BADL4 Ac-RYGRELCRMSCEFVDSFKK-NH> 2394.1395 599.5349 599.7952
BADS4 Ac-RYGRELCRMSCEFVDSFKK-NH> 2487.1805 622.7951 623.0417
BADLS Ac-RYGRELRCMSDCFVDSFKK-NH> 2380.1239 596.0310 596.2914
BADS5 Ac-RYGRELRCMSDCFVDSFKK-NH> 2473.1649 619.2912 619.5357
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BADL6 Ac-RYGRELRRMCDEFCDSFKK-NH?
BADS6 Ac-RYGRELRRMCDEFCDSFKK-NH?
BADL7 Ac-RYGRELRRMSCEFVCSFKK-NH?
BADS7 Ac-RYGRELRRMSCEFVCSFKK-NH?
BADLS Ac-RYGRELRRMSDCFVDCFKK-NH;
BADS8 Ac-RYGRELRRMSDCFVDCFKK-NH;
HRK-wt Ac-SAAQLTAARLKALGDELHQRTMW-NH?
FAM-Ahx-HRK FAM-Ahx-SAAQLTAARLKALGDELHQRTMW-NH,
HRKC1 Ac-SCAQLCAARLKALGDELHQRTMW-NH?
HRKS1 Ac-SCAQLCAARLKALGDELHQRTMW-NH?
HRKC2 Ac-SACQLTCARLKALGDELHQRTMW-NH?
HRKS2 Ac-SACQLTCARLKALGDELHQRTMW-NH?
HRKC3 Ac-SAACLTACRLKALGDELHQRTMW-NH?
HRKS3 Ac-SAACLTACRLKALGDELHQRTMW-NH?
HRKC4 Ac-SAAQLTACRLKCLGDELHQRTMW-NH?
HRKS4 Ac-SAAQLTACRLKCLGDELHQRTMW-NH?
HRKC5 Ac-SAAQLTAARLKCLGDCLHQRTMW-NH?

2479.1671

2572.2081

2435.2137

2528.2547

2449.1929

2542.2339

2607.3704

3036.4916

2641.3040

2734.2890

2671.3145

2764.2996

2614.2931

2707.2781

2671.3145

2764.2996

2613.3090

620.7918

644.0520

609.8034

633.0637

613.2982

636.5585

652.8499

760.1302

661.3333

684.5795

668.8359

692.0822

654.5805

677.8268

668.8359

692.0822

654.3345

621.0528

644.2964

610.0643

633.7970

613.5583

636.8055

652.8517

760.1298

661.3392

684.5794

668.8351

692.0828

654.5808

677.8312

668.8340

692.0828

654.3304
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HRKS5
HRKC6
HRKS6
HRKC7
HRKS7
HRKCS
HRKSS
HRKC9
HRKS9
HRKC10
HRKS10
HRKC4-DCys
HRKS4-DCys
HRKC4-hCys
HRKS4-hCys
HRKC4-ChC

HRKS4-ChC

Ac-SAAQLTAARLKCLGDCLHQRTMW-NH,
Ac-SAAQLTAARLKALCDELCQRTMW-NH,
Ac-SAAQLTAARLKALCDELCQRTMW-NH,
Ac-SAAQLTAARLKALGCELHCRTMW-NH,
Ac-SAAQLTAARLKALGCELHCRTMW-NH,
Ac-SAAQLTAARLKALGDCLHQCTMW-NH,
Ac-SAAQLTAARLKALGDCLHQCTMW-NH,
Ac-SAAQLTAARLKALGDELCQRTCW-NH,
Ac-SAAQLTAARLKALGDELCQRTCW-NH,
Ac-SAAQLTAARLCALGCELHQRTMW-NH,
Ac-SAAQLTAARLCALGCELHQRTMW-NH,
Ac-SAAQLTAcCcRLKcLGDELHQRTMW-NH>

Ac-SAAQLTACRLKcLGDELHQRTMW-NH>

Ac-SAAQLTAhCRLKhCLGDELHQRTMW-NH>

Ac-SAAQLTAARCRLKAhCLGDELHQRTMW-NH>

Ac-SAAQLTACRLKhCLGDELHQRTMW-NH>

Ac-SAAQLTACRLKhCLGDELHQRTMW-NH>

2706.2941

2619.3084

2712.2935

2570.3032

2663.2883

2528.2450

2621.2301

2545.2894

2638.2744

2570.2668

2663.2519

2671.3145

2764.2996

2699.3458

2792.3309

2792.3309

2778.3153

677.5808

655.8344

679.0806

643.5831

666.8294

633.0685

656.3148

637.3296

660.5759

643.5740

666.8203

668.8359

692.0822

675.8437

699.0900

672.3398

695.5861

677.5816

NO

679.0731

643.5839

666.8301

NO

656.2970

637.3299

660.5749

643.5721

NO

668.8338

692.0839

675.8429

699.0923

672.3414

695.5810
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HRKS4-xylene

HRKL4-

hydrocarbon

HRKS4-

hydrocarbon
HRK-S
HRK-1
HRK-2
HRK-3
HRK-4
HRK-5
HRK-hybrid
HRKC4H
HRKS4H
Beclin-1-wt

FAM-Ahx-Beclin-
1

Ac-SAAQLTACRLKCLGDELHQRTMW-NH,

Ac-SAAQLTAmMSSRLKmMSSLGDELHQRTMW-NH?

Ac-SAAQLTAmMSSRLKmSS5LGDELHQRTMW-NH?

Ac-SAAQLTAARLKALGDELHQ-NH;
Ac-SAAQLYAARLKALGDELHQ-NH;
Ac-SAAQLYAARLKALGDEFHQ-NH;
Ac-SAAQLYAARLKAZGDEFHQ-NH;
Ac-SAAQLLAARLKALGDELHQ-NH;
Ac-SAAQLLAARLKAFGDEFHQ-NH,
Ac-SAAQLYAARLKAFGDEFHQ-NH;
Ac-SAAQLYACRLKCFGDEFHQ-NH,
Ac-SAAQLYACRLKCFGDEFHQ-NH,

Ac-TMENLSRRLKVTGDLFDIMS-NH;

FAM-Ahx-TMENLSRRLKVTGDLFDIMS-NH?

2773.3615

2715.4643

2687.4330

2033.1018

2095.1174

2129.1018

2129.1018

2045.1382

2113.1069

2163.0861

2227.0303

2320.0154

2366.2086

2795.3299

694.3476

679.8733

672.8655

509.2827

524.7866

533.2827

533.2827

512.2918

529.2840

541.7788

557.7648

581.0111

592.5594

699.8397

694.3483

679.8750

672.8670

NO

524.7868

NO

NO

NO

NO

NO

NO

NO

NO

699.8413
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FAM-Ahx-MULE FAM-Ahx-MTQEVGQLLQDMGDDVYQQYRSTL-NH> 3219.7018 805.9335 805.8530
MULE-wt Ac-MTQEVGQLLODMGDDVYQQYRSL-NH> 2757.2738 690.3262 690.5753
CC-Di-S Ac-GEIAALKQEILRLIGDNVALKQEIAALKQGYG-NH, 3462.9561  866.7468 866.9976
CC-Di-E1 Ac-GEILALKQEILRLIGDNVALKQEIZNLKQGYG-NH, 3590.0558  898.5217 898.7734
CC-Di-E2 Ac-GKILALEQEILRLIGDNVNLKQEIZNLKQGYG-NH, 3633.0616  909.2732 909.7782
CC-Di-BAD Ac-GEIAALKLEIAALYKENLRLKQEIFALKEGYG-NH, 3650.0598  913.5227 914.0301
CC-Di-HRK1 Ac-GEIAALKQEILRLLGDNMALKQEIAALKQGYG-NH, 3494.9282  874.7398 874.9915
CC-Di-HRK2 Ac-GKILALEQEILRLLGDNMVLKQEIZNLKQGYG-NH, 3665.0337  917.2662 917.7699
CC-Di-HRK3 Ac-GEIAALKQEILRLLGDNMALKFEIAALKQGYG-NH, 3513.9380  879.4923 879.9995
CC-Di-HRK4 Ac-GEIAALYQFILRLLGDNMALKFEIAALKQGYG-NH, 3548.9064  888.2344 888.7358

aHot-spot residues involving relevant PPIs are shown in bold; constraining sites in constrained peptides are italic and the two
positions for the sensitive alanine residues in ISAMBARD modelling are italic; all colors and other formats are consistent with the
ones in relevant chapters; °NO: not observed; HRKC6: [M+3H]3*exp 874.1101, [M+3H]3*obs 874.1106; HRKCS8: [M+3H]3*exp
843.7556, [M+3H]3*obs 843.7556; HRKS10: [M+3H]3*exp 888.7579, [M+3H]%*0obs 888.7593; HRK-s: [M+2H]?*Exp=1017.5582,
[M+2H]?*0bs=1017.5571; HRK-2: [M+3H]3*Exp 710.7079, [M+3H]3*0obs 710.7089; HRK-3: [M+3H]**exp 710.7079, [M+3H]3*obs
710.7096; HRK-4: [M+3H]3*exp 682.7200, [M+3H]3*obs 682.7208; HRK-5: [M+3H]3*exp 705.3762, [M+3H]3*obs 705/3773;
HRK-hybrid: [M+3H]3*exp 722.0360, [M+3H]3*obs 722.0364; HRKC4H: [M+3H]3*exp 743.3507, [M+3H]3*0obs 743.3511;
HRKS4H: [M+3H]3*exp 774.3457, [M+3H]%*obs 774.3463; Beclin-1-wt: [M+3H]3*exp 789.7435, [M+3H]3*obs 789.7452.
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Chapter 7 Appendices

7.1 Additional modelling data for coiled coils

The following table shows the ISAMBARD modelling results, which supports
section 4.2 in Chapter 4.

Table 7-1 A summary of ISAMBARD modelling results

Peptide Total energy  Normalised Steric Normalised
total energy  contribution  steric
contribution

CC-Di -769.7 0 20.8 0
CC-Di-BAD -612.62 157.1 245.7 224.8
CC-Di-HRK1 -791.9 -22.3 25.1 4.3
CC-Di-HRK2 -800.7 -31.0 49.5 28.6
CC-Di-HRK3 -804.8 -35.1 25.1 4.3
CC-Di-HRK4 -813.3 -43.6 25.1 4.3
CC-Di-S -775.9 -6.2 44.0 23.1
CC-Di-E1 -796.4 -26.7 60.0 39.1
CC-Di-E2 -784.7 -15.1 68.3 47.4
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7.2 Additional biophysical data for coiled coils

The Woolfson Group computationally designed several coiled coil peptides
targeting BCL-xL or MCL-1, using AlphaFold or ISAMBARD. | synthesised and
tested those peptides in FA competition assays (Table 7-2).

Table 7-2 A summary of FA results for the newly designed coiled coils

for BCL-xL

Peptide Sequence ICs0
iBCL-x.-RPS  GIAALDQEIEALKLEIGILKQENAQLKQEG P
iBCL-x.-HS GOEIRALKQEIYALKLENLSLKQEIAYLKG O response
iBCL-x.-LD GOEIRALKQEIAALKLENMSLKFEIAYLKG O response
iBCL-x.-OB  GALKQEIYALKLEIISLKLENAYLKQEIAG O response
aBCL-X.-RPS GLKQEIAALRLRIASLKFENAYLKQEIAAG NP
aBCL-x.-HS  GOEIRALKQEIYALKLKNASLKQEIYALKG O response
aBCL-x.-LD  GEIAALKQEILKLKSDNFALYQEIAALKQG O response
aBCL-x.-OB  GOEIAALRLEIAALYQENLKLKSEIAALKG P

Table 7-3 A summary of FA results for the newly designed coiled coils

for MCL-1

Peptide Sequence ICso
iMCL-1-RPS  GIAALDQEIEALKLEIIGLKQENAQLKQEG O response
iIMCL-1-HS GKQEIEALKLEIIGLKQENAQLKQNIAALG NOresponse
iMCL-1-LD GAALKQEILALEQEILALIGENVALKQEIG NP
iMCL-1-OB GKQEIAALKLEIAGLKVENRQLKQEIAALG NOresponse
aMCL-1-RPS GEIAALKLEIAGLKQENRQLKONTAALKQG NO response
aMCL-1-HS  GEIAALKLRIAGLKVENAQLKONIAALKQG NP
aMCL-1-LD  GIAALKLEIEALKLRIAGLKQENAQLKQEG NP
aMCL-1-OB  GOEIAALQLEIAGLKQENRALKLEIAALKG P
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7.3 Python scripts for saturation scanning of coiled coil using

ISAMBARD and visualisation of modelling results

import isambard

import ampal

import isambard.specifications as specifications
import isambard.modelling as modelling

import pathlib

FILESPATH = pathlib.Path(__file_ ).parent/'PDB'

CC_Di = ampal.load_pdb(str(FILESPATH / '4dzm.pdb"))

sequence = CC_Di.sequences
print(sequence)
print(CC_Di)
print(sequence|[0])
Sequence_monomer = sequence|0]
Aminoacid = (ARNDCQEGHILKMFPSTWYV")
Sequence_dimer = [Sequence_monomer, Sequence_monomer]
CC_Di_model = modelling.pack_side_chains_scwrl(CC_Di, Sequence_dimer)
import budeff
import numpy as np
Scores_scan_total_energy = np.zeros((20,31))
Scores_scan_steric = np.zeros((20,31))
Normalised_scan_total _energy = np.zeros((20,31))
Normalised_scan_steric = np.zeros((20,31))
score = budeff.get_internal_energy(CC_Di_model)
for i in range(len(Aminoacid)):

Sequence_scan = Sequence_monomer
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for j in range(len(Sequence_monomer)):
| = list(Sequence_monomer)
I[j]=Aminoacid][i]

Sequence_scan = "".join(l)
print(Sequence_scan)
Sequence_scan_dimer = [Sequence_scan,Sequence_scan]

CC_Di_scan = modelling.pack_side_chains_scwrl(CC_Di,
Sequence_scan_dimer)

score_scan = budeff.get_internal_energy(CC_Di_scan)
Scores_scan_total_energy[i][j]J=score_scan.total _energy
Scores_scan_steric[i][j] = score_scan.steric
print(Scores_scan_total_energy)
print(Scores_scan_steric)
for i in range(20):
for jin range(31):

Normalised_scan_total_energy[i][j] = Scores_scan_total_energy[i][i]-
score.total_energy

Normalised_scan_steric[i][j] = Scores_scan_steric]i][j]-score.steric
print(Normalised_scan_total_energy)

print(Normalised_scan_steric)

import matplotlib.pyplot as plt

plt.figure()
plt.subplot(1,2,1)

plt.imshow(Normalised_scan_total _energy, cmap='seismic’, vmin=-200,
vmax=200, aspect="auto’)

plt.title('Total energy’)
X_pos = np.arange(len(Sequence_monomer))
plt.xticks(x_pos, Sequence_monomer, rotation = 0)
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plt.xlabel('Residue")
plt.ylabel('Mutation®)

y_pos = np.arange(len(Aminoacid))
plt.yticks(y_pos, Aminoacid)
plt.subplot(1,2,2)

plt.imshow(Normalised_scan_steric, cmap='seismic’, vmin=-200, vmax=200,
aspect="auto’)

plt.title('Steric contribution \n to the total energy’)
plt.xlabel('Residue")

X_pos = np.arange(len(Sequence_monomer))
plt.xticks(x_pos, Sequence_monomer, rotation = 0)
y_pos = np.arange(len(Aminoacid))
plt.yticks(y_pos, Aminoacid)

plt.colorbar()

plt.show()
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7.4 HRMS data and sequencing result for BCL-x.

These data support section 6.4 in Chapter 6

Intens. | +MS, 2.1-2.5min, Deconvoluted
x105 17488.6169

0.8
0.6
0.4

0.2 1

0.0

17AI140 174160 17;180 175IOO 17520 mz
Sequencing result (agrees with that measured in the literature®s):

NNNNGGAAATTCCCCTCTAGAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGC
CATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGTCGGACTCAGAAGT
CAATCAAGAAGCTAAGCCAGAGGTCAAGCCAGAAGTCAAGCCTGAGACTCACATCAATTTAAAGGT
GTCCGATGGATCTTCAGAGATCTTCTTCAAGATCAAAAAGACCACTCCTTTAAGAAGGCTGATGGAA
GCGTTCGCTAAAAGACAGGGTAAGGAAATGGACTCCTTAAGATTCTTGTACGACGGTATTAGAATT
CAAGCTGATCAGACCCCTGAAGATTTGGACATGGAGGATAACGATATTATTGAGGCTCACAGAGAA
CAGATTGGTGGAATGTCTCAGTCTAACCGTGAACTGGTTGTTGACTTCCTGTCTTACAAACTGTCTC
AGAAAGGTTACTCTTGGTCTCAGATGGCTGCTGTTAAACAGGCTCTGCGTGAAGCTGGTGACGAAT
TTGAACTGCGTTACCGTCGTGCTTTCTCTGACCTGACCTCTCAGCTGCACATCACCCCGGGTACCG
CTTACCAGTCTTTCGAACAGGTTGTTAACGAACTGTTCCGTGACGGTGTTAACTGGGGTCGTATCG
TTGCTTTCTTCTCTTTCGGTGGTGCTCTGTGCGTTGAATCTGTTGACAAAGAAATGCAGGTTCTGGT
TTCTCGTATCGCTGCTTGGATGGCTACCTACCTGAACGACCACCTGGAACCGTGGATTCAGGAAAA
CGGTGGTTGGGACACCTTCGTTGAACTGTACGGTAACAACGCTGCTGCGGAATCTCGTAAAGGTC
AGGAACGTTAGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCT
GAGCATTAACTAGCATAACCCCTTGGGGCNTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAACGG
AGGAACTATATCNNGGATTGTCGAAAGGGACGCGCCCTGTAGCCGGCCCATTAAGCGCGTCCGGG
TGAGGTGGTTACGCGCAGCCGTGACCGCTTCCCATGCCAGCCGCCTNAGGCGCCTGTATCCTTTC
AGTTTCTTACCTTTCTTTTCCCGACCAGATTACCCGGTTTTGCCCGCCANNTTTTCTAATNNNGGGG
TTCCTTTTAGGGTCCCAATTNGTTTTTTCACGCACCCCTANNTCAAAAAAACTGGTCAACAAGAAAA

GNCTNCCCNNANGGGGGGCACACCCCCCCCGATGAAAGTGTTTTTTCTCTTTTTGCNNNTTTGTAC
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7.5 HRMS data and HPLC traces for peptides

BAD-wt (BAD103-127)

Intens. o +MS, 2.0-2.0min #481-489 BABT €, Sig=2204 Rel=of (CAUSERS\P 022WILSONIPEIVU 2 030222 5022 0203 1501133 BADLZS-FURET D]
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BAD-s (BAD10g.127)
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Intens. +MS, 1.9min #452 Al ]
X105 4+
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BADL1

DAD1 C, Sig=220.4 Ref=off (C\WUSERS'P..\2022\WILSONPEIYU Z 031022 2022-10-03 11-18-24\29-BADC1-peak3.D)
mAU 2
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