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Unlocking the KLK activome in drug-resistant prostate cancer: biomarker
discovery and target validation
By Scott Lovell

ABSTRACT
Kallikrein-related peptidases (KLKs) are a family of 15 secreted serine proteases, which form
a network – the KLK activome – with an important role in proteolysis and signalling. KLK
activity is decoupled from abundance by several mechanisms of activation and inhibition, and
active KLK molecules promote tumour progression and drug resistance through multiple
biochemical pathways. To date no technology exists for specific assessment of KLK activities
in a complex biological setting, presenting a challenge to realise the potential of KLKs as drug
targets or novel biomarkers.
In this study, we have developed a technology platform that enables the identification of potent
and highly selective activity-based probes (ABPs) for KLK proteases. Our approach consists
of grafting optimal substrate sequences, identified from peptide combinatorial libraries
composed of unnatural amino acids, into a peptidyl diphenyl phosphonate scaffold.
We employed our optimal ABPs to quantify KLK2, 3 and 14 activity in prostate cancer (PCa)
cells and patient tissue, and demonstrated that active KLK molecules are present in the
prostate cancer/bone niche. In addition, we used a specialised PCa/osteoblast co-culture
model to demonstrate that dysregulation of the KLK activome facilitates resistance to antiandrogen therapy and drives metastasis of tumour cells to bone.
Finally, by employing a novel anthraquinone-conjugated mixed alkyl aryl phosphonate moiety,
we transformed our ABPs into quenched activity-based probe (qABP) derivatives, which
become fluorescent only after covalent modification of a KLK, and thus present uniquely
excellent signal-to-background applicable to imaging.
Given the promising results obtained in this thesis, additional studies are warranted to assess
the utility of targeting the proteolytic activity of KLK2, 3 and 14 for treatment of metastatic PCa
and for demarcating tumour margins during prostatectomy surgery. In addition, we propose
that our technology platform can be used to develop selective chemical tools for any KLK
protease.
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1 Introduction
1.1 Kallikrein-related Peptidases
The human kallikrein-related peptidases (KLKs) comprise a family of 15 homologous trypsinor chymotrypsin-like serine proteases encoded by the largest contiguous cluster of protease
encoding genes in the human genome1. Each KLK gene has similar structural features
including five coding exons of comparable size and conserved intronic intervals, and thus
encodes for a single-chain preproenyzme that shares approximately 40% structural homology
among the KLK family2. Subsets of KLKs are often co-expressed in normal tissues and coordinately deregulated in disease states, pointing to common mechanisms of regulation.
Indeed, the transcription of most KLK genes is regulated by hormone-dependent nuclear
receptor signalling3, whereas KLK zymogen activation proceeds via complex proteolytic
cascades that sequentially activate multiple KLK enzymes4,5. KLK proteolytic activity
contributes to various normal and pathological processes including skin desquamation6,
semen liquefaction7, extracellular matrix (ECM) remodelling and cancer hallmarks such as
angiogenesis, metastasis, invasion and regulation of cell growth2,8.
The aberrant expression of KLKs in various human malignancies has highlighted their
potential use as novel biomarkers for early diagnosis, prognosis and monitoring of cancer
patients9. The most successful KLK biomarker test to date is the prostate-specific antigen
(PSA, also known as KLK3) test. The PSA test measures KLK3 blood serum concentrations
and is routinely used during the clinical management of prostate cancer (PCa) patients 10. In
addition, because of their significant roles in various human pathologies KLKs are currently
under investigation as potential therapeutic targets. For example, inhibition of KLK5 and KLK7
activity completely rescued the epidermal barrier and postnatal lethality in a mouse model of
Netherton Syndrome11. Furthermore, a small molecule KLK1 inhibitor was shown to decrease
the invasive potential of MDA-MB-231 cultured breast cancer cells in ex vivo rat lung invasion
assays, suggesting that KLK activity could be targeted for anti-cancer therapies12. Finally,
inhibition of KLK6 activity in an experimental autoimmune encephalomyelitis (EAE) mouse
model attenuated the severity of symptoms and delayed the course of disease progression13.
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1.1.1 Structural and Mechanistic Features
In addition to their colocalisation in the genome the KLK family are unified by similarities in
their form and function. All KLK genes have five coding exons, which are conserved in size
and arrangement (Fig. 1). Exon 1 contains the 5’ untranslated region (UTR) and the start
codon, whereas exon 5 contains the termination codon and the 3’ UTR. The His-57, Asp-102
and Ser-195 residues that form the catalytic triad are encoded by exons 2, 3 and 5
respectively. Additionally, the intron phases (1, 2, 1, 0) and splice site sequences between
coding exons are consistent across the KLK gene family3. The conserved nature of the KLK
gene family is translated to the protein level with each enzyme sharing 30-50% sequence
similarity at the amino acid level. Notably, the ‘classical’ kallikreins (KLK1-3) are by far the
most homologous, exhibiting 73–84% nucleotide and 61–77% amino-acid sequence
similarity14.

Figure 1: KLK genes contain five coding exons (dark green) and a variable number of
noncoding exons (light green), which when transcribed ultimately afford proteins with a predomain, required for intracellular trafficking, and a pro-domain that must be cleaved for
proteolytic activity. Figure adapted, with permission, from Lawrence et al3.
As of February 2019, solved crystal structures for KLK1-815–22 and 1023 have been deposited
into the protein data bank (PDB). Analysis of these structures has highlighted several recurring
features among the KLK family. Like other (chymo)trypsin-like serine proteases, single chain
proteins are folded into a complex three-dimensional structure composed of two adjacent sixstranded β-barrels that are tightly connected by three trans-domain segments. All KLKs
contain 10-12 cysteine residues in conserved positions that facilitate protein folding by
formation of 5 (KLK1-3 and 13) or 6 (remaining KLKs) disulphide bonds. Typically, the folded
protein structure also includes one 310-helix between residues 55 and 59 and two α-helices in
segments 164-172 and 234-244. The catalytic triad is located along the junction of both βbarrels, while the active site cleft with the substrate recognition sub-sites S4-S4’ runs

2

perpendicular to the junction 24. KLK molecules are secreted as zymogens and require further
proteolytic processing to become active proteases. This processing entails trypsin-like
cleavage of a 4-9 amino acid long N-terminal pro-peptide between Lys15-Leu16. In the
zymogen form the side chains of Ser195, Asp194, Asp189 and Leu16 are orientated away
from the S1 pocket (Fig. 2A). Following cleavage of the Lys15-Leu16 bond the Leu16 residue
inserts into the core of the protein and forms a salt bridge with Asp18925. This adds rigidity to
the protein structure while also facilitating the rearrangement and formation of the S1 pocket
and the alignment of residues Ser195 and Asp189 with His57, thus giving an intact catalytic
triad that can engage a bound substrate (Fig. 2B). As well as the core structural motifs
highlighted so far, several KLKs also contain varied loops that may govern unique protease
function and specificity. For example, KLK1-3 contain the ‘kallikrein loop’, which is an insertion
of 10-12 amino acids directly prior to Asp102. The loop closes over the bound substrate to
bury residues at P2-P4 and is thought to infer kinnogenase activity by facilitating the proteolytic
release of kinin from kininogen26.

Figure 2: Architecture of a KLK protease. (A) Structure of KLK6 in its zymogen form (PDB:
1GVL)27. Key amino acids (indicated as OUT) are oriented away from the S1 pocket. (B)
Structure of KLK6 in its active form (PDB: 1LO6)28. Key residues correctly position (indicated
as IN) to form an intact active site.
KLK-mediated hydrolysis of substrates occurs via the conventional serine protease hydrolysis
mechanism (Scheme 1). Following the formation of an enzyme-substrate complex the Ser195
residue, assisted by His57 acting as a general base, attacks the carbonyl of peptide substrate
1 to yield tetrahedral intermediate 2. The protonated imidazole of His57 is stabilized by
hydrogen bonding to Asp102 and the negatively charged oxyanion of the tetrahedral
intermediate is stabilized by the oxyanion hole, which is a small positively charged pocket
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formed by the backbone NHs of Gly193 and Ser19529. Assisted by the protonated histidine
side-chain acting as a general acid, the tetrahedral intermediate collapses with expulsion of
the leaving group to afford acyl-enzyme intermediate 3. Water then attacks the acyl-enzyme,
again assisted by His57, forming a second tetrahedral intermediate 4. The intermediate
collapses resulting in the expulsion of carboxylic acid product 5 and the reformation of the
catalytic triad thus completing the proteolytic cleavage event30.

Scheme 1: The generally accepted mechanism for serine protease hydrolysis.
The primary substrate specificity of each KLK is categorized in terms of the P1-S1 interaction.
The S1 pocket is adjacent to Ser195 and is formed by residues 189-192, 214-216 and 224228. Notably the residue at the bottom of the pocket, residue 189, is the major specificitydeterminant. For the majority of KLKs this residue is aspartic acid or glutamic acid, which
creates a negatively charged S1 site and infers trypsin-like activity, that is, a preference for
cleaving substrates containing Arg or Lys at P1. Conversely, KLK3, 7 and 9 possess a Ser,
Asn and Gly, respectively, at position 189 and preferentially cleave substrates with large,
hydrophobic residues in P1 therefore implying chymotrypsin-like activity24,31. Proteasesubstrate interactions extend beyond the S1 pocket and include the polypeptide binding site
as well as the S2-S4 sub-pockets. The polypeptide binding site refers to the main chain of
residues 214-216 which form an antiparallel beta sheet with the backbone of the P1-P3
residues of the peptide substrate. Consequently, this causes the side chains of the peptide
substrate to point in alternating directions and also positions the P1 carbonyl in close proximity
to the catalytic triad. Key hydrogen bonds form between the NH of the P1 residue and the
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carbonyl oxygen of Ser214, the carbonyl of P3 and the NH of Trp 215 and the NH of P3 and
the carbonyl of Gly126 (Fig. 3A). These interactions are a general feature for all
(chymo)trypsin-like serine proteases and are critically important for the efficient hydrolysis of
substrates30,32. The S2-S4 sub-pockets offer additional chemical and spatial complements for
the P2-P4 amino acids of the substrate (Fig. 3B). The architecture of these pockets differs
greatly between individual proteases and as a consequence so does their contribution towards
substrate selectivity33. For example, the S2-S4 sub-sites of chymotrypsin display little
substrate discrimination, in accordance with the role of chymotrypsin as a digestive protease.
The S2 site is a shallow hydrophobic groove formed by the side chains of His57, Trp215 and
Leu99 with a preference towards small, hydrophobic P2 amino acids. The S3 site is less
defined and as a result the P3 residue of the substrate protrudes out of the active site cleft. As
a consequence this pocket has very little specificity and can even accommodate D-amino
acids34. On the contrary, insertions in the loops surrounding the active site cleft create more
defined S2-S4 pockets for members of the KLK family and infer stringent substrate selectivity
for each individual protease6,31,35–37. Indeed, the unique pool of substrates identified for each
of the twelve trypsin-like KLKs or three chymotrypsin-like KLKs is partly due to the differing
specificities of their respective S2-S4 sub-sites. For example, KLK2 and KLK4 are two trypsinlike serine proteases and are both overexpressed in PCa tissue. Both proteases are thought
to induce tumour growth through activation of a family of G protein-coupled receptors (GPCRs)
called protease-activated receptors (PARs). Studies have shown that KLK2 and KLK4 activate
different members of the PARs family with the latter able to activate both PAR1 and PAR2,
while the former only activates PAR238,39. This observation can be explained by assessing the
cleavage site of each PAR and the S2-S4 specificity of KLK2 and KLK4. Of particular note is
the P3 residue, which in PAR1 is Asp (38LDPRSFLL40) and in PAR2 is Lys
(33SKGRSLIG40)40. KLK2 has a strict preference for basic residues in S3 (our unpublished
data: see section 4.5.2) and therefore activates only PAR2. On the other hand, the P3 pocket
of KLK4 can tolerate both acidic and basic moieties41 and can therefore activate both PARs.
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Figure 3: Formation of the protease-substrate complex. (A) The network of hydrogen bonds
formed between the backbone of the substrate and the polypeptide binding site. (B) KLK5 in
complex with Leupeptin (PDB: 2PSX)19. The amino acid side chains of Leupeptin
accommodate the S1-S4 sub-sites.
Although less studied, the prime side pockets S1’-S4’ can also dictate which substrates an
individual protease can cleave33. Indeed, several members of the KLK family have been shown
to possess prime side binding pockets with unique specificity. For example, one study by de
Veer et al. assessed the specificity of the S2’ pocket for KLK5, 7 and 14 and found that KLK14
has a preference for Lys, which is completely disfavoured by KLK5 and 7 42. A different study
by Silva et al. identified a preference for Lys in S1’ by KLK743. All three KLKs are expressed
in the epidermis and form a proteolytic cascade that is essential for skin desquamation. As a
consequence the prime side specificity preferences highlighted above may find importance in
the context of skin health and disease6. Finally, many proteases also utilize non-active site
recognition surfaces to influence substrate selectivity and activity, including allosteric sites and
exosites44. For example, the rate of inhibition of KLK2 by antithrombin (AT) is accelerated up
to 1000-fold in the presence of heparin. This rate enhancement can be explained by the
formation of a ternary complex with heparin that links positively charged exosites of AT with
KLK2 for optimal binding45.

1.1.2 Regulatory Features
The fifteen members of the KLK family have important and varied roles in human physiology
with one or more KLK genes expressed in nearly all tissues of the human body46,47. To achieve
the necessary control of KLK activity a complex, multi-level regulatory system is employed
that starts with gene expression, transcription and translation, and continues with protein
targeting and zymogen activation.
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The first line of regulation comes from alternative splicing which is a common event among
members of the KLK gene family. To date, approximately 70 KLK splice variants have been
reported, and each KLK gene possesses at least one variant48. Most variant transcripts are
predicted to encode for truncated proteins lacking proteolytic activity though there are a few
important exceptions. For example, one KLK4 isoform, which retains all residues of the
catalytic triad but lacks a signal peptide important for secretion, is part of an intracellular
molecular circuit linking androgen and mTOR signaling in PCa49,50. Furthermore, it is well
established that the transcription of KLK genes in various tissues is under the control of steroid
hormones and that many KLKs are coordinately dysregulated in hormone-dependent
malignancies including prostate, breast and ovarian cancer 2. In the prostate, the genes
encoding for KLK2 and 3 both possess androgen response elements (ARE) in their promoter
regions and as a consequence are regulated by androgen-receptor signaling51,52. Similarly,
using breast cancer cells it has been shown that KLK5, 6, 8, 10, 11 and 14 are regulated by
estrogen-receptor signaling, while in cervical cancer cells KLK5, 6, 8, 11 and 13 are regulated
by the glucocorticoid receptor agonist dexamethasone53. Interestingly, neither glucocorticoid
nor estrogen response elements have been identified for the aforementioned KLKs thus
suggesting an additional role of hormone receptors as trans-acting transcriptional regulators.
In addition, several studies have shown that KLKs are regulated through epigenetic
mechanisms. For example, in breast and ovarian cancer cell lines, methylation of a large CpG
island present in the gene locus of KLK10 results in transcriptional silencing54. Similarly,
transfection of let-7f microRNA (miRNA) in a breast cancer cell line led to a significant
reduction in KLK6 and KLK10 protein levels55.
All KLKs are synthesized as preproenzymes. Initially, a translated signal peptide of 16-30
amino acids in length guides the bound ribosome to dock on the membrane of the endoplasmic
reticulum (ER). Once docked the ribosome continues translation by pushing the signal peptide,
and eventually the whole protein, through the channel into the ER lumen. Following completion
of the translation process a signal peptidase cleaves the signal peptide from the nascent KLK,
which is then free to start folding in the ER. The translated KLK is then moved into transport
vesicles that fuse together to form new cis-Golgi vesicles. Each cis-Golgi cisterna, containing
the translated KLK protein, physically moves from the cis to the trans face of the Golgi stack56.
As this cisternal progression occurs the KLKs are subjected to several glycosylation
modifications. More specifically, during protein synthesis and translocation into the ER each
KLK is N-glycosylated with N-acetylglucosamine2-mannose9 units at Asn-Xaa-Ser/Thr
sequons. N-glycans are then further modified in the Golgi, where additional O-glycosylation at
Ser and Thr takes place. These modifications have been shown to have important roles in
folding, stability, molecular recognition and even specific activity57. The glycosylated KLKs are
then packed into vesicles budding from the trans-Golgi network for trafficking to the cell
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membrane. The final step is the release of KLKs from secretory vesicles into the extracellular
environment by exocytosis (Fig. 4A-D). This can be a constitutive event or instead be triggered
by an, as of yet unidentified, specific signal. Each KLK is thus secreted as a zymogen and
requires proteolytic removal of an N-terminal pro-peptide to induce a conformational
rearrangement that results in an active protease. Pro-peptide cleavage requires trypsin-like
activity and as mentioned previously twelve of the KLKs themselves are endowed with trypsin
specificity. Hence, one active KLK molecule is able to activate another pro-KLK molecule
giving rise to a complex network of activation events that is now termed the ‘KLK activome’
(Fig. 4E). Our present understanding of the completed KLK activome is based on in vitro
proteolytic cleavage of KLK pro-peptides and activation of recombinant pro-KLK proteins5,58.
From this work it has been found that the KLK activome possesses several layers of
complexity. First of all, there is significant interplay of the KLK activome with other protease
families including the matrix metalloproteinases (MMPs) and proteases of the thrombostasis
axis59,60. For example, KLK4 contains Gln in the P1 position of its pro-peptide sequence
meaning that activation can’t be carried out by other KLKs. Instead MMP20 is thought to be
the endogenous activator of KLK4. Furthermore, additional features include autolysis,
reciprocal cross-activations and proteolytic fragmentation. A regulatory cascade in the skin
formed by KLK5, 7 and 14 exemplifies these additional modes of regulation. In this system
KLK5 auto activates before cross-activating KLK7 and 14, the latter of which reciprocally
activates KLK5. An additional feature is the irreversible inactivation of KLK7 through proteolytic
cleavage of an internal arginine residue by KLK561. This complex interplay is thought to be
important for achieving the limited KLK-mediated proteolysis required for effective skin
desquamation.
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Figure 4: KLK synthesis, secretion and activation. (A) Translation of a 16-30 amino acid
signaling peptide occurs in the cytosol. (B) The ribosome is guided to the ER membrane where
translation continues and the KLK polypeptide is ‘pushed’ into the ER lumen. (C) The partially
folded KLK is transported to the Golgi apparatus where it is glycosylated during cisternae
progression. (D) The glycosylated KLK is then packed into vesicles and trafficked to the cell
membrane before being released into the extracellular environment by exocytosis. (E) The
KLK zymogen is then activated by another active KLK molecule to afford the fully mature,
catalytically active enzyme; * denotes an active KLK molecule.
Due to the irreversible nature of zymogen activation additional regulation by endogenous
inhibitors is vital to prevent uncontrolled KLK proteolysis and thus maintain tissue integrity.
There are several important classes of inhibitors that contribute towards KLK activity
regulation62. LEKTI-1 is a large multi-domain, 120-kDa Kazal-type inhibitor expressed in
stratified epithelial tissue. It consists of 15 domains that are cleaved into functional fragments
by the protease furin. Several of these fragments have been shown to potently inhibit KLK
activity in the epidermis. For example, domains 6-8 and 9-12 inhibited KLK5 with Ki values
between 1.2 and 5.5 nM, whilst fragment d6-9’, containing a truncated domain 9, inhibited
KLK7 with a Ki

of

11 nM63. As with all Kazal-type inhibitors, each LEKTI domain displays

substrate-like canonical binding whereby the reactive centre loop (RCL) is bound to the active
site of the targeted protease thus presenting the scissile P1-P1’ bond to the catalytic triad (Fig.
5A). However, unlike the rapid turnover of conventional substrates, the cleavage of the P1P1’ bond in Kazal-type inhibitors is extremely slow with the hydrolysis constant K hydr in the
range of unity and the hydrolyzed bond having tendency to reform64. The importance of LEKTI

9

is highlighted by the fact that mutations in its encoding gene, SPINK5, result in a severe
autosomal recessive skin disorder called Netherton syndrome. Patients with Netherton
syndrome are characterized by chronic skin inflammation, universal pruritus, severe
dehydration, and stunted growth. The degree of LEKTI expression in the epidermis, and
consequently the level of KLK activity present, directly determines disease severity65,66.

Figure 5: Proteinaceous endogenous KLK inhibitors. (A) A Kazal-type inhibitor with the
reactive center loop bound to the active site of a serine protease (pancreatic secretory inhibitor
with trypsinogen, PDB: 1TGS). (B) A serine protease and an unreacted serpin with a central
four-stranded β-sheet (Trypsin, PDB: 1OPH, α1-AT, PDB: 1QLP) (C) Formation of a MichaelisMenten complex between the protease and serpin corresponding to a canonical, substratelike protease-inhibitor interaction (PDB: 1OPH). (D) Formation of a covalent serpin-protease
complex (trypsin and α1-AT, PDB:1EZH) . The reactive center loop is cleaved resulting in an
N-terminal P1’ residue and an inserted fifth strand in the central β-sheet that is covalently
linked, via the P1 residue, to the catalytic Ser195. A large region of the protease is completely
disordered. Figure adapted, with permission, from Goettig et al67.
Another important class of endogenous proteinaceous inhibitors is the serpins. In contrast to
the substrate-like binding of canonical inhibitors serpins act on their target protease by
undergoing a rapid conformational change that results in irreversible inhibition (Fig. 5B-D).
First, the P1-P1’ bond is cleaved in the RCL and a covalent bond is formed between the
carbonyl of the P1 amino acid and Ser195 of the protease. The cleaved RCL is then rapidly
translocated to the opposite side of the inhibitor, subsequently inducing massive structural
disorder in the activation domain of the protease, which renders it inactive and presents it for
degradation by other proteases68. Kallistatin is a serpin with a unique P1 Phe that confers
specificity towards KLK1. KLK1 specifically cleaves low molecular weight kininogen to
generate kinin, which subsequently binds to bradykinin B1 and B2 receptors responsible for
blood pressure reduction, inflammatory cascades and vascular permeability. Consequently,
the regulation of KLK1 activity by kallistatin is essential for a plethora of physiological functions
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and elevated KLK1 activity has been found to correlate with the pathogenesis of asthma,
arthritis, and inflammatory articular diseases69,70.
In addition to proteinaceous inhibitors, KLK activity is also regulated by endogenous cations.
An important example of this is the reversible inhibition of KLK2-4 by Zn2+ ions in seminal fluid.
The mode of inhibition has been described as a mixture of competitive and non-competitive
thus hinting to multiple different mechanisms. Inhibition of KLK4 by Zn2+ is thought to occur by
binding to Glu-77 and His-25, which disturbs the Ile16-Asp194 salt bridge and subsequently
destabilizes the active site71. Alternatively, Zn2+ binding to His91, His101 and His233 inhibits
KLK3 by repositioning Asp102 away from the catalytic triad72, whereas inhibition of KLK2 is
thought to be achieved by binding to His57 and one of three residues in the C-terminal region
of the 99-loop (Asp-96, Glu-97, or Asp-98)73. Irrespective of binding mode, Zn2+ ions are able
to attenuate the activity of KLK2-4 and thus fine-tune their proteolytic function in the prostate.
This is an essential regulatory feature during the process of semen liquefaction. Finally, KLK
proteolytic activity is also regulated by local changes in pH. For example, the pH gradient of
the epidermis allows for precisely regulated KLK5 activity by controlling the stability of the
KLK5-LEKTI complex. A decrease in pH favours dissociation of the complex and subsequently
an increase in KLK5 activity. The stratum corneum has an acidic microenvironment thus
facilitating KLK5-mediated degradation of corneodesmosomes and subsequently promoting
skin desquamation74.

1.2 Functional Roles in Physiology and Disease
The tissue expression profile of each KLK varies substantially throughout the human body.
For example, the expression of KLK2 and 3 is restricted to the prostate, while KLK1, KLK9-11
and KLK14 are ubiquitously expressed47. In order to mediate crucial physiological processes
KLKs can function individually or participate in tissue-specific proteolytic cascades. To date
our knowledge of the (patho)physiological functions of each KLK is incomplete. For example,
there are very few publications reporting the function of KLK9 and 15 in any tissue. On the
other hand, a significant number of publications report the role of KLK7 in the skin but almost
none discuss its role in the liver, heart or oesophagus where it is equally abundant. This
chapter starts by briefly discussing the roles of KLKs in various physiological processes and
in non-malignant disorders and finishes with a detailed account of their contribution to cancer
progression, using prostate cancer (PCa) as a case study.

1.2.1 Physiological Functions and Non-malignant Disorders
Physiological Functions. KLKs are known to contribute to a variety of physiological
functions. Briefly, KLK1 functions via the kallikrein-kinin system, which mediates a broad
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spectrum of biological effects including vascular cell growth, vascular permeability, neutrophil
chemotaxis and pain, muscular contraction, blood pressure reduction and inflammatory
cascades8. KLK2, 3 and 14 form a proteolytic cascade in seminal fluid that results in digestion
of the seminal clot and release of spermatozoa1,75. KLK4 is secreted by epithelial ameloblasts
and facilitates the development of tooth-enamel through a transforming growth factor-β
(TGFβ)-associated mechanism76. KLK5, 7, 8 and 14 form a proteolytic cascade in the
epidermis that degrades corneocyte adhesion proteins61,77. This promotes desquamation and
regulates skin renewal rates and barrier thickness. KLK5 and 7 also have an antimicrobial
function in the skin by regulating cathelicidin peptides78,79. In the central nervous system (CNS)
KLK8 participates in long-term potentiation (LTP) by cleaving the presynaptic neural cell
adhesion molecule L1, which alters the adhesiveness of excitatory synapses and modifies
their morphology80,81. KLK6 contributes to the maintenance of myelination in oligodendrocytes
by readily hydrolysing myelin proteins28.
Non-malignant Disorders. An imbalance of KLK proteolysis in the epidermis is a key
etiological factor in several skin disorders. For example, analysis of the stratum corneum of
Netherton syndrome patients has revealed reduced levels of LEKTI domains and increased
KLK activity11,82. This increase in activity induces inflammation and atopic-like lesions via a
pathway that is dependent on PAR2 activation83. Similarly, an increase in KLK1 activity in the
airways is thought to induce bronchoconstriction and hypersecretion of mucus via activation
of the B2 receptor84,85. KLK1 is also able to process pro-epidermal growth factor (EGF) to
release the mature EGF ligand, which can then bind to, and activate, the EGF receptor
(EGFR). An increase in EGFR signalling in the airway results in goblet-cell hyperplasia and
hypersecretion of mucus – two hallmarks of chronic bronchitis86,87. Finally, KLK6 has putative
roles in several neurological conditions including Alzheimer’s disease and Parkinson’s
disease88. A predominant feature of Parkinson’s disease is the development of α-synuclein
aggregates called Lewy bodies. Cell-based studies have shown that KLK6 can effectively
degrade extracellular α-synuclein and thus prevent its polymerization 89. Of particular note
is a study by Spencer et al., which showed that lentivirus delivery of KLK6 in an in vivo αsynuclein transgenic mouse model of dementia results in α-synuclein clearance and
reduced neuropathology 90.

1.2.2 Cancer Pathobiology: Focus on Prostate Cancer
Accumulating evidence has highlighted the aberrant expression of KLK transcripts and/or
proteins in numerous cancers including prostate-91, ovarian-92 and pancreatic cancers93, lung
adenocarcinomas94, acute lymphoblastic leukaemia95 and head and neck squamous-cell
carcinoma (SCC)96. Importantly, from analysing clinical data it is clearly evident that
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dysregulated expression strongly correlates with patient prognosis thus indicating that KLKs
are implicated in disease progression. Paradoxically, depending on the cancer stage and type,
expression of an individual KLK can either be a favourable or unfavourable prognostic
indicator. For example, in ovarian cancer KLK6 facilitates tumour invasiveness and its
overexpression negatively correlates with survival97. Conversely, in head and neck cancer’s
KLK6 inhibits cell proliferation and low KLK6 expression is significantly correlated with poor
progression-free and overall survival98.
At this stage it is worth highlighting that our understanding of the roles of KLKs in tumour
progression is often complicated both by a lack of data describing the levels of proteolytic
activity in routinely used cell culture or animal models and, where reported, the discrepancy
between levels of active protease in these models as compared to patient tissue. Despite this,
a decade’s worth of research has transformed our understanding of KLKs in cancer from
redundant ECM degrading enzymes to key signalling molecules with individual but
interdependent roles in disease progression. KLK-mediated pericellular proteolysis has been
implicated in various hallmarks of cancer progression including regulation of cell proliferation,
angiogenesis, invasion and metastasis99. Whether an individual KLK molecule exerts a
cancer-promoting or cancer-inhibiting effect seems to ultimately depend on the tissue type
and the molecular make-up of the tumour microenvironment. With regards to KLK
pathobiology, the cancer that has received the most attention is prostate cancer and below
we use this disease as a case study to highlight the varied roles of the KLK family in cancer
progression.
Pathogenesis of Prostate Cancer. PCa is the most frequently diagnosed cancer among men
in western industrialised nations and is a leading cause of cancer-related deaths100. Localized
PCa is managed primarily through surgery or radiation therapy and the five-year survival rate
of patients is close to 100%. For patients who recur following surgery/radiation or who present
with locally advanced or metastatic disease, treatment focuses on targeting the androgen
receptor (AR) signalling axis because prostate cells depend on its activation by androgens for
their growth and proliferation101. Activation can be prevented by combining androgendeprivation therapy (ADT), which inhibits the secretion of androgens by the testes, with the
administration of antagonists (i.e. abiraterone and enzalutamide) that aim to outcompete
androgens in the ligand-binding domain (LBD) of AR. This has proven to be a very effective
strategy and significantly increases the progression-free survival of PCa patients102.
Nevertheless, two to three years into this treatment, PCa cells becoming resistant to treatment
by acquiring the ability to activate the AR with low levels of circulating androgens and in the
presence of LBD antagonists103. This is referred to as castration-resistant prostate cancer
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(CRPC) and is the lethal phenotype of the disease. At this stage disease progression includes
a rapid increase in tumour size, development of bone metastases’ and ultimately death.
The Role of the Androgen Receptor. The AR is a nuclear transcription factor and is a
member of the steroid hormone receptor superfamily104. Signalling starts in the testes with the
production of testosterone, which then enters the bloodstream before localizing to the prostate.
Once in the prostate, testosterone is converted into the more active metabolite,
dihydrotestosterone (DHT), by the 5-alpha reductase enzyme. DHT is then able to bind to
cytosolic AR which dimerizes and translocates to the nucleus. Once in the nucleus the AR
dimer binds to specific DNA sequences known as androgen response elements, leading to
the expression of a variety of different genes. The AR protein consists of three major domains:
the ligand-binding domain (LBD), the DNA-binding domain (DBD) and the N-terminal domain
(NTD). The LBD facilitates binding of AR ligands such as DHT and represents the primary
control mechanism of the androgen-signalling axis. The DBD consists of two zinc finger
domains. The first coordinates gene specific nucleotide contacts within the DNA groove and
the second functions as a DBD/DBD binding site for AR homodimer formation. Finally, the
function of the NTD is the recruitment of basal transcription machinery by binding to
transcription factors either directly or assisted by transcriptional co-activators105.
PCa cells become resistant to ADT by utilising alternate mechanisms to induce aberrant AR
activation. These mechanisms include (i) amplification of the AR gene and AR overexpression
thus allowing prostate cancer cells to become sensitive to ‘castration’ levels of androgens106
(ii) expression of constitutively active AR splice variants lacking the LBD107. The most widely
reported splice variant is AR-V7, which has been found in different cohorts of patients who
have undergone multiple lines of hormonal therapies 108 (iii) mutations in the LBD of the AR
that sensitize it to activation by other hormones (i.e. estrogen and glucocorticoids) or by
commonly used antagonists (i.e. flutamide and bicalutamide)102 (iv) cross-talk pathways
resulting in ligand-independent AR activation by growth factors, cytokines, kinases and other
proteins. For example, IL-6 is elevated in PCa bone metastases and can directly bind and
activate the AR in the absence of DHT101.
A growing list of evidence also suggests a role for different members of the KLK family in the
progression of PCa to an androgen-independent state91. KLK2-4 are of particular interest
because they are positively regulated by androgens, with expression levels reflecting the
functional status and activity of the AR. In PCa aberrant AR signalling results in the secretion
of high levels of KLK2-4 in to the extracellular fluid surrounding the prostate109. Following
secretion and activation by the KLK activome, prostatic KLKs process a wide variety of
substrates, which ultimately reshapes the tumour microenvironment and facilitates PCa
progression (Fig. 6).
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Diagnosing and Monitoring Prostate Cancer. Upon development of PCa the normal
architecture of the prostate gland is disrupted thus allowing proteins secreted by the prostate
to leak into the vasculature and become detectable in the bloodstream110. KLK2 and KLK3 are
secreted proteins that are androgen-regulated and have an expression profile that is restricted
to the prostate. Consequently, by measuring the serum levels of these two KLKs it is possible
to obtain a straightforward and biologically relevant readout of the activity and disease status
of the prostate. The measurement of the total concentration of KLK3 (also known as PSA) in
blood serum is the basis of the PSA test, which is routinely used for the diagnosis and
monitoring of PCa. Since its introduction the PSA test has significantly reduced the mortality
of men; however, the test has the drawback of low specificity and is thought to contribute to
significant PCa over-diagnosis (diagnosis of clinically indolent cancers that pose no threat to
life), which often translates to over-treatment111. Over the last twenty years a large amount of
research has gone into refining the PSA test in order to improve its properties as a PCa
biomarker. For a detailed analysis of these efforts the reader is guided to an eloquent review
by Lilja et al.10. The remainder of this section is dedicated to discussing the varied functional
roles of the KLK family during PCa progression to a lethal, castrate-resistant state.

Figure 6: The multifaceted implications of KLK activity in prostate cancer pathology; * denotes
activated KLK.
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KLKs and Cancer Cell Proliferation. Various studies have demonstrated the ability of KLKs
to release matrix-tethered growth factors that are known to facilitate cancer growth. For
example, KLK-mediated hydrolysis of insulin-like growth factor binding proteins (IGFBPs)
results in an increased concentration of free insulin-like growth factors (IGF), which
subsequently promotes cell proliferation. A higher ratio of free-to-bound IGF-1 has been
shown to positively correlate with prostate cancer occurrence. More specifically, KLK5
processes IGFBP1112, KLK5 and KLK14 process IGFBP2112,113 , KLK2-5 and KLK11 degrade
IGFBP341,112,114,115 and KLK4-5 hydrolyse IGFBP4-641,112. Similarly, KLKs also activate the
transforming growth factor (TGF) family. KLK2, KLK5 and KLK14 can process latent TGFβ1,
while KLK3 cleaves TGFβ2, which in turn act as tumour suppressors or promoters, depending
on the tumour stage77,116.
An important study by Williams et al. assessed the effect of KLK3 expression and activity on
cell proliferation using an LNCaP xenograft model117. LNCaP cells are androgen-sensitive
PCa cells with higher KLK2-4 expression than other commonly used PCa cell lines; however,
as a consequence of incomplete zymogen processing, the percentage of enzymatically active
KLK2 and KLK3 has been shown to be lower than that observed in patient tissue109. KLK3
knockdown was shown to significantly reduce LNCaP cell proliferation in vitro and reduce
tumour size 10-fold relative to controls in vivo. To evaluate the importance of KLK3’s
proteolytic activity on tumour growth the authors mutagenized the pro-domain of the wild type
KLK3 gene so that activation depended on the ubiquitously expressed furin convertase family
of proteins. The physiologic activator of KLK3 is most likely to be another KLK (in particular
KLK275) and thus transfection of KLK-null PCa cells with the wild-type KLK3 gene produces
clones with high levels of KLK3 but with little enzymatic activity. Consequently, stable
transfection of the wild-type or modified KLK3 gene into KLK-null DU145 cells results in PCa
models with high (modified) or low (wild-type) KLK3 activity. From studies using nude mice it
was shown that DU145 tumours with high KLK3 activity grew significantly larger in a five-week
period compared to those with low KLK3 activity, thus suggesting that the enzymatic activity
of KLK3 is responsible for the observed proliferative effects.
Another study by Shang et al. highlighted a potential role for KLK2 in the carcinogenesis and
tumour metastasis of PCa118. In this study KLK2 levels were found to be higher in castrationresistant LNCaP xenografts compared to androgen-sensitive LNCaP xenografts. Importantly,
knockdown of KLK2 in LNCaP xenografts resulted in smaller tumours in comparison with
controls. Further mechanism dissection showed that KLK2’s pro-proliferative effects are a
consequence of cooperation with the AR regulator, ARA70, which subsequently enhances AR
transactivation and triggers AR signalling pathways even in the absence of endogenous
androgens. Finally, a study by Jin et al. demonstrated that KLK4 knockdown in LNCaP cells
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results in a significant decline in proliferation in vitro and in vivo50. Mechanistically, KLK4 is
thought to inhibit the tumour-suppressor activity of promyelocytic leukemia zinc finger (PLZF)
protein via an undetermined physical interaction. PLZF functions by negatively regulating AR
and mTOR signalling. Consequently, overexpression of KLK4 results in sustained activation
of both signalling axes, which leads to increased proliferation and survival of PCa cells. In both
aforementioned studies KLK2 and KLK4 are reported as functioning intracellularly. As
mentioned in section 1.1.2, KLK molecules are activated following secretion from the cell and
it is not yet clear if intracellular KLK molecules are activated at all. Consequently, an important
caveat of both pieces of work is that the enzymatic status of each KLK is unknown and
therefore it is yet to be elucidated whether the described functions are due to the proteolytic
capabilities of each protease or a different unknown mechanism.
KLKs in ECM degradation and local invasion. In every healthy tissue the ECM plays a key
role not only as a structural scaffold but also as a barrier to suppress malignant outgrowth.
The turnover of the ECM is essential for healthy maintenance and involves a range of different
proteases, including the KLKs91. However, in prostatic malignancy a localised increase in
protease activity breaks down the basal lamina and facilitates physical clearance of tumour
cells through the ECM, subsequently promoting tumour outgrowth and entry into the
vasculature. It is unknown whether luminal or basal epithelial cells are the source of PCa
initiation, the latter of which express KLK2 and KLK3 while both cell types contain KLK4. In
vitro KLK4 has been shown to cleave the basal lamina component, collagen type- IV, as well
as the ECM components collagen type-I and fibronectin, and is thus proposed to play a role
in the early breakdown of the basal lamina layer in PCa119. KLK2 and KLK3 secreted from
luminal cells are also thought to contribute to this process, as cancerous outgrowth eventually
brings luminal cells into contact with the basal lamina and the surrounding fibromuscular ECM.
This suggestion is backed up by the fact that KLK3 can cleave laminin, while both KLK2 and
KLK3 can degrade fibronectin120. Importantly, in this context it is possible that individual KLK
molecules are proteolytically processing other pro-KLK molecules and therefore amplifying
the effect of KLK proteolysis on the ECM. In PC3 cells, which are bone metastatic PCa cells,
overexpression of KLK3 or KLK4 was shown to induce an epithelial-mesenchymal transition
(EMT) and promote increased migration121.
KLKs at the Tumour-stroma interface. Accumulating evidence points to an active role for
the stroma compartment in tumour onset and evolution. The prostate stromal niche consists
of a diverse population of cell types including myofibroblasts, endothelial cells and smooth
muscle cells. Myofibroblasts secrete a large proportion of the ECM in the cancerous stromal
niche, including the KLK substrates outlined above. However, as well as contribute to mass
degradation KLKs are also thought to play essential roles in the cross-talk between PCa
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epithelial cells and myofibroblasts. For example, KLK2 is able to activate latent TGFß1, which
then induces expression of a range of target genes in neighbouring fibroblasts, including
MMPs, which mediate cell invasion. This is an essential process for tumour progression as it
renders fibroblasts permissive to, and accommodating of, PCa growth122,123. MMPs also
activate TGFß1 thus suggesting that a microenvironment is created that is favourable for
invasion

and

metastasis

both

through

activation

of

TGFß

signalling

and

by

local decomposition of the ECM. Similarly, PAR1 is highly expressed on the surface of
prostate fibroblasts and can be activated by KLK2, KLK4 and KLK1438,39,124,125. PAR1
signalling facilitates the secretion of a number of cytokines, including IL6, which induce AR
signalling and PCa cell proliferation. This subsequently increases the concentration of active
KLKs in the tumour microenvironment and thus establishes a double paracrine signalling
mechanism that enhances tumour growth124. Another prerequisite for cancer progression is
the development of new blood vessels that supply the tumour with nutrients and oxygen. In
addition, for distant metastases to develop tumour cells have to be able to enter blood or
lymphatic vessels. KLKs secreted by epithelial PCa cells are thought to play a key role in
regulating both of these processes. For example, KLK2 can cleave high molecular weight
kininogen to release bradykinin, which induces smooth cell muscle contraction thus facilitating
vasodilation and cancer cell intravasation126. Conversely, KLK3 is able to cleave Lysplasminogen which subsequently releases bioactive angiostatin-like fragments. Importantly,
when these fragments were purified and incubated with human umbilical vein endothelial cells
(HUVEC) they inhibited tubular formation127. This finding was clarified by the fact that
treatment of HUVEC cells with KLK3 inversely regulated several genes that are integral for
tube formation128. In addition, a mouse xenograft study with a metastatic derivative of PC-3
cells showed that KLK3 significantly reduces the production of various pro-angiogenic factors
including vascular endothelial growth factor (VEGF)129.
KLKs in Bone Metastasis. The primary site of PCa metastasis is to bone. Bone metastasis
has a detrimental effect on the survival rates for men with advanced PCa. For example, a
patient with bone metastasis has only a three percent chance of living beyond five years,
whereas the figure for a patient without bone metastasis is fifty six percent 130. Consequently,
a deeper understanding of the biological mechanisms and regulatory factors involved in this
process is required in order to facilitate the identification of novel drug targets to aid in the
treatment of this currently incurable disease state. KLK2-4 and KLK14 are expressed in PCa
bone lesions and are thus postulated to have a role in metastasis. KLK4 is functionally active
in mineralised dentine tissue where it degrades the dental enamel constituent amelogenin131.
By extension it is therefore likely to be proteolytically active in the mineralised bone matrix of
PCa metastasis. Indeed, it was found that KLK4 over-expressing PC-3 cells preferentially
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migrate to conditioned media from primary osteoblast cells and that this effect is abrogated by
the serine protease inhibitor, aprotonin132. Furthermore, KLK2 and KLK14 are thought to play
active roles in promoting bone metastasis by their aforementioned ability to activate latent
TGFß1, which regulates osteoblast differentiation and bone formation133. Active KLK3 directly
injected into human bone, which had been subcutaneously implanted into mice, was found to
increase osteoblast number and bone volume suggesting a decrease in the osteoclast
population134. Indeed, KLK3 is mitogenic for various human osteoblast cell lines and this
mitogenic effect can be inhibited by use of a TGFβ1 and TGFβ2 neutralizing antibody. Use of
a serine protease inhibitor in these experiments abrogated cell mitogenesis thus suggesting
that these observations were a consequence of KLK3-mediated proteolysis.
Similarly, KLK3 can indirectly activate TGFß1 by processing plasminogen into the TGFβactivating protease, plasmin127. KLK2 and KLK4 can activate pro-urokinase plasminogen
activator (uPA)135,136, which activates plasminogen. KLK2 activates PSA75, whereas KLK4
activates KLK2 and KLK35, therefore it is likely that a proteolytic cascade forms that amplifies
TGFß signalling in the bone microenvironment. In addition, in vitro experiments have also
shown that conditioned media from osteoblasts can induce PCa proliferation by activation of
the AR pathway, which also results in the increased expression of KLK2-4137. This evidence
suggests a double paracrine signalling mechanism is established that promotes a pro-tumour
niche in the bone microenvironment.

1.3 KLK Inhibitors
Despite the varied roles of KLKs in a plethora of disease states, as well as their significant
potential as therapeutic targets, to date there has been mixed progress in the development of
KLK-specific inhibitors. Many of the published inhibitors lack potency or selectivity and have
yet to be validated in cellular experiments. In this section a brief summary of some of the
successful drug discovery efforts is given. Inhibitors are grouped into three general categories:
small-molecule inhibitors, peptide-based inhibitors, and protein-based inhibitors.
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Figure 7: Chemical structures of reported KLK inhibitors.
Small-molecule KLK Inhibitors. One of the first reported small-molecule inhibitors for a
specific KLK was that of compound 6 (Figure 7 and Table 1)138. Compound 6 is a reversible
inhibitor for KLK1 and its design is based on the fact that KLK1 cleaves low molecular weight
kininogen (LMWK) after the tetrapeptide sequence Pro-Phe-Arg-Ser. To transform the LMWK
scaffold into a stable inhibitor the C-terminal Arg-Ser-NH2 moiety was substituted with an
aminopropyl guanidine group thus rendering the molecule resistant to cleavage by KLK1. Two
further modifications significantly enhanced the potency of the molecule, namely replacement
of Phe with 2′-(1-naphthylalanine) and substitution of the N-terminal Pro with (4-Cl)-Dphenylalanine. Compound 6 has a Ki of 2.2 nM and is at least 500-fold selective over plasma
kallikrein, trypsin, thrombin and plasmin. Importantly, in an ex vivo rat lung invasion assay
compound 6 was found to decrease the invasive potential of MDA-MB-231 breast cancer
cells139.
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Table 1: Summary of the current pharmacological arsenal of KLK inhibitors.
Inhibitor Type

Compound No.

Target

Potency (nM)

Selectivity
>10,000-fold over

6

KLK1

IC50 = 0.96

plasma-kallikrein,
thrombin, trypsin and
plasmin

Small Molecule

7

KLK3

IC50 = 500

>5 fold over
chymotrypsin
>20-fold over KLK4,

8

KLK6

IC50 = 470

KLK7, KLK8, KLK13 and
KLK14. 2-fold over KLK5

Peptide

9

KLK2

-

10

KLK3

Ki = 65

11

KLK4

Ki = 3.59

12

KLK5

Ki = 5.10

>60-fold over
chymotrypsin
>180-fold over trypsin,
KLK2, KLK5 and KLK14
>10-fold over KLK14,
>10,000 fold over KLK7
>1200-fold over

13

KLK7

Ki = 0.14

chymotrypsin, >10,000
fold over KLK5 and
KLK14

14

KLK14

Ki = 7.00

>10,000-fold over KLK5
and KLK7

Abbreviations: IC50, half-maximal inhibitory concentrations; Ki, inhibitor constant.
A high-throughput screen (HTS) against KLK3 activity identified compound 7 as a moderately
potent inhibitor140. Interestingly, unlike other acylated trizazole compounds, which have been
reported as irreversible inhibitors, 7 was found to have a reversible binding mode. Compound
7 showed little cross reactivity with other KLKs but had only 10-fold selectivity over
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chymotrypsin. The structure-activity relationship (SAR) data provided by the authors suggests
that compound 7 can be further optimised. For example, the substituents of the phenyl ring,
which sits in the S1 pocket, could be modified without losing significant potency. Indeed, it
was the addition of a second methoxy group in the meta-position that resulted in the moderate
selectivity over chymotrypsin and thus different linear and branched alkyloxy moieties in this
position may enhance this further. In line with the anti-angiogenic activity of KLK3, compound
7 was able to inhibit formation of tubular networks when added to HUVEC cells.
Similarly, De Vita et al. reported a series of depsipeptidic KLK6 inhibitors, identified from a
HTS campaign, with compound 8 possessing the best balance of activity, selectivity, and
stability141. These compounds, which all contain an electrophilic ester functional group, form a
transient covalent bond with Ser195 in the catalytic triad. However, in addition to the acylating
ester group, potency was also found to depend on non-covalent interactions formed by the
‘western’ indole moiety and the ‘eastern’ N-phenyl-4-amino-3,5-dimethylpyrazole group,
therefore suggesting that these compounds are substrate mimics. Treatment of FaDu head
and neck tumour cells with compound 8 resulted in an increase in cell proliferation, which is
in line with KLK6’s role as an anti-proliferative factor in this cancer type.
Peptide-based KLK Inhibitors. Traditionally, peptide-based inhibitors are designed to bind
protease active sites by interaction with the S4-S4’ substrate recognition pockets. They are
usually identified by one of three methods: recombinant peptide libraries, synthetic chemical
libraries or naturally occurring inhibitors/substrates. To date a number of different peptideinhibitors have been reported for various members of the KLK family. To identify novel KLK2inhibiting peptides, active recombinant KLK2 was screened against phage display peptide
libraries. Two different linear peptides, ARRPAPAPG (KLK2a) and GAARFKVWWAAG
(KLK2b), were identified as specific and efficient inhibitors of the enzymatic activity of KLK2142.
However, both peptides were highly sensitive to cleavage by a range of different proteases
and thus had limited in vivo applicability. To circumvent this limitation a series of cyclic variants
containing cysteine bridges were synthesised143. Cyclisation had contrasting effects on KLK2a
and KLK2b, the latter showed an increased affinity towards active KLK2, while the former was
completely inactive. Importantly, cyclised KLK2b (compound 9) was significantly more
resistant to proteolysis by trypsin and human plasma. These molecules have yet to be tested
in cellular assays.
In a different study an iterative approach was used to identify potent and selective peptidyl
boronic acid-based KLK3 inhibitors144. Boronic acid molecules form transient covalent
complexes with serine proteases by mimicking the tetrahedral transition state that is formed
during peptide-bond hydrolysis. The template for the design of the inhibitor was based on a
peptide (Ser-Ser-Lys-Leu-Gln) identified from a map of cleavage sites within the known KLK3
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substrates, Semenogelin I and Semenogelin II. The first step in the development of the
inhibitor was the substitution of the P1 Gln for a neutral alternative as the synthesis of a
glutamine boronic acid is not feasible. Instead Leu and Nle boronic acid analogues were
synthesised as these two amino acids had previously been identified as preferred P1
substituents. Next, guided by published specificity data, the authors systematically altered
each remaining amino acid with similar analogues in order to optimise the interaction of the
molecule with each sub-pocket in the active site of KLK3. This afforded compound 10, which
is 60-fold selective for KLK3 over chymotrypsin and has a Ki of 65 nM. As mentioned in section
1.2.3, KLK3 can cleave ECM components such as fibronectin and release matrix-associated
growth factors such as TGFβ. This suggests that PSA may play a role in the process of ECM
deposition required for cells to grow in vivo and to become established on plastic dishes in
vitro. In line with this observation, treatment of LNCaP cells with 100 nM of compound 10
resulted in a 75% reduction in clonal survival.
The most successful technique reported to date for developing peptide-based KLK inhibitors
involves the use of the naturally occurring sunflower trypsin inhibitor (SFTI, compound 11).
SFTI is a 14 amino acid bicyclic peptide (1-GRCTKSIPPICFPD-14) belonging to the BowmanBirk family of protease inhibitors (BBI’s) - a class of proteins and peptides found in plants and
plant seeds18. The peptide adopts a constrained structure in solution as a consequence of
backbone cyclisation and an intramolecular disulphide linkage. Native SFTI binds to, and
potently inhibits, serine proteases by mimicking a substrate, with Lys5 inserting into the S1
specificity pocket. Upon binding SFTI can be cleaved at the P1 position. However, as a
consequence of its constrained nature the SFTI backbone retains the same structure as the
uncleaved bound form and is therefore not released. Instead, the bond is re-ligated and exists
in equilibrium with the cleaved form, thus enhancing occupancy time in the active site and
prolonging inhibition. Swedberg et al. were the first to re-engineer the SFTI scaffold in order
to transform it from a generic protease inhibitor into a highly selective molecule. They used a
sparse matrix substrate screening method (discussed in detail in section 4) to identify an
optimal tetrapeptide substrate for KLK4, which was then grafted into the SFTI backbone. The
resulting compound 12 showed potent inhibition of KLK4 (Ki = 3.59) and, importantly, had at
least 400-fold specificity against proteases related by function (KLK2, KLK5 and KLK14) or
specificity (trypsin)145. Using the same methodology, potent and selective SFTI inhibitors were
synthesised for KLK5, 7 and 14 (compound 13, 14 and 15 respectively)6. Interestingly, KLK7
has chymotrypsin-like specificity therefore demonstrating that SFTI inhibition is not restricted
to trypsin-like proteases. The authors then applied the selective SFTI inhibitors to plantar
stratum corneum extracts in order to assess which KLKs are active in the outer layer of the
epidermis. Assessment of residual proteolytic activity by casein zymography revealed that
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KLK5 and KLK7 are major contributors to the proteolytic activity in the skin, whereas KLK14
appears to be mostly inactive. Finally, KLK5, 7 and 14 have been implicated in the process of
corneocyte shedding, which is needed for effective turnover of the skin barrier. To test the
contribution of each KLK to this process the authors applied their selective inhibitors to an ex
vivo desquamation assay. The data obtained from this assay revealed that KLK7 is the major
protease required for corneocyte shedding.
Protein-based KLK Inhibitors. Naturally occurring endogenous protein inhibitors have also
been used as bioscaffolds for the rational design of KLK inhibitors. In particular the serpins,
which are a family of 45 KDa proteins, have been identified as potent KLK inhibitors. Serpins
bind to target proteases by presenting an exposed flexible reactive-site loop that is then
cleaved at the scissile P1-P1’ bond thus forming a covalent complex. This then triggers a
conformational rearrangement that irreversibly traps the target protease. Importantly, serpin
specificity is thought to be driven not just by the P1-P1’ residues but by all the residues that
make up the RSL. Consequently, by modifying the RSL domain it is possible to ‘retune’ the
specificity of the serpin to target an individual protease. For example, it has been observed
that KLK2 is inhibited by α1-antichymotrypsin (ACT) but at a slow rate. This is most likely due
to the presence of Leu-Ser at P1-P1’, which is an unfavourable peptide bond for cleavage by
the trypsin-like KLK2 enzyme. To optimise this interaction various pentapeptide substrates,
previously identified by phage display, were inserted into the cleavable bond and neighbouring
residues. The ACT analogue containing the sequence Arg-Gly-Arg-Ser-Glu was found to be
the most potent and also showed no cross-reactivity with a panel of other proteases including
chymotrypsin, KLK1 and KLK3146. In a follow-up study the same authors grafted pentapeptide
substrates for KLK14 into the RSL of ACT and another serpin called α1-antitrypsin (AAT). As
the name suggests, AAT mainly inhibits trypsin-like proteases, while ACT inhibits
chymotrypsin-like proteases. Interestingly, despite being predominantly a trypsin-like
protease, both ACT and AAT analogues potently inhibited KLK14 with ACT inhibitors forming
the more stable complexes147. Both the KLK2 and KLK14 serpins require in vitro and in vivo
validation.

1.4 Activity-based Probes for Indistinguishable Proteases
Currently, a major limitation in the field of KLK research is the lack of a straightforward method
to quickly and accurately quantify the proteolytic activity of an individual KLK directly in a
complex biological setting. This issue is further exacerbated by the fact that there are relatively
few active site-directed KLK inhibitors available. One solution to this problem is to develop a
class of activity-based probes (ABPs), which specifically bind to, and covalently label,
individual members of the KLK family. This chapter is dedicated to introducing the basic
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concepts of activity-based protein profiling (ABPP) and highlighting, with different case
studies, the important design principles required for the identification of selective ABPs.

1.4.1 Activity-based Probes
ABPs are chemical probes that directly detect the formation of a catalytically active enzyme.
They function by relying on some aspect of the catalytic mechanism of an enzyme to ensure
that detection occurs only for catalytically competent species148. Most often this entails
electrophilic modification of a specific nucleophilic group at the catalytic site (Fig. 8).
Consequently, ABPs remain covalently bound to the enzyme active site and thus impede
subsequent catalytic activity in the same manner as an irreversible inhibitor. The key
difference between an irreversible inhibitor and an ABP is the presence of a biotin tag or
fluorescent label. This provides a ‘handle’ that enables direct isolation, identification and
quantification of a target protease.

Figure 8: Activity-based probe labelling concept: quantitative and versatile labelling of a
specific active protease in a complex sample.
ABP Design. Given that appropriate exploitation of catalytic site chemistry is an essential
feature of an effective ABP, the choice of the correct electrophilic ‘warhead’ is of the utmost
importance. The inherent reactivity of the electrophilic warhead directly links enzyme
chemistry with ABP activation and thus dictates the catalytic class of enzyme targeted. For
example, cysteine proteases possess a thiol group in their active site which is more polarizable
than the hydroxyl group present in the active site of serine proteases. Consequently,
commonly used electrophiles in cysteine protease ABPs are Michael acceptors, epoxides and
activated ketones, while warheads for serine protease ABPs are based on phosphonylating
and sulfonylating agents (Fig. 9)149. Though the appropriate choice of warhead can infer ABP
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selectivity between enzyme classes it is usually unable to distinguish between members of
the same protease family. To selectivity label an individual member of a protease family it is
necessary to include a specificity element. For most protease ABPs the specificity element
is a tetrapeptide sequence corresponding to an optimal protease substrate. Although optimal
recognition sequences can now be routinely determined, a major caveat is that closely related
proteases often have overlapping substrate specificities and thus the resulting ABPs often still
possess a degree of promiscuity. This is particularly problematic for imaging applications
where the goal is to monitor the localization and relative activity of a single protease. Several
recent advances in substrate screening approaches has helped to address this. These are
discussed in section 1.4.2.2.

Figure 9: Summary of the key features of an activity-based probe with some representative
examples.
Finally, the choice of reporter tag will depend on which analytical platform is to be used. For
example, fluorescent or radioactive tags are used for ABP imaging, while affinity handles such
as biotin are often employed for ABP-assisted proteomic identification of active proteases.
However, the choice of tag within the categories of fluorophore and affinity handle is not
completely trivial, because the tag can directly affect the selectivity and physiochemical
properties of the ABP. To counteract selectivity changes to the probe as a result of a
fluorophore or biotin, it is often necessary to incorporate a linker that increases the distance
between the tag and specificity element and subsequently directs the handle away from the
protease active site. Commonly used linkers are based on a 11-amino-3,6,9-trioxaundecanoic
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acid or 6-aminohexanoic acid moiety. The physiochemical properties of a probe are of
particular importance when live-cell or live-animal imaging is to be undertaken. Although the
electrophile, recognition sequence and tag of an ABP can be carefully selected to target a
protease of interest, the ABP will still be ineffective if it is unable to encounter that protease in
cells or in vivo. In particular, this is a problem when targeting cytoplasmic proteases as many
ABPs suffer from a lack of cell permeability owing to their size, hydrophobicity and charge.
Such ABPs are often endocytosed and thus predominantly label endosomal and lysosomal
proteases. Similarly, solubility can also be a major factor in limiting the biodistribution of ABPs.
Consequently, even if the ABP being used has excellent specificity profiles in vitro, incorrect
localization can still promote off-target binding in vivo. To address the aforementioned
limitations an increasing diversity of reporter tags have become available in recent years. For
example, sulfonated analogues of the cyanine class of fluorophores are now available, which
have improved solubility and biodistribution.

1.4.2 Engineering Probe Selectivity
One of the greatest challenges in the design of active site-directed inhibitors, substrates and
ABPs for proteases is achieving exquisite specificity for only one enzyme. Specificity is
particularly essential if the enzyme targeted is in the presence of other enzymes with a similar
catalytic mechanism but completely different functions. Many different approaches have been
proposed and used to identify optimal tetrapeptide substrates, which can then be incorporated
into inhibitor and ABP scaffolds. These include iterative optimisation of endogenous
substrates, phage display, internally quenched fluorescent (IQF) substrate libraries150,
multiplex substrate profiling by mass spectrometry (MSP-MS)151 and hybrid combinatorial
substrate libraries (HyCoSul)152. However, the specificity element is not the only determinant
of ABP selectivity and thus the task of synthesising optimal probes has also been aided by the
identification of a diverse array of class-specific warheads and by the careful design of in vivo
compatible fluorescent reporter tags. In the remainder of this section three case studies from
the literature, each of which report selective protease probes, are critically assessed in order
to highlight key design principles.

1.4.2.1 Case Study 1: Chemical Tools for the Immuno-Proteasome
The ubiquitin-proteasome pathway is essential for the maintenance of protein homeostasis in
all eukaryotic cells. Inhibition of the proteolytic subunits of the proteasome has been shown to
induce apoptosis in malignant cells and as a consequence proteasome inhibitors are now
used for treatment of multiple myeloma and mantle cell lymphoma153. The proteasome entails
seven β-subunits, each of which possess threonine protease-like catalytic activity. The β1c
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subunits preferentially cleave after acidic residues (caspase-like), β2c subunits after basic
residues (trypsin-like), and β5c after hydrophobic residues (chymotrypsin-like). In addition to
the constitutive proteasome, lymphoid tissues also express IFN‐γ inducible immunoproteasome core particles. The core particles of the immuno-proteasome also contain β‐
subunits (β1i, β2i and β5i) but with altered specificity. For example, whereas β1c subunits
prefer acidic residues at P1, β1i subunits cleave preferentially after hydrophobic residues.
Recently, there has been significant interest, predominantly from the Overkleeft group, in
identifying a set of ABPs that allow for specific, sensitive and simultaneous detection of all
catalytic subunits of the constitutive- and immuno-proteasomes. To this end three probes were
developed with compound 16 labelling β1c and β1i, compound 17 labelling β2c and β2i and
compound 18 modifying the β5c and β5i sites153. The steps taken by the authors to develop
each probe are discussed below.
β1-selective Probe. The development of a β1-selective ABP was initiated upon identification
of optimal substrate sequence 19154. The peptide was transformed into a first generation ABP
by N-terminal modification with a Cy5 fluorophore and C-terminal conjugation to a vinyl sulfone
moiety. Vinyl sulfones are suitable electrophiles for targeting subunits of the proteasome as
they are able to alkylate the catalytic N-terminal threonine residue. The synthesis of a
protected aspartic acid vinyl sulfone moiety is not trivial and to avoid potential difficulties the
authors replaced the P1 aspartic acid with leucine thus generating compound 20155. In addition
to acidic residues, caspase-like proteasome subunits have been shown to cleave after
hydrophobic branched-chain amino acids. This alteration also rendered the inhibitor more
apolar, which subsequently increased cell permeability. In a follow-up publication the authors
reported epoxyketone analogue 16, which had increased potency and selectivity for the β1
subunit when compared to the vinyl sulfone156. In more than a decade of research since the
discovery of this class of proteasome inhibitors no off-target effects of epoxyketones have
been found. Hence, peptide epoxyketones are the most specific of the several structural
classes of proteasome inhibitors. Mechanistically epoxyketones function by forming a stable
morpholino adduct with the N-terminal threonine of protease subunits and thus take specific
advantage of the proteasomes unique mechanism for cleaving peptide bonds. In contrast, the
two other major classes of proteasome inhibitors, peptide vinyl sulfones and peptide
boronates, have been shown to cross-react with cysteine or serine proteases. This clearly
highlights the importance of warhead reactivity as a determinant for probe selectivity.
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Figure 10: Identification of a β1-selective ABP; R = Cyanine-5.
β2-selective Probe. As with compound 16 development of a β2-selective probe began with
the identification of optimal tetrapeptide substrate sequence 21157. The substrate was
transformed into ABP 22 by N-terminal modification with a BODIPY(FL) fluorophore and Cterminal conjugation to an epoxyketone warhead158. However, during validation experiments
it was found that 22 had low cell permeability and poor chemical stability. The latter was
thought to be a consequence of the guanidinium group of the arginine side chain, which can
perform a nucleophilic attack on the epoxyketone electrophile, leading to cyclization and
inactivation of the probe. To counteract this the authors substituted the P1 arginine for a
benzylamino side chain159. The resulting molecule showed increased potency when labelling
the β2 subunit in HEK293 cell lysates. To further optimise the ABP the epoxyketone warhead
was replaced with a vinyl sulfone moiety. This may seem counterintuitive given the comments
made above, however it has been observed that although epoxyketone electrophiles
specifically target the proteasome over other classes of protease, vinyl sulfones tend to
increase ABP specificity between proteasome subunits. In line with this observation, the vinyl
sulfone analogue of 22 showed improved specificity towards the β2 subunit and, importantly,
showed no cross-reactivity with endogenous cysteine proteases (i.e. caspases). This
observation highlights the importance of both the peptide and warhead in reducing off-target
binding. Analysis of X-ray structures of compound 22 complexed with yeast proteasomes
guided further probe modification and resulted in the identification of compound 17, which is
an ultra-potent and selective β2 ABP.

Figure 11: Identification of a β2-selective ABP; R = BODIPY(FL).
β5-selective Probe. The design of a β5-selective probe was based on tyropeptin analogue
23, which has been reported to show good selectivity against β1 and β2 subunits160. To
transform 23 into ABP 24 the aldehyde moiety was substituted with an epoxyketone warhead
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and the N-terminal napthyl group was replaced with a BODIPY(TMR) fluorophore. Although
ABP 24 potently inhibited the β5 subunit at nanomolar concentrations it also labelled the β2
subunit. To counteract the off-target labelling vinyl sulfone analogue 18 was synthesised and
found to have exquisite specificity for the β5 subunit and no cross-reactivity with the β2 subunit
even at high micromolar concentrations.

Figure 12: Identification of a β5-selective ABP; R = BODIPY(TMR).
Biological Application. Treatment of lysate from Raji cells with a cocktail of the three
optimised ABPs, followed by SDS-PAGE and in-gel fluorescence, resulted in six clear bands
(Fig. 13A). Therefore, for the first time, the authors were able to resolve all β subunits of both
proteasome types on a single SDS-PAGE gel. The top two bands labelled in green correspond
to β2c and β2i, the two middle bands in blue to β1c and β1i and the bottom two bands in red
to β5c and β5i. It is important to note here that although each ABP showed no cross-reactivity
with subunits of differing specificity (i.e. the β1 probe did not label β2 or β5 subunits), they had
approximately equal potency against subunits of the same specificity (i.e. β1c and β1i).
Information on the relative expression of the constitutive-proteasome and the immuneproteasome in primary cells from different hematologic malignancies is severely lacking. To
address this the authors applied their cocktail of ABPs to primary cells from patients with either
acute lymphoblastic leukemia (T-ALL and B-ALL), acute myeloid leukemia (AML), chronic
lymphocytic leukemia (CLL) or multiple myeloma (MM) (Fig. 13B). The expression of immunoproteasomes exceeded expression of constitutive-proteasomes in all patient samples. Even
more striking was that in all primary patient samples from lymphoid malignancies over ninety
percent of the β5 activity and seventy five per cent of the β1 activity is provided by immunoproteasome subunits. From a drug development perspective this data strongly indicates that
the immunoproteasome should be regarded as a major drug target in MM and lymphoid
neoplasms. In support of this observation the authors next used their ABP cocktail and
competitive ABPP to identify specific inhibitors of the β5i and β1i immuno-proteasome
subunits (25 and 26, Fig. 13C). Application of either 25 or 26 to primary ALL cells did not lead
to any cytotoxicity; however, combined treatment resulted in up to 70% cell death (Fig. 13D).
Overall this case study highlights several key design principles for the development of a
selective ABP. In particular it shows how unnatural amino acids can be used to improve cell
permeability or selectivity of a probe and also demonstrates the importance of warhead
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reactivity as a determinant for probe specificity. In addition, attention is also drawn to the
potential usefulness of selective probes for target validation and subsequent inhibitor
development.

Figure 13: Application of optimised proteasome ABPs. (A) Labelling of the constitutive- and
immuno-proteasome subunits in Raji cell lysate. (B) Labelling profiles of primary cells derived
from haematological malignancies. Table: ratio of the activities of the constitutive- and
immuno-proteasome subunits. (C) Chemical structures and IC50 values of the β1i and β5i
inhibitors. (D) Viability of ALL cells 48 hours after treatment with different concentrations of 25,
26 or both compounds. Figure adapted, with permission, from de Bruin et al153.
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1.4.2.2 Case Study 2: Optimal Substrates for the Neutrophil
Proteases.
In this case study the focus is on developing selective tetrapeptides, which can be inserted
into an ABP scaffold and thus tune probe specificity to a single protease. The classic approach
for determining substrate specificity of a protease is based on the use of positional scanning
synthetic combinatorial libraries (PS-SCL)161. In PS-SCL the P2-P4 positions of the
tetrapeptide are made up of one of the 19 naturally occurring amino acids (excluding cysteine
due to oxidation issues) and are C-terminally conjugated with a fluorogenic, 7aminocoumarin-4-acetic acid (ACC) tag. Three sub-libraries are synthesised – the P4, P3
and P2 sub-library, thus allowing for the specificity of each sub-site in the target protease
to be screened separately. For example, the P2 sub-library is used to screen the specificity
of the S2 sub-site. For the majority of protease families (including the KLKs) the S1 pocket
primarily defines specificity and as a consequence the P1 position in the tetrapeptide library
is usually a pre-defined amino acid. For example, if a trypsin-like serine protease is being
targeted then the P1 position is always Arg or Lys. The peptidic scaffold for the library is
highlighted in Figure 14A. In the P2 sub-library, for example, the P2 position of the
tetrapeptide is a defined natural amino acid, while the P3 and P4 amino acids are isokinetic
mixtures. The isokinetic mixture, defined by Ostresh et al162, is a fixed composite of the 19
natural amino acids (again emitting cysteine), which when reacted with the N-terminus of a
peptide will afford an approximate equal mixture of 19 products. Consequently, each
tetrapeptide in the P2 library will contain 361 unique sequences but in every sequence the
defined P2 amino acid will be present. This allows for a thorough assessment of the
suitability of the defined P2 amino acid in the S2 sub-site. The ACC tag is a coumarinderivative that emits a fluorescent signal (emission maximum = 460 nm) when excited by an
appropriate wavelength (excitation maximum = 355 nm). In the tetrapeptide the amide bond
formed between the P1 amino acid and the ACC aniline group effectively quenches the
fluorescence of the ACC. Once the substrate is cleaved at the C-terminus of the P1 amino
acid, the ACC fluorophore is released from the peptide and the fluorescent signal can be
monitored over time (Fig. 14B and C). The initial rates of cleavage for each tetrapeptide can
then be calculated and plotted in a bar graph (Fig. 14D). For example, the data shown in figure
14 clearly highlights a preference for aromatic amino acids in the S2 pocket for the protease
under study. If this procedure is repeated for each sub-library then three graphs are obtained,
one for each protease sub-site, which give a clear indication of the specificity profile of the
screened protease.
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Figure 14: PS-SCL and HyCoSul to identify optimal substrates. (A) Fluorogenic substrate
library composition. (B) The protocol for screening each sub-library. (C) The initial rate of
cleavage for each peptide in a particular sub-library can be obtained by monitoring the
increase in fluorescence over time. (D) The initial rates are then incorporated into a bar graph
to generate the specificity profiles for each protease sub-site.
HyCoSul. Hundreds of proteases have now been screened using the PS-SCL protocol,
resulting in the discovery of many optimal substrates. However, the PS-SCL approach
employs only natural amino acids and thus explores a relatively small amount of chemical
space. Consequently, it has proven difficult to obtain tetrapeptide substrates with exquisite
selectivity for an individual protease. In particular, this is a major issue when designing optimal
peptides for a protease that is part of a family of closely related enzymes with overlapping
specificities (i.e. KLKs, cathepsins and caspases). To address this limitation the group of
Marcin Drag expanded the PS-SCL approach by incorporating unnatural amino acids (Fig.
15) into the defined positions in each sub-library. The resulting approach, termed hybrid
combinatorial substrate libraries (HyCoSuL)152, increases the number of individual peptides in
each sub-library from 19 to approximately 130 (19 natural amino acids and 111 unnatural
amino acids) and thus significantly increases the amount of chemical space explored. The use
of HyCoSuL was first reported in 2014 where it was used to design a highly active substrate
and ABP for human neutrophil elastase163. Since then optimal substrates have been found for
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many different proteases including cathepsins164, caspases165 and neutrophil serine
proteases166. The latter protease family will now be used to highlight the effectiveness of the
HyCoSuL approach in obtaining selective probes.

Figure 15: The different classes of unnatural amino acids used in the HyCoSuL approach.
Figure taken, with permission, from Poreba et al152.
ABP Development for Neutrophil Proteases. Neutrophils are terminal effector cells that are
important in innate immunity and represent the first line of defence against infection. They
contain specialised granules that incorporate several proteins important for immune cell
functions167. Azurophil granules are the most abundant and contain four neutrophil-specific
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serine proteases (NSPs) namely, neutrophil elastase (NE), cathepsin G (CATG), proteinase
3 (PR3) and neutrophil proteinase 4 (NSP4)168. These proteases have been implicated in
chemokine activation, pathogen destruction and the generation of neutrophil extracellular
traps (NETs)169. NSPs are part of the hematopoietic serine protease family, which also
encompasses the granzymes and chymase, and are related by approximately 40% sequence
similarity. Dissecting the roles of individual NSPs has been problematic due to the fact that
neutrophils are end-stage cells with a short half-life. The most commonly used tools are
antibodies that are unable to differentiate between active and non-active enzyme forms and
also cannot be used in live cell imaging. To overcome these limitations Kasperkiewicz et al
developed a set of fluorescent ABPs, which facilitated the parallel monitoring of the NSPs in
live neutrophils.

Figure 16: Structures and corresponding specificity data of the optimised substrates for each
NSP.
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Like all (chymo)trypsin-like serine proteases the primary substrate specificity of NSPs is
dominated by the S1 pocket. CATG has a preference for Phe or Tyr, NSP4 strongly prefers
Arg and NE and PR3 have a common preference for Val or Ala. To develop selective ABPs
the authors first screened each enzyme with the appropriate HyCoSuL library (i.e. a P1 Phe
library for CATG) in order to obtain champion substrates (27-30, Fig. 16). The champion
substrate sequences were then converted to ABPs to allow for selective labelling of each NSP
in a complex mixture. To achieve this each probe was equipped with one of four minimally
overlapping fluorophores (BODIPY(FL), Cy3, Cy5 or Cy7) and conjugated to an electrophilic
diphenyl phosphonate derivative (31-34, Fig. 17).

Figure 17: Structures and corresponding inhibition rate constants of the optimised ABPs for
each NSP.
Peptidyl-diphenyl phosphonate compounds belong to a class of irreversible inhibitors that
specifically and exclusively react with Ser195 in the active site of serine proteases leading to
the formation of a covalent protease-inhibitor complex. These molecules are now routinely
used in the development of serine protease ABPs given their complete lack of reactivity with
cysteine, aspartyl and metalloproteases, as well as their excellent stability in various buffers
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and human plasma. The mechanism of inhibition of a serine protease by a diphenyl
phosphonate molecule depends on an initial non-covalent complex being formed between the
specificity element and S1-S4 sub-sites of the protease. This positions the diphenyl
phosphonate warhead in close proximity to the catalytic triad and enables a nucleophilic
substitution to occur at the phosphorus atom via a pentavalent transition state. Importantly,
the oxyanion formed during the nucleophilic substitution is stabilised by the oxyanion hole and
thus diphenyl phosphonate inhibitors form a tetrahedral intermediate, which closely mimics
the transition state that occurs during hydrolysis of a native peptide substrate (Scheme 2)170.
An additional feature of the four probes was the incorporation of a 11-Amino-3,6,9Trioxaundecanoic Acid or 6-aminohexanoic acid linker to prevent interaction of the detection
tag with the recognition sequence.

Scheme 2: Mechanism of serine protease inhibition by a peptidic-diphenyl phosphonate
inhibitor.
Imaging of Neutrophil Proteases. The second-order inhibition rates (Kobs/I) for each probe
were determined and, as expected from analysing the champion substrates, the PR3, CATG
and NSP4 ABPs showed selective labelling. However, the optimal NE probe showed
significant cross-reactivity with PR3 and thus the authors employed an alternative approach
to allow distinction between these two enzymes. In order to selectively image each of the four
proteases directly in neutrophils, and thus circumvent the cross labelling of PR3 by the NE
probe, a trace-labelling protocol was developed. In this approach the neutrophils were first
incubated with the PR3 probe and then later the NE probe was added at trace-labelling
concentrations. It is worth pointing out here that even with the significant increase in chemical
space offered by the HyCoSuL approach it is often still difficult to obtain selective substrates
for proteases that are structurally similar. This is perhaps not surprising given that interactions
with endogenous substrates are governed not only by the S1-S4 subsites but also the S1’-S4’
pockets and additional exosites.
All four NSPs are processed to active enzymes in the trans-Golgi prior to targeting and storage
in azurophil granules. To test whether NSPs co-localize in the same granule the authors
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employed their ABP cocktail and optimised probe-labelling protocol to both unstimulated and
PMA-stimulated neutrophils. The probes revealed that individual NSPs appear to have a nonoverlapping, punctate distribution (Fig. 18A). Importantly, co-staining with primary antibodies
for each NSP validated the ABP findings (Fig. 18B) and further analyses using imaging flow
cytometry revealed that only 0.2% of the total amount of neutrophils assessed have all four
enzymes. NSPs undergo two processing steps during packaging, the first being removal of an
N-terminal dipeptide that subsequently generates proteolytic activity and the second being
removal of a C-terminal peptide sequence. Interestingly, C-terminal extensions are distinct for
each NSP and thus could potentially control specialized neutrophil sorting functions. Indeed,
the C-terminus of NE contains an adaptor protein 3 recognition motif that has been suggested
to trigger signalling cascades important for protein sorting171.

Figure 18: Localisation of active NSPs in neutrophil granules. (A) Labelling of freshly isolated
neutrophils with optimised ABPs 31-34. (B) Staining of freshly isolated neutrophils with antiNE, anti-PR3 or anti-CATG followed by secondary antibodies conjugated to different
fluorophores. Figure adapted, with permission, from Kasperkiewicz et al166.
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1.4.2.3 Case Study 3: Quenched ABPs for Cysteine Cathepsins.
The formation of an irreversible covalent bond is an essential feature when imaging tissues or
cells with ABPs as it enables direct biochemical analysis of targets. Consequently, signals
observed in vivo can be correlated directly with targets identified by, for example, in-gel
fluorescence. Despite this a major limitation of ABPs is their general fluorescence both when
bound to an enzyme target and when free in solution. To overcome this limitation, in 2005 the
Bogyo group reported the first quenched activity-based probe (qABP) that becomes
fluorescent only after covalent modification of a protease target (Fig. 19)172. This initial probe
incorporated an acyloxymethyl ketone (AOMK) warhead and was designed to target the
cysteine cathepsin protease family. Importantly, the mechanism of covalent modification of a
cysteine protease by an AOMK warhead involves the loss of an acyloxy group. Consequently,
by attaching a fluorescent reporter group to the peptide scaffold and a quenching molecule
(such as QSY21) to the acyloxy leaving group it was possible to generate the required
quenching effect (35, Fig. 20A).

Figure 19: Quenched activity-based probe-labelling concept: zero background in situ
labelling of a specific active protease in a complex sample.
Another notable design feature of 35 is the attachment of the fluorophore at the P1 lysine side
chain. This is important because, unlike the majority of cysteine proteases, the cathepsin
family form critical substrate interactions primarily in the S2 sub-site173. Consequently, lysine
modification had no real effect on the potency of the probe towards cathepsins but strongly
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deterred labelling of other cysteine protease families, thus inferring a level of specificity. In
addition, the close positioning of the fluorophore in relation to the quencher resulted in a 70fold reduction in fluorescence when compared to the non-quenched probe derivative. This
reduction is in line with other proximity-induced quenching reagents and is deemed sufficient
for imaging applications174. Although this qABP scaffold served as an excellent proof-ofprinciple, and was efficient at labelling several cathepsin proteases in cells, it lacked the
properties required for use as an in vivo imaging agent. To address this, in the ten years
following the initial reporting of the qABP a considerable amount of effort was put towards
optimising the probe scaffold for use in animal models. The remainder of this section will focus
on describing the changes made to the probe scaffold and will thus highlight the important
criteria required for the development of an in vivo compatible qABP.

Figure 20: Optimisation of a cysteine cathepsin qABP. (A) Chemical structures of synthesised
qABPs. (B and C) Labelling of cathepsins in RAW 264.7 cells with (B) 1 µM qABPs 35-38 and
(C) different concentrations of 35 and 38. Figure adapted, with permission, from Verdoes et
al.175.
One of the biggest drawbacks of the first generation qABP was poor aqueous solubility. To
counteract this the Bogyo group introduced sulfonate groups to the QSY21 quencher. The
resulting sulfo-functionalised qABP 36 showed strong, concentration-dependent labelling of
several cathepsins when applied to RAW 264.7 cells - a mouse leukemic monocyte
macrophage cell line (Fig. 20B). On the other hand first generation probe 35 showed weaker
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labelling that reached a maximum intensity at 1 µM, thus suggesting that at higher
concentrations probe precipitation was occurring. Next, the length of the spacer tethering the
electrophile and the quencher was decreased from six to two carbons in order to further
decrease the lipophilicity of the molecule. Probe 37, containing an ethyl linker, showed
stronger labelling of cathepsins in RAW 264.7 cells compared to hexyl derivative 36. Finally,
it has been shown that a number of cysteine cathepsins are upregulated in different cancers;
this is primarily thought to be due to an increase in tumour infiltration by macrophages.
Consequently, the authors hypothesised that a probe targeting a wider selection of these
proteases, while still retaining specificity against other enzyme classes, would provide a better
fluorescent signal when attempting to image tumours. To this end the AOMK electrophile was
substituted for a 2,3,5,6-tetrafluoro-substituted phenoxymethyl ketone (PMK) warhead to
afford qABP 38. The smaller size of the PMK warhead relative to the AOMK was proposed to
increase the pan-reactivity; due to the observation that the active site binding grooves of some
of the cysteine cathepsins are sterically restricted. In addition, the phenol ether was expected
to add an extra degree of stability in comparison to the AOMK electrophile, which contains an
esterase-sensitive linkage. In line with these predictions, 38 showed a broader cysteine
cathepsin labelling profile than the AOMK counterpart. Overall, using 38 instead of 35 resulted
in the labelling of a wider variety of cysteine cathepsins at a reduced probe concentration (Fig.
20B and C)175,176.

Figure 21: Noninvasive optical imaging of cysteine cathepsin activity in tumour-bearing mice.
(A) Time course of mice injected with 35 or 38. The lower panel represents the optimal
fluorescence contrast at each time point (B) Fluorescence microscopy of tumour tissue section
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treated with qABP 38 and co-stained with CD68 (green) and DAPI (blue, scale bar - 50 μm).
(C) Three-dimensional reconstruction of confocal scanning laser microscopy (CSLM) images
of 38-treated tumour tissue section co-stained with CD68 (green) and DAPI. Figure adapted,
with permission, from Verdoes et al.175
Finally, both 35 and 38 were used in a syngeneic orthotopic mouse model of breast cancer.
Mice were injected with 20 nmol of either probe via the tail vein and the Cy5 fluorescence was
noninvasively imaged over time. In agreement with the in vitro data 38 showed robust
activation of fluorescence specifically in the tumour and, contrary to probe 35, resulted in
visible tumour margins as soon as 1 h after injection (Fig. 21A). Excision of the tumours and
analysis of fluorescently labelled proteins by SDS-PAGE similarly showed intense labelling of
cysteine cathepsins by probe 38 thus validating in vivo target specificity. In addition, costaining with macrophage marker CD68 confirmed that probe 38 was localised to
macrophages. Interestingly, Cy5 fluorescence was always localised to CD68 positive cells but
not all CD68 positive cells were positive for probe 38 (Fig. 21B), suggesting that tumourassociated macrophages are in different activation states. In conclusion, probe 38 effectively
demarcated the cancer regions in a mouse model by localising in macrophages present at the
invasive edge of the tumours. Since the publication of the optimised probe in 2013 cysteine
cathepsin activity has been imaged in several disease states177–179 and qABPs now represent
an important class of chemical tools for investigating tumour pathophysiology, identifying
disease-specific biomarkers and monitoring the efficacy of small-molecule inhibitors.

1.5 Perspectives & Conclusion
In recent years some progress has been made towards determining the pathophysiological
roles of individual KLKs in specific tissues and selected disease settings. It is now clear that
KLKs are tightly regulated including through secretion, glycosylation, proteolysis by other
KLKs (auto-/cross-activation, or deactivation), metal ion concentrations, pH and direct
inhibition by endogenous proteinaceous inhibitors. The consequence of this is the decoupling
of KLK activity from abundance. KLKs have been studied extensively in biochemical
isolation, but there exist no methods for specific assessment of KLK activity in cells or in vivo,
presenting a challenge to realise the potential of KLK inhibitors for therapeutic intervention.
Before the enzymatic activity of an individual KLK can be directly implicated with a particular
pathophysiological function three important questions need to be addressed.
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1) What percentage of the KLK molecules are proteolytically active in the employed
biological model?
2) How does the activity percentage compare to that found in patient tissue samples?
3) Is the observed biological response a consequence of the KLK working in isolation or
is it driven by cross-activation of other KLKs?
The context of the first two questions highlight a serious unmet need in the area of KLK
research. That is the lack of a method capable of quantifying the proteolytic activity of an
individual KLK directly in a complex biological sample. As highlighted in section 1.4, one way
of addressing this shortcoming is to develop a set of KLK-specific activity-based probes.
Ideally these probes should be based upon a common scaffold, which can be readily modified
to tune selectivity towards a particular KLK and to enable use of multimodal handles for
isolation, identification, imaging and quantification of protease activity. Peptidyl-diphenyl
phosphonates represent a useful scaffold for this purpose as they are exquisitely selective for
serine proteases and can be easily modified to incorporate an optimal substrate for a particular
protease. The vast majority of KLKs have been screened using the PS-SCL approach and
thus specificity preferences are known24,31. However, if certain KLKs are found to have
overlapping substrate specificities then a more advanced screening approach such as
HyCoSuL could be employed. A readily available toolbox of ABPs would facilitate the routine
measurement of KLK activity levels in any biological sample of interest and enable comparison
of active KLK concentrations in experimental models and patient samples. This will be
particularly useful when assessing the relevance of an observed biological change in response
to a KLK-mediated perturbation.
With regards to the context of the third question, it is clear that we require a much greater
understanding of the complex interactions that govern KLK activity in vivo. KLKs do not work
in isolation, but rather as individual components of a complicated network of proteases,
substrates and endogenous inhibitors. In this highly complex context, delineating the
overlapping, synergistic and opposing activities of an individual KLK remains a significant
challenge. Despite this there have been some recent successes with KLK-knockout and
transgenic mice, which have revealed key associations between individual KLKs and the
pathophysiology of several diseases180–182. In addition, the emergence of MS-based
degradomics techniques has helped researchers to identify a range of novel KLK substrates
and thus paved the way for a deeper understanding of the roles of KLK proteolysis in various
pathologies183,184. In the future it is also foreseeable that ABPs could aid in this delineation
process. For example, by systematically inhibiting each individual KLK in vivo (i.e. in a tumour
xenograft model) and then assessing subsequent changes in the activities of all relevant KLKs
ex vivo (i.e. in the same excised xenograft) it will be possible to begin to dissect any proteolytic
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cascade. Importantly, this experimental setup would also reveal the dynamics of diseasespecific KLK activomes in a relevant cellular context, and potentially highlight molecular
mechanisms driving disease progression and drug resistance. This would allow researchers
to formulate hypotheses based on sets of KLKs that when inhibited together may give rise to
synergistic or combination effects in appropriate disease models.
Given the potential benefits of targeting specific KLKs in different disease states it is important
that the research community start to think about the actions needed to develop a KLK inhibitor
that is suitable for use in a pre-clinical and clinical setting. The first issue to address is the
difficulty of designing an inhibitor with exquisite specificity for an individual KLK. This is a
problem that is common to all multi-membered enzymatic families, in particular proteases. The
active sites of KLKs are well conserved and as a consequence most of the small-molecule
and/or peptidic inhibitors reported to date exhibit either low or medium selectivity against their
target (see section 1.3). Future inhibitor development should benefit from the recent resolution
of the crystal structures of several KLKs (see section 1.1.1). Despite their general
conformational homology it is now clear that individual KLKs have key differences in the S1,
S2, S3, S4 and S1′ subsites. Given the emergence of HyCoSuL and the improved availability
of unnatural amino acids, it is likely that these differences can be maximally exploited in order
to develop selective inhibitors. Similarly, with the advent of novel and highly efficient phage
display techniques it is now possible to develop macrocyclic peptide inhibitors with exquisite
selectivity even for closely related enzymes. In particular the RaPID185 and bicyclic peptide186
platforms have both shown great promise and could easily be applied to members of the KLK
family. The second major obstacle to targeting KLKs in vivo is related to the limited
bioavailability of peptide-based inhibitors. Linear peptides composed solely of natural amino
acids tend to have low plasma stability and limited serum clearance time and are thus
considered poor drug candidates. It is possible to address this with several different strategies,
including peptide cyclisation, incorporation of unnatural amino acids and amide-bond
replacement187. Another approach, reported by Zorzi et al188, works by conjugation of
molecules to a heptapeptide albumin recognition tag. The resulting conjugate tightly binds the
long-lived serum protein albumin and significantly increases the clearance time of short-lived
inhibitors.
Overall, the functional roles of specific KLKs in different disease states are becoming
increasingly appreciated. However, the picture is not yet complete and the potential
therapeutic benefits of inhibiting KLK activity is not fully understood. To date there has been
minimal translation from laboratory-based evidence of disease-associated functions of KLKs,
to clinical therapeutics targeting these functions. The development of novel chemical tools,
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including selective inhibitors and ABPs, will help to bridge this gap and will inform the design
of therapies targeting KLK-mediated proteolysis.
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2 Research Aims & Objectives
As mentioned throughout section 1, the lack of a laboratory method that allows for routine
measurement of KLK activity directly in a complex biological sample represents a critical
unmet need in the field of KLK research. To directly address this shortcoming the work
presented in this thesis is primarily focused on the delivery and validation of a technology
platform to enable development of potent and highly selective activity-based probes and
inhibitors for any KLK. To prototype our design process we chose to develop ABPs for the
prostatic KLKs. This represents a good model system for two reasons. First of all, the
necessary biological tools needed to study these KLKs are readily accessible. For example,
all of the prostatic KLKs are commercially available as recombinant enzymes. In addition,
numerous studies have demonstrated that several different prostate cancer cell lines secrete
high quantities of KLKs into culture media189. Secondly, as demonstrated in section 1.2.3 there
is a large body of in vitro and in vivo evidence that supports the role of KLKs in prostate cancer
progression. More specifically, KLKs have putative roles in advanced prostate cancer with
bone metastasis, which is a malignancy with particularly poor survival rates and limited
diagnostic options. As a consequence, validation of active KLK molecules as diagnostic
indicators and therapeutic targets in this disease setting, aided through the development of
selective chemical tools, has the potential to significantly impact cancer burden and
consequently extend and improve quality of life.
Initially, our research was focused on the development of biotinylated- and fluorescent-ABPs
for KLK2 and KLK3. However, as a result of a collaboration with Professor Judith Clements at
Queensland University of Technology, we also became interested in developing selective
chemical tools for KLK14. Furthermore, we expanded our chemical toolkit by designing a
scaffold to be used for the development of KLK-specific quenched activity-based probes. Like
the qABPs shown in section 1.4.2 these probes become fluorescent only after covalent
modification of a protease target and thus present uniquely excellent signal-to-background
applicable for imaging. Such chemical tools have the potential to be used as a fluorescent
guide for surgeons striving to obtain negative margins during prostate tumour resection and
as part of diagnosis in KLK qABP-guided pathology applications.
To this end, the aim of this thesis is to discuss the following;
1) The design, synthesis and validation of activity-based probes for KLK2, 3 and 14
(section 3 and 4).
2) The quantification of KLK activities in prostate cancer cell lines and patient samples
(section 5).
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3) The functional role(s) of KLKs in prostate cancer progression and metastasis to bone
(section 5).
4) The design, synthesis and validation of a quenched activity-based probe for imaging
of KLK activity in prostate cancer tumour biopsies (section 6).
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3 Activity-based Probes for KLK3
KLK3, also known as prostate-specific antigen or PSA, is aptly named in that it is specifically
and exclusively produced by normal and malignant prostate epithelial cells. On this basis,
KLK3 is used extensively as a biomarker to screen for PCa and to detect resistance to
treatment. However, accumulating evidence suggests that KLK3 may be more than just a
biomarker and in fact may play a role in PCa progression91,144. In this regard the exact role of
KLK3 is highly controversial and heavily debated. Some reports suggest that KLK3 has an
anti-angiogenic effect, which hinders the initial rate of prostate cancer growth, relative to other
cancers, given the dependence of expanding tumours on neo-angiogenesis127. Other reports
show that KLK3 is a mitogen for osteoblast cells and thus may facilitate the formation of PCa
bone metastases134. Paradoxically, it is possible that KLK3 has different biological functions
at different stages of PCa and thus both of the aforementioned findings may be valid. The
process of further delineating the functional roles of KLK3 in PCa would be greatly facilitated
by the development of (i) an ABP for selective quantification of KLK3 activity at different
disease stages and (ii) an inhibitor for selective inhibition of KLK3 activity in appropriate
disease models. Consequently, for prototyping our chemical probe design strategy we first
chose to develop KLK3-selective ABPs and inhibitors. In contrast to KLK2 and KLK14, KLK3
exhibits chymotrypsin-like activity, preferentially cleaving after hydrophobic residues such as
leucine and tyrosine. Accordingly, by selection of an appropriate P1 amino acid residue in our
chemical tool scaffold it should be readily possible to distinguish KLK3 activity from KLK2 and
KLK14 activity. The steps taken to obtain KLK3-selective probes are described throughout this
chapter.

3.1 Design Strategy
For the development of our KLK ABPs and inhibitors we decided to use peptidyl-diphenyl
phosphonate (DPP) scaffold 39 (Fig. 22). As mentioned in section 1.4, this class of molecule
reacts specifically and exclusively with the Ser195 residue in the active site of serine proteases
and as a consequence is routinely used for developing serine protease ABPs and
inhibitors170,190–192. A useful design feature of these probes is that the preferred substrate
sequence of any protease can be grafted into the scaffold thus providing a handle for tuning
selectivity. There are two main synthetic techniques employed for the synthesis of 39. The
peptide component of the scaffold, starting from the P2 amino acid, is synthesised using solidphase peptide chemistry, whereas the P1 amino acid is directly incorporated into the structure
of the electrophilic warhead and is obtained as a racemic mixture by solution-phase chemistry.
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Consequently, a different DPP derivative is needed for each sub-category of serine protease
targeted. For example, a Lys- or Arg-DPP is required for targeting the trypsin-like KLK2 and
KLK14 proteases, whereas for inhibiting the chymotrypsin-like KLK3 protease a Tyr- or PheDPP is necessary.

Figure 22: Structure of the peptidic-diphenyl phosphonate scaffold 39 to be used for
development of KLK-selective ABPs.
As a starting point for the development of an optimal KLK3 peptide sequence to insert into our
probe scaffold, we first analysed the data reported by Debela et al193. In this study the authors
screened seven different KLKs using the PS-SCL approach and obtained profiles of sub-site
preferences. Surprisingly these profiles were in disagreement with the rest of the recorded
literature. For example, KLK3 was reported to prefer Ala and Met in the P1 position, despite
several previous studies showing a clear preference for Tyr, Phe or Leu26,194. Given this
contradiction, and the complete lack of any subsequent validation by the authors (e.g. by
synthesising ‘optimal’ fluorogenic substrates), we decided to dismiss these results. Due to the
lack of reliable PS-SCL data available, we instead analysed the MEROPS database195.
MEROPS contains information on approximately 4000 individual proteases and inhibitors
including classification, pharmaceutical relevance and substrate specificity. For the latter
MEROPS collates relevant data from the literature and combines it into a specificity matrix
that demonstrates the preferred amino acids in the S4-S4’ subsites for each protease (Table
2).
Table 2: The specificity matrix for KLK3 generated by the MEROPS database. Taken, with
permission, from Bateman et al195.
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Information inserted into the specificity matrix is usually obtained by analysing particular
cleavage sites of known endogenous substrates (i.e. cleavage of fibronectin by KLK3) or by
assessing the rates of cleavage of individual synthetic substrates. The data is assessed as
follows: the specificity matrix for KLK3 shows that out of the eighty-three sequences in the
literature that were subjected to proteolytic cleavage, thirty-two possess a Tyr in the P1
position. Given that the specificity matrix for KLK3 shows a clear preference for Tyr in P1 and
Ser in P4 we decided to incorporate these amino acids into the probe scaffold. However, given
the lack of clarity provided by the specificity matrix for the P2 and P3 positions we decided to
search the literature for individual reports of KLK3 substrate specificity. To this end we came
across a paper by LeBeau et al.196, which was focused on developing peptidyl-boronic acid
inhibitors for KLK3. In the paper a systematic and thorough evaluation of the S2 and S3 subsite preferences for KLK3 was carried out and the favoured amino acids were found to be Leu
and Gln respectively. Given the rigorous validation approach taken in this paper we decided
to insert a P2 Leu and a P3 Gln into our probe scaffold, thus resulting in compound 40 as our
first generation KLK3 ABP (Fig. 23).

Figure 23: Structure of the first generation KLK3 ABP 40, which incorporates the preferred
P1-P4 amino acids for KLK3.
At this point it is important to note that at no stage during the analysis of any of the KLK3
specificity data reported in the literature did we find evidence of subsite cooperativity effects.
As a consequence we were confident that upon insertion of the P1-P4 amino acids in the
probe scaffold, optimal interactions between individual amino acid side chains and
corresponding protease sub-pockets would not be disrupted. The level of sub-site
cooperativity tends to differ greatly between proteases and thus it is vitally important that data
obtained from substrate screening approaches is adequately validated. For example, a PSSCL screen of KLK14, which assessed the specificity preferences of each protease sub-site
separately, identified WVSR as the best tetrapeptide substrate sequence197. However, a
follow-up study using a non-combinatorial library identified YASR as a significantly more
efficient substrate. Molecular modelling of the YASR peptide in complex with the KLK14 active
site revealed significant cooperativity between the P3-Ala and the P4-Tyr, which facilitated the
formation of an extra hydrogen bond between the S4 pocket and the phenolic moiety of the
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Tyr side chain37. The consequence of sub-site cooperativity for KLK14 ABP development is
discussed in detail in section 4.

3.2 Probe Scaffold Synthesis
An optimal synthetic procedure for the synthesis of diphenyl α-amino alkylphosphonates was
first reported in 1979 by Jozef Oleksyszyn198. Since then the three-component Oleksyszyn
reaction has been used extensively to synthesise a variety of diaryl derivatives191,199,200. The
reaction entails the condensation of benzyl carbamate, an aldehyde derivative and
triphenylphosphite in the presence of acetic acid and affords N-benzyloxycarbonyl (Cbz)protected diphenyl α-amino alkylphosphonates, which can be easily isolated by crystallisation
in methanol.

Scheme 3: Synthesis of diphenyl phosphonate warhead 43 using the Oleksyszyn reaction.
(A) CbzNH2, P(OPh)3, AcOH, 90 °C; 52 % (B) 33% HBr-AcOH, RT; quantitative.
Importantly, an array of amino acid analogues can be synthesised by incorporation of different
R groups on the aldehyde. For example, the Cbz-protected derivative 42, which mimics a P1
Tyr, was obtained by using 4-Hydroxybenzaldehyde (41, Scheme 3). Formation of 42, and
indeed any other Cbz-protected derivative, can be monitored by 1H NMR, in particular by
observing the double-doublet signal in the 5.0-6.0 ppm range (Fig. 24).

Figure 24: A zoomed 1H NMR spectrum of compound 42 highlighting key peaks.
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The signal corresponds to the proton on the chiral carbon directly adjacent to the phosphorous
and contains 2JP-H of 22 Hz for heteronuclear coupling and 3JCH-NH of 10Hz for proton-proton
coupling. Also of interest is the AB quartet splitting pattern at 5.0 ppm that arises from strong
coupling of the two methylene hydrogens (labelled 17) in the Cbz group, which are
diastereotopic due to the presence of the aforementioned chiral carbon.
Treatment of 42 with 33% HBr in acetic acid afforded the required α-amino
diphenylphosphonate 43 in quantitative yields. The extended recognition sequence of probe
40 was synthesised using SPPS. Initially, Fmoc-Leu-OH was loaded onto a chlorotrityl resin
using DIPEA in dry DCM, followed by removal of the Fmoc group with 20 % piperidine in DMF.
The remaining amino acids were then coupled to the resin by HBTU-mediated amide bond
formation and the sequence was N-terminally capped with Biotin-PEG4-COOH (Scheme 4).
Treatment of the resin with HFIP in DCM facilitated cleavage of protected peptide 44, which
was then dissolved in a 1:1 mixture of CH3CN:H20 and lyophilised. Finally, crude peptide 44
was coupled to amino diphenylphosphonate 43 using HATU and 2,4,6-trimethylpyridine in
DMF, the amino acid side chains were deprotected using a TFA cleavage cocktail and the
crude sample was purified by LC-MS to afford probe 40 in moderate yield.

Scheme 4: The mixed solid-phase and solution-phase strategy used to synthesise probe 40.
(A) Chlorotrityl resin, DIPEA, DCM, RT (B) i. Fmoc-Gln-OH/Fmoc-Ser-OH/Biotin-PEG4COOH, HBTU, DIPEA, DMF, RT ii. 20 % PIP, DMF, RT (C) TFA, Triisopropylsilane (TIS),
H2O, RT (D) 43, HATU, 2,4,6-trimethylpyridine, DMF, RT; 44 %.
A caveat of using the synthetic approach outlined above is that the Oleksyszyn reaction results
in racemates of α-amino diphenyl phosphonate warheads and thus the peptides derived from
them are mixtures of diastereoisomers (Fig. 25A). Furthermore, the final coupling of the
warhead to the peptide sequence is under kinetic control and is thus unlikely to result in
equivalent mixtures of diastereoisomers. For example, it was reported that the coupling of
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MeO-Suc-Ala-Ala-Pro-OH 45 with a phenylalanine DPP derivative 46 gave peptidic-DPP 47
in a diastereomeric (DS) ratio of 1:2.5 in favour of the L,D-diastereoisomer not the required
L,L-diastereoisomer (Fig. 25B)201. During this project we were unable to gain access to a chiral
HPLC and therefore no efforts were made to purify the diastereoisomers of any probes
synthesised. This has consequences during any probe optimisation process, as altering either
the peptide sequence or warhead structure could result in a change in the DS ratio.
Importantly, for the vast majority of compounds synthesised as part of this thesis the two
diastereoisomers could be resolved (but not purified) by our analytical LC-MS platform and
thus changes in potency driven by the DS ratio, as oppose to a true increase or decrease in
affinity of the L,L-diastereoisomer for the protease target, could be identified.

Figure 25: Synthesis of peptidic-DPP compounds using the Oleksyszyn reaction results in
inequivalent mixtures of diastereoisomers. (A) HPLC chromatograms of warhead 43 and
biotinylated peptidic-DPP 40 (B) Coupling of 45 and 46 with DCC and HOBt results in the
formation of 47 in a diastereomeric ratio of 1:2.5 in favour of the L,D-diastereoisomer.
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3.3 Probe Validation
To test the utility of our newly synthesised biotinylated probe we first attempted enrichment of
active KLK3 directly from conditioned media of LNCaP cells. The LNCaP cell line is commonly
employed in PCa research and has previously been demonstrated to secrete high
concentrations of different KLKs. In this case conditioned media is defined as serum-free
media that has been incubated with cells for at least twenty four hours. The extended time
period enables high enough concentrations of secreted proteins to accumulate and the serumfree conditions prevents inactivation of proteases by high abundant serpins present in foetal
bovine serum (FBS). A typical workflow for the labelling of a secreted protease is shown in
figure 26.

Figure 26: A typical activity-based protein profiling workflow for secreted proteins. (A)
Conditioned media is aspirated and concentrated using a molecular weight cut-off spin filter.
(B) Following incubation with a fluorescent ABP labelled proteins can be visualised by in-gel
fluorescence. (C) Use of a biotinylated ABP enables NeutrAvidin enrichment of labelled
proteins and subsequent analysis by immunoblotting. (D) Alternatively, enriched proteins can
be digested with trypsin and the peptides analysed by LC-MS/MS.
First of all, conditioned media is aspirated from the plate of cells and is then concentrated to
approximately 1 mg/mL, usually with a three KDa molecular weight cut-off (MWCO) spin filter.
This step reduces the working volume from approximately 20 mL to 500 µL and as a
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consequence increases the concentration of target proteases in the sample, which facilitates
the labelling procedure and significantly reduces probe incubation times. Next, following the
incubation period excess probe is removed by using a MeOH/CHCl3 protein precipitation
procedure. If the probe contains a fluorescent tag then the proteins can simply be denatured,
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
visualised using a fluorescent imager (Fig. 26B). If the probe contains a biotin tag then probelabelled proteins can be immobilised onto NeutrAvidin beads, before elution and visualisation
by immunoblotting (Fig. 26C). Alternatively, enriched proteins can be subjected to an on-bead
trypsin digest and the resulting peptides separated by liquid chromatography and analysed by
tandem mass spectrometry (Fig. 26 D). The latter approach allows for an unbiased,
secretome-wide assessment of probe-labelled proteases and is particularly useful when using
a broad-spectrum ABP to assess global protease changes in response to a particular cellular
perturbation.

Figure 27: Enrichment of active KLK3 from LNCaP conditioned media. (A) KLK3 immunoblot
showing time-dependent enrichment of KLK3 with 40 from LNCaP conditioned media. (B)
KLK3 immunoblot showing concentration-dependent enrichment of KLK3 with 40 from LNCaP
conditioned media. (C) KLK3 immunoblot showing a decrease in KLK3 enrichment by 40 upon
pre-treatment with active-site inhibitor 48. (D) NeutrAvidin blot showing selective labelling of
KLK3 by 40 in LNCaP conditioned media; Abbreviations: B = before pull-down, P = pull-down
and S = supernatant; In experiments A-C transferrin was used as a loading control.
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Conditioned media obtained from LNCaP cells (referred to as LNCaP media from here on)
was treated with 10 µM of 40 or DMSO for 1 h. After 1 h media was collected, excess probe
was removed by precipitating proteins and probe-labelled proteins were immobilised on
NeutrAvidin resin and visualised by immunoblotting using an anti-KLK3 antibody. The results
demonstrated significant enrichment of KLK3 from LNCaP media by probe 40 (Fig. 27A-C),
which was activity-dependent as labelling intensity differed with concentration/time and was
diminished

completely

by

pre-treatment

with

an

active

site-directed

inhibitor

(fluorophosphonate 48; see appendix section 9.4 for the structure). Next, in order to assess
the selectivity of 40 we incubated LNCaP media with increasing concentrations of the probe
and visualised secretome-wide protease labelling by streptavidin blot (Fig. 27D). Remarkably
probe 40 selectively labelled KLK3 even at concentrations as high as 10 µM. To further expand
our toolkit for KLK3 we also synthesised different fluorescent analogues of probe 40. Probes
49 and 50 were obtained by use of the same mixed solid-phase and solution-phase strategy
to that outlined in scheme 7. However, the use of pentynoic acid instead of Biotin-PEG4-COOH
for N-terminal capping afforded 51 and allowed for subsequent conjugation to azidofluorescein 52 or azido-TAMRA 53 by copper-assisted click chemistry (Scheme 5).

Scheme 5: Synthesis of fluorescent activity-based probes for KLK3. Reaction conditions:
CuSO4, sodium ascorbate, DMF:H2O (4:1), overnight, RT.
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Addition of 20 µM of either probe to LNCaP media, and subsequent analysis of probe-labelled
proteins by in-gel fluorescence, revealed that both analogues also selectively labelled a
protein of approximately 33 kDa in weight (Fig. 28A). To demonstrate that this labelled protein
is KLK3, conditioned media treated with probe 49 was subjected to immunoenrichment using
one of three different antibodies: a KLK3 antibody, a HSP90 antibody or a transferrin antibody.
Subsequent analysis of enriched samples by in gel-fluorescence revealed that the 33 kDa
fluorescent band was present in the eluent from the KLK3 antibody but not that of the
transferrin or HSP90 antibody, thus confirming its identity as KLK3 (Fig. 28B).

Figure 28: Labelling of active KLK3 in LNCaP conditioned media using fluorescent ABPs. (A)
In-gel fluorescence image demonstrating selective KLK3 labelling by 49 and 50. (B) In-gel
fluorescence image demonstrating enrichment of 49-labelled KLK3 by an anti-KLK3 antibody;
Abbreviations: B = before pull-down, P = pull-down, αb1 = anti-HSP90 antibody, αb2 = antiKLK3 antibody, αb3 = anti-transferrin antibody.
To further assess the characteristics of the interaction between KLK3 and the fluorescent
probes several additional experiments were undertaken. First of all, we showed that active
KLK3 is fully inhibited by 20 µM of probe 49 after 1 hour incubation (Fig. 29A) and that these
labelling conditions can be used to assess KLK3 activity in as little as 630 ng of LNCaP media
(Fig. 29B). Finally, it has been reported that KLK3 is post-translationally modified in the Golgi
apparatus by addition of glycan moieties and therefore exists in the prostate as a glycosylated
protein57. Furthermore, a recent publication by Guo et al. demonstrated that glycosylation can
alter both the activation profiles and enzymatic activity of individual KLKs 202. To assess if
glycosylation was modulating the covalent modification of active KLK3 by our probes we first
treated LNCaP media with PNGase, which is an amidase that selectively removes N-linked
oligosaccharides from glycoproteins, for 2 h and then with 49 for a further 1 h. PNGase
treatment resulted in a 1-2 kDa shift of the fluorescently-labelled KLK3 band, thus confirming
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that KLK3 is N-glycosylated in LNCaP cells. Interestingly, probe 49 labelled glycosylated and
deglycosylated KLK3 at approximately equal intensities suggesting that presence of the
glycan has no effect on the rate of covalent modification (Fig. 29C). This is perhaps not
surprising given the fact that Asn61, which is the only site of N-glycosylation for KLK3, is
located distant to the active site. It is more likely that the glycan at this position alters proteolytic
activity of KLK3 towards an individual endogenous protein substrate by effecting the stability
and rate of protease-substrate complex formation.

Figure 29: Assessing the characteristics of KLK3 labelling in LNCaP media by 49 and 50. (A)
In-gel fluorescence image demonstrating complete labelling of KLK3 with 20 µM of 49. LNCaP
media was incubated with different concentrations of 49 for 1 h, followed by treatment with 40
µM 50 for a further 1 h. (B) In-gel fluorescence image showing labelling of active KLK3 in
different amounts of LNCaP media by 20 µM of 49. (C) In-gel fluorescence image
demonstrating labelling of KLK3 with 20 µM of 49 in LNCaP conditioned media treated with or
without PNGase.

3.4 Identification of an Optimal Specificity Element
Given that complete labelling of KLK3 in LNCaP media was achieved with concentrations in
excess of 20 µM of ABP we hypothesised that the probe scaffold could be further optimised.
To achieve this we systematically modified the amino acid side-chains in the P1-P4 positions.
The critical parameter required for measuring changes in potency of a covalent inhibitor is
kinact/KI203. The kinact/KI is a second-order rate constant describing the efficiency of covalent
bond formation and is usually obtained by progress curve analysis generated from enzymesubstrate assays. Unfortunately it became apparent that obtaining kinact/KI values for each
KLK3 probe analogue was not financially feasible due to two reasons. First of all, we found
that commercially available KLK3 had very low proteolytic activity and secondly, the KLK3
substrates reported in the literature were surprisingly inefficient with KM values often exceeding
300 µM204. As an alternative strategy we used a semi-quantitative competitive ABPP platform.
In this approach LNCaP media was first treated with 5 µM, 2.5 µM or 1.25 µM of a peptidylDPP analogue for 1 h, followed by 1 h treatment with 20 µM 49 to enable assessment of any
residual KLK3 activity. We then quantified the intensity of the KLK3 fluorescent band using
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densitometry, which allowed for an estimation of the percentage of active KLK3 molecules
inhibited by a particular DPP analogue at a particular concentration.
Initially, our focus was on optimising the P1 substituent in the peptidyl-DPP scaffold. Upon reanalysing the MEROPS specificity matrix in table 2 we noted that although KLK3 seemingly
has a clear preference for Tyr in P1 it can also tolerate Gln. Consequently, we hypothesised
that a ‘hybrid’ substituent possessing the phenyl ring of the Tyr side-chain and the
carboxamide moiety of the Gln may have greater affinity for the KLK3 S1 pocket, and thus
may increase the potency of our probe. To test our hypothesis we synthesised three different
P1 analogues (54-56) and tested their potency towards KLK3 using competitive ABPP (Fig.
30A and B). Gratifyingly, peptidyl-DPP 56, possessing the carboxamide moiety, showed
increased potency towards KLK3 in comparison to Tyr analogue 55 and Phe analogue 54.

Figure 30: Assessment of the potency of P1 DPP analogues against KLK3 using competitive
ABPP. (A) Structures of the synthesised P1 analogues, 54-56. (B) Left. Labelling of residual
KLK3 activity with probe 49 following treatment with different concentrations of 54-56. Right.
Quantification of residual KLK3 activity by densitometry measurements of the KLK3
fluorescent band (ImageQuant TL 8.1 software). The gels shown are representative of three
repeats and all data points plotted in the graph are mean values ± SEM.
Having optimised the P1 position of our probe scaffold we next attempted to improve the
interaction between the side-chain of the P2 amino acid and the S2 sub-pocket of KLK3. The
KLK3 S2 pocket is a small, defined cavity with mainly hydrophobic character and thus forms
favourable interactions with aliphatic, hydrophobic amino acids. This is exemplified by the
preference for Leu in this position144. In an effort to further optimise this position of our probe
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scaffold we synthesised five DPP analogues (57-61, Fig. 31A), each of which had a different
aliphatic P2 amino acid. Importantly, all analogues also possessed the phenyl(4-CONH2)
moiety in P1 thus allowing us to optimise our P2 position in the presence of the optimal P1
amino acid. The potency of each analogue was assessed by competitive ABPP and probe 60,
which contained a P2-Nva, was identified as the most potent analogue (Fig. 31B).

Figure 31: Assessment of the potency of P2 DPP analogues against KLK3 using competitive
ABPP. (A) Structures of the synthesised P2 analogues, 57-61. (B) Left. Labelling of residual
KLK3 activity with probe 49 following treatment with different concentrations of 57-61. Right.
Quantification of residual KLK3 activity by densitometry measurements of the KLK3
fluorescent band (ImageQuant TL 8.1 software). The gels shown are representative of three
repeats and all data points plotted in the graph are mean values ± SEM.
Having optimised the P2 position of our probe we next turned our attention to optimising the
P3 position. The S3 sub-site of KLK3 is negatively charged due to the presence of Glu208 at
the bottom of the pocket144. Consequently, we decided to screen amino acids with the potential
to hydrogen bond with Glu208, resulting in P3 analogues 62-64 (Fig. 32A). From the resulting
competitive ABPP analysis we found that 62, containing a P3-Arg, was slightly more potent
than 60 and 63, which have a P3-Gln and P3-citrulline respectively (Fig. 32B). The caveat of
having an Arg present in the specificity element is that the resulting probe is prone to
proteolysis by trypsin-like proteases prior to binding to KLK3. Consequently, despite the slight
increase in potency offered by Arg we decided to retain Gln in the P3 position. Finally, having
optimised the P1-P3 positions we next sought to evaluate the potency of inhibitors with

varied P4 substituents. The S4 pocket is a small cavity with a polar entrance due to the sidechain of Gln174144. Consequently, KLK3 has a strong preference for polar, aliphatic amino
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acids in this position. In line with this we synthesised five P4 DPP analogues 65-69 (Fig. 33A),
each of which possessed a P4 amino acid with a polar side-chain.

Figure 32: Assessment of the potency of P3 DPP analogues against KLK3 using competitive
ABPP. (A) Structures of the synthesised P2 analogues, 62-64. (B) Left. Labelling of residual
KLK3 activity with probe 49 following treatment with different concentrations of 62-64. Right.
Quantification of residual KLK3 activity by densitometry measurements of the KLK3
fluorescent band (ImageQuant TL 8.1 software). The gels shown are representative of three
repeats and all data points plotted in the graph are mean values ± SEM.

Figure 33: Assessment of the potency of P4 DPP analogues against KLK3 using competitive
ABPP. (A) Structures of the synthesised P4 analogues, 65-69. (B) Left. Labelling of residual
KLK3 activity with probe 49 following treatment with different concentrations of 65-69. Right.
Quantification of residual KLK3 activity by densitometry measurements of the KLK3
fluorescent band (ImageQuant TL 8.1 software). The gels shown are representative of three
repeats and all data points plotted in the graph are mean values ± SEM.
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From the resulting competitive ABPP analysis we found that 60 and 65, possessing a P4-Ser
and a P4-Asn respectively, were the most potent compounds (Fig. 33B).
Having completed the optimisation procedure for our KLK3 probe scaffold we next synthesised
a second generation biotinylated probe (70, Fig. 34B). Treatment of LNCaP media with
different concentrations of 70 resulted in selective labelling of KLK3 even at concentrations as
high as 10 µM. Importantly, in contrast to our first generation biotinylated probe 40, complete
labelling of KLK3 was achieved in 1 h with as little as 2.5 uM of probe 70. This result confirmed
that 70 was significantly more potent towards KLK3 than 40 and thus validated our probe
optimisation strategy.

Figure 34: Selective labelling of KLK3 with optimised probe 70. (A) Structure of biotinylated
probe 70 (B) NeutrAvidin blot showing selective labelling of KLK3 by 70 in LNCaP conditioned
media.

3.5 Conclusions and Outlook
The work presented in this chapter focused on the development of a KLK3-selective ABP to
enable quantification of KLK3 activity in prostate cancer cells and patient samples. Our design
strategy was based around insertion of optimal substrate sequences into a peptidyl-diphenyl
phosphonate probe scaffold. From analysis of the MEROPS database we identified Ser-GlnLeu-Tyr as our first generation tetrapeptide sequence and subsequently used a mixed solidphase and solution-phase synthetic procedure to obtain biotinylated ABP 40. Treatment of
LNCaP conditioned media with 40 enabled highly selective, activity-dependent enrichment of
KLK3. We further expanded our KLK3 chemical toolkit by synthesising fluorescent analogues
49 and 50. We used 49 and 50 to identify optimal conditions for complete labelling of KLK3 in
LNCaP media and also studied the activity of N-glycosylated KLK3 molecules. Finally, we
optimised the potency of our KLK3 probe scaffold by systematically altering the P1-P4 amino
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acids. In total we synthesised and characterised seventeen DPP analogues and from this
identified biotinylated ABP 70 as a highly selective and potent ABP for KLK3.
Looking forward it is necessary to accurately determine rate constants of inactivation (kinact/KI)
for our optimal ABPs. This will enable us to better characterise probe potency and more
accurately define selectivity against other chymotrypsin-like serine proteases. This is
especially important given that our ultimate aim is to use these probes to quantify KLK3 activity
in patient biopsies and animal xenograft models. These samples are more complex biological
systems that consist of numerous different cell types and thus possess a larger panel of serine
proteases.
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4 Activity-based Probes for KLK2 and KLK14
KLK2 displays around 80% amino acid sequence identity to KLK3 and is also predominantly
expressed in prostatic tissue. Numerous in vitro studies have demonstrated the ability of KLK2
to cleave important components of the prostate tumour microenvironment. For example,
proteolytically active KLK2 is able to degrade fibronectin, which could facilitate the physical
clearance of tumour cells through the ECM by breaking down the basal lamina120. More
recently, a study by Shang et al. revealed that overexpression of KLK2 in castrate-resistant
LNCaP xenografts resulted in higher cell proliferation rates and a lower cell apoptosis index118.
Interestingly, in this study KLK2 is suggested to function intracellularly and the status of its
enzymatic activity is not reported. KLK14 is a much younger member of the kallikrein family
and to date there are relatively few reports of its functional roles in PCa. Despite this, it has
shown promise as a prognostic indicator in this disease setting. For example, Rabien et al.
reported that high KLK14 expression in PCa patients is strongly associated with an elevated
risk of relapse following radical prostatectomy205. In addition, unlike KLK2 and KLK3, which
are strictly androgen responsive, KLK14 is more broadly expressed and is inversely androgen
regulated in PCa cells206. More specifically, KLK14 expression at the mRNA and protein levels
is upregulated in response to treatment with Enzalutamide (Enz) – a clinically employed AR
antagonist. As a consequence of these observations our group, in collaboration with Professor
Judith Clements at Queensland University of Technology, became interested in delineating
the role of KLK14 in the development of castrate-resistant PCa.
The proteolytic activities of KLK2 and KLK14 are yet to be quantified in PCa cells or patient
tissues, thus making it very difficult to understand whether a proteolytic event characterised in
vitro is biologically relevant in vivo. In addition, with the exception of time-consuming genetic
manipulations, there is no quick and easy method to separate biological functions driven by
proteolytic activity and those driven by other mechanisms. Consequently, there is an urgent
need to develop chemical tools to allow for routine assessment of KLK2 and KLK14 activity in
biological samples. To address this shortcoming we employed a similar strategy to that
outlined in section 3 in order to develop selective ABPs and inhibitors for both of these
proteases. In contrast to KLK3, KLK2 and KLK14 are trypsin-like proteases and both have a
strong preference for Arg in the P1 position. Therefore, to achieve the desired probe selectivity
it was necessary to explore in detail the specificity preferences of the S2-S4 subsites for each
of these proteases. The steps taken to obtain KLK2- and KLK14-selective probes are
described throughout this chapter.
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4.1 Design Strategy
An optimal tetrapeptide is yet to be reported for KLK2 in the literature and therefore as a
starting point for development of a KLK2 specificity element, we decided to use data from a
PS-SCL screen carried out by Skala et al. (Fig. 35)73. Results from this screen suggest that
the S2 pocket of KLK2 strongly favours aromatic residues, with Phe being the most preferred.
In the S3 and S4 sites substrate specificity is seemingly less pronounced. In accordance with
the solvent-exposed S3 sub-site, small, polar side-chains are accepted with an apparent
preference for Ser. Conversely, the S4 sub-site accepts hydrophobic side-chains with Trp
being strongly preferred over Pro, Met and several other residues.

Figure 35: Substrate specificity of KLK2 as determined by use of positional scanning synthetic
combinatorial libraries. The y-axis represents the substrate cleavage rate relative to the
highest rate observed for this position. The x-axis indicates the amino acid held constant at
each position; Abbreviations: n = norleucine. Figure adapted, with permission, from Skala et
al.73.
In contrast to the situation for KLK2, an array of tetrapeptide substrates have been reported
for KLK14. For example, de Veer et al. identified YASR as the most efficient KLK14 sequence
reported to date with a kcat/KM value of 3.8 x 106 M-1s-1. This optimised sequence was identified
using a two-step approach. First of all, the sub-site preferences of KLK14 were revealed using
a PS-SCL screen (Fig. 36A). Next, to identify individual cleavage sequences a noncombinatorial ‘sparse matrix’ library of 36 fluorogenic peptides was produced, which
incorporated the top ‘hits’ from the PS-SCL screen (Fig. 36B). Although this dual approach is
time consuming, it has the significant advantage of enabling the identification of any apparent
sub-site cooperativity. From this analysis the authors were able to show that the preferred
residue at P4 depended on the adjacent residue at P3. More specifically, a P3 Ala produced
a clear preference for Tyr over Trp at P4 as exemplified by the fact that YASR was cleaved
with 1.33-fold higher kcat and 2.02-fold higher kcat/Km than WASR. The opposite effect was
seen with P3 Val. In this case WVSR was cleaved with a 1.25-fold higher kcat and marginally
higher kcat/Km than YVSR. In addition, there was also evidence for P2-P4 cooperativity - for
substrates containing P4-Tyr and P3-Ala, replacing Val with Ser at P2 produced an 87%
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increase in kcat/Km. On the other hand, the same substitution had no effect for substrates
containing P4-Trp and P3-Ala37.

Figure 36: Identification of a KLK14 tetrapeptide substrate. (A) Positional scanning analysis
of KLK14 sub-sites using a P1-P4 diverse combinatorial peptide-pNA library. (B) Sparse
matrix library screen based on KLK14 binding site preferences identified from the PS-SCL
screen. The P1 residue was kept constant (Arg), while the P4-P2 residues were varied and
the sequence for each substrate (P4, P3, P2, P1) is shown on the x-axis. (C) Michaelis Menten
(Km) and rate (kcat) constants for preferred sparse matrix library substrates. Figure adapted,
with permission, from de Veer et al.37.
As stated above, KLK2 and KLK14 are both trypsin-like serine proteases with a strong
preference for Arg in the P1 position. Consequently, for the development of our KLK2 and
KLK14 ABPs it was necessary to use an Arg-DPP derivative. The synthesis of a diphenyl αamino alkylphosphonate containing an Arg side chain (compound 71) is not trivial, in particular
due to a low yielding phthalimide deprotection step that uses hydrazine190. To circumvent this
issue, a p-guanidinophenyl side chain (compound 72), easily synthesised in three steps, is
often used as an Arg mimic192,207.
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Figure 37: Structures of arginine diphenyl phosphonate derivatives commonly used to target
trypsin-like serine proteases.
In some cases the p-guanidinophenyl side-chain has been shown to have greater affinity for
the S1 pocket of various trypsin-like serine proteases when compared to the native aliphatic
side-chain. For example, a study by van Soom et al showed that 73, a Cbz-protected derivative
of 72, is a potent inhibitor of multiple KLKs, including KLK2, and is preferred over Cbzprotected derivative 74199. Having taken in to consideration all of the aforementioned
observations we synthesised 75 and 76 as our first-generation KLK2 and KLK14 ABPs,
respectively.

Figure 38: Structures of the first generation KLK2 (75) and KLK14 (76) ABPs.
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4.2 Probe Scaffold Synthesis

Scheme 6: Synthesis of 72. (A) CbzNH2, P(OPh)3, AcOH, 90 °C; 58 % (B) 1: Fe Powder,
AcOH, 70 °C 2: N,N’-Di-Boc-1H-pyrazole-1-carboxamidine, NEt3, DCM, RT; 41 % over two
steps (C) 33% HBr-AcOH, RT; quantitative.
The procedure used to obtain 72 entailed three synthetic steps. First of all, 4Nitrobenzaldehyde (77) was reacted with triphenylphosphite and benzyl carbamate to afford
Cbz-protected derivative 78. The nitro group of 78 was then reduced to an aniline with use of
iron powder and acetic acid, and the crude product was transformed to Boc-protected
guanidine 79 by reacting with N,N’-Di-Boc-1H-pyrazole-1-carboxamidine. Finally treatment of
74 with 33% HBr-Acetic acid afforded 72 (scheme 6).The remainder of the synthesis was
carried out using the exact same approach outlined in scheme 3 (section 3.2). The extended
recognition sequences of each probe were synthesised using SPPS. Crude peptides were
then coupled to diphenylphosphonate 72 using HATU and 2,4,6-trimethylpyridine in DMF, the
amino acid side chains were deprotected using a TFA cleavage cocktail and crude samples
were purified by LC-MS to afford 75 and 76.

4.3 Probe Validation
In a similar manner to our KLK3 probe validation procedure we first attempted to enrich active
KLK2 and KLK14 directly from LNCaP media by treating with 10 µM of 75 or 76 for 1 h. After
1 h, the media was collected and probe-labelled proteins were enriched using NeutrAvidin
resin and analysed by immunoblotting with an appropriate anti-KLK antibody. The resulting
blots demonstrated significant enrichment of KLK2 and KLK14 from LNCaP media by 75 and
76, respectively (Fig. 39A and B). In each case, pre-treatment of the media with
fluorophosphonate 48 completely diminished probe labelling thus demonstrating that
enrichment was activity-dependent. Next, to test the selectivity of probe 75 and 76, we
analysed KLK2 enrichment with the KLK14 probe and vice versa. No KLK2 enrichment was
detected when using probe 76 (Fig. 39A, Lane 2), thus demonstrating its selectivity for KLK14.
On the other hand, probe 75 showed significant enrichment of KLK14 and from this qualitative
experiment seemed to have little specificity for KLK2 over KLK14 (Fig. 39B, Lane 2).
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The results obtained from the probe validation experiments demonstrated the suitability of our
probe scaffold for targeting KLK2 and KLK14 in PCa cell supernatants. However, it also
highlighted the need for further optimisation of 75, which in addition to covalently modifying
KLK2, also showed significant off-target labelling of KLK14. The remainder of this chapter is
focused on the strategies used to improve the selectivity and potency profiles of our KLK2 and
KLK14 ABPs.

Figure 39: Enrichment of active KLK2 and KLK14 from LNCaP media using 75 and 76. (A)
KLK2 immunoblot showing activity-dependent enrichment of KLK2 with 75. (B) KLK14
immunoblot showing activity-dependent enrichment of KLK14 with 75 and 76. For both
experiments transferrin was used as a loading control; Abbreviations: B = before pull-down, P
= pull-down and S = supernatant.
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4.4 Probe Optimisation
For our KLK2 and KLK14 probe optimisation campaigns we decided to use the parameter
kinact/ KI for quantifying the potency and selectivity of newly synthesised DPP analogues.
The kinetics of covalent bond formation. The kinact/KI is a second-order rate constant that is
conventionally used to describe the rate of covalent bond formation between a protein and a
mechanism-based inhibitor. Peptidyl-DPP compounds are mechanism-based inhibitors that
covalently modify serine proteases in two steps (Fig. 40A). First, the peptidyl-DPP compound
(I) binds to the target protease (P), and a reversible protein inhibitor complex (P•I) is formed.
The potency of this first step is defined by the binding constant K I, which describes the
concentration of inhibitor required for half of the maximum potential rate of covalent bond
formation. In the second step, the nucleophile reacts with the electrophile thus forming a
covalent protein-inhibitor complex (P-I). Importantly, the rate of this second step depends on
the concentration of P•I. When all the target protease exists with the reversibly bound inhibitor
(P•I) and no free target protease remains (P), the observed rate of inactivation is the k inact. The
kinact is a first-order rate constant that describes the maximum potential rate of covalent bond
formation. Overall, the rate of covalent bond formation from free protease (P) to covalent
protein-inhibitor complex (P-I) is defined by the ratio kinact/KI. This parameter accounts for both
the potency of the first step (KI) and the maximum rate of covalent bond formation (kinact).
For proteases the kinact/KI is usually calculated by analysing progress curves obtained from
enzyme-substrate assays. For all irreversible inhibitors, enzyme inactivation requires the
chemistry of covalent bond formation, which is a slow process compared to the timescale of
substrate turnover. Consequently, the progress curves generated in the presence of
irreversible inhibitors are non-linear (Fig. 40B). In addition, at any concentration of inhibitor
that exceeds the enzyme concentration the curve will reach a plateau value, so that the steady
state velocity is zero; the amount of cleaved substrate product formed before reaching this
plateau is inversely correlated to the concentration of inhibitor. The rate at which the enzyme
is inactivated is determined by the pseudo-first order rate constant kobs, which is calculated by
fitting each progress curve to equation 1. The kobs values calculated for each inhibitor
concentration are then fit to equation 2 to determine the kinact and KI (Fig. 40C and D). An
important point to note here is that for highly efficient irreversible inhibitors a separate
determination of KI and kinact may not be possible. This is because at concentrations of inhibitor
above the KI and near the kinact the rate of enzyme modification may be too quick to be
measured accurately in the assay. In this case it is still possible to obtain a value for the ratio
of kinact/KI because at concentrations of inhibitor far below saturation, such that [I] << KI,
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equation 2 simplifies to equation 3. Consequently, at concentrations of inhibitor well below KI,
a plot of kobs as a function of [I] will be linear with a slope that is equal to kinact/KI.

Figure 40: Obtaining kinact/KI for an irreversible protease inhibitor. (A) The mechanism of
enzyme inactivation by peptidyl-DPP compounds. (B) Typical progress curves obtained in the
presence of different concentrations of an irreversible inhibitor. (C) The equations used to
obtain kinact and KI from progress curve analysis. (D) Fitting equation 2 to a curve generated
by plotting kobs as a function of inhibitor concentration enables separate calculation of k inact and
KI. Figure adapted, with permission, from Strelow203.
Assay optimisation. To enable calculation of kinact/KI values against KLK2 and KLK14 for our
peptidyl-DPP compounds, we first synthesised fluorogenic substrates for KLK2 (80) and
KLK14 (81) (for the synthesis and kcat/KM values please see section 7.1.5; for chemical
structures see section 9.2.7) Next, we identified optimal assay conditions for testing our
peptidic-DPP compounds (Fig. 41A, see section 8.2 for full details). Importantly, using these
conditions we saw no substrate depletion in the time-frame of our assay and no signal
saturation on our plate reader. Finally, using our optimised assay conditions we obtained
kinact/KI values for 75 and 76 against both KLK2 and KLK14 (exemplified in Fig. 41B and C for
compound 75 against KLK2). To prevent any issue with assay reproducibility, unless otherwise
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stated, kinact/KI values for molecules synthesised as part of this project were calculated by the
initial slope method using inhibitor concentrations below the K I. In agreement with the data
presented in section 4.3, the kinact/KI of 75 for KLK2 was determined to be 156 ± 17 M-1s-1 and
234 ± 13 M-1s-1 for KLK14. Similarly, the kinact/KI of 76 for KLK14 was calculated to be 437 ± 19
M-1s-1, while for KLK2 no inhibition was observed even at concentrations above 50 µM.

Figure 41: Obtaining a Kinact/KI value for compound 75. (A) Identification of optimal assay
conditions for KLK2 (0.625 nM KLK2, 5 µM substrate 80) and KLK14 (37.5 pM KLK14, 5 µM
substrate 81). (B) Progress curves corresponding to KLK2 inhibition with different
concentrations of 75. (C) A plot of kobs as a function of the concentration of 75 enables
calculation of kinact/KI.
Recently, a number of different diphenyl phosphonate ABPs have been identified for different
serine proteases. For example, fluorescent-DPP analogues for neutrophil elastase (kinact/KI =
2.7 x 106 M-1s-1) and cathepsin G (kinact/KI = 4.3 x 103 M-1s-1) have been reported. The kinact/KI
values reported for these compounds were several orders of magnitude higher than those
obtained for 75 and 76, thus suggesting that there was scope for further optimisation of probe
potency. Given that the Arg-DPP moiety used in our probe scaffold has previously been shown
to potently inhibit KLK2 and KLK14 we hypothesised that the relatively low kinact/KI values were
a consequence of sub-optimal interactions between the P2-P4 residues and the
corresponding protease sub-sites. In the case of the KLK14 probe specificity element, YASR,
which has previously been identified as an efficient substrate, it is possible that optimal
interactions are interrupted upon insertion in to the probe scaffold. For example, given that
KLK14 substrate specificity has been shown to be highly dependent on subsite cooperativity,
it may be the case that YAS is an optimal sequence when adjacent to the native Arg sidechain but interactions with protease sub-sites are lost when it is used in conjunction with the
p-guanidinophenyl side-chain that is incorporated into our DPP warhead. The remainder of
this chapter is dedicated to highlighting the various techniques used to optimise the P2-P4
positions of our probe scaffold in order to generate potent and selective ABPs for KLK2 and
KLK14.
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4.4.1 KLK2: Sparse Matrix Library
Our initial strategy for optimisation of the KLK2 probe scaffold was based around the design
and synthesis of a sparse matrix library. In contrast to the approach outlined in section 4.1,
which incorporated preferred amino acids identified from a prior PS-SCL screen into
fluorogenic substrate scaffold 82, we instead decided to use peptidic-DPP 83 as our scaffold
(Fig. 42A). We chose 83 because it would enable us to optimise the interactions of the P2-P4
amino acids with the corresponding KLK2 sub-sites in the presence of the p-guanidinophenyl
P1 side-chain and thus prevent a situation arising whereby we identify a tetrapeptide that is
optimal as a substrate sequence but sub-optimal as a probe specificity element.
From analysing the specificity data reported by Skala et al (Fig. 35) we decided to keep the
P2 residue constant (Phe), while varying the P3 (Ser, Glu and Ala) and P4 (Trp, Val, Met, Pro)
positions. Consequently, in order to test all possible combinations of the preferred P3 and P4
amino acids, we synthesised twelve different peptidic-DPP compounds (84-95) and obtained
Kinact/KI values for each analogue against KLK2. In contrast to the PS-SCL data, across all
peptidic-DPP analogues tested sequences containing Val at P4 were the most efficient
inhibitors, while those with a P4 Trp were the least efficient (Fig. 42B). In the P3 position Ser
and Ala seemed to be equally preferred, except when the P4 position was occupied by Val,
which resulted in a strong preference for Ser. Interestingly, analogues with a P3 Glu residue
were ineffective KLK2 inhibitors. Again this is in disagreement with the PS-SCL data, which
identified Glu as the preferred P3 amino acid (along with Ser). Overall the most potent DPP
analogue was 92, possessing the tetrapeptide sequence VSFR, with a Kinact/KI value of 734
M-1s-1. This Kinact/KI value is approximately 5-fold higher than that obtained for analogue 95,
which has the same tetrapeptide sequence (WSFR) as our first generation biotinylated KLK2
probe 75. Next, in order to gain an understanding of probe selectivity we obtained K inact/KI
values for our four most potent DPP analogues against KLK14 (Fig. 42C). Disappointingly,
none of the four probes tested had any selectivity for KLK2 and, in fact, compounds with a P3
Ala preferentially inhibited KLK14.

73

Figure 42: Design of a focused peptidic-DPP library using a sparse matrix approach. (A) The
structure of substrate scaffold 82 used by de Veer et al. and DPP scaffold 83 employed by us
for the sparse matrix approach. (B) Assessment of the Kinact/KI values against KLK2 for all
twelve synthesised DPP analogues. (C) Assessment of the selectivity of the four most potent
KLK2 DPP inhibitors against KLK14; Each data point is a mean value ± SEM (N=3).
Overall, two important points of discussion came from analysing data obtained from our sparse
matrix library. First of all, it is vitally important that any PS-SCL specificity data is adequately
validated by synthesising individual substrate sequences that incorporate hit amino acids. Our
data brings into disrepute the validity of the PS-SCL screen carried out by Skala et al. and in
several cases (i.e. with P3-Glu and P4-Trp) completely contradicts its findings. Given this
contradiction it is necessary that KLK2 specificity preferences are re-screened using a newly
synthesised peptide library. Secondly, it is clear that a tetrapeptide specificity element made
up of natural amino acids is unlikely to lead to a peptidic-DPP analogue that inhibits KLK2 with
good potency, while still retaining selectivity over KLK14.

4.4.2 KLK14: YASR Analogues
Our strategy for improving the potency of KLK14 probe 76 was based on an approach similar
to the one used in section 3.4. More specifically the P2-P4 residues of a reference scaffold
were systematically altered and potency changes were measured by obtaining kinact/KI values.
In this case we chose 96 (Fig. 43A) as our reference scaffold and synthesised eight different
analogues, each of which had a modified P2, P3 or P4 amino acid residue (97-104). The data
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obtained showed that replacement of Ser in the P2 position with either homoserine (97) or
Asn (98) resulted in a decrease in potency (Fig. 43B). In the P3 position, substituting Ala for
homoalanine (99) resulted in a modest increase in potency. In the P4 position substitution of
Tyr with 4-bromo-phenylalanine (100), benzyl-tyrosine (101) or 4-methyl-tyrosine (102) all
resulted in a decrease in potency compared to 96. However, a P4 2-napthyl-alanine (103) or
benzothiazol-2-yl-alanine (104) resulted in a 2-fold increase in kinact/KI. Overall, the iterative
modification of 96 resulted in the identification of 103 as our new lead KLK14 ABP. This probe
was 2-fold more potent than 96 and had approximately 13-fold selectivity over KLK2 (kinact/KI
= 73 M-1s-1).

Figure 43: Synthesis of a focused library of YASR-DPP analogues. (A) The structures of the
YASR reference scaffold 96 and the different P2, P3 and P4 amino acids used in analogues
97-104. (B) Kinact/KI values for 96-104 against KLK14. Each data point is a mean value ± SEM
(N=3).
The results obtained in section 4.4.1 and 4.4.2 raised two important considerations. First of
all, despite the improvement in potency for both our KLK2 and KLK14 probes the kinact/KI
values were still relatively low in comparison to other diphenyl phosphonate ABPs published
in the literature. For example, a recently published biotinylated diphenyl phosphonate ABP for
the NS2B-NS3 Zika virus protease has a reported kinact/KI of 2.9 x 106 M-1s-1, which is
approximately 3000 times higher than the kinact/KI obtained for our best KLK14 ABP208.
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Consequently, at this stage of the project we made the decision to search for completely new
tetrapeptide sequences with the hope of obtaining better probe potency and selectivity.
Secondly, we noticed that the use of unnatural amino acids in our KLK14 probe scaffold
resulted in an increase in probe potency. As a result we next decided to synthesise a Hybrid
Combinatorial Substrate Library (HyCoSuL) to enable a thorough characterisation of the
specificity preferences of KLK2 and KLK14.

4.5 Hybrid Combinatorial Substrate Library Screen
As discussed in section 1.4.2.2, the HyCoSuL approach directly builds on the classic PS-SCL
methodology by including a selection of structurally diverse unnatural amino acids in the P2P4 positions of the fluorogenic substrate scaffold152. This dramatically increases the amount
of chemical space explored and enables a detailed exploration of the specificity of the protease
active site. For example, the traditional PS-SCL approach can create 19 x 19 x 19 (19 natural
amino acids, 7,000 sequences) individual peptide sequences that can be selected for further
analysis, whereas the HyCoSuL approach can produce 105 x 105 x 105 (19 natural amino
acids + 86 unnatural amino acids, 1.15 million sequences) unique structures. In total the
technological platform consists of three sub-libraries: the P2-, P3- and P4 sub-library (Fig. 44),
which allows for each protease sub-site to be screened separately. For our HyCoSuL library
we chose to incorporate Arg in the P1 position as it is the favoured amino acid residue for both
KLK2 and KLK14. In total we purchased 86 Fmoc-protected unnatural amino acids meaning
that each one of our sub-libraries consisted of 105 peptides (19 natural amino acids and 86
unnatural amino acids).

Figure 44: The structures of the scaffold used in each HyCoSuL sub-library. Abbreviations;
Aa = an individual natural or unnatural amino acid, Mix = An isokinetic mixture of 19 natural
amino acids, excluding cysteine.

4.5.1 Library Synthesis
The synthesis of a HyCoSuL library is divided into two main parts (i) Synthesis of an FmocArg(Pbf)-ACC-Rink Resin 112. (ii) Solid-phase synthesis of the three HyCoSuL sub-libraries.
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Synthesis of 112. Starting from commercially available 3-aminophenol (105), treatment with
ethyl chloroformate provided carbamate 106. Next, 107 was formed via a Pechmann reaction
of carbamate 106 with 1,3-acetonedicarboxylicacid in 70% H2SO4. Hydrolysis of 107 using 10
M NaOH with heating to reflux, afforded free aniline 108, which was protected with Fmoc-Cl
by use of the Meienhofer procedure to provide Fmoc-protected coumarin 109. ACC-resin 110
was prepared by coupling of 109 to Rink amide AM resin using standard DICI and HOBt
coupling conditions. The Fmoc group of 110 was then deprotected by treatment with 20%
piperidine (PIP) in DMF to afford free aniline 111. Finally, due to the poor nucleophilicity of the
aniline in 111 it was necessary to use specialised coupling conditions for loading of FmocArg(Pbf)-OH. A previous study by Maly et al. found that 2 x 24 h couplings with HATU and
2,4,6-trimethylpyridine afforded 112 in the best yields with minimal racemization209. The
substitution percentage in our hands, as determined by Fmoc analysis, was determined to be
48 %. Given that the peptides generated for each sub-library are used as crude final products
it is essential that any remaining free aniline is capped. This prevents the formation of complex
mixtures of shorter peptides that could complicate analysis of the specificity screening results.
Consequently, we quantitatively capped unreacted anilines by treatment of the resin with
AcOH, 3-nitro-1,2,4-triazole, and DICI in DMF for 24 h. Using this synthetic approach we were
able to generate 36 g of 112, thus allowing us to synthesise all three HyCoSuL sub-libraries
(Scheme 7A-G).
Synthesis of a P2 HyCoSuL sub-library. Given that the individual peptides generated here
are used as crude products, the key element for this procedure is obtaining quantitative
coupling of the fixed amino acids and the isokinetic mixture (see section 8.1.4.3 for the
composition of the isokinetic mixture) to the solid support. Our P2 sub-library consists of 105
members and thus to enable synthesis of the entire library we weighed out 80 mg of 112 into
105 separate peptide syringes. The fixed P2 amino acid was coupled by dissolving 2.5 eq. of
amino acid, HOBt and DICI in DMF and incubating with the resin for 1 h. This procedure
resulted in complete couplings for all 105 amino acids. To ensure complete Fmoc deprotection
of the peptide N-terminus after each coupling, we treated each portion of resin with 20 %
PIP/DMF for 5 min, 5 min and 25 min. Next, the isokinetic mixture was coupled in the P3 and
P4 positions by dissolving 5 eq. isokinetic mixture, HOBt and DICI in DMF and incubating with
the resin for 3 h. This again resulted in complete couplings for all 105 peptides. The N-terminus
of each peptide was then acetylated with 5 eq. AcOH, HBTU and DIPEA in DMF. Finally,
treatment of resin portions with the TFA cleavage cocktail for 2 h, followed by precipitation in
diethyl ether, resulted in 105 crude substrate samples. Each substrate was dissolved in DMSO
to a final concentration of 10 mM and used for assay screening without further purification.
The exact same procedure was also used to synthesise the P3 and P4 sub-libraries.
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Scheme 7: Synthesis of a HyCoSul library. (A) Ethyl chloroformate, EtOAc, reflux; 99 % (B)
1,3-acetonedicarboxylicacid, 70% H2SO4, RT; 56 % (C) 10 M NaOH, reflux; 66 % (D) (i)
TMSCl, DIPEA, DCM, reflux (ii) Fmoc-Cl, RT; 82 % (E) Rink amide AM resin, HOBt, DICI,
DMF, RT; quantitative (F) 20 % PIP/DMF, RT; quantitative (G) (i) Fmoc-Arg(Pbf)-OH, HATU,
2,4,6-trimethylpyridine, DMF, RT (ii) AcOH, 3-nitro-1,2,4-triazole, DICI, DMF, RT; 48 % (H) P2
amino acid coupling and isokinetic mixture coupling: DICI, HOBt, RT; Acetylation: Acetic acid,
HBTU, DIPEA, RT.

4.5.2 Library Screening
With the synthesised HyCoSuL library in hand, we next sought to identify optimal assay
conditions for screening the specificity preferences of KLK2 and KLK14. In this assay format
the efficiency of each library member for a particular protease is assessed by evaluating the
initial rate of hydrolysis. The higher the initial rate, the more preferred the defined amino acid
is for the particular protease sub-site being screened. Consequently, a critical factor for library
screening is to identify and use only the linear part of the progress curve for determination of
reaction rates. With this in mind we initially screened only the natural amino acids from our P2
library and observed no substrate depletion over the first ten minutes of the assay when 50
µM of HyCoSuL peptide was used in combination with 1 nM KLK14 or 5 nM KLK2 (Fig. 45 A
and B).
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Figure 45: Sub-site specificity profiles for KLK2 and KLK14. (A and B) Progress curves
generated from screening the P2 natural amino acid library against (A) KLK2 and (B) KLK14.
The progress curves of preferred substrates are coloured and the black arrow highlights where
the linear segment of the progress curve ends. (C and D) Corresponding bar graphs of the
initial rates plotted as percentages relative to the substrate with the highest rate for (C) KLK2
and (D) KLK14. Each data point is a mean value ± SEM (N=3); Abbreviations: RFU = Relative
fluorescence unit, vrel = relative initial rate.
From this preliminary screen we were able to obtain initial rates of hydrolysis for all nineteen
substrates in our P2 natural amino acid sub-library for both KLK2 and KLK14. Next, we
generated substrate specificity profiles for KLK2 and KLK14 by plotting each rate as a
percentage (relative to the substrate with the highest rate of hydrolysis) in a bar graph (Fig.
45 C and D). The data obtained demonstrated a preference for aromatic amino acids in the
S2 pocket of KLK2 with Phe being the most preferred, while for KLK14 Ala and Asn gave the
highest rates of hydrolysis. Encouragingly, each specificity profile generated was in complete
agreement with previous literature reports and thus gave us confidence that our library could
be used to generate valid data for KLK2 and KLK1437,73. Using our optimal assay conditions
we screened all 315 HyCoSuL substrates against both proteases.
Given that the aim of the screen was to identify amino acids that were well tolerated by one
KLK but not the other, we found it useful to generate a series of scatter plots, which
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incorporated KLK14 data on the y-axis and KLK2 data on the x-axis (Fig. 46A and B). In this
format amino acids strongly preferred by KLK14 but less accepted by KLK2 cluster in the top
left quadrant of the graph, while amino acids strongly preferred by KLK2 but less accepted by
KLK14 cluster in the bottom right quadrant of the graph. An important point to highlight here
is that our optimal assay conditions for KLK2 and KLK14 are very different in terms of the
buffer composition and amount of protease used. Consequently, although it is possible to
quantify how well one substrate is processed compared to another substrate for each
protease, it is not correct to directly compare the rate of hydrolysis of the same substrate
between proteases. For example, in the P2 position Leu is cleaved at 50 % of the rate of Phe
by KLK2 (Fig. 45 C), whereas it is cleaved at 25 % of the rate of Ala by KLK14 (Fig. 45D).
However, the absolute value for the rate of hydrolysis of Leu by KLK14 was 12620 relative
fluorescence units per second (RFUs-1) whereas for KLK2 this value was 4793 RFUs-1.
Despite this caveat we found that analysing the data in the scatter plot format was useful for
qualitatively highlighting amino acids that were preferred by one KLK and not the other. When
screening our library against a particular KLK2 or KLK14 sub-site we took the following
approach. First, all the natural amino acids from the appropriate sub-library were screened
against the sub-site. Next, the most preferred natural amino acid was identified and rescreened alongside all of the unnatural amino acids and then plotted on the appropriate axis
in the scatter graph (shown in green). This setup allowed for all unnatural amino acids to be
screened on one 96-well plate, while still enabling a direct comparison to be made between
the natural and unnatural amino acids.

4.5.2.1 P2 Sub-Library
In line with our initial findings, the S2 sub-site of KLK2 displayed a noticeable preference for
unnatural analogues of Tyr and Phe (Fig. 46). For example, pyridyl analogue (Aa77) and pamino-phenylalanine (Aa57) were well tolerated, as were halogenated Phe analogues Aa67
and Aa68. Four of the eighty-six unnatural amino acid analogues screened had a higher rate
of hydrolysis than Phe. Surprisingly, the most preferred amino acid was cyclohexyl-alanine
derivative, Aa94. This finding, along with the fact that Nle and Leu are also well tolerated,
suggests that the KLK2 S2 sub-site can form optimal hydrophobic interactions with substrates
that lack aromatic residues. For a full list of structures of all the unnatural amino acids used in
this screen see section 9.4.
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Figure 46: A scatter plot highlighting the specificity preferences of the S2 pocket for KLK2 and
KLK14. (A and B) A plot of initial rates of hydrolysis of the (A) natural amino acids and (B)
unnatural amino acids for KLK14 (y-axis) and KLK2 (x-axis). Amino acids that are tolerated by
only one KLK are shown in a red box. The preferred natural amino acid for each KLK is shown
on the appropriate axis in green. Each data point is a mean value (N=3). (C and D) Structures
of amino acids preferred by (C) KLK2 and (D) KLK14. Selective amino acids are shown in
blue.
For KLK14 we identified two very different structural groups of amino acids that were accepted
in the S2 pocket. In line with literature reports, the first set included small aliphatic residues
such as Ala and homoalanine (Aa81). In contrast, the second set entailed a group of bulky,
aromatic residues such as 3,4-fluoro-phenylalanine (Aa68), benzyl-homoserine (Aa85) and
benzyl-histidine (Aa55). The latter of which was the most preferred substrate and was
hydrolysed at a 25 % greater rate than any other P2 amino acid. Given that the S2 pocket of
KLK14 is predicted to be relatively small it is not straightforward, without crystallography, to
predict the binding mode of the aforementioned aromatic residues. A search of the literature
revealed that dual sub-site specificity is also prevalent in other proteases. For example, the
P4 sub-site of neutrophil elastase is shallow and accepts small aliphatic residues such as Ala.
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However, a HyCoSuL screen carried out by Kasperkiewicz et al., resulted in the identification
of 6-benzyloxy-L-norleucine as the optimal unnatural amino acid163. Subsequent analysis of
the binding mode by crystallography revealed that this bulky, aromatic residue extends into
an exo-pocket that is present beyond the S4 sub-site210.
Most importantly for our ABP optimisation campaign, KLK2 and KLK14 have a differential
requirement for occupancy of the S2 pocket. With the exception of the halogenated Phe
analogues, the preferred amino acid residues for KLK14 were poorly tolerated by KLK2. In
particular, the fact that the aromatic benzyl-homoserine and benzyl-histidine residues are not
recognised by the KLK2 S2 pocket is interesting as it suggests that this pocket has a strict
preference for medium sized aromatic residues. From our data it is clear that the requirements
for binding to the KLK14 S2 pocket are less stringent than the KLK2 S2 pocket. Therefore, it
is perhaps not surprising that several of the preferred KLK2 residues are also well tolerated
by KLK14. For example, Phe and cyclohexyl-alanine (Aa94) are the preferred natural and
unnatural amino acid residues for KLK2, respectively, yet they are also efficiently processed
by KLK14. Fortunately, our data suggests that the KLK14 S2 pocket disfavours aromatic
residues with polar functional groups and thus pyridyl-alanine (Aa77), p-amino-phenylalanine
(Aa57) and Tyr, all of which are processed at approximately the same rate as Phe, may infer
KLK2 selectivity if incorporated into our probe scaffold.

4.5.2.3 P3 Sub-Library
In contrast to the differential occupancy requirements of KLK2 and KLK14 in the S2 pocket,
the specificity of each S3 pocket was remarkably similar. In fact, a plot of the initial rates
obtained from screening the P3 sub-library against each protease demonstrated an almost
perfect linear correlation (Fig. 47 A and B). Both proteases accept basic amino acids in the
S3 sub-site with the only difference being the preference for longer or shorter length aliphatic
chains. For example, in the KLK14 S3 pocket Lys is strongly preferred over ornithine (Aa48),
which is preferred over diaminobutyric acid (Dab, Aa44). On the other hand, the KLK2 S3
pocket has a strong preference for Dab, followed by an almost equal acceptance of
diaminopropionic acid (Dap, Aa43) and Lys. Despite this similarity we did identify some outlier
amino acids that were preferred by one protease and not the other. For example, Ser is the
fifth most preferred amino acid for KLK2 yet for KLK14 is hydrolysed at just 20 % of the rate
of Lys. Surprisingly, we also found that capped amino derivatives were tolerated by KLK2, and
to a lesser extent KLK14, including trifluoroacetyl-L-lysine (Aa49) and benzyl-Dab (Aa45) thus
suggesting that a primary amine is not essential for forming favourable interactions in the S3
sub-site. However, taking the similarity of the specificity profiles into consideration, we
hypothesised that it is unlikely that the P3 residue in our probe scaffold would be a key
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determinant of selectivity. It is also worth noting that in our screen Glu was not tolerated at all
by KLK2 in the P3 position. This agrees with our findings in section 4.4.1 and further invalidates
a previous PS-SCL screen carried out by Skala et al, which identified Glu as the most preferred
P3 residue73.

Figure 47: A scatter plot highlighting the specificity preferences of the S3 pocket for KLK2 and
KLK14. (A and B) A plot of initial rates of hydrolysis of the (A) natural amino acids and (B)
unnatural amino acids for KLK14 (y-axis) and KLK2 (x-axis). Amino acids that are tolerated by
only one KLK are shown in a red box. The initial rate of hydrolysis of Lys is shown in green.
Each data point is a mean value (N=3). (C and D) Structures of amino acids preferred by (C)
KLK2 and (D) KLK14. Selective amino acids are shown in blue.

4.5.2.4 P4 Sub-Library
Finally, the P4 sub-library screen revealed very different specificity preferences for KLK2 and
KLK14 in the S4 pocket. For KLK2 two different structural groups of amino acids were
identified. First of all, in line with the data obtained from our sparse matrix library (section
4.4.1), we identified a strong preference for small aliphatic residues such as Ala, Val and
tertiary-leucine (Aa102). However, we also found a group of aromatic amino acids with flexible
linker regions such as benzyl-serine (Aa83), benzyl-homoserine (Aa85), benzyl-cysteine
(Aa97) and homophenylalanine (Aa92). Similar to the situation described for the S2 pocket of
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KLK14, this suggests that an additional exo-site could be present in KLK2 that is beyond the
S4 pocket and can only be reached by amino acids with long linker regions such as those
described above. In terms of selectivity, the first class of amino acids containing aliphatic
residues were disfavoured by KLK14 in comparison to the second class of aromatic residues.

Figure 48: A scatter plot highlighting the specificity preferences of the S4 pocket for KLK2 and
KLK14. (A and B) A plot of initial rates of hydrolysis of the (A) natural amino acids and (B)
unnatural amino acids for KLK14 (y-axis) and KLK2 (x-axis). Amino acids that are tolerated by
only one KLK are shown in a red box. The preferred natural amino acid for each KLK is shown
on the appropriate graph axis in green. Each data point is a mean value (N=3). (C and D)
Structures of amino acids preferred by (C) KLK2 and (D) KLK14. Selective amino acids are
shown in blue.
For the S4 pocket of KLK14 we found a strong preference for aromatic residues with Tyr being
the most preferred natural amino acid and benzyl-threonine (Aa86) the most preferred
unnatural amino acid. The sub-site can accept medium sized aromatic residues such as
methyl-phenylalanine (Aa75) and methyl-tyrosine (Aa103), as well as larger residues such as
benzothiazol-2-yl alanine (Aa79) and 2-napthyl alanine (Aa97). Importantly, all of the preferred
residues for KLK14 are completely disfavoured by KLK2.
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In conclusion, the data obtained from our HyCoSuL screen highlights clear differences in
specificity for the S2 and S4 pockets of KLK2 and KLK14. Next, by inserting appropriate amino
acids into our probe scaffold, we attempted to exploit these specificity differences to develop
potent and selective ABPs for KLK2 and KLK14.

4.6 Identification of a Potent and Selective KLK14 ABP
In order to identify an optimal KLK14 ABP we first incorporated the preferred amino acid for
each sub-site, as revealed by our HyCoSuL screen, into our probe scaffold. This resulted in
probe 113 which was only moderately potent against KLK14 (kinact/KI = 523 M-1s-1, Fig. 49 A
and B). Consequently, we decided to further optimise our KLK14 probe scaffold by
incorporating other amino acids identified from our HyCoSuL screen into each position. To do
this we used the same approach carried out in section 4.4.1, whereby new DPP analogues
were synthesised by altering either the P2, P3 or P4 residue of the scaffold. Importantly, for
each new analogue we obtained kinact/KI values against KLK2 and KLK14 to enable both
potency and selectivity to be monitored during the optimisation procedure. First of all, we
synthesised three P2 analogues by swapping benzyl-histidine for either benzyl-homoserine
(114), 3,4-difluorophenylalanine (115) or homoalanine (Abu, 116). The data obtained showed
that although all three analogues had greater kinact/KI values than our probe scaffold, our Abu
analogue was significantly more potent than the two analogues with aromatic residues. Probe
116 was eleven times more potent than scaffold 113 and had 25-fold selectivity against KLK2.
Encouraged by this result we next synthesised four more analogues each of which had Abu
in the P2 position and either a varied P3 or P4 position. In each case all four analogues were
more potent than probe 116. For example, substituting Lys for Dap (117) resulted in a 2-fold
increase in kinact/KI, while substituting for Dab (118) resulted in a 3-fold increase. Similarly
replacing benzyl-threonine with either benzothiazol-2-yl alanine (119) or 2-napthyl alanine
(120) resulted in a 3.7-fold and 4.5-fold increase in kinact/KI, respectively. Importantly, the two
P4 analogues were also at least 150-fold selective over KLK2. Finally, we synthesised two
more analogues, which incorporated 2-napthyl alanine in the P4 position and either Dab (121)
or Dap (122) in the P3 position. From analysing the corresponding inhibition data we identified
121, which had a kinact/KI value of 44,474 M-1s-1 and 218-fold selectivity over KLK2, as our
optimal KLK14 ABP.
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Figure 49: Identification of an optimal KLK14 ABP guided by HyCoSuL analysis. (A)
Structures of the KLK14 probe scaffold 113 and the optimised KLK14 ABP 121. (B) kinact/KI
values against KLK2 and KLK14 for DPP analogues 113-122. Each data point is a mean value
± SEM (N=3).

4.7 Identification of a Potent and Selective KLK2 ABP
Having identified an optimal KLK14 probe we next used the same approach to obtain a potent
and selective KLK2 probe. The preferred amino acids identified from our HyCoSuL screen for
the S2- (cyclohexylalanine), S3- (Dab) and S4 (Abu) sub-sites, were incorporated into our
probe scaffold to afford 123. Probe 123 was a potent inhibitor of KLK2 (kinact/KI = 3274 M-1s-1,
Fig. 50 A and B), yet had only 6-fold selectivity against KLK14. To further optimise the
selectivity of our KLK2 probe we synthesised a further thirteen DPP analogues, each of which
had a different P2, P3 or P4 residue. First of all, cyclohexylalanine was substituted for a range
of different aromatic residues and each new analogue (124-129) was tested against KLK2 and
KLK14. Interestingly, in contradiction with our HyCoSuL data, analogues with 3chlorophenylalanine (127), 3,4-difluorophenylalanine (128) and Tyr (129) were all more potent
than our probe scaffold, which contains a P2 cyclohexylalanine. However, in agreement with
the HyCoSuL data, aromatic amino acids with additional polar functional groups had the
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greatest selectivity against KLK14. In particular, Tyr analogue 129 was the best performing
probe with a 2.4-fold higher kinact/KI value than scaffold 123 and 14-fold selectivity over KLK14.

Figure 50: Identification of an optimal KLK2 ABP guided by HyCoSuL analysis. (A) Structures
of the KLK2 probe scaffold 123 and the optimised KLK2 ABP 135. (B) kinact/KI values against
KLK2 and KLK14 for DPP analogues 122-134. Each data point is a mean value ± SEM (N=3).
Next, we attempted to further increase selectivity over KLK14 by synthesising a DPP analogue
with trifluoroacetyl-L-lysine (130) in the P3 position. In our P3 HyCoSuL screen trifluoroacetyllysine was the fourth most preferred amino acid for KLK2 and was only moderately accepted
by KLK14. We thus expected that probe 130 would have a slight decrease in potency
compared to 123 but would have greater selectivity against KLK14. Instead this P3 substitution
led to a 25-fold decrease in probe potency against KLK2 thus suggesting that trifluoroacetyllysine could be a false positive in our screen. Alternatively, it is possible that acetylated amino
groups are only tolerated in P3 when particular amino acids are present in the P2 or P4
positions. Given this finding we decided to retain Dab in the P3 position and instead focused
on synthesising P4 DPP analogues. To this end we synthesised three P4 analogues
containing either Dap (131), norvaline (132) or tertiary-leucine (133). All three analogues were
less potent than 123 but both 131 and 132 had increased selectivity against KLK14. In
particular, 133 was 1.2-fold less potent but had 11-fold selectivity against KLK14. Finally, we
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synthesised two more analogues, which incorporated Tyr in the P2 position and either Dap
(134) or tertiary-leucine (135) in the P4 position. From analysing the corresponding inhibition
data we identified 135, which had a kinact/KI value of 3076 M-1s-1 and 19-fold selectivity over
KLK14, as our optimal KLK2 ABP.
Having concluded the probe optimisation campaigns, we next challenged the selectivity of our
optimised ABPs in LNCaP media. To this end, we incubated LNCaP media with different
concentrations of 70, 121 or 135 for 1 h (Fig. 51). Gratifyingly, each probe showed exquisite
selectivity even at concentrations as high as 1 µM.

Figure 51: Selective labelling of active KLK2, KLK3 and KLK14 in LNCaP media with 135, 70
and 121, respectively.
Overall, our HyCoSuL screen resulted in two important findings that are worthy of further
discussion. First of all, the use of unnatural amino acids significantly expands the chemical
space in protease active sites and facilitates the formation of interactions between substrate
residues and protease sub-pockets, which are inaccessible when only natural amino acids are
used. By increasing the amount of chemical space accessible in the active sites of KLK2 and
KLK14 we were able to generate highly potent and selective ABPs for each protease. For
example, our optimal KLK14 ABP 121 was 100-fold more potent than our first-generation
analogue 76, while our optimal KLK2 ABP 135 was 20-fold more potent than first-generation
analogue 75. Importantly, KLK2 ABPs based on natural amino acids have no selectivity
against KLK14, while 135 has 19-fold selectivity. Secondly, the HyCoSuL screen is based on
a combinatorial approach and uses crude peptide mixtures, thus it is vitally important that the
data generated is adequately validated. The best way to do this is to synthesise analogues
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that incorporate hit amino acids identified from each individual sub-library. The importance of
validation is exemplified by our KLK14 HyCoSuL data. For KLK14 the preferred amino acid
from the P2, P3 and P4 sub-library was not incorporated into our final probe. There are two
potential reasons for this. First of all, the HyCoSuL approach is excellent at identifying general
specificity preferences for a protease sub-site but the data obtained is unlikely to be accurate
enough to quantitatively rank one strongly preferred amino acid over another strongly
preferred amino acid. Secondly, the individual sub-library screens do not take in to account
sub-site cooperativity, which has previously been shown to be an important factor for KLK14.

4.8 Conclusions and Outlook
The work presented in this chapter focused on the development of KLK2- and KLK14-selective
ABPs to enable quantification of the proteolytic activity of these proteases in prostate cancer
cells and patient samples. Our design strategy was based around insertion of optimal
substrate sequences into a peptidyl diphenyl phosphonate scaffold, which contained an Arg
mimicking p-guanidinophenyl group in P1. From analysing PS-SCL and sparse matrix library
data available in the literature we chose Trp-Ser-Phe-Arg and Tyr-Ala-Ser-Arg as our firstgeneration KLK2 and KLK14 tetrapeptide sequences, respectively and used a mixed solidphase and solution-phase synthetic procedure to obtain biotinylated ABPs 75 and 76.
Application of 75 and 76 to LNCaP media demonstrated effective enrichment of the intended
target KLK. However, analysis of kinact/KI values revealed that each probe lacked potency and
selectivity. To address this, we used several different strategies to identify optimal amino acids
in the P2-P4 positions of our probe scaffold. For KLK2 we generated a sparse matrix library
of DPP inhibitors using PS-SCL data from the literature and for KLK14 we synthesised
different DPP analogues by systematically modifying the Tyr-Ala-Ser-Arg scaffold. In both
cases this did not result in any significant increases in either potency or selectivity and thus
suggested that use of only natural amino acids in our specificity element was an ineffective
strategy for probe development. To significantly expand the chemical space explored in the
KLK2 and KLK14 active sites, we synthesised a HyCoSuL library and explored the suitability
of 86 different unnatural amino acids in the P2, P3 and P4 position of our probe scaffold.
Guided by our HyCoSuL data we synthesised a further 13 DPP analogues for KLK2 and 10
DPP analogues for KLK14. From analysing the subsequent kinact/KI values obtained for these
new analogues we identified 135 and 121 as ultra-potent and selective KLK2 and KLK14
ABPs, respectively. Application of 135 and 121, along with KLK3 ABP 70, to LNCaP media
resulted in selective labelling of each intended KLK target, thus validating our KLK toolkit for
use in subsequent biological experiments.
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Looking forward it is necessary to synthesise fluorescent analogues of 135 and 121 in order
to further expand our chemical toolkit for KLK2 and KLK14. In addition, it may be possible to
further improve the potency of our KLK2 ABP by inserting different preferred amino acid
residues identified from our HyCoSuL screen into our peptidyl-DPP scaffold. In particular, it
will be worthwhile synthesising P3 KLK2 probe analogues containing Lys, Orn and Dab and
assessing their potency and selectivity profiles. When altering the P3 position in our KLK14
probe optimisation campaign we found that a P3 Dab gave much more potent ABPs than a
P3 Lys, despite the fact that Lys was identified as the preferred amino acid in the HyCoSuL
screen. In addition, a P3 Ser may offer further selectivity for KLK2 over KLK14 as in our P3
HyCoSuL screen it was only slightly less preferred than Lys for KLK2, yet for KLK14 it was
cleaved at 25 % of the rate of Lys.
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5 Functional Roles of KLKs in Prostate Cancer
Prostate cancer is the most frequently diagnosed non-cutaneous malignancy in men, and the
second leading cause of male cancer-related mortality in the United Kingdom101. Despite a
five-year survival rate approaching 100 % for patients diagnosed with localised PCa, recurrent
and/or metastatic disease remains incurable and is responsible for most PCa-related deaths.
The main treatment strategies for advanced PCa focus on the androgen-dependency of PCa
cells and work by inhibition of the androgen receptor (AR) axis, either by blocking androgen
production with treatments such as Degarelix (136, Fig. 52A) or direct targeting of the AR with
ligand-binding domain inhibitors such as Bicalutamide (137) or Enzalutamide (138). Although
these strategies are very effective and result in a significant increase in the overall survival of
PCa patients, tumours eventually adapt to, and overcome, androgen-targeting therapies and
almost all patients will develop castrate-resistant prostate cancer and metastatic disease (Fig.
52B). Identification of the biological mechanisms involved in the progression of PCa to a
castrate-resistant state is an important current aim of PCa research and could facilitate the
development of new therapeutic strategies to help prevent recurrence and metastasis.
The KLK family of proteases have putative roles during PCa cell dissemination from the
primary tumour to a distant metastatic site, including ECM remodelling, intravasation
processes necessary to enter circulation and remodelling of the metastatic niche to establish
a microenvironment favourable for cancer cell attachment and re-growth91. Furthermore, the
KLKs are a remarkably hormone-responsive family of genes, especially KLK2 and KLK3,
which are positively regulated by the AR axis and are only expressed in androgen-responsive
prostate epithelial cells206. Several studies have also shown that KLK14 mRNA expression in
breast and ovarian cancer cell lines is stimulated by steroid hormones, including oestrogen
and progesterone211. However, in hormone-sensitive PCa cells KLK14 expression is
repressed by AR signalling thus suggesting that the KLK14 gene could be activated during
treatment with androgen-targeting therapies.
In this chapter, we used the optimal ABPs identified in section 3 and 4 to quantify KLK activity
in prostate cancer cells and tumour homogenates. In addition, by applying our chemical tools
to specialised cellular models, we also attempted to dissect the contributions of individual
KLKs to prostate cancer metastasis.
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Figure 52: Prostate cancer treatment and resistance. (A) Chemical structures of Degarelix
(136), Bicalutamide (137) and Enzalutamide (138). (B) Increasing disease burden for PCa
patients is indicated by rising PSA levels, and is treated with medical castration. Resistance
to castration therapy is indicative of castration-resistant prostate cancer, which is treated by
androgen receptor inhibitors such as Enzalutamide. Acquired or inherent resistance
mechanisms eventually lead to disease recurrence and ultimately death.

5.1 KLKs are Active in Hormone-sensitive PCa Cells
Given the lack of data describing the levels of KLK activity in routinely used PCa cell culture
models, we first decided to apply our optimal ABPs to conditioned media obtained from LNCaP
cells. We chose to use the LNCaP cell-line as our model system because it is commonly
employed in PCa research to study the role of the AR axis and we were particularly interested
in assessing changes in KLK activity in response to AR signalling perturbations. To this end,
LNCaP cells were treated with 10 nM of dihydrotestosterone (DHT, the main androgen found
in the prostate) ± 10 µM of Enzalutamide (Enz, a clinically employed AR inhibitor) for 48 h.
After 48 h, the conditioned media was supplemented with 1 µM of 70, 121 or 135 for 1 h, after
which KLK proteins were enriched on NeutrAvidin beads and then detected by immunoblotting
with the appropriate KLK antibody.
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Figure 53: KLK activity in androgen-responsive LNCaP cells. (A) KLK activity and expression
in LNCaP cells treated with 10 nM DHT ± 10 µM Enz. KLK activity was assessed by
NeutrAvidin enrichment of probe-labelled KLK molecules following treatment with 1 µM of 70,
121 or 135 for 1 h. (B and C) KLK3 activity and expression in (B) LNCaP cells treated with
different concentrations of DHT. (C) A doxycycline (Dox)-inducible AR knockout LNCaP cell
line. KLK3 activity was assessed by in-gel fluorescence following treatment with 10 µM of 49
for 1 h. KLK3 expression was assessed by western blot; Abbreviations: shAR = short hairpin
RNA sequence that targets the AR gene, shNT = short hairpin RNA sequence that is nontargeting.
From analysing the resulting data, we found that the expression and activity of KLK2 and KLK3
was significantly upregulated in response to treatment with DHT and that this increase was
nullified when cells were co-treated with Enz (Fig. 53A). In contrast, KLK14 showed the
opposite pattern to KLK2 and KLK3, with DHT treatment resulting in a decrease in expression
and activity and co-treatment with DHT and Enz resulting in restored KLK14 expression and
activity. We also carried out additional experiments in LNCaP cells using our fluorescent KLK3
ABP 49, which showed that KLK3 expression and activity was linearly correlated with DHT
concentration (Fig. 53B) and completely lost following AR knockdown (Fig. 53C). Overall, the
changes observed in KLK2, 3 and 14 expression in response to AR signalling are in agreement
with previous reports206. However, using our optimal ABPs we have also provided data, which
suggests that aberrant AR signalling in PCa cells results in the secretion of active KLK2 and
3 molecules into the extracellular fluid surrounding the prostate. In addition, we have shown
that treatment with Enz results in a decrease of active KLK2 and 3 concentrations, but
subsequently causes an increase in the local concentrations of active KLK14 molecules in the
tumour microenvironment.
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5.2 KLKs are Active in Patient-derived Xenograft Samples
Another major problem in the field of KLK research is that there is often a discrepancy between
the levels of active protease found in commonly used cellular models and patient tissue. With
this in mind we next attempted to quantify KLK2 and KLK3 activity levels in six patient-derived
xenograft (PDX) samples. Due to time restrictions we were unable to quantify KLK14 activity
levels. These samples were a kind gift from Professor Elizabeth Williams (Queensland
University of Technology) and were generated by subcutaneously implanting tumour tissue
obtained from six different patients into intact male athymic mice. These mice were monitored
for up to 18 months post implantation for initial growth and after this period tumours were
passaged in new mice212. Fresh frozen PDX samples were homogenised in 1% triton in PBS
and 200 µg of each tumour homogenate was incubated with 1 µM of 70 or 135 for 1h. KLK
proteins were then enriched on NeutrAvidin beads and detected by immunoblotting with the
appropriate KLK antibody. Although this sample set was too small to come to any statistically
significant conclusions we did make a few qualitative observations (Fig. 54A). First of all, all
six PDX samples had KLK2 expression and five out of the six PDX samples had KLK3
expression. Secondly, there is a significant decoupling of activity and abundance. For
example, LuCaP 23.12 and LuCaP 70 both have strong KLK2 expression but no KLK2 activity.
In total, probe 135 labelled active KLK2 molecules in three out of the six PDX samples and 70
labelled active KLK3 molecules in five out of the six PDX samples. Interestingly, the one PDX
that had no KLK3 expression, LuCaP 35, also showed lower levels of AR expression
(previously determined by immunohistochemistry) but did have KLK2 expression and activity.
This suggests that under certain biological conditions the expression and activity of KLK2 is
decoupled from AR signalling. This observation needs further validation but if true could imply
that KLK2 has a functional role in AR-negative PCa. The detection of KLK2 and 3 expression
and activity in these samples is an important finding as it demonstrates that these proteases
are present at different stages of PCa. For example, these PDX samples were generated from
tissue obtained from several different tumour sites including the prostate, lymph node
metastases, liver metastases and bone metastases. Interestingly, both of the PDX samples
generated from bone metastases (BM18 and LuCaP 105) had relatively high concentrations
of active KLK2 and KLK3 thus suggesting that these proteases could contribute towards the
metastasis of PCa cells to bone tissue. Given that PCa cells primarily metastasize to bone
and that bone metastasis has a detrimental effect on the survival rates for men with advanced
PCa, we next focused on the roles of KLK2, 3 and 14 in the prostate cancer/bone niche.
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Figure 54: KLK activity and expression in patient-derived xenograft samples. (A) KLK activity
was assessed by NeutrAvidin enrichment of probe-labelled KLK molecules following treatment
with 1 µM of 70 or 135 for 1 h. (B) The characteristics of the six patient-derived xenografts.
The + signs indicate the staining intensity of PDX samples by an AR antibody; Abbreviation:
IHC = immunohistochemistry, TURP = Transurethal resection of the prostate.

5.3 PCa Cells Secrete KLKs in Response to Osteoblasts
Unlike most malignancies, up to 85 % of PCa metastases occur in the bone as osteoblastic
lesions. These lesions are the major cause of PCa-related morbidity and mortality213. Bone is
composed of an acellular collagen matrix that is abundant in immobilised growth factors.
Dispersed throughout the matrix are osteoblasts and osteoclasts, which are the cells
responsible for bone maintenance. Osteoclasts degrade the collagen matrix to release growth
factors, which stimulate osteoblasts to lay down new bone. Many of the released growth
factors have been shown to stimulate the proliferation of PCa cells in vitro, through DHTindependent activation of the AR137. Given that osteoblasts can induce AR signalling via
release of different growth factors, we hypothesised that they can also induce PCa cell
secretion of active KLK molecules into the bone microenvironment. To test this hypothesis we
obtained human osteoprogenitor cells from two patients undergoing knee replacement surgery
(these were a kind gift from Dr Nathalie Bock, Queensland University of Technology) and
differentiated them in to osteoblasts by culturing in osteogenic media (1M β-glycerophosphate,
50 mg/mL ascorbate-2-phosphate and 0.1M dexamethasone) for 4 weeks. During this
differentiation process a dense collagen matrix was formed, which closely mimics the bone
microenvironment that PCa cells are subjected to in vivo (Fig. 55A). After 4 weeks, the media
was aspirated from the osteoblast cells and incubated with hormone-starved LNCaP cells for
48 h. After 48 h, the media was collected and KLK3 activity was assessed by incubating with
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10 µM of probe 49. In agreement with our hypothesis, treatment of PCa cells with osteoblast
conditioned media from either patient resulted in an androgen-independent induction of KLK3
expression, which subsequently caused an increase in the concentration of active KLK3
molecules in the conditioned media (Fig. 55B). Due to time restrictions we were unable to
assess KLK2 or KLK14 activity in this experiment. This is a planned experiment for the future.
In particular, we are interested to see if androgen-independent activation of the AR also
causes a decrease in KLK14 expression.

Figure 55: The osteoblast secretome induces PCa cell secretion of active KLK molecules. (A)
Osteoprogenitor cell differentiation by continued culturing in osteogenic media (OM) compared
to normal growth media (GM). Visualised by phase contrast imaging of osteoprogenitor cells
obtained from two different patients (#1 and #2). (B) KLK3 activity and expression in LNCaP
cells following treatment with osteoblast conditioned media for 48 h. KLK3 activity was
assessed by in-gel fluorescence following treatment with 10 µM of 49 for 1 h. KLK3 expression
was assessed by western blot.

5.4 KLK14 Facilitates Prostate Cancer Metastasis to Bone
Given that KLK14 expression is increased following treatment of PCa cells with Enzalutamide
and that PCa bone metastases are particularly resistant to Enzulatamide214, we attempted to
assess the biological consequences of KLK14 overexpression in the PCa/bone
microenvironment by using optimal ABP 121. First of all, a wild-type KLK14 coding sequence
(pre-proKLK14, uniprot accession: Q9P0G3, iKLK14) or a mutant KLK14 coding sequence
(pre-proKLK14 with S195A mutation in the catalytic site, imKLK14) was expressed in LNCaP
cells under the control of a tetracycline-responsive promoter (cell-lines were generated by Dr
Thomas Kryza, Queensland University of Technology). After 48 h of doxycycline (Dox)
treatment, a significant induction of KLK14 was observed in the imKLK14- and iKLK14-LNCaP
cells (Fig. 56A). Importantly, KLK14 was detected at a lower molecular weight in the
conditioned media from iKLK14-LNCaP cells compared to imKLK14-LNCaP cells suggesting
that in the former cell line it was active. This was confirmed by NeutrAvidin blot following
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treatment of the conditioned media obtained from each cell line with 1 µM 121. Importantly,
both cell lines were found to have an approximately 40-fold increase in KLK14 mRNA
compared to wildtype LNCaP cells (Fig. 56B, experiment carried out by Dr Thomas Kryza,
Queensland University of Technology). Interestingly, it was observed that expression of active
KLK14 altered the growth pattern of LNCaP cells, which subsequently formed a trabecular
network. This phenotype was not observed in imKLK14-LNCaP cells and was reversed by
treatment of iKLK14-LNCaP cells with 1 µM 121 (Fig. 56C).

Figure 56: Generation of a doxycycline-inducible KLK14 LNCaP cell-line. (A) Expression and
activity of KLK14 in the imKLK14- and iKLK14-LNCaP cell lines. KLK14 activity was assessed
by NeutrAvidin blot following treatment of each cell-line with 1 µM 121 for 1 h. KLK14
expression was assessed by western blot. (B) Relative mRNA expression in wild-type-,
imKLK14- and iKLK14-LNCaP cells as determined by quantitative PCR. (C) Assessment of
the morphological change of LNCaP cells induced by mutant (imKLK14) and active KLK14
(iKLK14) overexpression ± 1 µM 121. Assessed by phase-contrast imaging.
Next, a live migration assay was performed (carried out by Dr Nathalie Bock, Queensland
University of Technology) with imKLK14-LNCaP cells and iKLK14-LNCaP cells on a 3D
scaffold coated with an osteoblast-derived matrix (OBM, Fig. 57A)215. In this setting, an
increase in the concentration of active KLK14 significantly improved migration of LNCaP cells
compared to mutant KLK14 and stimulated both speed and straightness of cancer cell
displacement, leading to an overall increased track length and mean square displacement
(Fig. 57B and C). Importantly, the increase in migration was reversed by treatment with 1 µM
of 121. In addition, we qualitatively observed that following 10 days of co-culture with the OBM,
LNCaP cells expressing active KLK14 colonized the scaffold much better than LNCaP cells
with mutant KLK14, or those treated with 1 µM of 121 (Fig. 57D).
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Figure 57: Active KLK14 promotes migration of LNCaP cells along an osteoblast bone matrix.
(A) Experimental setup: i. Osteoprogenitor cells were seeded on to a calcium phosphatecoated polycaprolactone (PCL) scaffold and cultured for 4 weeks in normal growth media. ii.
After 4 weeks, growth media was swapped for osteogenic media and the cells were cultured
for a further 8 weeks. iii. After 8 weeks, LNCaP cells were seeded directly on to the live
osteoblast bone matrix (OBM) and allowed to settle for 12 h. The LNCaP-OBM co-culture was
then treated with ± 1 µM 121 and live cell imaging and cell tracking analysis was carried out
for 48 h. (B and C) Increase in (C) track length and (D) mean square displacement of iKLK14LNCaP cells in comparison to imKLK14-LNCaP cells or iKLK14-LNCaP cells treated with 1
µM 121. (D) OBM colonisation after 10 days by iKLK14-LNCaP cells, imKLK14-LNCaP cells,
or iKLK14-LNCaP cells treated with 1 µM 121. These experiments were performed and
analysed by Dr Nathalie Bock, Queensland University of Technology.

5.5 KLK14 Activates KLK2 and KLK3 in LNCaP Cells
Finally, it has been demonstrated using recombinant protein that KLK14 is able to activate
pro-KLK2 and pro-KLK35. In addition, there are several reports suggesting a role for KLK2 and
KLK3 in PCa metastasis to bone91. For example, it has been shown that KLK3 digests
components of the bone marrow endothelium, which promotes PCa cell adhesion and bone
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penetration216. Furthermore, KLK2 is able to activate latent TGFß1, which regulates osteoblast
differentiation and bone formation77. An increase in the number of osteoblast cells is likely to
result in more PCa cell androgen-independent AR activation, which subsequently increases
proliferation and establishes a paracrine signalling mechanism that favours tumour formation.
Given these observations we hypothesised that the increased migration and colonisation of
iKLK14-LNCaP cells on the OBM may not be a consequence of KLK14 proteolytic activity alone,
but could also be due to cross-activation of KLK2 and KLK3. To test this hypothesis wild-type-,

imKLK14- and iKLK14-LNCaP cells were incubated in serum-free media alone or
supplemented with 125 ng/mL Dox for 48 h. The conditioned media was then collected and
treated with 1 µM 49 for 1 h and KLK3 activity was assessed by in-gel fluorescence (Fig. 58A).
The resulting data demonstrated that in all three cell lines KLK3 expression was equal
regardless of Dox treatment. However, KLK3 activity was markedly increased in the LNCaP
cell line that expresses active KLK14 compared to wild-type cells or cells that express mutant
KLK14. To validate this finding, we also treated the iKLK14-LNCaP cell line with increasing
concentrations of Dox and assessed KLK14 and KLK3 activity using 49 and 121, respectively.
In line with our initial findings, KLK3 activity was positively correlated with KLK14 activity (Fig.
58B). In addition, we also performed a preliminary experiment using probe 135 and showed
that KLK2 activity is similarly increased in iKLK14-LNCaP cells following Dox treatment.
Importantly, KLK2 can also activate pro-KLK3 and thus it is possible that KLK14 both directly
and indirectly activates KLK3.

Figure 58: KLK14 activates pro-KLK2 and pro-KLK3 in LNCaP cells. (A) KLK3 activity and
expression in wild-type-, imKLK14- and iKLK14-LNCaP cells ± 125 ng/mL Dox. KLK3 activity
was assessed by in-gel fluorescence following treatment with 10 µM of 49 for 1 h. KLK3
expression was assessed by western blot. (B) KLK3 activity and KLK14 activity in iKLK14LNCaP cells treated with different concentrations of Dox. KLK3 activity was assessed as in A.
KLK14 activity was assessed by NeutrAvidin blot following treatment with 1 µM of 121 for 1 h.
(C) KLK2 activity and expression in iKLK14-LNCaP cells ± 125 ng/mL Dox. KLK2 activity was
assessed by NeutrAvidin blot following treatment with 1 µM of 135 for 1 h. KLK2 expression
was assessed by western blot.
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5.6 Conclusions and Outlook
The work presented in this chapter focused on the quantification of KLK activity in PCa cells
and patient samples. We first applied our optimal ABPs to LNCaP cells and demonstrated that
KLK activity levels are linearly correlated with KLK expression. Next, we quantified KLK activity
in six different patient-derived xenograft samples, where we subsequently identified a
significant decoupling of KLK activity and abundance. In particular, we found that KLK2 and
KLK3 are active in bone metastatic tumours. Given this finding, we attempted to assess the
functional roles of KLK2, 3 and 14 in the prostate cancer/bone niche. First of all, we
demonstrated that osteoblast cells are able to promote secretion of active KLK molecules from
PCa cells through androgen-independent AR activation. Next, in collaboration with Professor
Judith Clements at Queensland University of Technology, we demonstrated that
overexpression of KLK14 in PCa cells facilitates increased migration and colonisation along
an osteoblast matrix. Finally, we showed that KLK14 can cross-activate pro-KLK2 and proKLK3. It is therefore likely that the phenotypic responses seen in our PCa/osteoblast co-culture
experiments are a consequence of an increase in the activity levels of all three of these KLKs.
Overall, based on the preliminary data generated in chapter 5, we propose a novel mechanism
of resistance to Enzalutamide, mediated by the KLK activome, which subsequently facilitates
PCa metastasis to bone (Fig. 59).
Looking forward, it is important that the activities of KLK2 and KLK14 are characterised in
LNCaP cells in response to treatment with osteoblast supernatants. This will enable us to
understand which KLKs are present as active proteases in the PCa/bone microenvironment.
In addition, it is important to carry out additional cellular experiments using the PCa/osteoblast
co-culture setup in the presence of our selective KLK compounds 70, 121, 135. By
systematically inhibiting each active KLK in different cell-based assays it should be possible
to delineate their exact functional roles. To do this we intend to carry out cell attachment, cell
migration and cell proliferation assays on the PCa/osteoblast co-culture system. For the cell
attachment assay, our KLK inhibitors will be added to culture media at the time of LNCaP cell
seeding. For the cell migration and proliferation assays the inhibitors will be added once the
LNCaP cells have attached to the osteoblast matrix. Importantly, given that KLK2, 3 and 14
cross-activate each other we will also treat the co-culture system with multiple KLK inhibitors
at once and thus search for synergistic or combination effects.
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Figure 59: A double paracrine mechanism is formed between PCa cells and Osteoblasts,
which promotes resistance to Enzalutamide and facilitates PCa metastasis to bone. (A)
Treatment with Enzalutamide inhibits the AR and momentarily halts PCa cell proliferation. (B)
KLK14 expression is increased in response to Enzalutamide treatment. (C) KLK14 is activated
in the bone microenvironment and subsequently increases the migration of PCa cells along
the bone surface thus facilitating colonisation. (D) KLK14 also activates pro-KLK2 and proKLK3, which promotes PCa cell proliferation and increased bone adhesion (E) KLK2 and
KLK14 activate TGFβ-1 signalling causing osteoblast cell proliferation. (F) The increase in the
population of osteoblast cells causes secretion of additional growth factors, which
subsequently results in androgen-independent activation of the AR in PCa cells and thus reestablishes AR signalling in the PCa/bone niche.
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6 Imaging KLK Activity with Quenched ABPs
Clinically localised prostate cancer is managed primarily through surgery or radiation therapy.
For certain patients the most appropriate treatment option is removal of the entire prostate
gland and nearby lymph nodes using a procedure called radical prostatectomy (RP)217. RP is
often carried out with the aim of curing the patient and can be a highly effective treatment
method. However, a key caveat of this approach is that positive surgical margins (PSMs) are
commonly encountered in up to 40 % of patients. Several long-term studies have
demonstrated that PSMs are an independent factor of local recurrence with a two- to four-fold
increased risk218. Consequently, a critical need in PCa management is the development of
imaging technologies capable of high-resolution definition of the cancerous/healthy tissue
margin at the time of surgery.
In healthy prostate epithelial cells the proteolytic activity of KLK molecules is reversibly
regulated by high concentrations of Zn2+ ions67. However, in cancerous cells the expression
level of several zinc transporter proteins, responsible for extracting zinc from the blood, are
downregulated resulting in a dramatic decrease in the levels of Zn2+ ions219. Consequently,
there is a significant increase in the concentration of active KLK molecules in cancerous tissue
compared to neighbouring healthy tissue. Given that the expression of KLK2 and KLK3 is
restricted to the prostate, we hypothesised that it should be possible to accurately define
prostate cancer tumour margins by covalently labelling these proteases with fluorescent
ABPs. However, as discussed in section 1.4.2.3, a major limitation of ABPs is their general
fluorescence both when bound to an enzyme target and when free in solution. Therefore, to
enable selective detection of KLK activity in patient tissues, we were interested in transforming
our KLK ABPs into quenched activity-based probe (qABP) derivatives, which become
fluorescent only after reaction with a protease target, and thus present uniquely excellent
signal-to-background applicable for imaging. The steps taken to achieve this are described
throughout this chapter.

6.1 Design of a qABP Scaffold
For all of the ABPs described in this thesis so far we have used α-amino diphenyl phosphonate
electrophiles. However, for the design of qABPs it is of crucial importance that the warhead
employed only contains a single leaving group, making diaryl phosphonates unsuitable. To
address the apparent lack of a suitable warhead for development of a serine proteasetargeting qABP, Serim et al. developed a small library of mixed alkyl aryl phosphonates (Fig.
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60A)220. In these structures the ethoxy group is not labile and thus the required quenching
effect can be achieved by conjugation of an appropriate moiety to the single aryl group. Upon
reacting with an active serine protease the aryl group is liberated from the probe scaffold and
the fluorescence is switched on (Fig. 60B).

Figure 60: Design of a serine protease-targeting qABP. (A) Structures of the DPP warhead
employed throughout this project and the mixed alkyl aryl warhead described by Serim et
al.220. (B) KLK qABP concept and mechanism: zero background in situ labelling of a specific
active KLK in a complex sample.
To assess the suitability of a mixed alkyl aryl phosphonate as a warhead for labelling active
KLK molecules we first synthesised a broad-spectrum qABP (139, Fig. 61), which possessed
a p-guanidinophenyl group in the P1 position but lacked an extended specificity sequence, to
target trypsin-like KLK2 and KLK14. As a fluorophore we chose to use cyanine-5 (Cy5, 646
nm: 664 nm, excitation: emission), which is well suited for in vitro and in vivo imaging owing
to the low autofluorescence of biological specimens in the near-infrared part of the spectrum.
To effectively quench Cy5 fluorescence we used the commonly employed QSY21 quencher,
which has an absorption maxima at 661 nm but is not fluorescent.

Figure 61: Structure of broad-spectrum qABP 139 designed to label trypsin-like proteases.
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6.2 Synthesis of a qABP Scaffold
To synthesise qABP 139 we first had to obtain alkynylated mixed alkyl aryl warhead 140,
which was achieved in six synthetic steps (Scheme 8). First of all 4-nitrobenzaldehyde (77)
was reacted with diethyl phosphite and benzyl carbamate in a Mannich-type condensation,
forming phosphonate scaffold 141. Next, a non-hydrolytic mono-dealkylation procedure using
LiBr in refluxing 2-butanone resulted in 142. Tyramine 143 was then Boc protected to afford
144, which was introduced to scaffold 142 by carbodiimide-mediated esterification, resulting
in 145. For transformation of the nitro group of 145 into a Boc-protected guanidine, slightly
different conditions had to be used compared to those employed for synthesis of the diphenyl
phosphonate analogue. Namely, the nitro group was reduced to the aniline with SnCl 2, which
retained the Boc group on the tyramine, and the aniline was guanidinylated with N,N’-Di-Boc1H-pyrazole-1-carboxamidine to give 146. Catalytic hydrogenation of the Cbz group resulted
in 147, which was reacted with 4-pentynoic acid to afford the required building block 140.

Scheme 8: Synthesis of mixed phosphonate 137. (A) Cbz-NH2, diethyl phosphite, AcCl, 0 °C;
74 % (B) LiBr, 2-butanone, 70 °C; 83 % (C) Boc2O, Na2CO3, dioxane/H2O; 92 % (D) 141, DIC,
DMAP, toluene, 70 °C; 86 % (E) i. SnCl2, EtOH, 70 °C ii. N,N’-Di-Boc-1H-pyrazole-1carboxamidine, NEt3, DCM, RT; 99 % (F) Pd/C, H2, EtOH, Rt; 97 % (G) hexynoic acid, HATU,
DIPEA, DMF, RT; 66 %.
With alkyl aryl phosphonate 140 in hand, we next introduced the fluorophore and quencher
groups. First, Cy5-functionalised azido-propylamine, 148, was coupled by copper-catalysed
cycloaddition to give 149. Subsequently, the Boc group was removed from 149 by treatment
with TFA and the resulting free amine was reacted with a succinimide derivative of QSY21 to
yield final qABP 139.
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Scheme 9: Synthesis of qABP 139. (A) CuSO4, sodium ascorbate, DMF:Water (4:1),
overnight, RT (B) TFA, DCM, RT (C) QSY21-OSu, DIPEA, DMSO, RT; 28 % over three steps.

6.3 Probe Validation
After the successful synthesis of our qABP, we next aimed for a basic evaluation of its labelling
properties. To this end we incubated 5 nM of KLK2 or KLK14 with increasing concentrations
of 139 for 1 h and assessed labelling by in-gel fluorescence. Encouragingly, 139 efficiently
inhibited both KLKs but was more potent towards KLK14 with labelling saturation seen at
concentrations as low as 1.25 µM (Fig. 62A).

Figure 62: Labelling of recombinant KLK2 and KLK14 with qABPs. (A) In gel fluorescence
image of KLK2 (top) and KLK14 (bottom) activity after 1 h incubation with different
concentrations of 139. (B) In gel fluorescence image of KLK2 (top) and KLK14 (bottom) activity
after 1 h incubation with different concentrations of 153.
Although QSY21 is an effective quencher of Cy5 and is seemingly well tolerated by KLK2 and
KLK14, it isn’t synthetically tractable meaning it would be difficult to make multiple qABP
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analogues without considerable expense. In addition, we had concerns about the aqueous
solubility of our future qABPs, given that in some cases they would also contain bulky,
hydrophobic unnatural amino acids. To address this we carried out an exhaustive search of
the literature and identified anthraquinone 150 as a potential replacement (Scheme 10). This
fluorescent quencher, first reported by Jernigan et al. in 2013221, has broad-spectrum
absorbance spanning the visible and near IR spectrum and can consequently be used in
conjunction with several different fluorophores including TAMRA and Cy-5. Furthermore, it is
easily synthesised in one step from commercially available starting materials and is highly
water soluble. Given these apparent favourable properties we synthesised 150 by coupling
phenylacetic acid derivative 151 with bromaminic acid 152 via reflux in aqueous CuSO4 and
NaHCO3. Compound 150 was then coupled with Boc-deprotected 149 using HCTU coupling
conditions to afford qABP 153. Gratifyingly, qABP 153 showed a similar KLK2 and KLK14
labelling profile to qABP 139 and thus in the design of all future qABPs we used quencher 150
(Fig. 62B). Interestingly, quencher 150 has been previously employed for the development of
a qABP targeting Diacylglycerol (DAG) Lipase222. The qABP showed excellent labelling
profiles when applied to recombinant DAG lipase but was not active in living cells due to a
lack of cell permeability. This finding suggests that it is unlikely that quencher 150 will be used
when targeting intracellular enzymes due to a lack of cell permeability. However, given that
KLKs are secreted proteins, cell permeability is not needed and in fact, by incorporating 150
into our qABP design, we are likely to infer a degree of probe selectivity by only targeting
extracellular proteases.

Scheme 10: Synthesis of qABP 153. (A) CuSO4, Na2CO3, H2O (4:1), overnight, reflux; 50 %
(B) TFA, DCM, RT (C) 150, HCTU, DIPEA, DMF, RT; 43 % over two steps.
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6.4 Conclusions and Outlook
Due to time restrictions this was all the progress we made with our KLK qABP project.
However, the work carried out in this section validated the mixed alkyl aryl phosphonate
warhead as a suitable moiety for the development of a KLK qABP. We also showed that
quencher 150, which possesses optimal properties for targeting secreted enzymes, is well
tolerated by KLK2 and KLK14. Looking forward, the next step will be to incorporate the optimal
specificity elements identified in section 3 and 4 of this thesis into our scaffold to develop
selective qABPs for KLK2, 3 and 14. To enable the synthesis of qABPs with extended
specificity elements we propose the use of warheads 154 and 155 (Scheme 11A). The
coupling of an Fmoc-protected warhead derivative to an appropriate Cy5 peptide will afford
an intermediate such as 156, which can be Fmoc-deprotected, selectively coupled to 150 and
then treated with TFA to provide qABP derivatives based on 157.

Scheme 11: (A) Structures of Fmoc-mixed alkyl aryl phosphonates for targeting KLK2 and
KLK14 (154) or KLK3 (155). (B) Proposed synthesis of qABPs with extended specificity
elements. i. 20% PIP in DMF, RT; ii. 150, HCTU, DIPEA, DMF, RT; iii. TFA, TIS, H20, RT
After synthesising our qABPs, we will test their selectivity by obtaining kinact/KI values against
a range of KLKs and also by applying them to LNCaP media. Finally, through our collaboration
with Professor Judith Clements, we have access to fresh-frozen cancerous and healthy tissue
samples from ten PCa patients. Using these samples we will conduct a proof-of-principle study
to assess the potential of using our KLK-selective qABPs to demarcate tumour margins during
prostatectomy surgery.
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7 Materials and Methods
7.1 Chemical Synthesis
Unless stated otherwise - all reactions were performed using anhydrous solvents, under an
atmosphere of argon, were monitored by thin layer chromatography (TLC), and allowed to stir
at RT until completion.

7.1.1 Equipment List
Chromatography: Thin Layer Chromatography was performed on Merck pre-coated Silica
plates (Aluminum oxide 60 F254, Merck). Compounds were visualised by UV light (254 nm)
or the appropriate stain (potassium permanganate, ninhydrin or p-anisaldehyde stain). Silica
gel column chromatography was carried out using an Isolera (Biotage, UK) automated fraction
collector apparatus equipped with SNAP cartridge columns (Biotage, UK).
Analytical and Preparative LC-MS: Analysis and purification of individual substrates and
ABPs was carried out on a Waters RP-HPLC system consisting of (i) A Waters 2767 autosampler for sample injection and collection (ii) A Waters 515 HPLC pump for delivery of the
mobile phase to the source (iii) X-Bridge C18 columns with dimensions 4.6 mm x 100 mm for
analytical runs and 19 mm x 100 mm for preparative runs (iv) A Waters 3100 mass
spectrometer with positive and negative mode ESI (v) A Waters 2998 Photodiode Array with
detection between 200-600 nm. The following elution methods were used: Method A – a
gradient of H2O and CH3CN, supplemented with 0.1% formic acid: 0-10 min 5-98% CH3CN,
10-12 min 98% CH3CN, 12-13 min 98-5% CH3CN, 13-18 min 5% CH3CN. Method B – a
gradient of H2O and CH3CN, supplemented with 0.1% formic acid: 0-10 min 20-98% CH3CN,
10-12 min 98% CH3CN, 12-13 min 98 to 20% CH3CN, 13-18 min 20% CH3CN. A flow rate of
1.2 mL/min was used for analytical runs and 20 mL/min for preparative runs.
Sample Drying: Fractions obtained from preparative LC-MS purification were first
concentrated using a EZ-2 series Genevac (SP Scientific, Pennsylvania, USA) and then
combined and lyophilised using an Alpha 2-4 LD plus, Christ freeze-dryer (Osterode am Harz,
Germany).
NMR: 1H,

13C, 19F

and

31P

NMR spectra were recorded on a Bruker AV-400 (400 Hz)

instrument with TopSpin software using deuterated solvents for internal deuterium lock. Data
is presented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q =
quartet, m = multiplet, b = broad), coupling constant(s) in Hz (accurate to within 0.5 Hz) and
integration. All NMR spectroscopy was carried out at RT unless otherwise indicated.
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Mass-Spectrometry: High-resolution mass spectra were obtained by Dr Lisa Haigh, Imperial
Mass spectrometry service using a Waters Premier instrument operating in either ES+ or ESmode. M/Z values are reported in daltons (Da).

7.1.2 Chemical Reagents
All chemicals and reagents were purchased from commercial suppliers and used without
further purification. Rink Amide resin (100-200 mesh) and 2-Chlorotrityl chloride resin (100200 mesh, 1% DVB) were obtained from Merck. Natural Fmoc-amino acids were obtained
from AGTC Bioproducts Ltd. Unnatural Fmoc-amino acids were obtained from Fluorochem,
Alfa Aesar, VWR, Merck, Iris Biotech, Bachem or Sigma Aldrich. All remaining chemical
reagents were obtained from VWR, Sigma Aldrich or Merck.

7.1.3 Peptidic Diphenyl Phosphonate Synthesis
The synthesis of peptidyl DPP compounds consisted of three parts. Part 1: Solution-phase
synthesis of diphenyl α-amino alkylphosphonate derivatives. Part 2: Solid-phase synthesis of
N-terminal capped peptide specificity sequences. Part 3: Solution-phase coupling of the
diphenyl α-amino alkylphosphonate warhead and the peptide specificity sequence, followed
by TFA treatment to remove amino acid protecting groups.

7.1.3.1 Diphenyl Phosphonate Warhead223
Oleksyszyn reaction. Benzyl carbamate (4 mmol, 1 eq.) was combined with
triphenylphosphite (4 mmol, 1 eq.), the corresponding aldehyde (6 mmol, 1.5 eq.) and acetic
acid (0.2 mL per mmol of aldehyde) and heated to 90 °C for 2 h. The reaction was monitored
by TLC with completion confirmed by benzyl carbamate consumption. The reaction mixture
was concentrated in vacuo and methanol was added to allow crystallisation at -20 °C
overnight. Crystals were collected by vacuum filtration, washed with cold MeOH and Et 2O and
dried. The resulting crystalline solids were of sufficient purity for use in subsequent reactions.
All reactions in section 7.1.3.1 were carried out on the same scale.
Benzyl ((diphenoxyphosphoryl)(4-hydroxyphenyl)methyl)carbamate (42)

The target compound was isolated as a white solid in 52% yield. 1H NMR (400 MHz, DMSOd6) δ 9.58 (s, 1H), 8.80 (d, J = 10.2 Hz, 1H), 7.46 – 7.40 (m, 2H), 7.41 – 7.26 (m, 8H), 7.19
(m, 2H), 7.06 (d, J = 8.0 Hz, 2H), 6.96 (d, J = 8.1 Hz, 2H), 6.77 (dd, J = 8.1, 4.4 Hz, 2H), 5.47

109

(dd, J = 21.5, 10.0 Hz, 1H), 5.21 – 5.00 (m, 2H);

13

C NMR (101 MHz, DMSO-d6) δ 157.88,

156.47, 150.58, 150.39, 137.18, 130.29, 130.26, 129.84, 128.84, 128.42, 125.73, 125.64,
124.77, 120.82, 120.77, 119.27, 115.65, 66.70, 66.57; 31P NMR (162 MHz, DMSO-d6) δ 15.31;
HRMS (ESI, positive mode) found 490.1422 ([C27H24NO6P+H]+ requires 490.1420). The NMR
and MS spectra are in agreement with literature data223.
Benzyl ((diphenoxyphosphoryl)(phenyl)methyl)carbamate (54A)

The target compound was isolated as a white solid in 80% yield. 1H NMR (400 MHz, CDCl3)
δ 7.56 – 7.48 (m, 2H), 7.43 – 7.32 (m, 8H), 7.32 – 7.25 (m, 2H), 7.25 – 7.17 (m, 3H), 7.12 (t,
J = 7.7 Hz, 3H), 6.90 – 6.82 (m, 2H), 6.07 (dd, J = 10.2, 4.1 Hz, 1H), 5.62 (dd, J = 22.3, 10.0
Hz, 1H), 5.18 (d, J = 12.2 Hz, 1H), 5.08 (d, J = 12.2 Hz, 1H);

13C

NMR (101 MHz, CDCl3) δ

155.48, 150.04, 149.94, 135.91, 134.08, 129.77, 129.66, 129.53, 128.92, 128.70, 128.57,
128.32, 128.22, 125.44, 125.36, 120.51, 120.47, 120.36, 120.32, 115.36, 67.57, 53.62, 52.05.
31P

NMR (162 MHz, DMSO-d6) δ 14.79; HRMS (ESI, positive mode) found 474.1470

([C27H24NO5P+H]+ requires 474.1483). The NMR and MS spectra are in agreement with
literature data223.
4-((((Benzyloxy)carbonyl)amino)(diphenoxyphosphoryl)methyl)benzoic acid (56A)

The target compound was isolated as a white solid in 57% yield. 1H NMR (400 MHz, DMSOd6) δ 9.04 (d, J = 10.0 Hz, 1H), 7.97 (d, J = 8.1 Hz, 2H), 7.78 (dd, J = 8.4, 2.1 Hz, 2H), 7.42 –
7.29 (m, 9H), 7.25 – 7.13 (m, 2H), 7.09 – 7.04 (m, 2H), 7.01 (d, J = 8.0 Hz, 2H), 5.73 (dd, J =
23.1, 10.1 Hz, 1H), 5.16 (d, J = 12.5 Hz, 1H), 5.07 (d, J = 12.4 Hz, 1H);

13C

NMR (101 MHz,

DMSO-d6) δ 172.48, 167.40, 150.49, 139.72, 137.05, 131.06, 130.38, 130.31, 129.82, 129.13,
129.08, 128.84, 128.43, 125.89, 125.78, 120.80, 120.76, 120.73, 120.69, 115.67, 66.74,
52.45, 49.07;

31P

NMR (162 MHz, DMSO-d6) δ 13.99; HRMS (ESI, positive mode) found

518.1369 ([C28H24NO7P+H]+ requires 518.1328). The NMR and MS spectra are in agreement
with literature data223.
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Benzyl ((diphenoxyphosphoryl)(4-nitrophenyl)methyl)carbamate (78)

The target compound was isolated as a white solid in 58% yield. 1H NMR (400 MHz, DMSOd6) δ 9.13 (d, J = 9.9 Hz, 1H), 8.29 (d, J = 8.4 Hz, 2H), 7.96 (d, J = 8.1 Hz, 2H), 7.50 – 7.27
(m, 9H), 7.22 (dt, J = 10.3, 5.2 Hz, 2H), 7.06 (dd, J = 13.0, 8.1 Hz, 4H), 5.89 (dd, J = 23.7,
10.1 Hz, 1H), 5.17 (d, J = 12.5 Hz, 1H), 5.08 (d, J = 12.4 Hz, 1H); 13C NMR (101 MHz, DMSOd6) δ 156.51, 150.46, 150.17, 147.83, 142.58, 137.00, 130.43, 130.35, 130.23, 130.18, 128.87,
128.48, 125.99, 125.88, 124.03, 120.82, 120.70, 66.85, 53.82, 52.26, 40.64, 40.43, 40.22,
40.01, 39.80, 39.59, 39.39;

31P

NMR (162 MHz, DMSO-d6) δ 13.24; HRMS (ESI, negative

mode) 517.1171 ([C27H23N2O7P-H]- requires 517.1165). The NMR and MS spectra are in
agreement with literature data190.
Benzyl ((4-carbamoylphenyl)(diphenoxyphosphoryl)methyl)carbamate (56B)

Compound 56A (0.50 g, 0.97 mmol, 1 eq.) and di-tert-butyldicarbonate (0.63 g, 2.91 mmol, 3
eq.) were suspended in 12 mL THF/ 1mL pyridine and stirred at 50 °C for 30 min. Ammonium
carbonate (559 mg, 5.82 mmol, 6 eq.) was added to the reaction mixture and the solution was
stirred for an additional 6 h under the same conditions. The reaction was monitored by TLC
and after completion solvents were removed under rotatory evaporation and the solid residue
was suspended in MeOH. The solution was stirred with gentle heating until dissolution to
remove excess ammonia. The reaction vessel was then cooled to -20 °C and the resulting
white crystalline precipitate was filtered and dried to afford compound 56B in 56 % yield. 1H
NMR (400 MHz, DMSO- d6) δ 8.97 (d, J = 10.1 Hz, 1H), 8.00 (s, 1H), 7.89 (d, J = 8.1 Hz, 2H),
7.72 (dd, J = 8.4, 2.1 Hz, 2H), 7.45 – 7.27 (m, 10H), 7.26 – 7.16 (m, 2H), 7.09 – 7.03 (m, 2H),
7.00 (d, J = 8.0 Hz, 2H), 5.69 (dd, J = 22.8, 10.1 Hz, 1H), 5.15 (d, J = 12.5 Hz, 1H), 5.07 (d, J
= 12.4 Hz, 1H);

13C

NMR (101 MHz, DMSO-d6) δ 167.90, 156.57, 137.92, 137.07, 133.86,

132.41, 130.36, 130.30, 128.84, 128.42, 128.00, 125.87, 125.76, 120.82, 120.78, 120.73,
120.69, 118.79, 117.42, 66.71, 53.92, 50.81, 43.84, 40.62; 31P NMR (162 MHz, DMSO-d6) δ
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14.23; HRMS (ESI, positive mode) found 517.1523 ([C28H25N2O6P+H]+ requires 517.1529).
The NMR and MS spectra are in agreement with literature data223.

Benzyl((diphenoxyphosphoryl)(4-(N, N' di-Boc)guanidinophenyl)methyl)carbamate (79)

Acetic acid (4 mL mmol-1 78) was added to a mixture of 78 (5.00 g, 9.63 mmol, 1 eq.) and Fe
powder (4.84 g, 86.7 mmol, 9 eq.). The reaction mixture was heated to 70 °C for 2 h. The
acetic acid was then removed and the crude residue dissolved in EtOAc. The sample was
centrifuged for 5 min at 3000 rpm to remove the Fe2O3 by-product and the supernatant was
concentrated. N,N’-bis-Boc-1-guanylpyrazole (2.98 g, 9.63 mmol, 1eq.) and triethylamine
(2.68 mL, 19.26 mmol, 2 eq.) were added to the crude solid (4.71 g, 9.63 mmol, 1 eq.) in DCM
(50 mL). The solution was allowed to stir overnight at RT. Solvent was removed by rotatory
evaporation and the resulting residue was dissolved in EtOAc and washed with 1M HCl, sat.
NaHCO3 and Brine. The organic layer was dried over anhydrous MgSO 4, filtered and
concentrated in vacuo. The crude oil was purified by flash silica chromatography using a
gradient of 10%-100% EtOAc in hexane. After concentration of pure fractions 79 was obtained
as a white solid in 47% yield. 1H NMR (400 MHz, DMSO-d6) δ 11.41 (s, 1H), 10.03 (s, 1H),
8.90 (d, J = 10.1 Hz, 1H), 7.65 – 7.54 (m, 4H), 7.41 – 7.30 (m, 9H), 7.21 (t, J = 7.4 Hz, 2H),
7.06 (d, J = 8.1 Hz, 2H), 6.99 (d, J = 8.2 Hz, 2H), 5.60 (dd, J = 22.2, 10.1 Hz, 1H), 5.15 (d, J
= 12.5 Hz, 1H), 5.07 (d, J = 12.5 Hz, 1H), 1.52 (s, 9H), 1.41 (s, 9H);

13C

NMR (101 MHz,

DMSO-d6) δ 170.98, 163.10, 156.70, 156.49, 153.28, 152.56, 151.13, 150.31, 137.11, 131.16,
130.33, 130.26, 129.33, 128.82, 128.42, 125.78, 125.68, 123.14, 120.86, 120.75, 83.86,
82.31, 80.92, 79.35, 77.49, 66.68, 40.60, 40.39, 40.18, 39.97, 39.77, 39.56, 39.35, 28.67,
28.33, 28.20, 28.10, 24.72.

31P

NMR (162 MHz, DMSO-d6) δ 14.67; HRMS (ESI, positive

mode) found 731.1806 ([C38H43N4O9P+H]+ requires 731.1797). The NMR and MS spectra are
in agreement with literature data190.
Cbz Deprotection. Cbz-protected DPP compounds (1 mmol) were treated with 33% HBrAcOH solution (5 mL) for 2 h at RT. The solvent was removed by rotatory evaporation and the
residue was dissolved in a minimal amount of MeOH. An excess of diethyl ether was added
and overnight storage at -20 °C led to crystallisation. Crystalline solids were filtered, washed
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with cold diethyl ether and dried to afford α-amino DPP products as HBr salts. Compound
purity was sufficient for use in subsequent reactions.
Diphenyl (amino(4-hydroxyphenyl)methyl)phosphonate (42)

The target compound was isolated as a white solid in 94% yield. 1H NMR (400 MHz, MeOD)
δ 7.74 (m, 2H), 7.45 – 7.38 (m, 2H), 7.35 – 7.26 (m, 5H), 7.25 – 7.11 (m, 2H), 6.88 (dt, J =
8.2, 1.2 Hz, 2H), 5.54 (d, J = 18.4 Hz, 1H); 31P NMR (162 MHz, MeOD); δ 13.44; LCMS – 18
min, 5 to 98% CH3CN in H20, Rt 8.95 min; HRMS (ESI, positive mode) found 356.1039
([C19H18NO4P+H]+ requires 356.1052).
Diphenyl (amino(phenyl)methyl)phosphonate (54B)

The target compound was isolated as a white solid in 98% yield. 1H NMR (400 MHz, MeOD)
δ 7.73 – 7.66 (m, 2H), 7.59 – 7.53 (m, 3H), 7.43 – 7.34 (m, 2H), 7.32 – 7.24 (m, 3H), 7.23 –
7.16 (m, 1H), 7.12 (m, 2H), 6.87 – 6.77 (m, 2H), 5.49 (d, J = 18.3 Hz, 1H); 13C NMR (101 MHz,
MeOD) δ 149.94, 149.77, 130.62, 130.55, 130.40, 130.10, 129.52, 129.46, 129.43, 126.33,
126.21, 120.91, 120.87, 120.73, 120.70, 51.67; 31P NMR (162 MHz, MeOD) δ 10.22; LCMS –
18 min, 5 to 98% CH3CN in H20, Rt 9.38 min; HRMS (ESI, positive mode) found 340.1116
([C19H18NO3P+H]+ requires 340.1103).
Diphenyl (amino(4-carbamoylphenyl)methyl)phosphonate (56C)

The target compound was isolated as a white solid in 87% yield. 1H NMR (400 MHz, DMSOd6) δ 9.53 (s, 2H), 8.10 (d, J = 4.1 Hz, 1H), 8.00 (d, J = 7.9 Hz, 2H), 7.78 (m, 2H), 7.53 (s, 1H),
7.39 (m, 4H), 7.24 (m, 2H), 7.13 (d, J = 7.9 Hz, 2H), 6.97 (m, 2H), 5.89 – 5.68 (m, 1H);

13C

NMR (101 MHz, DMSO-d6) δ 167.61, 149.80, 135.74, 133.59, 130.59, 130.46, 129.27, 128.43,
126.40, 126.30, 120.89, 120.84, 120.72, 51.47, 49.93; 31P NMR (162 MHz, DMSO-d6) δ 11.06;
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LCMS – 18 min, 5 to 98% CH3CN in H20, Rt 8.53 min; HRMS (ESI, positive mode) found
383.1147 ([C20H19N2O4P+H]+ requires 383.1161).

Diphenyl (amino(4-guanidinophenyl)methyl)phosphonate (72)

The target compound was isolated as a white solid in 94% yield. 1H NMR (400 MHz, DMSOd6) δ 9.90 (s, 1H), 9.47 (s, 3H), 7.74 (d, J = 8.1 Hz, 2H), 7.57 (s, 4H), 7.47 – 7.32 (m, 5H), 7.26
(m, 2H), 7.15 (d, J = 8.0 Hz, 2H), 7.03 (d, J = 8.0 Hz, 2H), 5.74 (d, J = 18.4 Hz, 1H); 13C NMR
(101 MHz, DMSO); δ 155.82, 149.91, 149.76, 137.18, 130.89, 130.84, 130.55, 130.45,
127.91, 127.87, 126.33, 126.26, 123.76, 120.92, 49.04; 31P NMR (162 MHz, DMSO) δ 11.21;
LCMS – 18 min, 5 to 98% CH3CN in H20, Rt 7.68 min; HRMS (ESI, positive mode) found
397.1415 ([C20H21N4O3P+H]+ requires 397.1430).

7.1.3.2 Peptide Specificity Sequence

Specificity sequences were obtained by use of solid-phase peptide synthesis. 2-Chlorotrityl
chloride resin (100 mg, loading 1.31 mmol/g) was suspended in DCM and shaken for 10 min,
followed by washing (3 x dry DCM). Fmoc-P2-OH (0.393 mmol, 3 eq.) and DIPEA (136 µL,
0.786 mmol, 6eq.) in dry DCM were then added to the resin and the mixture was agitated for
3 h at RT. After 3 h the resin was filtered and washed with 1 mL DCM (3 x) before addition of
2 mL MeOH and agitation for a further 30 min. The resin was again filtered and washed with
1 mL DMF (3 x), DCM (3 x) and DMF (3 x). At this stage it was assumed that the yield of the
Fmoc-P2-OH amino acid coupling step was 100 % and thus a loading amount of 1.31 mmol/g
was used to calculate molar equivalents for all remaining couplings. To remove the Fmoc
protecting group the resin was treated with 20% PIP in DMF (3 x 2 mL) for 3 min per treatment.
After the third treatment the resin was washed with 1 mL DMF (3 x), DCM (3 x) and DMF (3
x). Next, Fmoc-P3-OH (0.328 mmol, 2.5 eq) was pre-activated with HBTU (124.0 mg, 0.328
mmol, 2.5 eq.) and DIPEA (57.00 µL, 0.328 mmol, 2.5 eq.) in DMF for 3 min and added to the
resin, which was shaken for 1 h at RT. To check that the coupling had proceeded to completion
a ‘ninhydrin test’ was used. To a glass vial containing several resin beads was added 1 mL of
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ninhydrin solution (5 g of ninhydrin in 100 mL EtOH). The mixture was then heated for 3 min
at 95 °C. A positive test result (free amine groups, incomplete reaction) is indicated by a dark
blue colour of resin, while a negative test (no free amine groups, completed reaction) is
indicated by the resin remaining colourless/pale yellow. Following reaction completion the
resin was washed with 1 mL DMF (3 x), DCM (3 x) and DMF (3 x). After Fmoc removal, the
peptide chain was elongated with Fmoc-P4-OH and Fmoc-Ahx-OH using the same procedure
outlined above. Finally, following Fmoc deprotection the peptide chain was capped on the Nterminus with either 4-pentynoic acid, morpholin-4-yl acetic acid, biotin, fluorescein or TAMRA
using the same procedure as for the P2-P4 amino acid couplings. Following reaction
completion the resin was washed with 1 mL DMF (3 x), DCM (3 x), MeOH (3 x) and diethyl
ether (3 x) and dried over P2O5 for at least 3 h. The peptide was then cleaved from the 2chlorotrityl chloride resin by treatment with 1 mL of a 1:3 mixture of HFIP:DCM for 2 h at RT.
Filtrate was collected and the peptide was precipitated by addition of 13 mL of cold diethyl
ether and storage at -20 °C for 30 min. The sample was then centrifuged (5 min, 3000 rpm),
the supernatant decanted and the solid dissolved in 3 mL of a 2:1 mixture of CH3CN:H2O.
Crude peptide products were lyophilised and used for coupling to DPP warheads without
further purification.

7.1.3.3 Peptide-Warhead Coupling

Procedure 1: Crude peptide (0.131 mmol, 1 eq.) was dissolved in 1 mL of DMF and activated
with HATU (50.0 mg, 0.13 mmol, 1 eq.) and 2,4,6-trimethylpyridine (86.0 µL, 0.66 mmol, 5 eq.)
for 3 min before being added to a round-bottom flask (RBF) containing the appropriate αamino DPP warhead (0.16 mmol, 1.2 eq.). The mixture was stirred at RT and reaction progress
was monitored by LCMS (Method B). Typically the reaction was complete after 2 h. After
completion DMF was removed under a stream of N2 gas and the resulting residue was treated
with 1 mL of TFA deprotection mixture (95 % TFA, 2.5 % TIS and 2.5 % H2O) for 2 h at RT.
Volatiles were removed under a stream of N2 gas and the residue was dissolved in
DMSO:CH3CN:H2O (1:4.5:4.5) and purified by preparative LCMS. Pure fractions were
combined and lyophilised to afford peptidyl DPP compounds.

115

Table 3: Yields, HRMS and LCMS data corresponding to KLK3 DPP compounds synthesised in section 3.
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Compound

MW (Da) Found/Expected

Yield (%)

Gradient (ACN %)

Rt (min)

Biotin-PEG4-SQL-Ty’-DPP (40)

1156.5123/1156.5120

44

20 - 98

9.84 & 10.18

Morph-SQL-Phe’-DPP (54)

795.3547/795.3483

51

5 - 98

9.92 & 9.99

Morph-SQL-Ty’-DPP (55)

811.3454/811.3432

61

5 - 98

9.40 & 9.54

Morph-SQL-Gln’-DPP (56)

838.3564/838.3541

49

5 - 98

9.13 & 9.49

Morph-SQ-Nle-Gln’-DPP (57)

866.3971/866.3966

33

5 - 98

6.39 & 6.68

Morph-SQI-Gln’-DPP (58)

866.3969/866.3966

31

5 - 98

7.61 & 8.01

Morph-SQ-Abu-Gln’-DPP (59)

838.3651/838.3653

34

5 - 98

7.29 & 7.57

Morph-SQ-Nva-Gln’-DPP (60)

823.3046/823.3013

53

5 - 98

7.52 & 7.80

Morph-SQ-hLeu-Gln’-DPP (61)

880.4141/880.4123

56

5 - 98

7.92 & 8.20

Morph-SR-Nva-Gln’-DPP (62)

851.3445/851.3438

34

5 - 98

8.73 & 8.77

Morph-S-Cit-Nva-Gln’-DPP (63)

852.3286/852.3279

47

5 - 98

9.93

Morph-S-Orn-Nva-Gln’-DPP (64)

809.3222/809.3220

54

5 - 98

8.69

Morph-NQ-Nva-Gln’-DPP (65)

850.3552/850.3547

44

5 - 98

8.71

Morph-DQ-Nva-Gln’-DPP (66)

851.3396/851.3388

41

5 - 98

8.80 & 8.89

Morph-Asp(OMe)-Q-Nva-Gln’-DPP (67)

865.3556/865.3544

56

5 - 98

9.05

Morph-hSe-Q-Nva-Gln’-DPP (68)

837.3595/837.3618

29

5 - 98

8.64 & 8.76

Morph-Hyp-Q-Nva-Gln’-DPP (69)

849.3595/849.3629

53

5 - 98

8.75 & 8.86

Biotin-PEG4-NQ-Nva-Gln’-DPP (70)

1219.4847/1219.4875

41

20 - 98

9.48 & 9.56

Table 4: Yields, HRMS and LCMS data corresponding to KLK2 Sparse Matrix Library DPP compounds synthesised in section 4.4.1.
Compound

MW (Da) Found/Expected

Yield (%)

Gradient (ACN %)

Rt (min)

Morph-MAF-Arg’-DPP (84)

873.3514/873.3523

54

5 - 98

8.20 & 8.56

Morph-MEF-Arg’-DPP (85)

931.3723/931.3703

57

5 - 98

8.19 & 8.69

Morph-MSF-Arg’-DPP (86)

889.3620/889.3598

54

5 - 98

8.20 & 8.49

Morph-PAF-Arg’-DPP (87)

839.3788/839.3771

55

5 - 98

7.73 & 8.29

Morph-PEF-Arg’-DPP (88)

897.3816/897.3826

49

5 - 98

7.77 & 8.29

Morph-PSF-Arg’-DPP (89)

855.3745/855.3721

61

5 - 98

7.73 & 8.25

Morph-VAF-Arg’-DPP (90)

841.4030/841.4040

52

5 - 98

8.09 & 8.45

Morph-VEF-Arg’-DPP (91)

899.3832/899.3857

58

5 - 98

8.09 & 8.57

Morph-VSF-Arg’-DPP (92)

857.3761/857.3751

43

5 - 98

8.11 & 8.42

Morph-WAF-Arg’-DPP (93)

928.3930/928.3911

32

5 - 98

8.73 & 8.91

Morph-WEF-Arg’-DPP (94)

986.4020/986.3966

46

5 - 98

8.63, 8.82 & 8.92

Morph-WSF-Arg’-DPP (95)

944.3851/944.3860

43

5 - 98

8.58 & 8.81
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Table 5: Yields, HRMS and LCMS data corresponding to KLK14 YASR DPP compounds synthesised in section 4.4.2.
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Compound

MW (Da) Found/Expected

Yield (%)

Gradient (ACN %)

Rt (min)

Biotin-Ahx-YAS-Arg’-DPP (96)

1057.4395/1057.4371

34

20 - 98

6.49 & 6.66

Biotin-Ahx-YA-hSe-Arg’-DPP (97)

1071.4539/1071.4527

43

20 - 98

6.64

Biotin-Ahx-YAN-Arg’-DPP (98)

1084.4496/1084.4480

41

20 - 98

6.35 & 6.52

Biotin-Ahx-Y-Abu-S-Arg’-DPP (99)

1071.4561/1071.4527

45

20 - 98

6.62, 6.72 & 6.70

Biotin-Ahx-Phe(Br)AS-Arg’-DPP (100)

1118.3534/1118.3527

63

20 - 98

7.56, 7.72 & 7.79

Biotin-Ahx-Tyr(Bz)-AS-Arg’-DPP (101)

1147.4897/1147.4840

46

20 - 98

8.06, 8.14 & 8.22

Biotin-Ahx-Tyr(Me)-AS-Arg’-DPP (102)

1071.4553/1071.4527

54

20 - 98

7.11 & 7.31

Biotin-Ahx-2NaI-AS-Arg’-DPP (103)

1091.4600/1091.4578

49

20 - 98

7.68 & 7.78

Biotin-Ahx-Ala(Bth)-AS-Arg’-DPP (104)

1098.4131/1098.4095

44

20 - 98

7.17 & 7.39

Table 6: Yields, HRMS and LCMS data corresponding to KLK14 HyCoSuL DPP compounds synthesised in section 4.6.
Compound

MW (Da) Found/Expected

Yield (%)

Gradient (ACN %)

Rt (min)

Biotin-Ahx-Thr(Bz)-K-His(Bz)-Arg’-DPP (113)

1416.6624/1416.6580

44

20 - 98

8.12 & 8.26

Biotin-Ahx-Thr(Bz)-K-hSe(Bz)-Arg’-DPP (114)

1245.5827/1245.5824

54

20 - 98

7.08 & 7.40

Biotin-Ahx-Thr(Bz)-K-Phe(3,4-F)-Arg’-DPP (115)

1237.4086/1237.4083

38

20 - 98

7.19 & 7.67

Biotin-Ahx-Thr(Bz)-K-Abu-Arg’-DPP (116)

1139.5425/1139.5423

51

20 - 98

8.22 & 8.43

Biotin-Ahx-Thr(Bz)-Dab-Abu-Arg’-DPP (117)

1112.5168/1112.5157

54

20 - 98

6.47 & 6.75

Biotin-Ahx-Thr(Bz)-Dap-Abu-Arg’-DPP (118)

1098.5013/1098.5000

35

20 - 98

6.43 & 6.84

Biotin-Ahx-Ala(Bth)-K-Abu-Arg’-DPP (119)

1153.4904/1153.4881

37

20 - 98

6.39 & 6.50

Biotin-Ahx-2NaI-K-Abu-Arg’-DPP (120)

1146.5345/1146.5364

62

20 - 98

6.84 & 6.98

Biotin-Ahx-2NaI-Dab-Abu-Arg’-DPP (121)

1117.5034/1117.5039

47

20 - 98

6.78 & 6.95

Biotin-Ahx-2NaI-Dap-Abu-Arg’-DPP (122)

1104.2839/1104.2841

36

20 - 98

6.69 & 7.01
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Table 7: Yields, HRMS and LCMS data corresponding to KLK2 HyCoSuL DPP compounds synthesised in section 4.7.
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Compound

MW (Da) Found/Expected

Yield (%)

Gradient (ACN %)

Rt (min)

Biotin-Ahx-Abu-Dab-Cha-Arg’-DPP (123)

1208.5943/1208.5820

61

20 - 98

6.58, 6.74 & 7.00

Biotin-Ahx-Abu-Dab-Phe(4-NH2)-Arg’-DPP (124)

1083.5020/1083.5004

52

5 - 98

7.55

Biotin-Ahx-Abu-Dab-Pal-Arg’-DPP (125)

1069.4860/1069.4847

42

5 - 98

7.21, 7.25 & 7.36

Biotin-Ahx-Abu-Dab-W-Arg’-DPP (126)

1106.4932/1106.4942

58

20 - 98

5.92 & 6.40

Biotin-Ahx-Abu-Dab-Phe(3-Cl)-Arg’-DPP (127)

1102.4523/1102.4505

47

20 - 98

6.78

Biotin-Ahx-Abu-Dab-Phe(3,4-F)-Arg’-DPP (128)

1104.4695/1104.4706

41

20 - 98

5.92, 6.18 & 6.84

Biotin-Ahx-Abu-Dab-Y-Arg’-DPP (129)

1084.4832/1084.4844

53

5 - 98

7.85 & 8.05

Biotin-Ahx-Lys(TFA)-Cha-Arg’-DPP (130)

1197.5423/1197.5432

42

20 - 98

9.17 & 9.26

Biotin-Ahx-Dap-Dab-Cha-Arg’-DPP (131)

1231.5695/1231.5715

42

5 - 98

7.81 & 8.04

Biotin-Ahx-Nva-Dab-Cha-Arg’-DPP (132)

1088.5507/1088.5521

61

20 - 98

6.69, 6.94 & 7.20

Biotin-Ahx-Tle-Dab-Cha-Arg’-DPP (133)

1101.5647/1101.5649

49

20 - 98

6.71, 7.00 & 7.41

Biotin-Ahx-Dap-Dab-Tyr-Arg’-DPP (134)

1084.4729/1084.4730

46

5 - 98

7.04 & 7.31

Biotin-Ahx-Tle-Dab-Tyr-Arg’-DPP (135)

1111.5167/1111.5165

49

20 - 98

8.08 & 8.20

7.1.3.4 Fluorescent Diphenyl Phosphonate Activity-based Probes
Fluorescein-SQL-Ty`-DPP (49)

Compound 51 (5.2 mg, 6.6 µmol, 1 eq.) and fluorescein-azide 52 (3.0 mg, 6.6 µmol, 1 eq.)
were dissolved in 800 µL of dry DMF and the solution was deoxygenated for 10 min with a
flow of argon gas. Next, 100 uL of a deoxygenated 10 x stock of sodium ascorbate (98.0 mg,
495 µmol, 7.5 eq.) and CuSO4.5H2O (82.1 mg, 330 µmol, 5 eq.) was added to the reaction
vessel and the reaction mixture was stirred overnight at RT under an argon atmosphere. DMF
was removed under a flow of N2 gas and the resulting residue was dissolved in
DMSO:CH3CN:H2O (1:4.5:4.5) and purified by preparative LCMS. Pure fractions were
combined and lyophilised to afford compound 49 as an orange solid in 32 % yield. LCMS – 18
min, 20 to 98% CH3CN in H20, Rt 9.62 & 9.69 min; HRMS (ESI, positive mode) found
1220.4117 ([C62H63N9O16P-+H]+ requires 1220.4130).
TAMRA-SQL-Ty`-DPP (50)

Compound 51 (5.2 mg, 6.6 µmol, 1 eq.) and TAMRA-azide 53 (3.4 mg, 6.6 µmol, 1 eq.) was
dissolved in 800 µL of dry DMF and the solution was deoxygenated for 10 min with a flow of
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argon gas. Next, 100 uL of a deoxygenated 10 x stock of sodium ascorbate (98.0 mg, 495
µmol, 7.5 eq.) and CuSO4.5H2O (82.1 mg, 330 µmol, 5 eq.) was added to the reaction vessel
and the reaction mixture was stirred overnight at RT under an argon atmosphere. DMF was
removed under a flow of N2 gas and the resulting residue was dissolved in DMSO:CH3CN:H2O
(1:4.5:4.5) and purified by preparative LCMS. Pure fractions were combined and lyophilised
to afford compound 50 as a pink solid in 48 % yield. LCMS – 18 min, 20 to 98% CH3CN in
H20, Rt 8.07 & 8.20 min; HRMS (ESI, positive mode) found 1276.5201 ([C66H74N11O14P +H]+
requires 1276.5233).

7.1.4 Synthesis of a Hybrid Combinatorial Substrate Library
The synthesis of the HyCoSuL library was divided into five key parts. Part 1: Large-scale
synthesis of the coumarin 109. For each sub-library 7 g of material was required and thus
synthesis was carried out on a scale that would provide at least 25 g of pure product. Part 2:
Synthesis of Arginine-ACC resin 112. For each sub-library 12 g of rink amide resin was used.
Part 3-5: Synthesis of individual HyCoSuL sub-libraries.

7.1.4.1 Fmoc-ACC-OH209
Ethyl (3-hydroxyphenyl)carbamate (106)

To a 2 L RBF was added 3-aminophenol (150 g, 1.37 mol, 2 eq.) and EtOAc (500 mL). The
mixture was heated under reflux for 30 min before dropwise addition of ethyl chloroformate
(74.6 g, 0.687 mol, 1 eq.) over a 1 h period. The reaction mixture was allowed to cool to RT
and the resulting precipitate was filtered and washed with EtOAc (3 x 300 mL) and hexane (3
x 300 mL). The combined filtrate was concentrated to afford 123 g of 106 as a white solid.
Yield = 99%. The product was sufficiently pure to use in subsequent reactions. 1H NMR (400
MHz, DMSO-d6) δ 9.49 (s, 1H), 9.33 (s, 1H), 7.03-6.98 (m, 2H), 6.86-6.79 (m, 1H), 6.39-6.35
(m, 1H), 4.11 (q, J = 7.1 Hz, 2H), 1.24 (t, 7.1 Hz, 3H); 13C NMR (101 MHz, DMSO-d6) δ 158.14,
153.88, 140.75, 129.79, 109.88, 109.44, 105.75, 60.46, 15.00. The NMR spectra are in
agreement with literature data209.
2-(7-((Ethoxycarbonyl)amino)-2-oxo-2H-chromen-4-yl)acetic acid (107)
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To a 5 L RBF were added 106 (100 g, 0.55 mol, 1eq.) and 70% H2SO4 (2.5 L). The mixture
was cooled in an ice bath and vigorously stirred before portion-wise addition of 1,3acetonedicarboxylic acid (88.7 g, 0.61 mol, 1.1 eq.). The reaction was allowed to warm to RT
and was stirred for an additional 8 h. After 8 h, the reaction mixture was poured onto ice (4 kg)
and stirred for 30 min. The resulting white precipitate was filtered and washed with diethyl
ether (3 x 1 L). Crude material was suspended in hot CH 3CN (700 mL) and the precipitate
filtered to afford 90 g of 107 as a white solid. Yield = 56 %. 1H NMR (400 MHz, DMSO-d6) δ
10.18 (s, 1H), 7.63 (dd, J = 8.7, 1.9 Hz, 1H), 7.58 (d, J = 2.0 Hz, 1H), 7.39-7.35 (m, 1H), 6.34
(s, 1H), 4.18 (q, J = 7.1 Hz, 2H), 3.87 (s, 2H), 2.09 (d, J = 1.3 Hz, 1H), 1.27 (t, J = 7.7, 3H);
C NMR (101 MHz, DMSO-d6) δ 171.08, 160.48, 154.50, 153.80, 150.36, 143.36, 126.60,
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114.78, 114.10, 104.94, 61.21, 37.49, 31.17, 14.86; HRMS (ESI, positive mode) found
292.0824 ([C14H13NO6+H]+ requires 292.0821). The NMR and MS spectra are in agreement
with literature data209.
2-(7-((Ethoxycarbonyl)amino)-2-oxo-2H-chromen-4-yl)acetic acid (108)

To a 2 L RBF was added 107 (90.0 g, 0.31 mol, 1 eq.), NaOH (123g, 3.10 mol, 10 eq.) and
H20 (800 mL). The reaction mixture was stirred at reflux for 16 h. After cooling to RT, the pH
of the reaction was adjusted to 2 by dropwise addition of H2SO4. The resulting precipitate was
filtered and washed with diethyl ether (3 x 200 mL) to afford 45 g of 108 as a yellow solid.
Yield = 66 %. The product was sufficiently pure by NMR analysis to be used in subsequent
steps without further purification. 1H NMR (400 MHz, DMSO-d6) δ 7.34 (d, J = 8.7 Hz, 1H),
6.56 (dd, J = 8.7, 2.3 Hz, 1H), 6.43 (d, J = 2.1 Hz, 1H), 6.17 (s, 2H), 5.99 (s, 1H), 3.74 (s, 2H);
13C

NMR (101 MHz, DMSO-d6) δ 171.29, 161.16, 156.16, 153.60, 150.84, 126.76, 111.74,

109.43, 108.66, 99.02, 37.73; HRMS (ESI, positive mode) found 220.0609 ([C11H9NO4+H]+
requires 220.0610). The NMR and MS spectra are in agreement with literature data209.
2-(7-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-2-oxo-2H-chromen-4-yl)acetic

acid

(109)

To a vigorously stirring suspension of 108 (20.0 g, 91.2 mmol) in DCM (150 mL) was added
TMSCl (21.8 g, 201 mmol, 2.2 eq.) and DIPEA (25.9 g, 201 mmol, 2.2 eq.). The reaction
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mixture was heated to reflux for 3 h, followed by cooling in an ice bath. Fmoc-Cl (26.0 g, 100
mmol, 1.1 eq.) was added portion wise and the reaction was allowed to warm to RT and stirred
for overnight. Next, the reaction was stirred vigorously and MeOH (500 mL) was added. The
resulting precipitate was collected by filtration and washed with MeOH (2 x 250 mL) and diethyl
ether (2 x 250 mL) to afford 33.1 g of 109 as an off-white solid. Yield = 82.3 %. 1H NMR (400
MHz, DMSO-d6) δ 12.84 (s, 1H), 10.22 (s, 1H), 7.92 (d, J = 7.4 Hz, 2H), 7.77 (d, J = 7.5 Hz,
2H), 7.63 (d, J = 8.7 Hz, 1H), 7.56 (s, 1H), 7.44-7.33 (m, 5H), 6.35 (s, 1H), 4.58 (d, J = 6.4 Hz,
2H), 4.35 (t, J = 6.4 Hz, 1H), 3.87 (s, 2H);

C NMR (101 MHz, DMSO-d6) δ 171.08, 160.45,
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154.46, 153.70, 150.32, 144.12, 143.13, 141.31, 128.20, 127.63, 126.59, 125.56, 120.70,
114.91, 114.23, 105.16, 66.41, 47.02, 37.52; HRMS (ESI, positive mode) found 442.1259
([C26H19NO6+H]+ requires 442.1291). The NMR and MS spectra are in agreement with
literature data209.

7.1.4.2 NH2-Arg(Pbf)-ACC-Rink Amide Resin (112)

The Rink amide resin (12.0 g, 5.76 mmol, 1 eq.) was charged in a RBF with 100 mL of DCM
and agitated for 30 min. After 30 min the resin was filtered and washed with DMF (3 x 60 mL).
Next, the Fmoc-protecting group was removed from the resin by treatment with 20% PIP in
DMF (3 x 80 mL) for 5 min, 5 min and 25 min. The resin was then washed with 60 mL of DMF
(3 x), DCM (3 x) and DMF (3 x). At this stage a ninhydrin test was performed to confirm the
Fmoc deprotection reaction had proceeded to completion. Next 6.40 g of 109 (14.4 mmol, 2.5
eq.) and 2.16 g of HOBt (14.4 mmol, 2.5 eq.) were added to a falcon tube and dissolved in a
minimal amount of DMF. Then, 1.90 mL of DICI (14.4 mmol, 2.5 eq.) was added and the
mixture was gently shaken for 5 min. After 5 min the mixture was poured onto the resin and
shaken for 24 h at RT. The resin was then filtered and washed with 60 ml of DMF (3 x), DCM
(3 x) and DMF (3 x). A ninhydrin test was performed to check that the reaction had proceeded
to completion. The Fmoc group was then removed using the same procedure described
previously. Fmoc-Arg(Pbf)-OH (9.33 g, 14.4 mmol, 2.5 eq.) and HATU (5.47 g, 14.4 mmol, 2.5
eq.) were dissolved in a minimal amount of DMF before addition of 2,4,6-trimethylpyridine
(1.90 mL, 14.4 mmol, 2.5 eq.) and gentle agitation for 3 min. The mixture was then poured on
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the resin and the vessel was shaken for 24 h at RT. The resin was filtered and washed with
60 mL of DMF (3 x). The coupling was then repeated using half the amount of reagents. Next,
3-nitro-1,2,4-triazole (6.57 g, 57.6 mmol, 10 eq.), AcOH (3.29 mL, 57.6 mmol, 10 eq.) and DICI
(8.90 mL, 57.6 mmol, 10 eq.) were dissolved in DMF (40 mL) and gently shaken for 5 min.
The reaction mixture was poured onto the resin and the vessel was agitated for 12 h at RT.
After 12 h, DIPEA (2 mL, 11.52 mmol, 2 eq.) was added and the vessel was shaken for an
additional 3 h. The resin was filtered and washed with 60 mL of DMF (3 x), DCM (3 x) and
DMF (3 x). Finally, the Fmoc protecting group was removed from Arg by using the same
protocol outlined previously. The resin was washed with 60 mL of DMF (3 x), DCM (3 x), DMF
(3 x), MeOH (3x) and diethyl ether (3 x) and dried over P2O5 for at least 3 h.

7.1.4.3 P2 Sublibrary

General. Each library consists of 105 peptides. Each of the natural amino acids (excluding
methionine and cysteine, including norleucine) and 86 unnatural amino acids were coupled at
the P2 position and an isokinetic mixture of 19 amino acids (excluding cysteine and methionine
but including norleucine) was coupled at P3 and P4. Equivalent ratios of amino acids in the
isokinetic mixture were created based on previously reported coupling rates (Table 3). For
coupling of the various amino acids in the P2 position a 2.5 equimolar excess of amino acid
was used. For coupling of the isokinetic mixture in P3 and P4 a 5-fold excess of mixture was
used. All reactions were carried out using DIC and HOBt as the coupling reagents.
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Table 8: Composition of the Isokinetic Mixture used during synthesis of the HyCoSuL Library
Amino acid

mol %

Amino acid

mol %

Fmoc-Ala-OH

3.4

Fmoc-Lys(Boc)-OH

6.2

Fmoc-Arg(Pbf)-OH

6.5

Fmoc-Nle-OH

3.8

Fmoc-Asn(Trt)-OH

5.3

Fmoc-Phe-OH

2.5

Fmoc-Asp(tBu)-OH

3.5

Fmoc-Pro-OH

4.3

Fmoc-Glu(tBu)-OH

3.6

Fmoc-Ser(tBu)-OH

2.8

Fmoc-Gln(Trt)-OH

5.3

Fmoc-Thr(tBu)-OH

4.8

Fmoc-Gly-OH

2.9

Fmoc-Trp(Boc)-OH

3.8

Fmoc-His(Trt)-OH

3.5

Fmoc-Tyr(tBu)-OH

4.1

Fmoc-Ile-OH

17.4

Fmoc-Val-OH

11.3

Fmoc-Leu-OH

4.9

P2 Coupling. To 105 individual peptide syringe filters was added 1 eq. of 112 (0.04 mmol,
80.0 mg). Next 1 mL of DCM was added to each syringe and the resin was gently agitated for
1 h. The resin was filtered and washed with 1 mL DMF (4 x). In separate 1.5 mL Eppendorf
tubes, 2.5 eq. of Fmoc-P2-OH (0.1 mmol) was pre-activated with 2.5 eq. HOBt (0.1 mmol, 15
mg) and 2.5 eq. DICI (0.1 mmol, 14 µL) in 1 mL DMF. The pre-activated mixture was added
to the resin followed by 3 h of agitation. After 3 h, the resin was filtered and washed with 1 mL
of DMF (3 x), DCM (3 x) and DMF (3 x). A ninhydrin test was then carried out on all 105 resin
mixtures to confirm that each reaction had proceeded to completion.

Next, the Fmoc

protecting group was removed by shaking in 1 mL of 20 % PIP in DMF (2 x 5 min and 1 x 25
min).
P3 and P4 Coupling. An isokinetic mixture was prepared in the amount required for 105
individual coupling reactions. 525 eq. of isokinetic mixture (22.2 mmol), 525 eq. HOBt (22.2
mmol, 3.00 g) and 525 eq. DICI (22.2 mmol, 3.43 mL) were dissolved in DMF up to a volume
of 105 mL and pre-activated for 3 min. To each of the 105 syringes was added 1 mL of
activated isokinetic mixture. After 3h agitation, the resin was filtered and washed with DMF (3
x), DCM (3 x) and DMF (3x). A ninhydrin test was performed on all 105 batches of resin to
confirm that each reaction had proceeded to completion. The Fmoc protecting group was
removed by shaking in 1 mL of 20 % PIP in DMF (2 x 5 min and 1 x 25 min). The exact same
procedure was then carried out for coupling of the isokinetic mixture in the P4 position.
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N-terminus Acetylation. An ‘acetylation mixture’ was prepared in the amount required for
105 individual capping reactions. 525 eq. AcOH (22.2 mmol, 1.27 mL), 525 eq. HBTU (22.2
mmol, 8.41 g) and 525 eq. DIPEA (22.2 mmol, 3.86 mL) were dissolved in DMF up to a volume
of 105 mL and left to pre-activate for 3 min. 1 mL of acetylation mixture was added to each
syringe and the suspension was agitated for 1 h. After 1 h, the resin was washed with 1 mL
DMF (3 x), DCM (3 x), DMF (3 x), MeOH (3 x) and diethyl ether (3 x) and dried over P 2O5 for
at least 3 h.
Cleavage from the resin. Peptides were cleaved from the resin by addition of 2 mL of TFA
deprotection mixture and gentle shaking for 2 h. The solution from each syringe was collected
separately in individual 15 mL Falcon tubes and the resin was washed once with 1 mL of TFA
deprotection mixture. To the 3 mL of deprotection mixture was added 12 mL of cold diethyl
ether. After precipitation (1 h, - 20 °C) each mixture was centrifuged (5 min, 3000 rpm), washed
with cold diethyl ether (4 mL), centrifuged again and left to dry at RT for 3 h. The resulting offwhite precipitates were dissolved in 3 mL of a 2:1 ratio of CH3CN:H2O and lyophilised. The
final products were dissolved in DMSO to a concentration of 10 mM and used without further
purification.

7.1.4.4 P3 and P4 Sublibraries
In the same manner as described for the P2 sublibrary, the P3 and P4 sub-libraries were
synthesised by coupling fixed amino acid residues to the P3 position (isokinetic mixture to P2
and P4) and the P4 position (isokinetic mixture to P2 and P3), respectively.

7.1.5 Synthesis of KLK-Specific Substrates

2.5 eq. Fmoc-P2-OH (0.1 mmol) was pre-activated with 2.5 eq. HOBt (0.1 mmol, 15 mg) and
2.5 eq. DICI (0.1 mmol, 14 µL) in 1 mL DMF and added to a syringe containing 1 eq. of 112
(0.04 mmol, 80 mg), followed by gentle agitation for 1 h. A ninhydrin test was carried out after
each coupling to check for reaction completion. The resin was filtered and washed with 1 mL
of DMF (3 x), DCM (3 x) and DMF (3 x). The Fmoc-protecting group was removed using 20%
PIP in DMF (3 x 2 mL) for 3 min per treatment. After the third treatment the resin was washed
with 1 mL of DMF (3 x), DCM (3 x) and DMF (3 x). The same procedure was carried out for
coupling of Fmoc-P3-OH and Fmoc-P4-OH. The N-terminus was then acetyl protected with 1
mL of acetylation mixture and gentle agitation for 1 h. The resin was filtered and washed with
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1 mL of DMF (3 x), DCM (3 x), DMF (3 x), MeOH (3 x) and diethyl ether (3 x) and dried over
P2O5 for at least 3 h. Peptides were cleaved from the resin by addition of 2 mL of TFA
deprotection mixture and gentle shaking for 2 h. The solution from the syringe was collected
separately in a 15 mL Falcon tube and the resin was washed once with 1 mL of TFA
deprotection mixture. To the 3 mL of deprotection mixture was added 12 mL of cold diethyl
ether. After precipitation (1 h, - 20 °C) the solid was centrifuged (5 min, 3000 rpm), washed
with cold diethyl ether (4 mL), centrifuged again and left to dry at RT for 3 h. The solid was
dissolved in DMSO:CH3CN:H2O (1:4.5:4.5) and purified by preparative LCMS. Pure fractions
were combined and lyophilised to afford ACC substrates (Table 4). Substrate 80: LCMS – 18
min, 5 to 98% CH3CN in H20, Rt 1.14 min; HRMS (ESI, positive mode) found 764.3867
([C36H49N11O8+H]+ requires 764.3844). Substrate 81: LCMS – 18 min, 5 to 98% CH3CN in H20,
Rt 7.62 min; HRMS (ESI, positive mode) found 963.4859 ([C49H62N12O9+H]+ requires
963.4841).
Table 9: Michaelis Menten (KM) and rate (kcat) constants for KLK Substrates
KLK

Compound

KM (µM)

Kcat (s-1)

Kcat/Km ( x106 M-1s-1)

2

Ac-Val-Dab-(4)-Pal-Arg-ACC (80)

42 ± 2.5

870 ± 11.3

162.7

14

Ac-Thr(Bz)-Lys-His(Bz)-Arg-ACC (81)

65 ± 4.2

10667 ± 11.3

20.6

7.1.6 Mixed Alkyl Aryl Phosphonate qABP Synthesis
qABP synthesis was divided into four key parts. Part 1: A seven-step synthetic route to obtain
the mixed alkyl aryl phosphonate warhead; Part 2: A one-step synthetic procedure to obtain
the anthraquinone quencher; Part 3: A one-pot, three-step synthetic procedure to obtain the
final qABP compounds.

7.1.6.1 Alkyl Aryl Phosphonate Warhead220
Benzyl ((diethoxyphosphoryl)(4-nitrophenyl)methyl)carbamate (141)

To a mixture of benzyl carbamate (0.75 g, 5.00 mmol, 1.eq.), diethyl phosphite (0.64 mL, 5.00
mmol, 1 eq.) and 4-nitrobenzaldehyde (0.60 g, 5.00 mmol, 1eq.) cooled to 0 °C was added
7.5 mL acetyl chloride dropwise over 10 min. The reaction was stirred for 1 h, warmed to RT
and concentrated under reduced pressure. The residue was dissolved in EtOAc and washed
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with H2O, sat. NaHCO3 and brine, dried on MgSO4 and evaporated under reduced pressure.
The crude residue was purified by silica column chromatography (50-100% EtOAc in Hexane).
Pure fractions were combined and concentrated to afford 1.56 g of 141 as a white solid. Yield
= 74 %. 1H NMR (400 MHz, DMSO-d6) δ 8.66 (dd, J = 9.8, 2.9 Hz, 1H), 8.29 – 8.18 (m, 2H),
7.77 (dd, J = 8.8, 2.1 Hz, 2H), 7.46 – 7.25 (m, 6H), 5.34 (dd, J = 23.1, 9.9 Hz, 1H), 5.18 – 4.92
(m, 2H), 4.11 – 3.80 (m, 5H), 1.16 (t, J = 7.1 Hz, 3H), 1.13 (d, J = 7.2 Hz, 3H); 13C NMR (101
MHz, DMSO-d6) δ 156.48, 129.81, 129.76, 128.82, 128.40, 128.30, 123.71, 66.53, 63.36,
63.29, 63.09, 63.02, 53.24, 51.74, 16.66, 16.61, 16.56, 16.50; 31P NMR (162 MHz, DMSO-d6)
δ 19.83; HRMS (ESI, positive mode) found 423.1223 ([C19H23N2O7P+H]+ requires 423.1239).
The NMR and MS spectra are in agreement with literature data220.
Benzyl ((ethoxy(hydroxy)phosphoryl)(4-nitrophenyl)methyl)carbamate (142)

Compound 141 (2.00 g, 4.94 mmol, 1 eq.) and LiBr (0.52 g, 5.93 mmol, 1.2 eq.) were heated
to reflux overnight in butanone (5 mL mmol-1 of 141). The formed precipitate was collected by
filtration, washed with diethyl ether (3 x 20 mL) and dissolved in 1M HCl. The solution was
extracted with EtOAc (6 x 20 mL) and the collected organic layers were washed with brine,
dried over MgSO4 and concentrated under reduced pressure to afford 1.61 g of 142 as a white
solid. Yield = 83 %. 1H NMR (400 MHz, DMSO-d6) δ 8.39 (s, 1H), 8.19 (d, J = 8.4 Hz, 2H),
7.78 – 7.66 (m, 2H), 7.36 (m, 5H), 5.19 – 4.97 (m, 3H), 3.89 (m, 2H), 1.12 (t, J = 7.1 Hz, 3H);
13C

NMR (101 MHz, DMSO-d6) δ 156.52, 156.42, 147.10, 137.29, 129.66, 129.63, 128.80,

128.33, 128.22, 123.48, 66.34, 62.17, 54.10, 52.64, 31.15, 16.82, 16.75; 31P NMR (162 MHz,
DMSO-d6) δ 16.34; HRMS (ESI, positive mode) found 393.0847 ([C17H19N2O7P+H]+ requires
393.0852).
Tert-butyl (4-hydroxyphenethyl)carbamate (144)

To tyramine (2.00 g, 11.5 mmol, 1 eq.), dissolved in 50 mL dioxane–water (1/1, v/v) was added
sodium carbonate decahydrate (3.30 g, 11.5 mmol, 1 eq.). The mixture was cooled in an ice
bath and Boc anhydride (2.80 g, 12.7 mmol, 1.1 eq.) was added. After 1 h, the reaction was
allowed to warm to RT, after which EtOAc was added. The mixture was washed with 1 M
KHSO4, H2O, saturated NaHCO3 and brine. The organic phase was dried over MgSO4, filtered
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and concentrated under reduced pressure. The residue was purified using silica column
chromatography (20-50 % EtOAc in hexane). Pure fractions were combined and concentrated
to afford 2.52 g of 144 as a yellow oil. Yield = 92 %. 1H NMR (400 MHz, CDCl3) δ 7.01 (d, J =
7.9 Hz, 2H), 6.81 – 6.74 (m, 2H), 4.60 (s, 1H), 3.33 (d, J = 6.7 Hz, 1H), 2.70 (t, J = 7.2 Hz,
2H), 1.44 (s, 9H);
79.54,

42.06,

13

C NMR (101 MHz, CDCl3) δ 156.22, 154.86, 130.32, 129.80, 115.50,

35.27,

28.43;

HRMS

(ESI,

positive

mode)

found

301.1529

([C13H19NO3+CH3CN+Na]+ requires 301.1528).
Benzyl(((4-(2-((tert-butoxycarbonyl)amino)ethyl)phenoxy)(ethoxy)phosphoryl)(4nitrophenyl)methyl)carbamate (145)

Compound 142 (0.50 g, 1.27 mmol, 1 eq.) and 144 (0.33 g, 1.39 mmol, 1.1 eq.) were dissolved
in DMF before addition of DIC (1.57 mL, 10.1 mmol, 8 eq.) and DMAP (15.5 mg, 0.13 mmol,
0.1 eq.). The reaction was stirred at 70 °C overnight. The solvent was removed and the residue
re-dissolved in EtOAc. This solution was washed with sat. NaHCO 3, 1M HCl and brine, dried
over MgSO4 and concentrated under reduced pressure to afford 0.67 g of compound 145 as
a white powder. Yield = 86 %. The product was used in subsequent reactions without further
purification. 1H NMR (400 MHz, DMSO-d6) δ 8.85 (d, J = 10.0 Hz, 1H), 8.34 – 8.12 (m, 2H),
7.84 (d, J = 8.2 Hz, 2H), 7.42 – 7.27 (m, 5H), 7.14 (d, J = 8.1 Hz, 2H), 7.05 – 6.91 (m, 2H),
5.57 (dd, J = 23.8, 10.4 Hz, 1H), 5.20 – 4.99 (m, 2H), 4.07 (m, 3H), 3.10 (m, 3H), 2.64 (t, J =
7.5 Hz, 2H), 1.37 (d, J = 4.3 Hz, 9H), 1.16 (dt, J = 14.6, 7.5 Hz, 3H);

13C

NMR (101 MHz,

DMSO-d6) δ 157.27, 156.49, 155.97, 148.59, 147.59, 143.40, 137.08, 136.65, 130.32, 129.99,
128.84, 128.42, 123.84, 123.31, 121.63, 120.45, 115.52, 77.96, 66.68, 64.40, 64.16, 41.13,
28.70, 23.76, 16.45;

31P

NMR (162 MHz, DMSO-d6) δ 16.70; HRMS (ESI, positive mode)

found 636.2070 ([C30H36N3O9P+Na+H]+ requires 636.2087).
Benzyl (((4-(2-((tert-butoxycarbonyl)amino)ethyl)phenoxy) (ethoxy)phosphoryl)(4-N,N'Di-Boc)guanidinophenyl)methyl)carbamate (146)
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Compound 145 (0.67 g, 1.10 mmol, 1 eq.) and SnCl2 (1.04 g, 5.48 mmol, 5 eq.) were mixed
in EtOH (5 mL) and refluxed at 70 °C for 1 h. The solvent was removed and the residue was
re-dissolved in sat. NaHCO3. The solution was extracted with EtOAc (3 x 50 mL) and the
combined organic phases were washed with brine, dried over MgSO4 and concentrated under
reduced pressure. The resulting aniline was directly used for the next reaction without further
purification. Crude aniline (0.64 g, 1.10 mmol, 1 eq.) was dissolved in DCM (10 mL) and N,N’Di-Boc-1H-pyrazole-1-carboxamidine (0.54 g, 1.75 mmol, 1.6 eq.) and triethylamine (306 µL,
2.19 mmol, 2 eq.) were added. The reaction mixture was stirred overnight at RT. The reaction
was diluted with DCM and washed with 1M KHSO4, sat. NaHCO3 and brine, dried over MgSO4
and concentrated under reduced pressure. The residue was purified by silica column
chromatography (isocratic elution with a 1:1 mixture of EtOAc and hexane). Pure fractions
were combined and concentrated to afford 0.9 g of compound 146 as a white solid. Yield = 99
%. 1H NMR (400 MHz, DMSO-d6) δ 11.45 (m, 1H), 10.02 (s, 1H), 8.62 (d, J = 10.1 Hz, 1H),
7.53 (m, 4H), 7.35 (m, 5H), 7.23 – 7.10 (m, 2H), 6.96 (m, 2H), 5.31 (dd, J = 22.0, 10.3 Hz, 1H),
5.17 – 4.98 (m, 2H), 4.04 (m, 2H), 3.10 (m, 2H), 2.79 (d, J = 7.1 Hz, 1H), 2.64 (m, 2H), 1.59 –
1.31 (m, 27H), 1.16 – 1.04 (m, 3H); 13C NMR (101 MHz, DMSO-d6) δ 163.06, 156.43, 155.94,
153.20, 152.52, 137.20, 136.83, 136.49, 131.92, 130.24, 130.19, 129.11, 128.82, 128.38,
122.92, 120.53, 83.84, 83.52, 79.32, 77.95, 72.55, 66.51, 63.97, 63.76, 41.90, 35.10, 28.71,
28.34, 28.12, 16.60, 16.44;

31P

NMR (162 MHz, DMSO-d6) δ 15.33, 15.42; HRMS (ESI,

positive mode) found 826.3820 ([C41H56N5O11P+H]+ requires 826.3792).
Tert-butyl(4-(((amino(4-N,N'-tert-butyloxycarbonylguanidinophenyl)methyl)(ethoxy)phosphoryl)oxy)phenethyl)carbamate (147)

Compound 146 (0.99 g, 1.20 mmol, 1 eq.) was dissolved in EtOH (15 mL) and Pd/C (10 mg,
10% w/w) was added and the mixture was stirred under 1 atmosphere of H2 overnight. The
catalyst was filtered over celite and the solvent was evaporated under reduced pressure. The
resulting residue was purified by silica column chromatography (0-10 % MeOH in DCM). Pure
fractions were combined and concentrated to afford 0.8 g of 147 as a white solid. Yield = 97
%.

1H

NMR (400 MHz, DMSO-d6) δ 11.44 (s, 1H), 10.03 (s, 1H), 7.59 – 7.40 (m, 4H), 7.15

(m, 2H), 7.08 (d, J = 8.3 Hz, 1H), 6.96 (dd, J = 8.2, 5.2 Hz, 1H), 6.88 (m, 1H), 4.46 (d, J = 17.7
Hz, 1H), 4.18 – 3.85 (m, 2H), 3.10 (m, 2H), 2.65 (m, 2H), 1.57 – 1.27 (m, 27H), 1.14 (m, 3H);
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C NMR (101 MHz, DMSO-d6) δ 163.11, 155.96, 153.23, 152.59, 149.27, 136.45, 136.24,

13

135.26, 135.04, 134.94, 130.18, 129.89, 128.85, 128.80, 122.71, 120.76, 120.60, 115.52,
83.84, 79.28, 77.94, 63.48, 63.40, 53.86, 52.37, 41.93, 35.13, 28.71, 28.12, 16.58;

P NMR

31

(162 MHz, DMSO-d6) δ 22.35, 22.23; LCMS – 18 min, 5 to 98% CH3CN in H20, Rt 11.0 min;
HRMS (ESI, positive mode) found 692.3414 ([C33H50N5O9P+H]+ requires 692.3424).
Tert-butyl(4-((ethoxy((4-N,N'-tert-butyloxycarbonyl-guanidinophenyl)(pent-4ynamido)methyl)phosphoryl)oxy)phenethyl)carbamate (140)

4-Pentynoic acid (40 mg, 0.2 mmol, 2 eq.) was pre-activated with HATU (72.2 mg, 0.19 mmol,
1.9 eq.) and DIPEA (69.5 µL, 0.40 mmol, 4 eq.) in DMF (1 mL) for 10 min at RT. To this
mixture, compound 146 (69.1 mg, 0.1 mmol, 1 eq.) and DIPEA (28 µL, 0.16 mmol, 1.6 eq.) in
DMF (1 mL) were added and stirred overnight at RT. The solvent was concentrated under
reduced pressure and the residue re-dissolved in EtOAc. The solution was washed with 1M
HCl, sat. NaHCO3 and brine, dried over MgSO4 and concentrated under reduced pressure.
The crude product was purified by silica column chromatography (50-100 % EtOAc in hexane).
Pure fractions were combined and concentrated to afford 51 mg of 140 as a white solid. Yield
= 66 %. 1H NMR (400 MHz, DMSO-d6) δ 7.55 (d, J = 8.1 Hz, 2H), 7.47 (dd, J = 8.7, 2.3 Hz,
2H), 7.20 – 7.15 (m, 2H), 7.03 (d, J = 8.2 Hz, 2H), 6.91 – 6.87 (m, 1H), 5.64 (m, 1H), 3.97 (m,
2H), 3.13 (m, 2H), 2.77 – 2.74 (m, 1H), 2.71 – 2.58 (m, 2H), 2.43 – 2.28 (m, 5H), 1.46 – 1.32
(m, 27H), 1.13 – 1.06 (m, 3H).

13C

NMR (101 MHz, DMSO-d6) δ 162.78, 148.83, 148.11,

147.02, 136.54, 130.24, 129.07, 123.02, 121.36, 120.60, 119.63, 116.03, 112.80, 84.02,
77.98, 71.84, 71.79, 64.20, 64.12, 63.87, 63.80, 56.00, 36.25, 35.11, 34.23, 31.24, 28.71,
28.24, 28.13, 21.03, 16.50, 16.45, 14.54, 14.49.

31P

NMR (162 MHz, DMSO-d6) δ 18.53,

18.33. HRMS (ESI, positive mode) found 794.3514 ([C38H54N5O10P+Na+H]+ requires
794.3506).
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7.1.6.2 Quencher221
1-Amino-4-((4-(carboxymethyl)phenyl)amino)-9,10-dioxo-9,10-dihydroanthracene-2sulfonate (150)

The sodium salt of bromaminic acid 152 (0.50 g, 1.23 mmol, 1.1 eq.), 4-aminophenylacetic
acid (0.17 g, 1.10 mmol, 1 eq.), sodium carbonate (0.197 g, 1.580 mmol, 1.4 eq.) and CuSO4
(28.0 mg, 0.179 mmol, 0.15 eq.) were dissolved in water (50 mL) and heated to reflux for 24
h. After 24 h, the reaction mixture was allowed to cool to RT before being washed with DCM
(3 x 50 mL) and concentrated under reduced pressure. The resulting solid was dissolved in
MeOH, filtered and the solvent concentrated under reduced pressure. The residue was
purified by reverse-phase chromatography (3 % - 95 % CH3CN in water) to furnish 0.25 g of
150 as a blue solid. Yield = 50 %. 1H NMR (400 MHz, DMSO-d6) δ 8.33 – 8.23 (m, 2H), 8.19
– 8.07 (m, 1H), 8.03 (d, J = 8.6 Hz, 1H), 7.86 (m, 2H), 7.35 (m, 2H), 7.25 (m, 2H), 3.61 (d, J =
4.8 Hz, 2H); HRMS (ESI, negative mode) found 451.0604 ([C22H15N2O7S--H]- requires
451.0600). The NMR and MS spectra are in agreement with literature data221.

7.1.6.3 Quenched ABP Formation
Quenched Activity-based Probe 139

Compound 140 (5.00 mg, 6.40 µmol, 1 eq.) and Cyanine-5 carboxylic acid (3.37 mg, 6.40
µmol, 1 eq.) were dissolved in 800 µL of dry DMF and the solution was deoxygenated for 10
min with a flow of argon gas. Next, 100 uL of a deoxygenated 10 x stock of sodium ascorbate
(98.0 mg, 495 µmol, 7.5 eq.) and CuSO4.5H2O (82.1 mg, 330 µmol, 5 eq.) was added to the
reaction vessel and the mixture was stirred overnight at RT. DMF was removed under a flow
of N2 gas and the crude material was treated with 2 mL of a 1:1 mixture of TFA and DCM for
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1 h. The solvent was removed under a flow of N2 gas and the crude material was dissolved in
50 µL of DMSO. DIPEA (2.00 µL, 11.5 µmol, 1.8 eq.) and QSY21 succinimidyl ester (5.7 mg,
7.1 µmol, 1.1 eq.) were added to the reaction mixture and stirred for 3 h at RT. The reaction
mixture was diluted with 1 mL of DMSO:CH3CN:H2O (1:4.5:4.5) and purified by preparative
LCMS. Pure fractions were combined and lyophilised to afford 3.1 mg of compound 139 as a
blue solid in 28 % yield. LCMS – 18 min, 20 to 98% CH3CN in H20, Rt 12.16 min; HRMS (ESI,
positive mode) found 1700.8031 ([C100H110N13O9PS2++H]+ requires 1700.7960).
Quenched Activity-based Probe 153

Compound 140 (5.00 mg, 6.40 µmol, 1 eq.) and Cyanine-5 carboxylic acid (3.37 mg, 6.40
µmol, 1 eq.) were dissolved in 800 µL of dry DMF and the solution was deoxygenated for 10
min with a flow of argon gas. Next, 100 uL of a deoxygenated 10 x stock of sodium ascorbate
(98.0 mg, 495 µmol, 7.5 eq.) and CuSO4.5H2O (82.1 mg, 330 µmol, 5 eq.) was added to the
reaction vessel and the mixture was stirred overnight at RT under an argon atmosphere. DMF
was removed under a flow of N2 gas and the crude compound was treated with 2 mL of a 1:1
mixture of TFA and DCM for 1 h. The solvent was removed under a flow of N2 gas and the
crude product was dissolved in 500 µL of DMF. Compound 150 (3.20 mg, 7.04 µmol, 1.1 eq.),
HCTU (2.7 mg, 6.4 µmol, 1 eq.) and DIPEA (22.0 uL, 128 µmol, 20 eq.) were added and the
reaction mixture was stirred for 8 h at RT. DMF was removed under a flow of N2 gas and the
resulting residue was dissolved in DMSO:CH3CN:H2O (1:4.5:4.5) and purified by preparative
LCMS. Pure fractions were combined and lyophilised to afford 4 mg of compound 153 as a
blue solid. Yield = 43 %. LCMS – 18 min, 5 to 98% CH3CN in H20, Rt 10.1 min; HRMS (ESI,
positive mode) found 1470.6230 ([C79H86N13O11PS+H]+ requires 1470.6263).
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7.2 Biological and Biochemical Methods
7.2.1 Equipment List
In-gel fluorescence: SDS-PAGE gels were imaged using a Typhoon FLA 9500 Imaging
System (GE Healthcare) at Cy-2, Cy-3 or Cy-5 wavelengths.
Western blot chemiluminescence: nitrocellulose membranes were imaged using a LAS4000 Imaging System (FujiFilm).
Fluorogenic Substrate Kinetic Analysis: measurements were carried out using an Envision
2104 Multilabel Plate Reader (PerkinElmer) operating in kinetic mode for a minimum of 20 min
with excitation/emission wavelengths of 355 nm/460 nm.

7.2.2 Buffer List
Table 10: Recipes for all buffers used throughout this project.
Buffer

Component

KLK2 Activity Buffer

50 mM Tris, 10 mM CaCl2, 150 mM NaCl, 0.05 %
Brij-35, pH 7.5

KLK14 Activity Buffer

50 mM Tris, 150 mM NaCl, 0.05 % Brij-35, pH 8.0

Immunoprecipitation RIPA Buffer

20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1mM EGTA,
1 % NP-40, 1 % sodium deoxycholate, 2.5 mM
sodium pyrophosphate, 1 mM glycerophosphate, 1
mM Na3VO4 pH 7.5

Sample Loading Buffer (4 x)

250 mM Tris, 8 % SDS (w/v), 0.2 % bromophenol
blue (w/v), 40 % glycerol (v/v), 10 % βmercaptoethanol, pH 6.8
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7.2.3 Antibody List
Table 11: Antibodies used throughout this project.
Protein

Supplier

Cat. No.

Host

/clonal

Immunogen

KLK2

Abcam

Ab124899

Rabbit

Mono

Synthetic peptide within amino
acids 200-300 of human KLK2

KLK3

SCBT

sc-7316

Mouse

Mono

Full length KLK3 of human
origin

KLK14

Abcam

Ab128957

Rabbit

Mono

Synthetic peptide within the Cterminus of human KLK14

Transferrin

Abcam

Ab66952

Rabbit

Poly

Full length Transferrin of
human origin

HSP90

SCBT

sc-69703

Mouse

Mono

Full length HSP90 of human
origin

7.2.4 Reagents
Culture media, foetal bovine serum, trypsin, antibiotics and chemicals required for
differentiation of osteoprogenitor cells were obtained from Sigma Aldrich, Gibco or Invitrogen.
Amicon 3 KDa Centrifugal filter units were obtained from Merck. PNGase F was obtained from
Promega. Patient-derived xenograft samples were a kind gift from Professor Elizabeth
Williams, Queensland University of Technology. LNCaP-GFP, LNCaP-mKLK14 and LNCaPKLK14 cells were a kind gift from Dr Thomas Kryza and Professor Judith Clements,
Queensland University of Technology. Osteoprogenitor cells were a kind gift from Dr Nathalie
Bock, Queensland University of Technology.

7.2.5 Cell culture
Routine cell culture conditions: Wild-type LNCaP cells were grown in RPMI media
supplemented with 5 % FBS. LNCaP cells transfected with the coding sequence for GFP,
mKLK14 or wild-type KLK14 were grown using the same conditions but also with the addition
of puromycin (1 µg/mL). Human osteoprogenitor cells were grown in Minimal Essential Media
(MEM) supplemented with 10 % FBS and 1 % penicillin – streptomycin (P/S).
LNCaP androgen-response experiments: LNCaP cells grown to 80 % confluency in a T175
plate were incubated with phenol red-free RPMI media supplemented with 5 % charcoalstripped FBS for 24 h. After 24 h, the media was aspirated and the cells were incubated with
serum-free RPMI media (0 % FBS and phenol red-free) supplemented with the appropriate
treatment condition (10 nM DHT or 10 nM DHT + 10 µM Enzalutamide) for a further 48 h. After
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48 h the media was collected, passed through a 0.2 µm syringe filter and stored at – 80 °C
until needed.
Doxycycline induction of GFP-, mKLK14- or KLK14-LNCaP cells: The appropriate LNCaP
cell-line derivative grown to 80 % confluency in a T175 plate was incubated with phenol redfree RPMI media supplemented with 5 % charcoal-stripped FBS for 24 h. After 24 h, the media
was aspirated and the cells were incubated with serum-free RPMI media supplemented with
10 nM DHT and 125 ng/mL doxycycline for a further 48 h. After 48 h the media was collected,
passed through a 0.2 µm syringe filter and stored at -80 °C until needed.
Differentiation of osteoprogenitor Cells: Osteoprogenitor cells were seeded in a T175 plate
at a density of 3000 cells/cm2 and cultured under standard conditions until 100 % confluent.
At 100 % confluency, the cells were incubated with osteogenic media (1 M βglycerophosphate, 50 mg/mL ascorbate-2-phosphate and 0.1 M dexamethasone) and
cultured for a further 4 weeks with media changes every 3 days. After 4 weeks, the cells were
washed once with 5 mL of serum-free MEM (with 1 % P/S) and incubated for a further 48 h
with the same media. After 48 h, the media was collected, passed through a 0.2 µm syringe
filter and stored at - 80 °C until needed.
Treatment of LNCaP cells with osteoblast conditioned media: LNCaP cells grown to 80
% confluency in a T175 plate were incubated with phenol red-free RPMI media supplemented
with 5 % charcoal-stripped FBS for 24 h. After 24 h, the media was aspirated and the cells
were incubated with a 1:1 mixture of osteoblast conditioned media and serum-free RPMI (12.5
mL of each) for a further 48 h. After 48 h the media was collected, passed through a 0.2 µm
syringe filter and stored at - 80 °C until needed.

7.2.6 Media and tumour sample preparation
Preparation of PDX homogenates: Approximately 20 mg of a fresh-frozen PDX sample was
removed from – 80 °C storage and homogenized in 1 % (v/v) triton in PBS using a
BeadBlaster24 Tissue Homogenizer (Benchmark Scientific). Homogenized samples were
centrifuged for 5 min (13,000 rpm, 4 °C) before being passed through a 0.2 µm syringe filter.
The protein concentration of the homogenate was measured using the DC Protein Assay
(BioRad), following the manufacturer’s instructions. Samples were then diluted to
approximately 1 mg/mL and stored at -80 °C until further use.
Preparation of conditioned media: Samples of conditioned media were removed from – 80
°C storage and concentrated by centrifugation (3000 g, 10 °C) in a 3 KDa molecular weight
cut-off spin filter (Amicon) for approximately 3 h. This reduced the sample volume from 25 mL
to approximately 500 µL. The protein concentration of the media was measured using the DC
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Protein Assay (BioRad), following the manufacturer’s instructions. Samples were then diluted
to approximately 1 mg/mL and stored at -80 °C until further use.

7.2.7 Probe Labelling Protocols
7.2.7.1 NeutrAvidin Blot
LNCaP conditioned media (10 µg) was treated with a biotinylated activity-based probe for a
defined time period. After the time period, 3 µL of sample loading buffer was added and the
sample was boiled for 5 min. Aliquots were then loaded on to hand cast gels, formulated using
the recipe shown in table 10. SDS-PAGE Gels were typically run for 10 min at 80 volts and
50 min at 180 volts. Proteins were transferred to a nitrocellulose membrane (GE Healthcare,
Hybond ECL, pore size 0.45 µm) using a wet transfer setup and a Tris-glycine transfer buffer
supplemented with 20 % MeOH. Membranes were washed with TBS-T (1 x TBS, 0.1 %
Tween-20), blocked for 1 h with a 3 % BSA solution in TBS-T and incubated with NeutrAvidinHRP (1:1000 dilution in 0.3 % BSA) for 1 h. After 1 h, the membrane was washed with TBS-T
(3 x 10 min) and then developed with Luminata Crescendo Western HRP substrate (Millipore),
according to the manufacturer’s instructions.
Table 12: Reagents required to prepare two 12 % bis-tris gels using 1.0 mm glass plates.
Component

Resolving gel Volume (mL)

Stacking Gel Volume (mL)

H20

3.40

3.05

Resolving Buffer (1.5 M TrisHCl, 0.4 % SDS, pH 8.8)

2.50

-

Stacking Buffer (0.5 M TrisHCl, 0.4 % SDS, pH 6.8)

-

1.25

30 % Acrylamide/bisacrylamide

4.00

0.65

N,N,N′,N′Tetramethylethylenediamine

0.01

0.005

7.2.7.2 NeutrAvidin Enrichment
LNCaP conditioned media or PDX homogenate (200 µg, 1 mg/mL) was treated with a
biotinylated activity-based probe for 1 h. After 1 h, proteins were precipitated via a
chloroform/methanol precipitation procedure: 2 vol. MeOH, 0.5 vol. CHCl3 and 1 vol. H2O was
added to samples, which were then centrifuged at 17,000 g for 5 min. The top organic layer
was removed and an additional 4 vol. of MeOH was added to the sample, which was
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centrifuged as before. The liquid was carefully decanted and the protein pellet was left to dry
for exactly 5 min at RT. The pellet was then resuspended in 2 % SDS, 10 mM DTT in PBS to
a concentration of 10 mg/mL before being diluted 10-fold in 1 x PBS to give a 1 mg/mL protein
solution. Next, 10 µL of protein was reserved for the ‘before pull-down’ sample and the
remainder was added to 25 µL of pre-washed (3 x 200 µL) Streptavidin C1 Dynabeads ®
MyOne™ (Thermo Fisher Scientific) followed by gentle agitation for 2 h at RT. After 2 h, the
supernatant was removed (retaining 10 µL for the ‘supernatant’ sample) and the beads were
washed with 1 % SDS in PBS (3 x 200 µL). 15 µL of PBS and 5 µL of sample loading buffer
were added to the beads and the resulting mixture was boiled for 10 min. 10 µL of before pulldown sample, 10 µL of supernatant sample and 20 µL of ‘pull-down’ sample were loaded on
to a gel, which was run using the same conditions as in 8.2.7.1. Proteins were transferred to
a nitrocellulose membrane using the same procedure described previously. After blocking, the
membrane was incubated with the appropriate KLK antibody (1:1000, 5 % milk in TBS-T)
overnight at 4 °C, washed with TBS-T (3 x), incubated with the appropriate secondary antibody
(Mouse: HRP Goat anti Mouse, 1/20 000, BD Pharmingen, cat. no. 554002 or Rabbit: HRP
Goat anti Rabbit, 1/5000, Invitrogen, cat. no. G-21234) for 1 h at RT, washed with TBS-T (3
x) and developed as described before.

7.2.7.3 In-gel Fluorescence
LNCaP conditioned media (10 µg) was treated with a fluorescent activity-based probe for a
defined time period. After the time period, 3 µL of sample loading buffer was added and the
sample was boiled for 5 min. Aliquots were then loaded on to hand cast gels and proteins
were separated by SDS-PAGE. In-gel detection of probe-labelled proteins was achieved by
use of a Typhoon FLA 9500 Imaging System.

7.2.7.4 Immunoprecipitation
LNCaP conditioned media (100 µg) was treated with 49 (20 µM final concentration, see section
3.3 for structure) for 1h. Proteins were precipitated using the CHCl3/MeOH procedure outlined
previously and resuspended in RIPA buffer to a concentration of 1 mg/mL. After reserving 10
µL of solution for the before pull-down sample, 1 µg of KLK3, Transferrin or HSP90 antibody
was added to the remaining protein followed by gentle agitation at RT for 2 h. After 2 h, 50 µL
of protein G-coupled Sepharose beads (Thermo Fisher Scientific) were added to the sample
followed by gentle agitation at 4 °C for 12 h. After 12 h, the supernatant was removed (retaining
10 µL for the ‘supernatant’ sample) and the beads were washed with RIPA buffer (5 x 200 µL).
15 µL of PBS and 5 µL of sample loading buffer were added to the beads and the resulting
mixture was boiled for 10 min. 10 µL of the before pull-down sample, 10 µL of supernatant
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sample and 20 µL of ‘pull-down’ sample were loaded on to a gel, which was run using the
same conditions as before. In-gel detection of probe-labelled proteins was then achieved by
use of a Typhoon FLA 9500 Imaging System.

7.2.8 Enzyme Assays
7.2.8.1 Determination of kcat/KM
Substrates 80 and 81 (see section 9.2.7 for structures) were serially diluted in the appropriate
KLK assay buffer and 25 μL was added to the wells of a 96-well plate. Next, 25 μL of KLK2
(1.5 nM) or KLK14 (75 pM) was added to each well containing the substrate and the enzymesubstrate reaction was monitored for at least 10 min using an Envision 2104 Multilabel Plate
Reader operating in kinetic mode, with measurements taken using excitation/emission
wavelengths of 355 nm/460 nm. The linear portion of each progress curve was used to
calculate relative fluorescence units per second (RFUs-1). KM, kcat, and kcat/KM parameters were
determined by nonlinear regression in GraphPad Prism 5 (GraphPad Software). Each
experiment was repeated three times and the results are presented as an average ± SEM.

7.2.8.2 Determination of kinact/KI
Under pseudo-first order conditions, a fixed amount of KLK2 (1.5 nM) or KLK14 (37 pM) was
incubated with peptidyl-DPP inhibitor at different concentrations in the presence of 5 µM of
substrate. The pseudo first-order rate constant, kobs, was calculated for each probe
concentration using non-linear regression analysis in GraphPad Prism 5. The obtained values
were plotted against probe concentration to afford the apparent second order rate constant
kinact(app)/KI. The absolute value of the second order rate constant was then obtained by
adjusting for the substrate competition factor (1 + [S]/Km), where S is the concentration of
substrate in the assay and KM is the Michaelis Menten constant for that substrate/enzyme
reaction.

7.2.8.3 HyCoSuL Sub-library Screen
Specificity screening was carried out in the appropriate KLK buffer using 5 nM KLK2 or 1 nM
KLK14. The final concentration used for each library member was 50 μM and the total reaction
volume was 50 μL. The excitation wavelength was 355 nm, and the emission wavelength was
460 nm. An amount of 1 μL of each HyCoSuL peptide was added into a well in a 96-well plate
containing 24 μL of KLK buffer. Next, 25 μL of the active KLK enzyme was added to each well
and substrate hydrolysis was recorded in kinetic mode at RT for at least 10 min. The linear
portion of each progress curve was used to calculate relative fluorescence units per second
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(RFUs-1). All experiments were repeated at least three times and the results are presented as
mean values ± SEM. Specificity was calculated by normalizing RFUs-1 to the highest value,
which was set at 100 %. Calculations were made using GraphPad Prism 5.
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9 Appendix
9.1 Structures and Data for Chapter 3 Compounds
9.1.1 1H NMR - Diphenyl Phosphonate Warheads

Figure A1: 1H NMR of Compound 42

Figure A2: 1H NMR of Compound 43
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Figure A3: 1H NMR of Compound 54A

Figure A4: 1H NMR of Compound 54B
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Figure A5: 1H NMR of Compound 56A

Figure A6: 1H NMR of Compound 56B
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Figure A7: 1H NMR of Compound 56C

9.1.2 LC-MS Traces – Diphenyl Phosphonate Warheads

Figure A8: LC-MS Chromatogram of 43 using a 5-98 % gradient of CH3CN in H20
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Figure A9: LC-MS Chromatogram of 54B using a 5-98 % gradient of CH3CN in H20

Figure A10: LC-MS Chromatogram of 56C using a 5-98 % gradient of CH3CN in H20
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9.1.3 LC-MS Traces – Peptidyl Diphenyl Phosphonate Compounds

Figure A11: LC-MS Chromatogram of 40 using a 20-98 % gradient of CH3CN in H20

Figure A12: LC-MS Chromatogram of 54 using a 5-98 % gradient of CH3CN in H20

Figure A13: LC-MS Chromatogram of 55 using a 5-98 % gradient of CH3CN in H20
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Figure A14: LC-MS Chromatogram of 56 using a 5-98 % gradient of CH3CN in H20

Figure A15: LC-MS Chromatogram of 57 using a 5-98 % gradient of CH3CN in H20

Figure A15: LC-MS Chromatogram of 58 using a 5-98 % gradient of CH3CN in H20
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Figure A16: LC-MS Chromatogram of 59 using a 5-98 % gradient of CH3CN in H20

Figure A17: LC-MS Chromatogram of 60 using a 5-98 % gradient of CH3CN in H20

Figure A18: LC-MS Chromatogram of 61 using a 5-98 % gradient of CH3CN in H20
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Figure A19: LC-MS Chromatogram of 62 using a 5-98 % gradient of CH3CN in H20

Figure A20: LC-MS Chromatogram of 63 using a 5-98 % gradient of CH3CN in H20

Figure A21: LC-MS Chromatogram of 64 using a 5-98 % gradient of CH3CN in H20
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Figure A22: LC-MS Chromatogram of 65 using a 5-98 % gradient of CH3CN in H20

Figure A23: LC-MS Chromatogram of 66 using a 5-98 % gradient of CH3CN in H20

Figure A24: LC-MS Chromatogram of 67 using a 5-98 % gradient of CH3CN in H20
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Figure A25: LC-MS Chromatogram of 68 using a 5-98 % gradient of CH3CN in H20

Figure A26: LC-MS Chromatogram of 69 using a 5-98 % gradient of CH3CN in H20

Figure A27: LC-MS Chromatogram of 70 using a 20-98 % gradient of CH3CN in H20
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9.2 Structures and Data of Chapter 4 Compounds
9.2.1 1H NMR – Diphenyl Phosphonate Warheads

Figure A28: 1H NMR of Compound 78

Figure A29: 1H NMR of Compound 79
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Figure A30: 1H NMR of Compound 72

9.2.2 LC-MS Traces – Diphenyl Phosphonate Warheads

Figure A31: LC-MS Chromatogram of 72 using a 5-98 % gradient of CH3CN in H20
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9.2.3 LC-MS Traces – Peptidyl DPP Compounds from Section 4.2

Figure A32: LC-MS Chromatogram of 75 using a 20-98 % gradient of CH3CN in H20

Figure A32: LC-MS Chromatogram of 76 using a 20-98 % gradient of CH3CN in H20
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9.2.4 LC-MS Traces – Peptidyl DPP Compounds from Section 4.4.1

Figure A33: LC-MS Chromatogram of 84 using a 5-98 % gradient of CH3CN in H20

Figure A34: LC-MS Chromatogram of 85 using a 5-98 % gradient of CH3CN in H20

Figure A35: LC-MS Chromatogram of 86 using a 5-98 % gradient of CH3CN in H20
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Figure A36: LC-MS Chromatogram of 87 using a 5-98 % gradient of CH3CN in H20

Figure A37: LC-MS Chromatogram of 88 using a 5-98 % gradient of CH3CN in H20

Figure A38: LC-MS Chromatogram of 89 using a 5-98 % gradient of CH3CN in H20
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Figure A39: LC-MS Chromatogram of 90 using a 5-98 % gradient of CH3CN in H20

Figure A40: LC-MS Chromatogram of 91 using a 5-98 % gradient of CH3CN in H20

Figure A41: LC-MS Chromatogram of 92 using a 5-98 % gradient of CH3CN in H20
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Figure A42: LC-MS Chromatogram of 93 using a 5-98 % gradient of CH3CN in H20

Figure A43: LC-MS Chromatogram of 94 using a 5-98 % gradient of CH3CN in H20

Figure A44: LC-MS Chromatogram of 95 using a 5-98 % gradient of CH3CN in H20
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9.2.5 LC-MS Traces – Peptidyl DPP Compounds from Section 4.4.2

Figure A45: LC-MS Chromatogram of 96 using a 20-98 % gradient of CH3CN in H20

Figure A46: LC-MS Chromatogram of 97 using a 20-98 % gradient of CH3CN in H20

Figure A47: LC-MS Chromatogram of 98 using a 20-98 % gradient of CH3CN in H20
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Figure A48: LC-MS Chromatogram of 99 using a 20-98 % gradient of CH3CN in H20

Figure A49: LC-MS Chromatogram of 100 using a 20-98 % gradient of CH3CN in H20

Figure A50: LC-MS Chromatogram of 101 using a 20-98 % gradient of CH3CN in H20
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Figure A51: LC-MS Chromatogram of 102 using a 20-98 % gradient of CH3CN in H20

Figure A52: LC-MS Chromatogram of 103 using a 20-98 % gradient of CH3CN in H20

Figure A53: LC-MS Chromatogram of 104 using a 20-98 % gradient of CH3CN in H20
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9.2.6 1H NMR – Fmoc-Coumarin

Figure A54: 1H NMR of Compound 106

Figure A55: 1H NMR of Compound 107
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Figure A55: 1H NMR of Compound 108

Figure A56: 1H NMR of Compound 109

181

9.2.7 LC-MS Traces – Coumarin Substrates

Figure A57: LC-MS Chromatogram of 80 using a 5-98 % gradient of CH3CN in H20

Figure A58: LC-MS Chromatogram of 81 using a 5-98 % gradient of CH3CN in H20
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9.2.8 LC-MS Traces – Peptidyl DPP Compounds from Section 4.6

Figure A59: LC-MS Chromatogram of 113 using a 20-98 % gradient of CH3CN in H20

Figure A60: LC-MS Chromatogram of 114 using a 20-98 % gradient of CH3CN in H20

Figure A61: LC-MS Chromatogram of 115 using a 20-98 % gradient of CH3CN in H20
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Figure A62: LC-MS Chromatogram of 116 using a 20-98 % gradient of CH3CN in H20

Figure A63: LC-MS Chromatogram of 117 using a 20-98 % gradient of CH3CN in H20

Figure A64: LC-MS Chromatogram of 118 using a 20-98 % gradient of CH3CN in H20
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Figure A65: LC-MS Chromatogram of 119 using a 20-98 % gradient of CH3CN in H20

Figure A66: LC-MS Chromatogram of 120 using a 20-98 % gradient of CH3CN in H20

Figure A67: LC-MS Chromatogram of 121 using a 20-98 % gradient of CH3CN in H20

185

Figure A68: LC-MS Chromatogram of 122 using a 20-98 % gradient of CH3CN in H20
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9.2.9 LC-MS Traces – Peptidyl DPP Compounds from Section 4.7

Figure A69: LC-MS Chromatogram of 123 using a 20-98 % gradient of CH3CN in H20

Figure A70: LC-MS Chromatogram of 124 using a 20-98 % gradient of CH3CN in H20

Figure A71: LC-MS Chromatogram of 125 using a 20-98 % gradient of CH3CN in H20
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Figure A72: LC-MS Chromatogram of 126 using a 20-98 % gradient of CH3CN in H20

Figure A73: LC-MS Chromatogram of 127 using a 20-98 % gradient of CH3CN in H20

Figure A74: LC-MS Chromatogram of 128 using a 20-98 % gradient of CH3CN in H20
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Figure A75: LC-MS Chromatogram of 129 using a 20-98 % gradient of CH3CN in H20

Figure A76: LC-MS Chromatogram of 130 using a 20-98 % gradient of CH3CN in H20

Figure A77: LC-MS Chromatogram of 131 using a 20-98 % gradient of CH3CN in H20
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Figure A78: LC-MS Chromatogram of 132 using a 20-98 % gradient of CH3CN in H20

Figure A79: LC-MS Chromatogram of 133 using a 20-98 % gradient of CH3CN in H20

Figure A80: LC-MS Chromatogram of 134 using a 20-98 % gradient of CH3CN in H20
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Figure A81: LC-MS Chromatogram of 135 using a 20-98 % gradient of CH3CN in H20
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9.3 Structures and Data of Chapter 6 Compounds
9.3.1 1H NMR – Mixed Alkyl Aryl Phosphonate Warheads

Figure A82: 1H NMR of Compound 141

Figure A83: 1H NMR of Compound 142
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Figure A84: 1H NMR of Compound 144

Figure A85: 1H NMR of Compound 145
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Figure A86: 1H NMR of Compound 146

Figure A87: 1H NMR of Compound 147
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Figure A88: 1H NMR of Compound 148
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9.3.2 1H NMR - Anthraquinone Quencher

Figure A89: 1H NMR of Compound 150
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9.3.3 LC-MS Traces – Quenched Activity-based Probes

Figure A90: 1H NMR of Compound 139

Figure A91: 1H NMR of Compound 153
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9.4 HyCoSuL Amino Acid List

Figure A92: List of natural amino acids used in the HyCoSuL library. All amino acids are
shown in their fully deprotected forms.
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Figure A92: List of unnatural amino acids used in the HyCoSuL library. All amino acids are
shown in their fully deprotected forms.
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9.5 Additional Chemical Structures

Figure A93: Structure of active site inhibitor 48 used in chapter 3 and 4.
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9.6 Permissions
Permissions to reproduce published figures and data are included in this section.
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