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1. INTRODUCTION

Protein kinases (PK) are enzymes which catalyse protein phosphorylation and
consequently affect almost all cell functions via a myriad of mechanisms. An
impaired activity of PKs has been linked to many diseases like cancer. Under-
standing the structures and interactions of PKs has led to the development of PK
inhibitors providing us with more than 70 drugs since the early 2000s. Although
majority of the approved PK inhibitor drugs are ATP-competitive, bisubstrate
PK inhibitors, which bind the ATP-pocket and peptide binding region simulta-
neously, can achieve greater affinity and selectivity. In addition to pharmaco-
logical perspective, PK inhibitors are valuable chemical probes in PK related
research.

The thesis describes the design, synthesis, and biochemical characterization
the first photocaged, the first deactivatable, and the first covalent bisubstrate
inhibitors of basophilic protein kinases based on previously measured crystallo-
graphic data of ARC-type bisubstrate inhibitors and cAMP-dependent protein
kinase (PKA). The bisubstrate nature of the inhibitors enabled to achieve excep-
tionally large binding affinity changes for the photocaged and deactivatable
inhibitors upon applying the stimuli (over 5 orders of magnitude), as well as
very high efficiency of covalent modification (kinac/Ki) values for the covalent
bisubstrate inhibitors.

This work illustrates how bisubstrate inhibitors can be flexibly modified to
gain new features. The principles of covalent binding and on-command activa-
tion and deactivation of bisubstrate inhibitors were demonstrated on a quanti-
tative level and can be used in the further design of stimuli-responsive and
covalent bisubstrate inhibitors.
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2. LITERATURE OVERVIEW

2.1 Protein kinases

Protein kinases (PK) are enzymes which catalyse the reaction of protein
phosphorylation. During the phosphorylation reaction PK mediates the y-
phosphoryl group (POs*) from ATP to a hydroxyl group of an amino acid of a
substrate protein, forming a phosphoamino acid (Scheme 1). These target amino
acids are serine (85%), threonine (11.8%), or tyrosine (1.8%) [Schwartz et al.
2011].

NH 70
Protein—OH 2 Protein—0~ \O— NH,
N
XN N
. A e
o N7 PK _ _
o o, o/ ° - 0 o p~ N
| % \P\O -H" N O\P/
o=p Aol P’ ) O
|~0" 0© S ATP & N5 0 v/ ADP
0 HO OH HO¢ /’OH

Scheme 1. General scheme of protein phosphorylation

Phosphoamino acids are distinctly different from unphosphorylated amino acids
since they possess a larger hydration shell and a negative charge greater than 1
at physiological pH. Thus, phosphoamino acids form very strong hydrogen
bonds and salt bridges with other amino acids, they diversify protein surfaces,
and most importantly generate phosphorylation-dependent-binding sites for
other proteins to recognize, which enables signal transduction. A transfer of a
single phosphoryl group may result in various inter- and intramolecular inter-
actions, functioning as a switch turning cellular signalling pathways “on” or
“off”. Phosphorylation of proteins is one of the most common and important
post-translational modifications in eukaryotes. Therefore, PKs play a crucial
role in almost every aspect of cellular function by controlling metabolism, tran-
scription, cell division, and programmed cell death, while also participating in
immune response and nervous system function [Roskoski 2015].
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Table 1. Groups of PKs

number | Group name Origin of the group name Number
PKs
I The AGC group PKA, PKG, PKC 64
11 The CAMK group | CAlcium/calModulin-dependent Kinases | 82
I The CK1 group Casein Kinases 1 12
v The CMGC group | the Cyclin-dependent kinases, MAP 65
kinases, Glycogen synthase kinases,
Casein
v The STE group homologs of yeast Sterile 7, Sterile 11, | 49
STErile 20 kinases
VI The TK group Tyrosyl Kinase 95
VII The TKL group Tyrosyl Kinase-Like 43
VIII The RCG group Receptor Guanylyl Cyclase 5
IX OTHER 82
X Atypical 58

There are over 500 PK-encoding genes [Manning et al. 2002; Fabbro et al.
2015; Kanev et al. 2019] in the human genome, which constitutes more than
2.5% of all human genes. Roughly 90% of the PKs are typical and 10% atypi-
cal. Atypical PKs have reported to have biochemical activity but lack sequence
similarity to the other PKs [Manning et al. 2002]. PKs can also be divided based
on the nature of the phosphorylated hydroxylic groups (alcohol or phenol) —
protein-serine/threonine kinases (75%), protein-tyrosine kinases (17%), and
tyrosine-kinase like kinases (8%). Based on the gene sequences the catalytic
domains of PKs have been mapped on a dendrogram (the “kinome tree”) and
divided into ten larger groups (Table 1) [Manning et al. 2002; Kanev et al.
2019]. The catalytic domains of PKs share a conserved arrangement of secon-
dary structure elements which include activation loop, catalytic loop, and
glycine-rich loop among others (Figure 1A). About 10% of PKs are inactive or
weakly active pseudo-kinases. Pseudo-kinases can bind ATP and have a regu-
latory function, but they lack at least one of the three catalytic domain motifs
listed above [Fabbro et al. 2015].

2.1.1 Catalytic domain of protein kinases

PKs are highly regulated and are activated by regulatory stimuli [Taylor et al.
2012]. PK activation/deactivation mechanisms are diverse and PK specific:
some PKs may need multiple other PKs to contribute to their activation (e.g.,
S6K [Zhang et al. 2013] others do not need phosphorylation for their activation
(e.g., ErbB1/2/4 [Gotoh et al. 1992]). Often the phosphorylation of the acti-
vation loop is required for PK activity, making the segment a fundamental
element of PKs. For example, phosphorylation in the activation loop of PKA
(Thr197) fixes the C-helix (His87) and the catalytic loop (Argl65) together and
positions them for the phosphorylation reaction (Figure 1B). The activation
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loop is highly dynamic and phosphorylated either with cis or trans auto-
phosphorylation or by an activating PK. The activation loop begins with a
highly conserved DFG sequence and almost always ends with APE sequence
but is highly varied in terms of length (Figure 1B). In the active “DFG-in”
conformation the Asp residue is important for the binding of Mg®" ions (Asp184
in PKA; Figure 1B). Mg”" ions act as cofactors of PK and are also needed for
the catalysis reaction.

The catalysis of the phosphorylation reaction takes place in the conserved
core of the catalytic domain of PKs, which consists of approximately 250
residues. The core of the catalytic domain is located between two lobes of PK —
amino-terminal lobe (N-lobe) and carboxyterminal lobe (C-lobe) [Knighton et
al. 1991] (Figure 1A).

The smaller N-lobe features only a single a-helix (aC helix) and a five-
stranded antiparallel B-sheet (B1-p5) (Figure 1C). The correct positioning of the
aC helix, termed “C-helix-in”, is essential for an efficient catalysis and is faci-
litated by a conserved salt bridge between the active site Lys and a Glu from the
aC helix (Lys72 and Glu91 in PKA; Figure 1C). The first two strands (B1 and
B2) of the B-sheet in the N-lobe are joined by a conserved glycine-rich loop
(GxGxG), where ¢ is a hydrophobic residue (Figure 1C). The glycine-rich
loop plays an important role in positioning of the phosphates of ATP for the
catalysis at the outer edge of the ATP-binding site.

The larger C-lobe consists mainly of conserved o-helices (8) and loops,
including the activation loop and the catalytic loop (Figure 1A). The catalytic
loop contains the highly conserved Y/HRD motif with the strictly conserved
Asp residue (D166 in PKA) which assists in the transfer of the y-phosphoryl
group from the ATP to the substrate protein (Figure 1B).

The N- and C-lobes of PKs are connected by the hinge region (Figure 1A).
The adenine of ATP is positioned inside the cleft between the N-lobe and C-
lobe where it forms hydrogen bonds with the backbone residues of the hinge
region [Roskoski et al. 2016]. The catalysis reaction is resolved by opening and
closing of the active site cleft, granting the y-phosphate transfer and the release
of the nucleotide. The rate-limiting step of the catalysis reaction is the 20-fold
slower ADP dissociation. [Taylor et al. 2004]
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Figure 1. Crystal structure of PKAc in complex with ATP and PKI(5-24)-amide
(1ATP). (A) N-lobe displayed in dark blue of which the C-helix and the glycine-rich-
loop displayed in teal; C-lobe displayed in white of which the catalytic loop displayed in
yellow and the activation loop in red; the hinge region between the lobes displayed in
brown. (B) Magnification of the activation loop displaying the DFG-segment “in” con-
formation. (C) Magnification of the N-lobe displaying the aC-helix “in” conformation.
(D) Spines of PKs with C-spine in teal and R-spine in orange connected by the aF-helix

of the C-lobe in yellow; the shell residues (Sh1-3) displayed in green.

Catalytic domains of PKs comprise two hydrophobic spines, which connect and
align both lobes, the regulatory (R) and catalytic (C) spine (Figure 1D). R-spine
and C-spine are important for positioning the protein substrate and the ATP,
respectively, for catalysis. The R-spine comprises two residues from both lobes
and is assembled in active PKs (aligning the p4 strand, aC helix, the DFG
motif, and the aE helix). Usually, activation loop phosphorylation causes the
phenylalanine in the DFG motif to flip “in” to complete the R-spine (Figure
1B). The C-spine runs parallel to the R-spine and the two spines are connected
via the oF helix (Figure 1D). The C-spine comprises 8 residues and is com-
pleted upon binding the adenine ring of ATP. ATP binding positions the spines
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and aligns the PK’s catalytic residues optimally for the catalysis [Taylor et al.
2012; McClendon et al. 2014].

Shell amino acids (Sh1, Sh2, Sh3) are also important for PK activity. These
amino acids activate and stabilize the PKs (Figure 1D). Shl occurs in the
“back-loop” where it connects the aC helix and pf4-strand. Shl is conserved in
90% of PKs and plays an essential role in their catalytic activity [Meharena et
al. 2013]. Sh2 is called the gatekeeper residue and it occurs deep in the ATP-
binding site before the hinge region at the end of B5-strand. The gatekeeper
residues are often large (3/4 of all PKs) and hydrophobic (4/5 of all PKs). The
gatekeeper residue controls the access to the back cleft of the PK which can
only be accessed if the gatekeeper residue is small (e.g., Thr or Val [Zuccotto et
al. 2010]). The uncommon small gatekeeper residues have enabled the
development of drugs with bulky groups which fill the back cleft and thus
increase selectivity. Unfortunately, the gatekeeper residue is inclined to mutate
in cancer cells for bulkier residue causing drug resistance [Ung et al. 2018]. Sh3
residue occurs in the B5-strand, two residues upstream of Shl, and is conserved
as a hydrophobic residue in 98% of PKs. Sh2 and Sh3 can compensate each
other, but at least one is needed for the catalytic activity [Meharena et al. 2013].

2.1.2 cAMP-dependent protein kinase

cAMP-dependent protein kinase (Protein kinase A; PKA) is a basophilic en-
zyme which belongs to the AGC group of PKs. PKA was first purified in 1968
and the catalytic subunit of PKA (PKAca) has served as a prototype for the
catalytic domains of PKs [Walsh et al. 1968]. PKA is a heterotetrameric holo-
enzyme which is catalytically inactive. The PKA holoenzyme is composed of
two catalytic subunits (C; PKAca, PKAcp, or PKAcy) and a regulatory subunit
dimer (R; PKArla, PKArIB, PKArlla, or PKATrIIB; Figure 2A). In basal state,
the catalytic activity of PKAc is inhibited by the RI or RII with a sub nanomolar
affinity (Kp = 0.23 nM and 0.27 nM, respectively [Hofmann 1980]). There is a
large excess of PKAr in the cells compared to PKAc with most of the PKAr
being RII rather than RI in any given tissue (e.g., 17-fold excess of PKAr
[Walker-Grey et al. 2017]).

The release of free PKAc from the holoenzyme is regulated by the con-
centration of a secondary messenger cyclic-AMP (cAMP) [Gold 2019; Smith et
al. 2017]. The PKAr dimer contains four cyclic nucleotide-binding domains
which bind cAMP resulting in a dissociation of the active PKAc subunits. The
cellular levels of cAMP are increased because of intracellular stimuli activating
the 7-transmembrane receptors, which in turn activate the adenylate cyclase
inside the cell, that starts converting available ATP into cAMP.
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Figure 2. Crystal structure of PKA holoenzyme. (A) The crystal structure of the PKA
heterotetrameric holoenzyme. The catalytic subunits are depicted in green and the
regulatory dimer in red (pdb: 3tnp). (B) Magnification of Figure 2A near the phospho-
rylation site of PKATrII.

PKAc has a MW of around 40 kDa and it is mainly encoded by PRKACA and
PRKACB genes, which express the Ca and CB subunits, respectively. Ca is
essential to life, as mice with the deletion of PRKACA gene die before birth
[Skalhegg et al. 2002], while deletion of PRKACB gene interestingly leads to
protection from certain age-related heart problems [Enns et al. 2010]. Ca, Rla,
and Rlla are expressed ubiquitously in cells, while Cp and RIp are primarily
found in the brain, and RII is expressed in the brain, endocrine tissues, fat, and
in the reproductive organs alongside Cy [Seberg and Skalhegg 2018].

The PKA holoenzyme is localized in the cells by A kinase anchoring pro-
teins (AKAPs) which restrict the free movement of PKAs. There are over 50
AKAPs which are expressed in essentially all tissue and cell types [Seberg and
Skalhegg 2018]. The AKAPs bind the R subunits and are divided as RI-, RII-,
or dual-specific AKAPs. Cyclic nucleotide phosphodiesterases (PDEs) also take
part in the compartmentalization of active PKAc in cells by restraining intra-
cellular cAMP levels and generating local pools of cAMP [Taskén and Aandahl
2004].

For the catalytic activity, PKAc needs two phosphorylation events — auto-
phosphorylation at Ser338 and phosphorylation of Thr197 in the activation
segment by PDK1 (Figure 1B). The free PKAc is then able to start phospho-
rylating its substrate proteins in the cytoplasm. In total, there are over 250 PKA-
substrates described [Isobe et al. 2017]. RII is also a substrate of PKAc and
contains a serine residue that is phosphorylated, unlike RI which is a pseudo-
substrate of PKA (Figure 2B). PKAc can also migrate to the nucleus, where it
phosphorylates the cAMP response element binding protein (CREB), which
then activates the transcription of genes. PKAc is transported back to the cyto-
plasm from the nucleus by the heat stable protein kinase inhibitor (PKI) [Dalton
and Dewey 2006] after which PKAr can re-establish its holoenzyme complex
with PKAc by outcompeting the PKI. PKI is an endogenous PKAc selective
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thermostable protein [Chen and Sabatini 2021; Coover et al. 2016], which also
modulates the function of PKAc in addition to the PKAr, especially if cAMP
levels have been elevated. PKI has three endogenous isoforms (a.,p,y) that con-
sist of 75, 70, or 75 amino acids, respectively (MW ~ 11 kDa). PKI mimics the
structure of PKAr and binds the PKAc with high selectivity and affinity (Kp =
2 nM [Demaille et al. 1977]), although only the inhibition domain (1-25) is
needed for the high affinity (Kp pkiis-24) = 2.3 nM [Herberg and Taylor 1993]).
Without the activation loop phosphorylation of Thr197, the binding affinity of
PKI for PKAc decreases 10-fold [Steichen et al. 2010]. Synergistic ATPMg
binding to PKAc (Kp atr = 10 uM [Whitehouse et al. 1983]) is needed for the
tight binding of RI and PKI, without ATPMg a 1000-fold weaker affinity for
PKAc is observed (Kp ri = 125 nM and Kp pxi = 2.3 uM [Herberg and Taylor
1993]). RII subunit, on the other hand, does not need ATPMg for the stable
holoenzyme formation. The regulation of PKA in the cell is a complex system
encompassing a vast number of substrates with the regulation and specificity
depending on the concentration of GPCRs, PKAs, AKAPs, PDEs etc.

2.2 Protein kinase inhibitors

PKs were promoted as the major drug targets of the 21% century already 20
years ago when only a few PK inhibitors had been approved by the U.S Food &
Drug Administration (FDA) [Cohen, 2002; Roskoski 2015]. This was mostly
due to the tremendous therapeutic success of one of the earliest PK inhibitors —
imatinib (Gleevec, approved in 2001), which motivated the race to develop PK
inhibitors. The patent for imatinib ended in 2016 and its global annual income a
year earlier in 2015 was $4.7 billion [Chen and Kesselheim 2017]. Imatinib pro-
ved that the selectivity issues and ATP-competitiveness caused by the con-
served ATP-binding site and high cellular concentration of ATP (1-5 mM) do
not prevent PK inhibitors from becoming therapeutics. In the 1980s, a natural
compound, staurosporine was pursued, which had good potency although
lacked selectivity (Figure 3A). The first PK inhibitor used as a drug was
fasudil, a ROCK kinase inhibitor, which was approved in Japan in 1995 for
cerebral vasospasm. In 1999, sirolimus became the first FDA approved PK in-
hibitor (also the first allosteric PK inhibitor), it is used for the prevention of
organ rejection. The second FDA-approved drug was imatinib in 2001 (Figure
3A). [Attwood et al. 2021]

18



Staurosporine F:gggn HO, .O— Sirolimus Imatinib

spectum Type lIA
pursued in the 1980s approved in Japan in 1995 Tyosine kinase inhibitor
H FDA-gpproved in 2001
oM N—E:O Q
HN,
- ”
A oo QO
N
" sagile
He o
~0 N)\lN N
2 NN !
Bosutinib Lenvatinib Nintedanib Trametinib
Type VIIB Type I%A Type IIB Txgg[lzll
BCR-AbI, Src, Lyn, Hek VEGFRI/2/3, FGFR12/3/4 Tyrosine kinase inhibitor A
FDA-approved in 2012 FDA-approvedin2015 ?&m in 2001 FDA-approvedin2013
o

o

Figure 3. Examples of protein kinase inhibitors. (A) Some of the earliest PK inhibitors;
(B) Examples of PK inhibitors of different types [Roskoski 2016].

To date FDA has approved 71 PK inhibitors from which 31 were approved in
the last four years (2018-2022) [Roskoski 2022a]. FDA-approved inhibitors
target over 20 different PK families and generally have low nanomolar to pico-
molar K; values for their target. Also, there is an additional list of PK inhibitors
used as drugs, which have been approved by other agencies, making the total
count of PK inhibitors approximately 100 [Attwood et al. 2021]. Still, there is
an enormous potential for PK inhibitors, since the approved drugs only target
primarily 42 PKs (mostly of the TK group) from the total of >500 PKs.

The ATP-binding sites of PKs evolved to bind ATP, which makes them
similar and thus the development of specific PK inhibitors more challenging.
Many of the approved PK inhibitors are in fact multikinase inhibitors, which
may add to their clinical effectiveness but may also lead to various side effects
[Roskoski 2021a]. Overall, it is unclear if pursuing a single-molecule selective
compound (“magic bullet”) or selectively non-selective compound (“magic
shotgun”) in drug discovery is preferred [Roth et al. 2004]. Also, many of the
PK inhibitors are used to treat multiple diseases. Imatinib, for example, was ini-
tially used to treat chronic myelogenous leukaemia, but it has now become a
broad-spectrum inhibitor — it is used for 8 distinct disorders [Roskoski 2021a].
Majority of the PK inhibitors are used for the treatment of oncological illnesses
(61 of the 71 FDA approved PK inhibitors).

Lipinski’s rule of five (Lo5) sets ranges for physiochemical parameters to
determine whether a substance would be likely to make an orally active drug
[Lipinski et al. 2001]. According to Lo5, an orally active drug should have no
more than one violation of the following: MW < 500 (or 5 - 100); Log P < 5;
number of H-bond donors < 5; number of H-bond acceptors < 10 or (2 - 5).
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LogP indicates the hydrophobicity where larger P value indicates a greater
hydrophobicity. Additional criteria were added later like counting the rotatable
bonds (< 10) and rings (> 3) or calculating the polar surface area (PSA;
< 140 A?). The range limits of Lo5 for MW and cLogp can be exceeded more
easily — 27 of the PK inhibitors have a MW higher than 500 and 23 have a
greater cLogP than 5. On the other hand, only a few molecules break the laws of
having more than 10 H-bond acceptors or more than 5 H-bond donors
[Roskoski 2021a]. The average MW of the FDA-approved PK inhibitors is 499
spanning from 306 Da to 1029 Da. Overall, out of the 71 molecules, 54 follow
the rules and break only one or none of the Lo5, 13 molecules break 2 rules, and
4 molecules break 3 rules. If the extended criteria of counting rings, rotatable
bonds, and PSA are also accounted for, then 10 more molecules deviate from
the Lo5.

Table 2. Groups of PKs

Inhibitor | Binding mode DFG | ATP- Reversible
type competitive

I Active kinase-ATP pocket In Yes Yes
I'2 A/B | Inactive kinase-ATP pocket In Yes Yes
I’ A - Extends to the back cleft In Yes Yes
I'’2B - Doesn’t extend to back cleft In Yes Yes

11 A/B Inactive kinase-ATP pocket Out Yes Yes
IITA - Extends to the back cleft Out Yes Yes
IIB - Doesn’t extend to back cleft Out Yes Yes
111 Allosteric (proximal) Varies | No Yes
v Allosteric (distal) Varies | No Yes

\ Bivalent Varies | Varies Yes
VI Covalent Varies | No Varies

PK inhibitors can be divided into 7 main groups based on the binding modes of
the inhibitor to PK (Table 2) [Roskoski 2016]. Types I, I'2, and II bind the
ATP-binding site directly and typically contain an aromatic system incorpo-
rating nitrogen atoms which act as H-bond donors or acceptors. Whereby, type I
inhibitors bind to the active PK conformation (with both DFG motive and aC
“in”), types 1% and II bind the inactive conformation of PK with the distinction
of the DFG motif “in” or “out”, respectively. Type III and IV inhibitors, on the
other hand, are allosteric inhibitors, which bind other binding sites either close
or distal from the ATP-binding site, respectively. Type V inhibitors are bivalent
or bisubstrate inhibitors, which occupy two distinct parts of the PK. Type VI
inhibitors are covalent inhibitors which form an irreversible covalent bond with
their target enzymes.

The construction of PK inhibitors has been mainly focused on type I, Lix,
and II inhibitors. Accordingly, most of the FDA-approved PK inhibitors bind
the ATP-binding site directly, from which more than 10 target the active
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conformation (type I; e.g., Figure 6A) and more than 35 target the inactive con-
formation (types 12 and II; e.g., Figure 3, Figure 6A). 8§ molecules also form
an irreversible covalent bond to their target (type VI; e.g., Figure 6B-D) [Ros-
koski 2022b]. So far only a few drug molecules bind allosteric binding sites
(types III and 1V; e.g., Figure 3) and no bivalent (type V) PK inhibitors have
become drugs.

Due to the conserved nature of the ATP-binding site, it may be difficult for
ATP-competitive PK inhibitors to achieve selectivity. The substrate protein
binding site of PKs, on the other hand, is less conserved and offers better possi-
bilities for achieving selectivity. Protein substrate-competitive inhibitors (SCI)
bind to the protein substrate binding site, which is a shallow crevice near the
ATP-binding site. The substrate is anchored and positioned in the crevice for
the phosphorylation event [de Oliveira et al. 2016]. SCIs must make interactions
on the surface of the target PK which is not well-defined and open to solvent.
Small ATP-competitive PK inhibitors have the advantage of being pushed into a
hydrophobic shell which surrounds them and affords multiple interactions. To
have similar number of interactions, SCIs must surround a part of the protein
meaning that these molecules need be larger, and thus, frequently violate the
Lo5. Further, their delivery to cells is often complicated. SCIs do not readily
diffuse across the cell plasma-membrane, instead they are typically taken up
into cells by endocytosis trapping them inside intracellular vesicles from where
they have difficulty escaping [Teo et al. 2021]. In addition, SCIs which contain
mainly of natural amino acid sequences may be susceptible to hydrolysis by
cellular proteases.

2.2.1 Inhibitors of cAMP-dependent protein kinase

Although it has been suggested that PKA inhibition might be used in trans-
plantation, brain recovery after ischemic stroke, as an autophagy inducer and in-
flammatory inhibitor [Liu et al. 2020], to date there are no drugs which speci-
fically target PKA. To determine PKAc’s involvement in cellular processes
small inhibitors, which bind the ATP-binding site of PKAc, have been used,
like KT5720 or H-89 (Figure 4; Kp = 60 nM and 6 nM, respectively [Liu et al.
2020; Miick et al. 2005; Viht et al. 2007]). Both compounds were initially
marketed as selective and potent PKA inhibitors, although now they have been
shown to inhibit multiple other PKs in addition to PKAc. KT5720, an analogue
of staurosporine is a non-specific inhibitor of PKA and binds multiple PKs
(PKB, MEK, MSK1, GSK-38, AMPK [Murray 2008]). H-89 was also found to
inhibit at least 8 other PKs (PKB, ROCK2, MSK1, SGK, RSK1, RSK2, AMPK,
CHK1) and cause a broad effect on the phosphoproteome in PKA-null cells
[Limbutara et al. 2019]. The inhibition of PKA activity has also been achieved
by cAMP analogues for PKAr to prevent PKAc dissociation (e.g., Rp-8-Br-
cAMPS; Figure 4) [de Wit et al. 1984]. However, this technique also affects
other cAMP targets (e.g., EPAC) and requires high cellular concentrations of
the inhibitor (¢ > 10 uM) to effectively inhibit PKA activation [Liu et al. 2020].
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Thus, drawbacks such as necessity for a high cellular concentration and non-
specific binding hinder the usage of small inhibitors of PKA.

H-89

PKAc

N/| Q. _NH
N\
N \S\\/ SN
e}
Br

PKI(14-24)
PKAc
Gly-Arg-Thr-Gly-Arg-Arg-Asn-Ala-lle-His-Asp-NH,

Figure 4. Examples of PKA inhibitors

Peptide analogue inhibitors based on the PKI have been developed, which pro-
vide a more selective inhibition profile. Synthetic peptide analogues, like
PKI(6-22)-amide, PKI(5-24)-amide, and PKI(14-24)-amide (Figure 4) have
been synthesised with nanomolar affinities towards PKAc (Kp = 7.4 nM, 19 nM,
and 340 nM, respectively [de Boer et al. 2005]). Different modifications have
been added to peptidic segments to help them enter the cells, like myristylation
[Eichholtz et al. 1993] or introducing hydrocarbon-stapled modifications
[Manschwetus et al. 2019].

2.2.2 Bisubstrate inhibitors of protein kinases

Bisubstrate PK inhibitors constitute two fragments which occupy two distinct
substrate sites of the PK simultaneously. Bisubstrate PK inhibitors are hetero-
bifunctional — they contain two distinct pharmacophores linked via a spacer.
One of the moieties binds the ATP-binding site, and the other moiety binds the
peptide substrate-binding site. The bisubstrate PK inhibitors have an advantage
of generating more interactions with its target PK, which can net an increased
affinity and selectivity. The incorporation of two different moieties into one
compound leads to a significant increase in binding affinity. The binding free
energy of both moieties can be added up, with the extra free energy of linking
from entropic gain [Lavogina et al. 2010; Turnbull 2005] (equation 1).

AGl + AGZ + AGlinking = RT anD ) (1)

where Kp is the dissociation constant of the ligand-receptor complex. Upon a
linear increase of the free binding energy, the Kp value decrease is exponential.
Thus, it is not unusual for bisubstrate PK inhibitors to have Kp values in the low
picomolar range. High affinity is the greatest strength of bisubstrate inhibitors in
addition to possible high selectivity towards specific PK targets, and tolerance
towards ATP-binding site mutations [Lee et al. 2021]. Bisubstrate inhibitors
could provide much better chances to fulfil the “magic bullet” strategy of
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targeting only a specific PK compared to the small ATP-competitive PK inhi-
bitors. Bisubstrate inhibitor strategy has made way for many selective and high
affinity inhibitors [Lavogina et al. 2010; Lee et al. 2021]. Avidity, known as
functional affinity, is the accumulated strength of multiple affinities summed up
from multiple binding interactions and is mainly used to describe the binding of
antibodies, since they harbour multiple domains [Lee et al. 2021]. Avidity can
be used to describe bisubstrate inhibitors too. On the other hand, bisubstrate
inhibitors have an inherent difficulty to satisfy the MW requirement of Lo5. As
discussed above, most of the FDA-approved PK inhibitor drugs abide the LoS5,
so the intrinsically high MW discourages development of bisubstrate inhibitors.
What is more, similarly to SClIs, large structures which incorporate poly-pepti-
dic fragments may limit the bioavailability.

2.2.3 ARC-type inhibitors

ARC inhibitors are bisubstrate PK inhibitors, which have been developed in Dr
Asko Uri’s lab in the University of Tartu for the past 30 years. ARCs used to
stand for adenosine oligo-arginine conjugates, but the meaning has since been
widened to cover conjugates of adenosine analogues and peptide mimetics.
ARCs comprise an ATP-binding site-targeting moiety which was connected to
the substrate peptide mimetic (e.g., oligo-D-arginine) fragment via a hydro-
phobic linker (Figure 5).

ARC inhibitors overcome some of the setbacks of bisubstrate inhibitors. For
example, the 1* generation ARCs comprised L-amino acids and their replace-
ment with D-amino acids significantly increased their binding affinity and
intracellular stability (ARC-902; Figure 5) [Enkvist et al. 2006]. The crystal-
structure guided design of ARC-inhibitors has led to several improved proper-
ties like increased affinity and selectivity of compounds. The affinity and selec-
tivity were improved by varying the ATP binding site moiety: e.g., ARC-902
and ARC-1411 possess a 100-fold Kp difference towards PKAc (Figure 5)
[Vaasa et al. 2009; Ivan et al. 2016]. A longer linker incorporating a chiral
spacer was utilized to direct the oligoarginine fragment of the inhibitor into a
more favourable position. The chiral spacer also forms hydrogen bonds with the
glycine-rich loop increasing the affinity and selectivity of the ARCs: e.g., ARC-
1034 and ARC-1012 possess a 40-fold Kp difference towards PKAc (Figure 5)
[Lavogina et al. 2009]. Using different ATP-binding site moieties and oligo-
aspartate fragments in ARC structures (e.g., oligo-aspartates or their isomeric
peptoid counterparts) high-affinity inhibitors of acidophilic PKs have been
developed (ARC-1502; Figure 5) [Enkvist et al. 2012]. ARCs have also dis-
played the ability to enter the cell, either in a form of a prodrug (ARC-1849;
Figure 5) [Viht et al. 2015], by virtue of comprising a polyarginine sequence
[Vaasa et al. 2010; Enkvist et al. 2006], or an extra hydrophobic modification
(ARC-1143, Figure 5) [Kriisa et al. 2015; Nonga et al. 2021].
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The discovery that ARC-inhibitors, which incorporate thiophene structures,
emit long lifetime luminescence upon excitation when they are bound to PKs,
led to the development of ARC-Lum probes (ARC-1182, Figure 5) [Vaasa et
al. 2009]. A fluorescent dye equipped to an ARC inhibitor can amplify the long
lifetime luminescence intensity via FRET (ARC-1182, Figure 5). Convenient
methodology to determine the Kp-values of tight-binding inhibitors using nano-
molar concentrations of PKs has been developed using ARC-Lum probes (dis-
cussed further under METHODS).

2.3 Targeted covalent inhibitors

Targeted covalent inhibitors (TCIs) are inhibitors equipped with a reactive
electrophile, which forms an irreversible (or reversible) covalent bond with a
specific amino acid of their target enzyme. Only a few decades ago, the develop-
ment of TCIs as drugs was disfavoured because of potential toxicity risks and
safety concerns. Drugs which function via a covalent mechanism have been
around for over a century, although they were discovered serendipitously rather
than via rational design. Aspirin, the first covalent drug, was already marketed
in 1899, although the covalent mechanism of action was established retrospec-
tively in 1975 [Roth et al. 1975] (acetylation of a serine residue in COX
[Shimokawa and Smith 1992]). Penicillin, the first antibiotic, was discovered in
1928. It covalently binds an active site serine residue in bacterial enzyme DD-
transpeptidase preventing the synthesis of the cell wall [Waxman and Stro-
minger 1983]. Omeprazole, first proton pump inhibitor made in 1979, had its
mechanism elucidated a few years before approval in 1988 (forms a disulfide
bond with a cysteine residue of a proton pump, which leads to the inhibition of
secretion of gastric acid) [Lindberg et al. 1986]. The main reason covalent
inhibitors had previously been avoided was the presence of a reactive functional
group and a fear that it might form an immunogenic protein-drug adduct cau-
sing allergic response and hypersensitivity [Uetrecht 2009; Zhang et al. 2011].

It has been claimed that around 30% of all marketed drugs form a covalent
bond with their target enzyme [Sutanto et al. 2020]. Eight of the 71 FDA-
approved PK inhibitors are TClIs. Ibrutinib (Imbruvica, approved in 2013) was
one of the first PK inhibitors designed to intentionally form an irreversible bond
with its target enzyme, rendering its target — Bruton tyrosine kinase (BTK)
definitively inactive (ibrutinib, Figure 6D). Now ibrutinib is used in the treat-
ment of four different diseases and its revenue in 2021 was $5.4 billion [AbbVie
Reports 2022], repeating the success of imatinib and spiking the interest in
TClIs.

Covalent inhibition has several advantages over reversible inhibitors. (1)
TClIs function with non-equilibrium kinetics meaning that after the covalent
modification there is no competition with natural ligands (like ATP for PKs).
(2) Covalent inhibitors have an infinite residence time, which enables prolonged
duration of action — enzyme activity can be restored only by de novo protein

25



synthesis. This also means TCIs have improved efficiency, and lower and less-
frequent dosing of the drug is needed, which reduces the risk of side effects. (3)
TCls are less affected by mutations, which cause drug resistance if the protein
binding site is changed due to a mutation which leads to a less efficient rever-
sible binding (unless the targeted amino acid is mutated). (4) TCIs can target
proteins without a well-defined and/or shallow binding sites [Sutanto et al.
2020].

TClIs have a two-step mechanism of inhibition (Scheme 2). First, the inhibi-
tor reversibly binds the target protein forming an inhibitor-protein complex.
Also, the electrophilic warhead is fixed into a favourable position in relation to
the targeted amino acid residue. Second, a covalent bond is formed between the
electrophile and the nucleophile. The formation of the reversible complex is
characterized with dissociation constant Kp and the formation of the irreversible
covalent bond is characterized with kina. The latter constant describes the maxi-
mum rate of inactivation achieved at infinite concentration of the inactivator.

Reversible binding

KD = koff/ kon
e A\ N\
kon kinact
E+l=<=<—= E:| —— E~I
koff

\. J

~
Overall efficiency
kinact/KI

Scheme 2. Two-step mechanism of covalent inhibition between inhibitor (I) and target
enzyme (E)

The overall efficiency of the covalent modification can quantitatively be des-
cribed by the second order rate constant kinact/ K1 (M/s). kinac/ K1 accounts for both
the reversible and covalent steps. A larger ratio of kinc/Ki typically implies
higher potency, meaning that high binding affinity and reactivity are favoured
[Strelow 2017; Roskoski 2021b; Abdeldayem et al. 2020]. K is defined as the
concentration of inhibitor that yields the half-maximal rate of the covalent bond
formation (Ki = % kinact). Ki can be considered equal to Kp for inhibitors which
have a much slower rate of reaction with their target compared to the rate of
dissociation (Kinact << kotr). [Zhai et al. 2020] K; can be calculated:

koff + kinact
- kon . (2)

As the two-step mechanism shows, the covalent inhibition is time-dependent
and does not follow classical equilibrium kinetics. Since longer exposure times
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lead to an increased inhibitor-protein adduct formation, 1Csy, ECso, and Kp are
not the appropriate parameters for comparing TCls.

Rational TCI development often follows the process of optimizing a rever-
sible inhibitor and modifying it with an electrophilic warhead. The reactivity of
the warhead can be later optimized to minimize off-target labelling [Péczka et
al. 2022]. Selectivity towards the target protein can be achieved via the first step
of the covalent reaction mechanism — the reversible binding. Interestingly,
excellent selectivity profiles often occur upon short-term treatment with TCls,
whereas an extended exposure has been shown to increase off-target reactions
[Lanning et al. 2014]. In fact, poor metabolic stability of the warhead might be
preferred to avoid time-dependent side reactions — Zaro et al purposely made a
warhead that would be hydrolysed in the cell to decrease the slower off-target
reactions [Zaro et al. 2016].

2.3.1 Target residues

The preferentially targeted nucleophilic amino acid in proteins is cysteine since
it is highly reactive (the strongest nucleophile from the 20 natural amino acids)
and the third least abundant amino acid (only 2.2% of protein amino acid
residues) [Miseta and Csutora 2000]. All the eight covalent FDA-approved PK
inhibitors react with a cysteine residue. Thiolates of cysteines are highly polari-
zable and thus soft bases. Although, the protonated thiol is only moderately
reactive, it can easily be deprotonated (pK, ~ 8.6 for cysteine) making it a strong
nucleophile that can be targeted with multiple electrophiles [Sardi et al. 2013].
The pK. of a thiol can shift several orders of magnitude depending on the
environment the cysteine residue is in the protein — pK, values of 2.5 to 11.1
have been reported [Gehringer and Laufer 2019]. An acquired mutation of
cysteine is an excellent target for TCIs. Other amino acid residues have also
been targeted (e.g., lysine [Pettinger et al. 2017], serine, or tyrosine [Bum-
Erdene et al. 2020]). Buried lysines for example, have been targeted since they
can become quite acidic (pK, as low as 5.3 [Pettinger et al. 2017]) and are often
present in active centres. The lysines on the surface of PKs, on the other hand,
usually remain protonated (pK, 10.4). The reactivity of any amino acid depends
highly on their microenvironment, and amino acids with lower intrinsic reactivi-
ties make their targeting more challenging, especially because the measurement
of pK, values might not be trivial.

2.3.2 Electrophile warheads

Chemo-selective covalent reagents, which react in a one-step mechanism and
ambiguously label the most reactive and accessible amino acid residues, cannot
be used as covalent reactive groups (CRG) in TCls [Gehringer and Laufer
2019]. The CRG’s innate reactivity must not be too high, otherwise it leads to
excessive nonspecific off-target labelling and is scavenged by cellularly abun-
dant nucleophiles like glutathione (GSH; ceelular = 0.5-10 mM) [Wu et al. 2004;
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Johnson et al. 2010]. However, the CRG must be reactive enough to rapidly
form the covalent bond after precise positioning in proximity to the appropriate
nucleophilic residue of the target enzyme.

Different reaction types have been defined for the CRGs, but addition-
elimination and nucleophilic substitution are by far the most prevalent reaction
types [Péczka et al. 2022]. These reaction types are not specific, can be applied
to various amino acids, and their reactivity can be tuned by tailoring the war-
head [Péczka et al. 2022]. Other mechanisms, on the other hand, may offer
higher selectivity — e.g., aromatic electrophilic substitution occurs only by tyro-
sine and tryptophane and oxidative mechanisms occur only for cysteine and
methionine [Péczka et al. 2022].

Protein
s‘ Pnoteln Protein

S

B @X/J S Protein —> ©/U\/ -

Scheme 3. Reaction between thiol of a cysteine residue and an electrophilic warhead via
the (A) Michael addition reaction mechanism and (B) Sn2 reaction mechanism.

The most prevalent warheads are o,B-unsaturated carbonyl compounds reacting
with cysteine residues via the Michael addition reaction [Jackson et al. 2017]
(Scheme 3). Following the hard and soft (Lewis) acids and bases (HSAB)
theory, the soft acrylamides reacting via the Michael addition are suitable for
the soft, highly polarizable cellular nucleophiles (thiols) [Reed 2008]. Unfunc-
tionalized acrylamide is only weakly reactive towards thiol nucleophiles, but
since its structure is highly modifiable it has become an attractive option for
TCI development (Table 3). Substitutions at the o or  carbon of acrylamide
can adjust its reactivity and the reaction reversibility. The covalent reaction can
be made reversible if an electron withdrawing group is used next to the acryl
group [Sutanto et al. 2020]. The N-substitutions also play role in acrylamide
reactivity, for example, the N-alkyl or N-aryl substituent can highly differ in
reactivity. In fact, all 8 covalent FDA-approved PK inhibitors use a form of a,3-
unsaturated carbonyl CRG that react with a cysteine residue of their target PK
via the Michael addition reaction resulting in a thioether formation.
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Other widely used electrophiles participate in the Sx2, Pinner, and SnAr re-
actions. o-halo-substituted carbonyls, for example, react with the Sx2 mecha-
nism (Scheme 3). The reactivity of a-halo-substituted carbonyls increases down
the periodic table (F < Cl < Br < I) with the fluoride substituted substance being
least reactive. In this case, the polarity of the C-X bond is reinforced by the
electron-withdrawing effect of the carbonyl, which results in a highly electro-
philic a-carbon. Like for acrylamides, it is possible to tune the reactivity of a-
halo-substituted carbonyls via a combination of steric and inductive effects. The
a-halo-substituted carbonyls have also been widely used in TCI development,
like fluoromethyl ketones (FMK) [Cohen et al. 2007; Garske et al. 2011;
Coover et al. 2016] and chloromethyl ketones (CIMK) [Perez et al. 2009].

2.3.3 Covalent protein kinase inhibitors

To date there are eight FDA-approved covalent PK inhibitors (Figure 6B-D).
Yet these PK inhibitors mainly target only two families of PKs. Primary target
for three of the covalent PK inhibitors is BTK, while the other five PK inhibi-
tors find their targets among the 4 members of the epidermal growth factor
receptor (EGFR) family (ErbB1/2/3/4).

The EGFR family contains four polyonymous members: (i) ErtbB1/HER1/
EGFR, (ii) ErbB2/HER?2, (iii) ErbB3/HER3, and (iv) ErtbB4/HER4. These ErbB
targeting drugs are used to treat non-small cell lung cancers (NSCLC; 85% of
all lung cancers) and breast cancer. For example, an estimated 20% of breast
cancers overexpress ErbB2. The 1% generation EGFR tyrosine kinase inhibitors
(TKI) were reversible inhibitors based on the 4-anilinoquinazoline scaffold and
compete with ATP for its binding site (Figure 6A) [Hossam et al. 2016] These
TKI inhibitors were FDA-approved for the treatment of NSCLC. EGFR
activating mutations which favoured the tumour development (e.g., L858R and
exon 19 deletion) increased the binding affinity for ATP and also for the EGFR
inhibitors. NSCLC patients initially had good responses to the 1% generation
EGFR inhibitors but were inclined to develop resistance to the drugs via the
gatekeeper point mutation (T790M). To overcome the mutation resistance, 2™
generation inhibitors were developed by incorporating reactive moieties to the
1** generation inhibitors (Figure 6B). Afatinib, dacomitinib, and neratinib are
covalent, 2" generation TKIs and they react with a non-catalytic Cys797 in the
EGFR active site. The 2™ generation drugs inhibit the EGFR T790M mutant but
also inhibit the wild-type which leads to dose-limiting side effects. This prob-
lem was solved with the 3™ generation TKIs which incorporate a pyrimidine
scaffold (Figure 6C) [Tumbrink et al. 2021]. Osimertinib e.g., has been ap-
proved for treating NSCLC patients with the activating EGFR mutation or the
T790M drug resistance mutation. The 3™ generation TKIs overcome the gate-
keeper (T790M) mutation and have mutant selectivity over the wild type (WT)
due to more selective reversible binding for the mutant EGFR and faster cova-
lent bond formation rate compared to the 2" generation EGFR drugs [Zhai et al.
2020]. The usage of irreversible EGFR inhibitors becomes problematic with the
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Cys797 mutation (C797S) or oxidation, problems not affecting the reversible
inhibitors (Figure 6A).
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Figure 6. FDA-approved covalent PK inhibitors. (A) 1%, (B) 2", (C) 3™ generation
EGFR inhibitors; (D) 1% and 2™ generation BTK inhibitors. Inhibitor name, year of
FDA-approval, primary targets, and conditions they are used for are added to the inhi-
bitors. The electrophilic warheads of the covalent inhibitors are depicted in red.

BTK is the other PK family that FDA has approved covalent PK inhibitors for
(Figure 6D). Activating mutations make BTK constitutively active which leads
to promoting downstream proliferative processes. BTK inhibitors are approved
for the treatment of B-cell malignancies. The TCls for BTK target the Cys481.
Both 1* and 2™ generation BTK inhibitors function via the covalent mechanism
(Figure 6D). The 1% generation BTK drug, ibrutinib was revolutionary since it
brought about the treatment of B-cell malignancies without the need for chemo-
therapy that is based on general cytotoxic agents. However, various side effects
made prominent that further development is needed for more selective BTK
inhibitors. 2" generation BTK inhibitors were developed and have an increased
selectivity and fewer off-target toxicities. In clinical practice, the BTK drug is
chosen by considering which side-effects would be more tolerable for the
patient (e.g., ibrutinib is not recommended for patients with cardiovascular

31



diseases; acalabrutinib not for patients with headaches) [Ran et al. 2022]. Usage
of 1* and 2™ generation BTK drugs may lead to an acquired resistance due to
the C481S mutation. 3" generation BTK inhibitors are reversible inhibitors and
potent for both BTK and BTK*' mutants. Although, several of them are in
development, none have yet received the FDA approval. As evident, covalent
PK inhibitors drugs can lead to improved cancer treatment and provide fewer
side-effects and a smaller drug dosage. Unless the cysteine which is targeted by
the covalent inhibitor is mutated, the drug can be beneficial against other
acquired mutations.

2.4 Photochemistry

Electromagnetic radiation is quantified into elementary particles called photons,
that have a discrete amount of energy depending on their frequency. Photons are
the smallest particles of light; they are massless and move at the speed of light.
The energy of a photon which is transferred (AE) to a substance upon absorp-
tion depends on the photon’s frequency (v) and hence also on the wavelength

*):

AE = hv, 3)
v=z, 4)

where h is the Planck’s constant, and ¢ is the speed of light. For the photon to be
absorbed, the photon’s energy must be equal to the energy needed for the exci-
tation. Energy absorption results in the molecule being excited to one of the
discrete excited states (Si, S, etc.; Figure 7) [Lakowicz 2006]. Structures that
absorb light can be characterized by the excitation coefficient (g), which
describes how strongly a chemical species absorbs light. The higher the excita-
tion coefficient, the higher the probability to absorb photons at a certain wave-
length (A). How the rate of biological, chemical, and physical processes depends
on the wavelength of light can also be described by the action spectrum.
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Figure 7. Jablonski’s diagram, displaying the different molecular states (So — the ground
state; Si, S», and T, — excited singlet and triplet states) and photophysical processes —
absorption, internal conversion (IC), vibrational relaxation (VR), fluorescence, inter-
system crossing (ISC), and phosphorescence. Thicker and thinner vertical lines re-

present the electronic energy minimums and vibrational energy states, respectively
[Lakowicz 2006].

Light absorption is a very fast process (107'° s). It is followed by the energy
being dispersed between other vibrational energy states via inner conversion
(10210 s) and intra-system crossing (S — T 10"2-10® and T — S 107°-10").
An excited molecule has multiple ways to dispose the excess energy and return
to the ground state. The relaxation to the ground state can occur via photo-
physical processes. Photophysical processes do not involve chemical bond re-
arrangements and can be divided into non-radiative processes, which generate
heat (vibrational and rotational relaxation; 10"-10'%s) and radiative processes,
which generate light such as fluorescence (10°-107 s) and phosphorescence
(10°-107%). [Klan and Wirz 2009]

In addition, the relaxation to the ground state (So) can occur via primary
photochemical processes where chemical bonds are rearranged and the parent
compound is photolyzed into a photoproduct. Photolysis is scission of a che-
mical bond due to light and it can be initiated by UV, Vis, or IR. Further
chemical changes that may follow the photolysis are called secondary photo-
chemical processes and do not require an additional absorption of light.

In nature, photochemical processes can be beneficial (in accordance with the
need of organisms) or harmful (photodamage). For example, D-vitamin is pro-
duced in the human skin as a response to UV light (280 nm), and the light-
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induced E-Z isomerization of opsin in the retina of the eye is linked to signal
transduction. On the other hand, the residual UVB light (260-320 nm) reaching
the surface of earth may endanger living organisms. The most widespread UVB
chromophores in the skin are nucleic- and amino acids, and thus the most com-
mon photoreaction the photodimerization of two pyridine bases in the DNA.
[Klan and Wirz 2009]

Photochemical and photophysical processes can also be characterized by
quantum yield. Quantum yield @.(4) is the ratio of a photo-chemical or -physi-
cal processes (7x) and the absorbed photons (7;):

o, (1) = % (5)
14

According to the Kasha'’s rule, polyatomic molecules luminesce only from the
lowest excited state (S; or Ti), hence quantum yields do not depend on the
wavelength of excitation. All relaxation processes have a quantum yield and are
competing. Excited molecule uses the fastest mechanism to return to the ground
state, may it be vibrational relaxation, fluorescence, phosphorescence, or photo-
lysis. By multiplying the quantum yield (®) and the molecular extinction co-
efficient (g), the efficiency (@-€) of said relaxation process can be calculated
[Klan and Wirz 2009]. Chemical bond rearrangement can be the primary
mechanism of relaxation depending on the structure of the molecule. The struc-
tures of photocleavable groups are designed to restrict molecule’s vibrational
and rotational movements with ridged conjugated aromatic systems, and a
cleavable bond, which produces a good leaving group.

2.4.1 Photocaged bioactive compounds

Photocaging groups or photoremovable protecting groups (PPG) are photosensi-
tive functional groups also known as photocleavable, photoactivatable, photol-
abile, photo-releasable groups, or photo-triggers [Silva et al. 2019]. PPGs are
usually used to mask the activity of a biomolecule by diminishing it with PPG
coupling. Then, upon irradiation with UV-Vis, the PPG can be removed with
spatial and temporal precision, and the biological activity is restored. PPGs
were first reported 60 years ago [Barltrop and Schofield 1962; Patchornik et al.
1970] and were adopted to biology 20 years later [Engels and Schlaeger 1977,
Kaplan et al. 1978]. Since then, PPGs have been used to photocage molecules
(or ions) of all sizes from protons and metal ions [Momotake et al. 2006] to
neurotransmitters [Palma-Cerda et al. 2012], peptides, and proteins [Mangubat-
Medina and Ball 2021; Rakauskaité et al 2020].

Similarly, photo-switching groups are also used control bioactivity of com-
pounds. The most common photo-switches are based on the azobenzene scaf-
fold, which go through a photo-responsive double-bond isomerization between
cis and trans configurations (Figure 8A). Although most of azobenzene photo-
switches respond to UV-light, it is also possible to make red-shifting azo-
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benzene photo-switches [Dong et al. 2015]. Photo-switching groups do not
produce side products; however, it might be more difficult to achieve large
changes in affinity compared to PPGs which are cleaved off.

_X
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O Q200 Qs
N % 1 b
QO Cf o

Figure 8. Reaction mechanisms of photosensitive compounds. (A) Reversible azo-
benzene type photo-switch. (B) Principal reaction mechanism of irreversible nitro-
benzene type photolysis [Klan et al. 2013].

O-—Z

Photocaged molecules have been used in many applications, for example, the
development of light-sensitive pro-drugs and drug delivery systems [Poelma et
al. 2016; Silva et al. 2019; Rapp and DeForest 2021], photoactivatable anti-
biotics [Velema et al. 2013], manipulating PK activity with photo-switchable
peptides [Yi et al. 2014], etc.

Most PPGs are cleaved under UV-light. However, UV-light is not applicable
for many medicinal applications since absorption and scattering hinder the
penetration of short wavelengths through the skin. The main absorber in the
epidermis is melanin that protects aromatic amino- and nucleic acids from UVA
(320-380 nm). Visible light is also largely absorbed by melanin, haemoglobins,
flavines, and carotenoids. Red and infrared light, on the other hand, penetrate
the tissue quite well (3-5 mm at 600 nm and 6-10 mm at 800 nm) and are
mostly only absorbed by melanin [Zhou et al. 2016]. Photodynamic therapy
(PDT) is a treatment that uses reactive oxygen species (ROS), produced by
photosensitizers, to kill cancer cells. Photosensitizers are taken up by tumour
cells and start producing ROS from oxygen upon exposure to light [Kou et al.
2017]. The optical window for activating the photosensitizers used in PDT
(600900 nm) is set by water (under 900 nm) and oxyhaemoglobin (over
600 nm), the strongest chromophore in blood. However, the photons of red and
infrared light have low energy and the handling of compounds sensitive to red
light is more complicated. Two-photon excitation (2PE) is an alternative to one-
photon excitation and makes it possible to excite chemical species at double
excitation wavelength. 2PE occurs when a molecule absorbs two photons
simultaneously. 2PE efficiency can be described by two-photon cross-section 0,
which is measured in Goeppert-Mayer units (1 GM = 10°° ¢m*-s-photon™'-
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molecule™) [Kl4n et al. 2013]. For biological applications, the 2PE cross-section
should be at least 6 > 0.1 GM [Brieke et al. 2012]. 2PE needs a very high light
intensity that can only be achieved with special light sources.

A PPG should have a high extinction coefficient (¢) and the wavelength of
excitation should be higher than 300 nm. The photolysis reaction should occur
with a high chemical yield and quantum yield (®). The higher the quantum
efficiency (@), the more efficient the photolysis. A e® over 100 M'cm™ is
considered good, over 1000 Mlem! excellent, but values over 10 000 M 'cm’
are not unusual either [Momotake et al. 2006; Vickerman et al. 2021]. The
molecule equipped with a PPG should be photolabile. The photocaged molecule
should be thermally stable, soluble, and available in high purity. Since PPGs are
usually large hydrophobic groups, attaching one may have a large effect on
solubility and membrane permeability. The photolysis products should be poor
chromophores with a low toxicity. The irradiation time should be minimal to
avoid unwanted photoreactions and degradation. Depending on the application,
the PPG should have a wide 2PE cross-section.

A variety of PPG structures have been used, each having their distinct
advantages and disadvantages (Table 4, Figure 9). A widely used photocaging
group is o-nitrobenzyl (o-NB; Table 4; Figure 9a) and its methoxy derivates
(DMNPE; Table 4, Figure 9b) [Goeldner and Givens 2005]. The photolysis
mechanism of 0-NB proceeds via a cyclic intermediate and produces a leaving
group which contains a newly formed carbonyl and a nitroso group (Figure 8B)
[Klan et al. 2013]. o-NB is widespread due to its simplicity. The downside of
the 0-NB is its slow photolysis kinetics and potentially toxic side products (e.g.,
o-nitrobenzyl aldehyde). Structural modifications have been able to overcome
some of the disadvantages of o-NB. Increasing the size of the aromatic system
and adding substitutions increases the wavelength of excitation and allows for
compounds with high photolysis efficiencies, high quantum yields (NDBF;
Table 4, Figure 9¢) [Momotake et al. 2006], and excellent 2PE properties
(BNSF; Table 4, Figure 9d) [Gug et al. 2008]. Nitroindolines type photocaging
groups have been developed as an alternative to o-NBs and are stable but
usually have low efficiency (MNI; Table 4, Figure 9¢) [Goeldner and Givens
2005]. Coumarine-4-ylmethyl derivatives have fast photolysis, high & at longer
wavelengths than 350 nm, are stable, have good fluorescent properties, and 2PE
properties (Bhc; Table 4, Figure 9f) [Fedoryak and Dore 2002]. Substitutions
in the coumarin structure can be used to improve its properties. There are also
metal-containing photocaging groups where the metals coordination changes
upon irradiation which enables the release of metal ions, gaseous inorganic
molecules (e.g., NO or CO), or organic molecules ([Ru(bpy)a(nic).]*"; Table 4,
Figure 9g) [Filevich et al. 2010]. As an alternative to 2PE, PPG-s which are
cleavable in the phototherapeutic window region have been developed
(BODIPY and Cy; Table 4, Figure 9h and 9i) [Sitkowska et al. 2020; Nani et
al. 2015]. Making molecules absorb light at higher wavelengths has an inherit
drawback of making them larger and more hydrophobic.
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3. AIMS OF THE STUDY

The aims of the study were crystal structure guided design, synthesis, and bio-
chemical characterization of:

1) Light-activatable bisubstrate PKAc inhibitor

2) Deactivatable bisubstrate PK Ac inhibitor

3) Irreversible covalently binding bisubstrate PK Ac inhibitor
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4. METHODS

4.1 Fluorescence anisotropy assay

Fluorescence anisotropy (FA) assay is based on the change of molecule rota-
tional orientation during the time between absorption and emission events. In
FA assays fluorophores are exited with linearly polarized light and thereafter
the extent of polarization of the emitted light is measured using polarizers
(vertical || and horizontal 1). The polarization of the emitted light is affected by
rotational diffusion and depends on the angle the fluorophore has rotated during
its excitation lifetime. Small molecules rotate quickly and thus the emitted
radiation is less polarized, while large molecules rotate slowly and emit highly
polarized light (Figure 10). As a result, large molecules or fluorophores
attached to or complexed with large molecules have high FA values.

High polariz;ﬁon Low polarization High polarization High polarization
_: > —
—l :
Excitation Emission Excitation Emission

( Fast

- rotation

Protein
—_—
-

Free fluorescence probe

\

- Slow
rotation

Bound
fluorescence probe

Figure 10. Principle of fluorescence anisotropy

Fluorescence polarization (FP) represents the same phenomenon as FA, and
both can be used interchangeably although the use of FA is recommended since
in FA the difference in intensities (I; — I, ) is normalized by the total intensity
(It = I + 2I,). FA and FP are calculated by:

I -1

FA=———, 6
Iy + 21, ©
L1

FP=——=, 7
I +1, )

where I and I, are the fluorescence intensities of vertically and horizontally
polarized emissions, respectively. If a small fluorescent probe (1-2 kDa) rotates
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freely in solution, it emits depolarized light but if it binds a large molecule like a
PK, its rotational freedom decreases, and the emitted light remains highly polarized.

FA based assay is simple, fast, and easily automated, although it might be
difficult to use it in biologically complex systems. In FA binding or displace-
ment assays the probe cannot be in large excess since unbound probe decreases
the FA values. Using low affinity fluorescent probes (Kp > 10 nM) might re-
quire the use large amounts of PK which increases the experimental costs.

4.2 Time-gated luminescence intensity assay

Another method to determine the binding affinities of inhibitors is the time-
gated luminescence intensity (TGLI) method. The TGLI method is based on the
differences in the lifetimes of background fluorescence and the long-lifetime
photoluminescence signals (Figure 11). The photoluminescence intensity is
measured after a short delay (e.g., 50 ps) after the flash excitation to ensure that
most of the background luminescence has been faded. The window of measure-
ment depends on the fluorophores luminescence lifetime (e.g., 200 ps) resulting
in a time-gated measurement. Signal-to-noise ratio of TGLI measurements can
be further improved with repeated measurements.

>

\

Background

fluorescence
| Measurement window |
[ S — |

Signal Intensity

I
Photoluminescence
I

>
>

Time

TFIash excitation

Figure 11. Time-gated luminescence intensity

ARC-Lum(Fluo) probes can be used as TGLI probes for TGLI measurements
[Enkvist et al. 2011] (Figure 12). ARC-Lum(Fluo) probes are bisubstrate in-
hibitors that incorporate 1) a thiophene- or selenophene-comprising hetero-
aromatic system in the ATP-binding site targeting moiety and 2) a fluorescent
dye (Figure 12A). In 2011 Enkvist et al. [Enkvist et al. 2011] described a
phenomenon where PK was able to stabilize and shield the excited thiophene-or
selenophene-containing probe from quenching. As a result, the probe started
emitting phosphorescence when in complex with the PK (Figure 12B,C). In
case of an unbound probe, however, the long-lifetime photoluminescence was
quickly quenched by the solvent and dissolved oxygen. The phosphorescence
emission of a bound probe can be magnified by transferring its energy to a
fluorescent dye that also increases the emission wavelength resulting in a long-
lifetime photoluminescence signal.
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This energy transfer is possible due to a phenomenon known as the Forster-type
resonance energy transfer (FRET) which describes non-radiative energy transfer
between two chromophores (FRET donor and acceptor) via dipole-dipole
coupling (Figure 13A). In case of ARC-Lum(Fluo)s FRET takes place between
the ATP-binding site moiety (donor) and the fluorescent dye (acceptor) (Figure
13B). The excitation of ARC-Lum(Fluo) probes is done at short wavelengths
(337 nM) and the emission wavelength is dependent on the fluorescent dye
(e.g., 647 nm). The S-S FRET occurs whether the probe has bound the PK or
not, it has a relatively short lifetime and is decayed before the TGLI measure-
ment window starts. Triplet state is stabilized in the ATP-binding site; therefore,
the T-S FRET is more prominent when the PK and ARC-Lum(Fluo) complex
has formed. In this case the long-lifetime photoluminescence signal can be mea-
sured during the measurement window.

For FRET to work, there must be an overlap between the donor emission
spectrum and the acceptor excitation spectrum. In addition, the donor and the
acceptor must be close in space (1-10 nm), since FRET efficiency (E) is highly
dependent on the distance between the donor and the acceptor () — with an
inverse 6™-power:

1
E=—"73 (8)

‘1+(RL0)6’

where Ry is the Forster donor-acceptor distance, at which the energy transfer
efficiency is 50%. Thus, ARC-Lum(Fluo) probes can be used in displacement
assays to measure the affinities of unknown inhibitors. Similarly to the FA mea-
surements, the PK-probe complex results in a high output signal while the free
probe does not produce a signal. In case of FA based assay, the excess free
probe decreases the dynamic range but for TGLI the free probe does not inter-
fere with the signal output. The TGLI measurements using ARC-Lum(Fluo)
probes provide a more accurate method for the affinity measurements with
tight-binding inhibitors, since it is possible to use very small amounts of PK
(e.g., 1 nM) and large amounts of probe (e.g., 10-200 nM). On the other hand,
excitation at low wavelengths (337 nm) can cause photodamage, especially
when photocaged compounds are being measured.
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Figure 13. Jablonski’s diagram (A) of photophysical processes displaying the
phosphor-sensitized fluorescence via triplet-singlet Forster-type resonance energy trans-
fer in ARC-Lum(Fluo) protein kinase complex (B)

4.3 The measurement of active PK concentration

Both FA and TGLI based assays can be used in binding experiments to measure
the concentration of active PK or displacement experiments to measure the
binding of a competing PK inhibitor. This is done by measuring a series of
intensities at different PK or inhibitor concentrations, using the measured TGLI
or FA values to plot a binding curve, and calculating 1Csy and/or Kp values.

In this work the active enzyme concentration was always measured prior to
the biochemical experiments with the recombinant PKs. 2-fold dilution series of
PK was pipetted (typically starting from 200 to 400 nM concentrations) to which
a fluorescent probe was added (typically with a 10 or 20 nM concentration).

The active PK concentration was calculated with the following equation:

r=0-M) “Tprobe T M * Teomplexs )

B Q - [complex]
M= 1+ [complex] - (Q — 1)’ (10)
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1 complex

Q= ] ) (11)
probe

Po+Kpy+k-x)2—4P k- x

[complex] = P, + Kp; + k- x — \/( L ZP) : , (12)
t
[probe][PK]

P1 ™ [probe — PK]’ (13)
k = Cac;ive’ (14)

where 7 is the measured FA value, rprobe is the FA value of the free fluorescence
probe, recomplex — the FA value of the complex of the enzyme and fluorescence
probe; Iyobe and leomplex are the intensities of the fluorescence probe and the
complex of the enzyme and fluorescence probe, respectively; P; is the total
concentration of the fluorescence probe, Kp; is the dissociation constant of the
complex of the enzyme and fluorescence probe, x is the nominal concentration
of the enzyme (cCactive T Cron-active), and Ciciive 1S the total concentration of the
active enzyme.

4.4 Displacement assays

Two different methods were used to calculate the ICso and Kp values — the
TGLI and the FA method. The ICs¢ values were calculated using the following
equation:

Ymax - Ymin
Y = Ymin + 1 + 100081Cso—X)H’ (15)

where Y is the value of TGLI or FA, Y is the minimum value of the TGLI or
FA signal, Ymax is the maximum value of the TGLI or FA signal, ICs is the half-
maximal concentration of the displacement, X is the logarithm of the inhibitor
concentration, and A is the Hill slope.

The Kp values from the TGLI measurements were determined by the fol-
lowing equation:

Y =Ynin + M- [EPf], (16)
where Y is the measured TGLI, Ymin is the background signal, M is the molar

luminescence intensity of the enzyme and fluorescence probe complex, and
[EP¢] is the equilibrium concentration of the enzyme and fluorescence probe
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complex, which was calculated from the following the solution to cubic equa-
tion [Wang 1995]:

P - {24/ (a® — 3b) cos (g) —a}

[EPf] = 0 ) (17)
3:Kpi + {&/W cos (§) —a}

a =Kp;, + Kp, + 10X + Pr — E, (18)

b = Kp,(10% — E) + Kp,(Pr — E) + Kp; - Kpy, (19)

¢ =—Kp, - Kp, " E,and (20)

—2a3® +9ab —27c
0 = arccos , (21)

2./(aZ — 3b)3

where Pr is the total concentration of the fluorescence probe, Kp; is the dis-
sociation constant of the enzyme and fluorescence probe, Kp; is the dissociation
constant of the enzyme and inhibitor, X is the logarithm of the total con-
centration of the competing inhibitor, £ is the concentration of the active
enzyme.

The Kp values from the FA measurements were determined by the equations
9 and 10, where Q is the quotient of the bound and free fluorescent probe inten-
sities. The equilibrium concentration of the enzyme and the fluorescent probe
complex was calculated according to the equation 17.
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5. RESULTS AND DISCUSSION

5.1 Construction of activatable and
deactivatable bisubstrate PKA inhibitors
(Paper I: S6rmus et al, 2019 and
Paper Il: Sormus et al, 2022)

Bisubstrate inhibitors present unique possibilities of structure modulation due to
their characteristics of binding to two different binding sites. Investigation of
how bivalent binding could be controlled by stimulus-responsive moieties was
conducted. The PPG was integrated (1) to a hot spot of the inhibitor (to dras-
tically decrease binding affinity; PAPER I) or (2) to the linker region (to
maximally sustain the affinity; PAPER II). As a result, the binding affinity
could be increased or decreased using external stimuli like light (Figure 1 in
PAPER II). As an alternative to the light-deactivatable inhibitor, a redox-
deactivatable inhibitor was also developed.

When the aim is to decrease the affinity of a bioactive compound by
photocaging, an appropriate position for the photocaging group must be found
to maximally decrease the bioactivity of the parent compound. Photocaged
inhibitors can be sufficiently activated even via an incomplete photolysis
reaction. If, for example, only 50% of the uncaged product is released, the ICsg
of the final mixture is 2-fold higher compared to the fully uncaged product.
However, this also means that even a minor contamination (e.g., 0.1%) with the
transformation product of the batch of the inhibitor considerably decreases the
dynamic range of activity change of the activatable inhibitor (e.g., arising from
premature activation/inactivation).

In contrast to the photoactivatable inhibitors, when constructing a de-
activatable inhibitor, the photocaging group must conversely not diminish the
binding affinity initially, but only after the photolysis. The photolysis breaks the
inhibitor into smaller entities, which then constitute significantly lower binding
affinities compared to the parent compound. Efficient deactivation of an
inhibitor relies on a very clean and high-yielding chemical (or photochemical)
transformation. For example, a 99% transformation of a deactivatable inhibitor
would cause a 100-fold ICso increase, which is much less than would be
observed after a complete conversion into the completely inactive state. On the
other hand, contaminations of deactivatable inhibitors have marginal effect on
the ICso change, which makes the preparation and handling of deactivatable
inhibitors more convenient. In the present work, to avoid unwanted photolysis,
the synthesis and biochemical experiments with the novel light-sensitive
inhibitors were performed under red light. Also, the inhibitors were purified
with the UV detector of HPLC switched off and their peaks were collected
according to the previously determined retention times.

Previously measured co-crystal structures of PKAca with ARC-inhibitors
were used to design the structures of the inhibitors. PKAca was chosen as the
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target PK since it has been considered a prototype PK for which many crystal
structures are available, including co-crystal structures of many PKAco/ARC-
type inhibitor complexes. PKAc has been photocaged on cysteine residues
(C199 and C343) [Curley and Lawrence 1998; Chang et al. 1998, Gao et al.
2015], and on Thr197 [Zou et al. 2002].

HaN&._NH2 HoNT, NHz

NH NH

A

H H
ARC'1408 N)J\/\/\/\)J\NH}\n/NH\/\/\)I\NH)}]/NH2
MW =798 Da ;\(N -Nda- o] -Ahx- [}
K, =0.18 nM -0Arg- -DArg-NH,
7 P Pip-
H2N+ NH2 HgN* NH2 HaNZ, N

H

o /r;/r/

w 2
ARC1411 = (7 v A oy A, o
MW = 1438 Da & B

Ky = 0.003 nM NN NH

7DP-Pip- J\ A

HaN*" “NHz HaNY" NH HaN*" “NH2
+(pArg)g-oLys-NH,

Figure 14. Structures of lead compounds, previously developed in our group, ARC-
1408 and ARC-1411 [Ivan et al. 2016]. The ATP-binding site moiety, 7DP-Pip, is
shown in orange boxes; linkers, Nda and Ahx, in yellow boxes; D-arginine and D-lysine
residues in green boxes.

Previously published PKAc inhibitors ARC-1408 and ARC-1411 were used as
the lead compounds. Both ARC-1408 and ARC-1411 comprise the 4-(piperazin-
1-yl)-7H-pyrrolo[2,3-d|pyrimidine (7DP-Pip) moiety, and D-arginines which
are connected via flexible and hydrophobic linkers (Figure 14). ARC-1408
comprises two D-arginine residues and an elongated linker; one arginine is a
spacer arginine in between the two linkers and the other one is in the C-ter-
minus. ARC-1411 has only one linker and comprises a hexa-D-arginine and a
D-lysine, which increase its binding affinity as well as MW. The four extra D-
arginines in ARC-1411 result in a nearly 100-fold lower Kp value compared to
ARC-1408. A significant fraction of the binding energy of ARC-1408 and
ARC-1411 originate from strong interactions between the ATP-binding site and
7DP-Pip — multiple hydrophobic interactions and H-bonds with hinge region
residues Glul21 and Vall23 (Figure 15). The D-Arg residues reach out of the
ATP-binding site and interact with amino acids on the surface of the PK.
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Figure 15. Crystal structure of ARC-1408 in complex with PKAca (pdb: 5izf). PKA is
shown as grey cartoon (left) or surface (right); ARC-1408 as green sticks.

2-Methyl-3-nitrodibenzo[b,d]furan (NDBF) was chosen as the photosensitive
moiety to be used in the photocaging strategies since it has many suitable
qualities for efficient photolysis: high quantum yield (@ = 0.7) and extinction
coefficient (e330nm = 18 400 M ecm™). In addition, NDBF has fast cleavage
kinetics, an absorption maximum reaching up to the visible region (420 nm),
and a possibility for 2PE (6 = 0.6 GM).[Momotake et al. 2006]

We developed a short 3-step transition metal free route to compound IV, an
electrophilic precursor of NDBF for photocaging 7-deazapurine moiety
(Scheme 4). For the construction of the photocleavable inhibitor, chiral NDBF-
B-amino acid was synthesised (compound XI) and for that an enantioselective
synthesis route was developed, which was based on a previously published
general method for enantioselective synthesis of B-amino esters via chiral N-
tert-butanesulfinyl imines (Scheme 4) [Brinner et al. 2009].
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5.2. Construction of activatable photocaged
bisubstrate PKA inhibitor
(Paper I: S6rmus et al, 2019)

ARC-1408 was used as a lead compound to construct a photocaged bisubstrate
inhibitor due to its high binding affinity for PKAca for its MW (Kp pkaca =
0.18 nM; MW = 798 Da) [Ivan et al. 2016]. The C-terminal D-Arg of ARC-
1408 forms charge-assisted hydrogen bonds with Glul70 and Glu230 and the
spacer D-Arg interacts with Asp166 and Thr201 (Figure 15). Hence, these three
positions are important for protein-inhibitor interactions and were considered
for the attachment of the photocaged moiety — N7 of 7DP, C-terminal D-Arg,
and spacer D-Arg.

HNy_NH,

NH
C-terminal p-Arg position )/ o
Ivdde-protected . 0 -

N NH NH\/\/\)LN: o
/i( H/\(

HN%N 9

N\\\:/N o]
N HNy, NH,
o NH

Spacer D-Arg position ARC-2115 )/
lvdde-protected o MW=976Da © ¢ 0z

— K\N NHYNHJ\AANHWNHZ

N\/L\l HoN NH H NH,

HN NH

N7 of 7DP alkylated o o\k ° )/
? ww : NH\/\/\)k : NH
2
/\OJQ’N/‘% O NH’\]O( NH’T
. ZZ |

N N

Figure 16. Structures of ARC-2114, ARC-2115, and ARC-2116. The derivatized
positions are shown with coloured boxes: Ivdde in the structure of ARC-2114 and
ARC-2115 in orange and red boxes, respectively; EtOAc in the structure of ARC-2116
in teal box.

Attaching a single photocage to one of the D-Arg residues would not be
effective since the flexible D-Arg chain is likely to reposition, adopt a different
conformation, and not disrupt the other interactions with the protein. Photo-
caging the 7DP fragment not only blocks certain H-bonding interactions but
adds steric bulk that debilitates the access of the strongly interacting 7DP-Pip to
the ATP-binding site. To confirm these considerations on a quantitative basis,
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three model compounds were synthesised bearing non-cleavable bulky groups
attached to the positions discussed (Figure 16). In ARC-2114 and ARC-2115,
the C-terminal and the spacer D-Arg were replaced by IvDde-protected D-
lysines, respectively. In ARC-2116, N7 of 7DP was alkylated. As expected, the
derivatization of the ATP-binding site moiety had the largest effect on the
binding affinity (ARC-2116, 10 000-fold difference; Table 5). Substitution of
the D-Arg residues had a much smaller effect on the binding affinity, although
changing the C-terminal D-Arg proved to be more impactful (ARC-2114, 67-
fold difference) compared to the spacer D-Arg (ARC-2115, 16-fold difference).
Thus, the fragment of choice for photocaging a bisubstrate inhibitor ARC-1408
proved to be the aromatic moiety targeting the ATP-binding site of PK. Next,
NDBF was attached to N7 of the 7DP-Pip of ARC-1408, yielding ARC-2112
(Scheme 4, Figure 17A).

Table 5. Schematic structures of ARCs and their Kp values in complex with PKAca as
determined by FA'- or TGLI?>-based assays. 7DP-Pip, 4-(piperazin-1-yl)-7H-pyrrolo[2,3-
d]pyrimidine; Ahx, 6-aminohexanoic acid; Nda, nonanedioic acid; NDBF, 2-methyl-3-
nitrodibenzo[b,d]furan; IvDde, 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-3-methyl-
butyl).

Compound Schematic Structure Ko, nM Irradiated
Ko*P, nM

ARC-2114 7DP-Pip-Nda-DArg-Ahx-DLys(IvDde)-NHz 12+1!

ARC-2115 7DP-Pip-Nda-DLys(IvDde)-Ahx-DArg-NH> 2.9+0.2!

ARC-2116 | EtOCOCH»-7DP-Pip-Nda-DArg-Ahx-DArg-NHz | 1700 + 230!

ARC-1408 7DP-Pip-Nda-DArg-Ahx-DArg-NH; 0.18*

ARC-2112 NDBF-7DP-Pip-Nda-DArg-Ahx-DArg-NH> >15 000 0.76 £ 0.25!

ARC-1411 7DP-Pip-Ahx-[DArg]s-DLys-NHz 0.003*

ARC-2123 7DP-Pip-Nda-DAla-Ahx-[DArg]s-NHa 0.005 £ 0.0012

ARC-2113 | NDBF-7DP-Pip-Nda-DAla-Ahx-[DArgls-NHa 1900 + 500! <0.1!

*[Ivan et al. 2016]

5.2.1 Characterisation of photocaged inhibitors

It was convenient to express the affinities of the inhibitors post-fragmentation as
apparent Kp values (Kp™"). Apparent affinity is used to describe the affinity of
the mixture of compounds after fragmentation and is calculation is based on the
concentration of the initially intact inhibitor. Use of Kp* enabled to quantita-
tively express the extent of deactivation of the inhibitors by the decrease of
affinity on Kp-scale.

The affinities of the novel compounds were expressed as the corresponding
Kp or Kp™ values of their complexes with PKAca pre- and post-irradiation,
respectively (Table 5). ARC-2112 was not able to displace the probe from the
PKAca complex even at 0.1 mM concentration. Irradiation of ARC-2112 under
Hg vapour lamp brought about photolysis, liberated ARC-1408, and provided a
20 000-fold affinity increase towards PKAca (Figure 17B).
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To see if the photocaging strategy would work on a bisubstrate inhibitor with
stronger interactions with the protein substrate-binding region of PKAca, hexa-
D-arginine inhibitor ARC-2123 was prepared. The structure of ARC-2123 was
based on ARC-1411 but also incorporated an extra DAla-Ahx fragment in the
linker region which elongated the linker similarly to ARC-1408 (Figure
14,18A). The Kp value of ARC-2123 in complex with PKAca was determined
to be 5 pM, close to the affinity of ARC-1411 (Kp = 3 pM [Ivan et al. 2016];
Table 5). Thereafter, a photocaged variant of ARC-2123 was synthesised —
ARC-2113 (Scheme 4; Figure 18A). ARC-2113 showed a modest residual
affinity towards PKAcao (Kp = 1.9 uM; Table 5). The 380 000-fold affinity
decline upon photocaging (i.c., the ratio of ARC-2123 vs ARC-2113) is re-
markable and demonstrates that bisubstrate inhibitors with picomolar affinity
can be efficiently deactivated by the attachment of a single photocaging group.

5.2.2 Photocaged inhibitors in cell lysates

Next, ARC-2113 was used for on-command disruption of the PKA holoenzyme
in the presence of other intracellular components. A lysate of CHO cells (COH6)
which express genetically modified fusion proteins PKArIIB-CFP and PKAca-
YFP was used [Ivan et al. 2016; Lissandron et al. 2005; Vaasa et al. 2010;
Koschinski and Zaccolo 2017]. The holoenzyme dissociation was monitored by
a decrease of FRET between the donor CFP and the acceptor YFP.

Before photolysis, ARC-2113 was not able to induce FRET change at the
highest used concentration of 10 uM (Figure 18B). After 1 min irradiation with
a 398 nm LED array the FRET signal decreased and produced a similar dose-
response curve to ARC-1411 (Figure 18B). Thus, the photocage had been effi-
ciently removed and the liberated inhibitor worked as efficiently as ARC-1411
in the cell lysate.

To conclude, the photocaged inhibitors ARC-2112 and ARC-2113 pos-
sessed no effect on the activity of PKAca at micromolar concentration range
and the binding affinities of the uncaged compounds could be quickly (within
1 min) restored with irradiation at 400 nm. The affinity change pre- and post-
irradiation was over 5 orders of magnitude.
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5.3 Construction of deactivatable bisubstrate
PKA inhibitors
(Paper II: Sormus et al, 2022)

The designs of the deactivatable inhibitors (ARC-2121 and ARC-2194) were
based on the structure of ARC-1411 (Figure 14) due to its exceptionally high
affinity towards PKAca (Kp = 3 pM) and other basophilic PKs [Ivan et al.
2016]. To synthesise the novel redox-cleavable inhibitor, ARC-2194 (Figure
19A), the Nda linker in the structure of ARC-1411 was replaced with a self-
immolative disulfide linker of similar length [Deng et al. 2020]. The disulfide
linker of ARC-2194 did not marginally decrease the binding affinity towards
PKAca (Kp = 7 £ 1 pM; Table 6). Addition of an excess of tris(2-carboxy-
ethyl)phosphine hydrochloride (TCEP) to ARC-2194 reduced the disulfide
bond rapidly and quantitatively. In less than 1 minute ARC-2194 was converted
to compounds 1a and 1b (Figure 19B). This conversion was followed by a
slower self-disintegration of 1a and 1b into final products 2a (7DP-Pip) and 2b
(hexa-D-arginine-amide; Figure 19A,B), respectively. The final products were
expected to be very weak inhibitors of PKAca, since the analogues of 2a [Cald-
well et al. 2008] and 2b [Enkvist et al. 2006] displayed ICso values in micro-
molar and millimolar range, respectively. After two hours, most of 1a had con-
verted to 2a, but during this timeframe the time-dependent shift of displacement
curves was not observed. This implied that the ICso values of 1a and 2a were in
the same concentration region. Thus, the full effect of deactivation of ARC-
2194 was already realized in under a minute, after the first reductive cleavage
step.

The Kp™ calculated from the displacement curve of ARC-2194 after TCEP-
treatment (Figure 19C) was 4.5 orders of magnitude higher compared to the Kp
value of untreated ARC-2194. Also, the Kp™" of reduced ARC-2194 was prac-
tically identical to the Kp value of 2a (Table 6), displaying that ARC-2194 was
quantitatively disassembled in the used conditions. This conclusion is also con-
sistent with the HPLC-MS monitoring of the cleavage reaction (Figure 19B).
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Figure 19. Degradation of ARC-2194 in redox conditions (A) theoretical reaction
mechanism of dissociation into 1a and 1b, which simultaneously transform into 2a and
2b; (B) monitored by HPLC; (C) monitored by a displacement assay.

Table 6. Kp values of PKAco complexes with characterized compounds

Compound Sequence Structure Ko, nM Kp**?, nM
ARC-1411 7DP-Pip-Nda-[DArgle-DLys-NH2 | 0.003 = 0.001*
H-89 13 +3%b
7DP-Pip-COO[CH2]2S- a bd
ARC-2194 S(CH2):C00-[pArg]e-NH: 0.007 £ 0.001* | 350 + 30
ARC-2121 7DP-Pip-Nda-NDBFfaa- 0.019£0.007* | 0.6+ 0.3%¢
[DArgls-NH2
2a 7DP-Pip 550 + 150°
3¢; (ARC-2167) NDBFfaa-[DArg]e-NH2 650 + 130°
3a+3c; (1:1) 7DP-Pip-Nda-NH2 + NDBFfaa- 190 + 60°
(ARC-2104 + ARC-2167) [DArg]s-NHa
3a; (ARC-2104) 7DP-Pip-Nda-NHa 460 £+ 210°

“TGLI (10 nM ARC-1063, 1 nM PKAca), "FA (2 nM ARC-583, 3 nM PKAca);

cirradiated for 2 min under 365 nm LED; 9TCEP treatment

5.3.1 Photocleavable inhibitor ARC-2121

For the light-cleavable compound, the replacement of Nda in the structure of
ARC-1411 with NDBF group was not considered due to steric reasons. Instead,
photocleavable chiral B-amino acid incorporating the NDBF in the side chain
was designed and synthesised. The B-amino acid was introduced between the
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linker and the hexa-D-arginine moiety, yielding ARC-2121. According to the
published route [Klan et al. 2013] the photodegradation of ARC-2121 (Figure
20A) would yield two main products: 3a (ARC-2104) and 3b, a derivative of
hexa-D-arginine-amide, which had nitrosodibenzofuranyl group attached to the
N-terminus via malonic acid residue. 3a and 3¢ (ARC-2167), an analogue of the
photolysis product, were synthesised.

HoNS__NH N H|&
{7 ARC-2121 ’ o A
i MW=1592Da HN : _ﬂ155 ’\A-JL_
Ky=0.019 M L 20s A
o} o] H H —
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Figure 20. Photolysis of ARC-2121 (A) theoretical reaction mechanism of photolysis
into 3a and 3b; (B) monitored by HPLC; (C) monitored by a displacement assay.

The binding affinity of ARC-2121 only marginally decreased with the addition
of the B-amino acid with the bulky NDBF side chain (Kp = 19 + 7 pM; Table 6)
compared to ARC-1411. The irradiation of the assay mixtures in 384-well
microplate was performed with a custom-made device with an array of 365 nm
LED-s fixed at distances corresponding to this microplate format. The HPLC-
MS monitoring of the photochemical reaction did not detect ARC-2121 after
15 s of irradiation, and no significant changes in the chromatogram were ob-
served after 30 s of irradiation (Figure 20B). It was decided to irradiate the
samples for 2 minutes as the displacement curves of ARC-2121 did not change
with a longer irradiation time.

The 2-min treatment of ARC-2121 (with UV-radiation, 365 nm) did not
result in a dramatic change in the binding affinity, unlike with the redox-sensi-
tive ARC-2194 or the photocaged ARC-2112 (in PAPER I). Instead, the
irradiated ARC-2121 still possessed very high apparent affinity toward PKAca,
as shown by 30-fold higher apparent Kp™" value (0.6 + 0.3 nM; Table 6; Figure
20C). If ARC-2121 had been cleanly photolyzed into 1:1 mixture of 3a and 3b
(Figure 20A), the apparent affinity of the irradiated inhibitor would have
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decreased by at least 10 000-fold, close to the Kp™" value for the 1:1 mixture of
the theoretical products 3a and 3¢ (Kp = 190 £ 60, Table 6). However, the
photolysis of ARC-2121 turned out to yield a complex mixture of products
from which only 3a could be identified by HPLC-MS. It is possible that the
high residual Kp™ of irradiated ARC-2121 resulted from the combination of
the formation of excessively active products and incomplete photolysis. It is
possible that the photolysis of ARC-2121 stopped (e.g., due to inner filter
effect) before a quantitative conversion and small fraction of ARC-2121 was
present in the final mixture that was undetectable by HPLC-MS. If the cleavage
of the inhibitor had yielded completely inactive fragments, a 30-fold decrease of
Kp™ would correspond to about 3% of the residual ARC-2121 in the solution.
It is also possible that excessively potent inhibitors formed in secondary re-
actions (including the possibility of recombination of the fragments to yield
novel bisubstrate inhibitors).

5.4 Construction of a covalent bisubstrate PKA inhibitor
(Paper lll: S6rmus et al, 2022)

It was investigated if and how the bisubstrate inhibitors, which reach out of the
ATP-binding site, could be used to make a covalent bond to cysteines distal
from the ATP-binding site. The design of the covalent bisubstrate inhibitor was
guided by the previously published results of X-ray crystallographic study on
the complex of ARC-1408 and PKAca (Figure 21) [Ivan et al. 2016]. ARC-
1408 was used as the lead compound, as mentioned above, it possesses high
affinity towards PKAca (Kp = 0.18 nM) and a moderate molecular weight
(MW = 798 Da, Figure 14). PKAca possesses two cysteine residues with one
of them located in the activation-loop (Cys199). Cys199 is far from the ATP-
binding site and is unavailable for small ATP-binding site targeting inhibitors.
However, as evident from the co-crystal structure of the complex of ARC-1408
with PKAcao, the distance between Cys199 and the C-terminal D-Arg of ARC-
1408 is only 10 A. This distance has been considered within suitable range for
designing a covalent inhibitor [Wang et al. 2019].

59



Figure 21. Binding interactions of ARC-1408 with PKAca. Co-crystal structure of the
complex of ARC-1408; sticks; C atoms — green, N atoms — blue, O atoms red) and
PKAco (Protein Data Bank ID 5izf; cyan cartoon) [Ivan et al. 2016]. Sulfur atom of
Cys199 is depicted as a yellow sphere.

The comparative analysis of X-ray crystallographic data of PKAca complexes
demonstrated that the placement of a fragment of ARC-1408 overlaps with
placement of a fragment of PKI(5-22) and a fragment of the PKArIIf (Figure
22). What is more, the amino acid residues of PKI(5-22) or PKATrIIf on the C-
terminal side of this overlapping region approach the Cys199 of PKAca.

ARC-1408

Figure 22. Superimposed images of crystal structures of PKAca in complex with ARC-
1408 or PKI(5-22) or PKATrIIB. The overlay of three crystal structures: complexes of (1)
PKAca (grey surface) with ARC-1408 (teal sticks; pdb: Sizf); (2) PKAca with PKI(5-
22) (green lines; latp), and ATP (not shown); (3) PKAca with PKArIIf (red lines;
3tnp). Red circle indicates the overlap of ARC-1408 with PKI(5-22) and PKATrIIf.
Sulfur atom of Cys199 (PKAca) is depicted as a yellow sphere.
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Based on this idea, a hybrid molecule in which a side-arm derived from the
peptide chain of PKI(5-22) (or PKATrIIf) is attached to ARC-1408 was designed
and synthesized. The Ahx linker in ARC-1408 was replaced with an L-lysine
residue which preserved the linker length between the D-arginine residues but
provided an extra amino group for the side-arm (Scheme 5). From there on,
succinic acid was used as a short linker to connect the a-amino group of L-Lys
to L-Ile. It was expected that L-Ile residue would be in a similar position to L-Ile
of PKI(5-22) (Figure 22) and give similar interactions with PKAca. Finally,
FMK electrophile was attached to the carboxyl group of L-Ile residue. FMK was
chosen as the warhead since it had been successfully used to target the same
cysteine residue (C199) of PKAca by Coover et al. [Coover et al. 2016].

Compound Z X

HN YNH 4a  H NH,
o-A9 NH 5a H D-Arg NH,
6a H p-Arg,NH,
[e] 0 : LLys 0 7‘a H  D-Argy,-NH,
= NJ\/VV\)J\NH’\[(NH x FNH
HN@\(N g I o M S5 F DAgH,
| = 6b F  D-Arg,NH,
NN 7oPpip Lj/ h F  D-ArgNH,
8a F  D-Arg,D-Lys(TAMRA)}NH,
‘NH ™0 8b  F D-ArgDLys(Cy5.5-NH,
Q' le 8c F DArg,D-Lys(Cy5)-NH,

Scheme 5. Structures of compounds synthesized in the current work; 7DP-Pip depicted
in green, D-Arg in blue, L-Lys in red, L-Ile in purple. The ARC codes of the covalent
inhibitors are depicted in orange, their reversible derivates depicted in blue, and the
fluorescently labelled derivates of 6a (ARC-2156) are depicted in purple.

Starting from the commercially available racemic 1-fluoro-3-chloropropan-2-ol,
the precursor for FMK was synthesized over seven steps, which could be
attached to the rest of the inhibitor on solid phase. A series of inhibitors tagged
with FMK group was synthesized by varying the number of D-arginine residues
at the C-terminus of the inhibitors (Scheme 5). Also, the analogous non-reactive
control compounds were synthesized for reference, all lacking the fluorine atom
on the methyl ketone moiety (Scheme 5).
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5.4.1 Characterization of reversible inhibitors

The reversible compounds 4a (ARC-2161), 5a (ARC-2163), 6a (ARC-2156),
and 7a (ARC-2165) possessed KD values in nano- and picomolar range (Table
7, Figure 23A). Overall, the binding affinity strongly depended on the count of
C-terminal D-arginine residues. Each D-arginine decreased the KD value by
approximately an order of magnitude, whereas the attachment of the second C-
terminal D-arginine residue caused the largest increase in the binding affinity.
The dissociation rate (ko) of the reversible inhibitors from their complex with
PKAca was measured. For the smaller compounds, 4a and 5a, the dissociation
was complete after a few minutes. Unlike, for the larger compounds, 6a and 7a,
the dissociation was much slower, taking 30 and 40 min, respectively (Table 7,
Figure 23B). Again, a strong correlation between the count of C-terminal D-
arginine residues in the inhibitor and their dissociation times — the more D-
arginine residues, the slower was the dissociation.

The selectivity profile of the reversible 6a, which comprised 2 C-terminal D-
arginines, was analyzed in a commercial inhibition assay in a panel of 140 PKs.
6a (c = 100 nM) revealed the highest inhibitory potency for PKAca (residual
activity of 2 + 1%). Additionally, three other basophilic PKs of the AGC group
were inhibited by more than 90%: ROCKII, PKBa, and PKB (residual acti-
vities of 8 + 1%, 8 = 3%, and 9 + 2%, respectively). In total, 12 PKs were in-
hibited by more than 50%, from which 9 belonged to AGC, 2 to CAMK, and 1
to CMGC group.

62



"¢ uonenbs 01 Surp10doE PAJRIND[RI,
{ay Moy = "y 0] SUIPI0oOR Paje[No[ed, 10[g WIASIM, (£90T-DUV AU 00T “IoNquyul AU O] 0Oyd JNU ) siusuwLadxs juswooeldsid,

O1-T9 | ¢ 01-(00FTY) | £-01-89 ¢ Gfm_.wmﬁ
O1-TT | 01-(T0FOD | o0l (I0F6W) ¢ @fw.wmﬁ
O1-ST | ¢ 01-(@TF8S) | 101-€C z Qﬁm.%m&
OL- 71 | <01-(10F9T) | 1,01 -(10F61) ¢ GEW%M&
01T | w0l - (LOFLL) | 001 €9 : @Em_.wﬁu
O1-8€ | 201 (S0F+D | ¢00-(O1F€9) I @Sw.%m&
O1-6L | »01-(TOFEE) | 01 TV 0 Amfﬂwm&
O0-€€ | (L01-(€0FHD | (01 -(F0OFTP) 0 :Ew_wm&
SSIp-a
[, [,-s] »lINul o181 [s] (] UL}
1 MN\EE.G\ @ue&u\ n-MN ‘uo y o \eu\ ay 5

"PaIRINO[ED 1M Ly/PPuly pue Ly ‘Uoy ‘noy 3 Suisn sanjea PPty pue Wy ‘dy ‘spunoduiod Juo[eA0d PUB J[QISIOAAI JO UONBZLIORIRY)) L d[qeL



5.4.2 Characterization of covalent inhibitors

The reaction rate of covalent compounds 4b (ARC-2162), 5b (ARC-2148), 6b
(ARC-2158), and 7b (ARC-2166) with recombinant PKAca was measured by
preincubating them for a given period. At fixed time points, the reaction was
stopped by adding an excess amount of the TGLI probe. The added probe would
replace the unreacted covalent inhibitor in the complex with the PK and the
measured TGLI signal correlated with the amount of unreacted PKAca in the
solution. The plot of TGLI-signal vs reaction time showed a clear time-
dependent decrease of TGLI signal with all FMK-modified compounds (Figure
23C). This showed that the PK was indeed being covalently modified.

The compounds with fewer D-arginines (4b and Sb) reacted very slowly with
PKAca as the reaction was not complete even after 8 h. Addition of the second
C-terminal D-arginine residue to the inhibitor structure (6b) gave the largest
gain in binding affinity and decreased the reaction half-life from 2.5 h down to
19 min. Reaction rates for 6b and 7b were very similar, although 7b comprised
an extra D-arginine. The obtained time dependencies were analyzed to calculate
kinact values of the covalent inhibitors (Table 7).

The reaction times of the smaller FMK-containing inhibitors with PKAca
were rather long (4b and Sb, half-lives of reaction of more than 2.5 h) if com-
pared to the fast off-rate of the corresponding reversible complexes, established
with the corresponding reference compounds (4a and 5a, half-lives of dissocia-
tion less than 1 min). Therefore, the reaction between PKAca and 4b or Sb was
rapidly quenched upon addition of excess amount of the TGLI probe and the
off-rates of these compounds could be ignored when deriving kinact values from
data presented in Figure 23C.

On the other hand, in case of the larger inhibitors which comprise more D-
arginine residues, the difference between the off-rate of unreacted inhibitor and
the rate of chemical reaction with PKAca was smaller (#.(reaction) ~ 20 min;
ty(dissociation) ~ 5 — 10 min). Thus, the reaction half-lives of 6b and 7b with
PKAca were also measured using Western Blot (WB). The reaction half-lives
measured using TGLI assay and WB were in good agreement (Figure 23E,
Table 7).

The Ki values of the covalent inhibitors were calculated using the Kinact
values, kofr, and kon according to equation 2. The kinc/Ki values of 6b and 7b
(Table 7) are higher than these of the FDA approved EGFR targeted covalent
inhibitors (e.g., afatinib kine/Ki = 1.5 x 107 [Schwartz et al. 2014]) and much
higher than these of the peptidic covalent inhibitors of PKA (e.g., kinac/Ki =
6.2 x 10°; kinae/ K1 = 5.0 x 10? [Coover et al. 2016; Bramson et al. 1982]). The
high kinac/K: ratios of the covalent bisubstrate ARC-inhibitors mostly originate
from the nano- to picomolar Kp values of these compounds.
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The intrinsic reactivity of FMK warhead was determined in a reaction between
6b (0.15 mM) and GSH (10 mM) in 100 mM potassium phosphate buffer at pH
7.4. FMK displayed a moderate-high reactivity (¢#.6su = 0.74 h at 30°C; tugsn =
0.37 h at 37°C). Also, FMK bearing 6b was slowly decomposing in phosphate
buffer (pH 7.4; tigeg = 1.31 h at 30°C; fru4eg = 0.95 h at 37°C). Although, the
reaction of 6b with PKAca (fupkaca = 0.32 h; 30°C) was twice as fast as the
unspecific reaction with GSH (#,.6su = 0.74 h; 30°C), the reaction was slower
compared to previously published peptidyl FMK targeting the same Cys199-
residue (fupkace = 0.07 h; 30°C) [Coover et al. 2016]. This suggests the FMK
electrophile in the structure of 6b is not optimally positioned for the reaction
with Cys199. The reactions of 4b and Sb with PKAca were much slower
(twpkaca = 5.76 h and 2.52 h, respectively) than with GSH (¢.6su = 0.74 h) or the
FMK degradation (f4ee = 1.31 h). This implies that 4b and Sb were bound to
the ATP-binding site and were not able to position their warheads in suitable
distance and geometry to efficiently react with Cys199.

The covalent modification of PKAca at Cys199 residue was also confirmed
using LC-MS/MS analysis of trypsinated 6b-PKAca adduct. The peptide
fragment of PKAca, which incorporated modified Cys199 (TWTLC"**GTPEY-
LAPEIILSK) with mass difference corresponding to the attached 6b (MW
+1235 Da) was detected. The modification was unambiguously localized to
Cys199. Modification of the other cysteine residue of PKAca, Cys343, was not
detectable which showed that the reaction with Cys199 was specific.

5.4.3 Reactions of fluorescent dye-labelled covalent inhibitor in
cell lysates and cells

For monitoring the formation of the irreversible PK-inhibitor adduct in complex
biological matrices, the structure of 6b was modified to enable introduction of a
fluorescent dye. During the peptide synthesis, D-Lys was attached to the C-
terminus of 6b and thereafter the obtained compound was labelled with the (1)
5-carboxytetramethylrhodamine (5-TAMRA) dye and yielded 8a (ARC-2154),
(2) Cy.5.5 dye and yielded 8b (ARC-2168), or (3) Cy5 dye and yielded 8c
(ARC-2160).

Compound 8a (TAMRA-Iabelled) was added to different cell lysates (of
U20S, HeLa, and PC3 cells) and incubated at 30 °C. After 1 h, the reaction was
stopped by adding loading buffer which contained sodium dodecyl sulfate
(SDS). Next, the proteins were separated on dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE), transferred onto a nitrocellulose membrane, and
analyzed by WB. The WB analysis showed that the covalent inhibitor can in-
hibit PKAc selectively in the cell lysate in a concentration dependent manner,
meaning that if the covalent inhibitor prefers its target enzyme, PKAc, but will
react with other components if in excess (Figure 24A). An experiment where
cell lysates were spiked with different PKs (AKT3, MSKI1, AurA, AurB,
ROCKII) displayed that the covalent inhibitor 8a preferred to first react with
PKAC in all the samples, and thereafter it could react to the spiked PKs, which
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had a cysteine residue in an analogous position to Cys199 of PKAca (AKTS3,
AurA, and MSK1).

8b (Cy5.5-labelled) was used cell experiments, to see if the inhibitor was
able to penetrate the cell membrane (HeLa cells). Here, the lysate was made
after the inhibitor had already been incubated with live cells; also, forskolin was
added to initiate the PKA holoenzyme dissociation via the concentration in-
crease of CAMP. As seen from the WB images, 8b was able to penetrate the at
higher, 5 uM concentration, but not at the lower, 1 uM concentration (Figure
24B). However, the 8b reacted with multiple cellular components similarly to
the previously performed lysate experiments with 8a where the too high in-
hibitor concentration promoted off-target reactions. Also, in live cells, PKAc
was not the main target. These results suggest that at 5 uM applied concentra-
tion the inhibitor efficiently accumulates in the cells to a concentration that far
exceeds the average concentration of PKAc in HeLa cells (200 nM) [Nonga et
al. 2021]. In this case, arising from the high reactivity of FMK warhead and
non-specificity of binding, the inhibitor targets and reacts with multiple pro-
teins, of which some may be more abundant in the cells compared to PKAc. At
1 uM concentration of the inhibitor in the incubation medium such accumu-
lation does not occur, that was reflected by faint fluorescence signal correspon-
ding to labelled proteins. It should be noted that inside live cells differences in
localization between the internalized inhibitor and its target proteins contribute
on the overall selectivity of reaction. According to the results of WB analysis
the non-labelled 6b at applied 5 uM concentration did not target PKAc in live
HeLa cells (data not shown). Thus, tagging the inhibitor with a hydrophobic
Cy5.5 dye remarkably improved membrane-penetrative properties of the com-
pound, yet the mechanism (endocytosis or direct penetration of the plasma
membrane) by which the bisubstrate inhibitor enters the cell requires further
studies.

8¢ (Cy5-labelled) was used to further visualize efficiency of cellular uptake
and the intracellular localization of the labelled covalent inhibitors. At 5 uM
concentration, 8c internalized efficiently into live HeLa cells regardless of the
incubation time (15-min, 1-h, or 2-h) or the presence of forskolin (Figure 24C).
The total fluorescence intensity in the wells containing cells treated with 5 uM
8c was significantly higher than for cells treated with 1 uM 8¢ (P < 0.05); the
effect of forskolin was insignificant for all pairwise comparisons of signals with
vs without forskolin. The decrease of incubation time from 2 h to 1 h was
insignificant for 5 puM, yet it was significant for treatment with 1 uM 8c.
Overall, this data confirms that the covalent bisubstrate inhibitors developed
within this study can be used for intracellular targeting, although the selectivity
of the compounds needs to be tuned for the precise targeting of the PK of
interest. The cell membrane-penetrative properties of compounds should be
improved and quantified to enable the application of bisubstrate covalent
inhibitors at lower concentrations in cellular assays.
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6. SUMMARY OF RESULTS AND DISCUSSION

Covalent binding, on-command activation and deactivation of bisubstrate pro-
tein kinase (PK) inhibitors were explored via previously measured co-crystal
structure-guided design. cAMP-dependent PK was used as the main enzyme
target.

)

2)

3)

The first photocaged bisubstrate inhibitor was designed and synthesised
displaying that bisubstrate tight-binding inhibitors could be effectively
photocaged at the ATP-binding site targeting fragment that provides spatial
and temporal control over the functionality of this type of compound. The
observed 10° times affinity change upon irradiation highlights the impor-
tance of finding the best energetic "hot spots” for blocking the interaction
of the ligand with the protein by the photocage, but also points to the
importance of finding the most suitable photocaging group and avoiding
premature photolysis of the photocaged ligand. The photocaged inhibitors
possess no effect on the activity of PKAca at micromolar concentration
range and the inhibitory potency of the uncaged compounds can be quickly

(within 1 min) restored with irradiation at 400 nm.

The first photocleavable bisubstrate inhibitors were designed and synthe-

sised. The conjugation irradiation- and reduction-responsive cleavable

linkers yielded compounds with strong ability to bind to the catalytic site of

PKAca (Kp values in one- to two-digit picomolar range). Cleavage of the

linker in response to external stimuli (irradiation at 365 nm or chemical

reduction, respectively) disassembled the compounds, which resulted in
liberation of the active PKAca.

The first covalent bisubstrate inhibitors of PKs were designed and synthe-

sised. The count of C-terminal D-arginine residues in the peptide fragment

of the inhibitor was the key influencing factor of the reversible complex
stability as well as of reaction rate of the inhibitor—PK adduct formation.

e The reversible analogues of the covalent inhibitors revealed very high,
picomolar binding affinity toward PKAca and slow to moderate dis-
sociation kinetics of the complexes; in a panel of 140 PKs 6a (ARC-
2156) revealed its preference for PK Aca inhibition.

e 6b (ARC-2158), the first in class cysteine-reactive bisubstrate inhibitor
of PKs, was able to make a covalent thioether bridge specifically with
Cys199 residue of PKAca. Covalent inhibitors revealed very high
kinae/K1 values (up to 6.2 x 10" M™' s7"), which mostly stem from the
very high binding affinity of the bisubstrate inhibitors. The reaction of
the inhibitor with Cys199 residue of PKAca was relatively slow (half-
life of 19.0 = 0.5 min), which suggests sub-optimal positioning of the
electrophilic warhead.

e Fluorescently TAMRA-labeled covalent inhibitor 8a (ARC-2154) was
able to tag PKAc in U20S, HeLa, and PC3 cell lysates and labeled
spiked PKs AKT3, Aurora A, and MSKI1 in PC3 cell lysate, although
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still preferring to form the adduct with the native PKAc. Cy5.5-labeled
8b (ARC-2168) was able to penetrate the cell plasma membrane and
react with PKAc inside the cell, although not as selectively as in the cell
lysate.
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8. SUMMARY IN ESTONIAN

Stiimulitundlike ja kovalentsete bisubstraatsete
proteiinkinaasi inhibiitorite arendamine

Proteiinkinaasid on laialdaselt levinud ensiitiimid, mille tilesandeks kataliiiisida
valkude fosforiiiilimist. Proteiinkinaasid mdjutavad sel viisil arvukate mehha-
nismide kaudu pea koiki raku funktsioone. Liigne vdi pikaajaline proteiin-
kinaasi aktiivsus pohjustab erinevaid haigusi, sealhulgas ka vdhkkasvajaid. Vii-
maste kiimnendite jooksul on uuritud proteiinkinaaside struktuure ja interakt-
sioone, mis on vOimaldanud kasutusele votta madalmolekulaarseid tthendeid
proteiinkinaaside aktiivsuse reguleerimiseks. Nimelt on erinevad agentuurid
viimase veerandsajandi jooksul ravimina kasutamiseks heaks kiitnud ligi sada
proteiinkinaasi inhibiitorit. Enamik proteiinkinaasi inhibiitoreid, mis on
ravimina tunnustatud, seonduvad proteiinkinaasi ATP-taskusse. Tartu Ulikoolis,
Dr Asko Uri uurimisrithmas on vélja to6tatud bisubstraatsed ARC-inhibiitorid,
mis seonduvad korraga kahte proteiinkinaasi sidumispiirkonda ning saavutavad
tanu sellele korgema seondumisvdime ning selektiivsuse. Kéesolevas t60s
demonstreeriti, et optimeeritud struktuurimodifikatsioonidega oli ARC inhibii-
toritele oli voimalik lisada tdiendavaid omadus. Nimelt konstrueeriti korge bio-
aktiivsusega inhibiitorid, mille bioaktiivsus ilmneb voi kaob vilise stiimuli
rakendamisel (valgustamine, redutseeriv keskkond) ja inhibiitorid, mis seondu-
vad proteiinkinaasiga kovalentselt. Inhibiitorite struktuurid disainiti varasemalt
mdddetud valgu-inhibiitori kristallstruktuuride pdhiselt.

1) Valgusega aktiveeritavad proteiinkinaasi inhibiitorid (ARC-2112 ja ARC-
2113) seondusid oma sihtmirkvalguga — cAMP-sdltuva proteiinkinaasi kata-
ludtilise alaiihikuga (PKAca) vdga ndrgalt. Piisas ttheminutilisest kiiritami-
sest LED-valgustiga 400 nm juures, kui nende iihendite seondumisvdime
oma sihtmérgiga suurenes viie suurusjirgu vorra. Nii suurt seondumistuge-
vuse erinevust enne ja pérast valgustamist ei ole varem téheldatud. ARC-
2113 dissotseeris valgustamise jérgselt rakuliisaadis PKA holoensiilimi.

2) Lagundatavate inhibiitorite struktuuri lisatud stiimulitundlik rithm ei alanda-
nud oluliselt nende seondumisvéimet sihtmérkvalguga (PKAca). Valgus-
tundliku inhibiitori, ARC-2121 kaheminutilisel kiiritamisel LED-valgustitega
365 nm juures vihenes iihendi seondumisvdime oma sihtmérkvalgu suhtes 30
korda. Redutseerija-tundliku inhibiitori, ARC-2194 seondumisvdime vahenes
redutseerija lisamisel lausa 4,5 suurusjérku.

3) Elektrofiiliga varustatud kovalentselt seonduvad inhibiitorid (nt ARC-2158)
suutsid reageerida PKAco aktivatsiooniaasas asuva tsiisteiinijddgiga
(Cys199). Kuna Cys199 asub aktivatsiooniaasas, siis ei ole sellega reageeri-
mine norga elektrofiiliga varustatud viikeste ATP-taskusse seonduvate inhi-
biitorite jaoks vdimalik. Muidu ei ole PKAc-1 ATP-tasku piirkonnas iihtegi
tslisteiinijadki, nagu ka paljudel teistel proteiinkinaasidel, mistdttu on nende
jaoks kovalentsete inhibiitorite viljatootamine raskendatud. Kovalentsete
inhibiitorite seondumisvdime ja reaktsiooni kiirus sihtmérkvalguga soltus
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tugevalt struktuuris olevate arginiinide arvust. Kovalentne inhibiitor ARC-
2154 reageeris rakuliisaadis selektiivselt oma sihtmérkvalguga PKAco ning
kovalentne inhibiitor ARC-2168 reageeris sihtmirkvalguga ka elusrakkudes,
kuigi mitte nii selektiivselt.
Selles t60s demonstreeriti esmakordselt kovalentsete inhibiitorite ja stiimuli-
tundlike inhibiitorite pShimdtete rakendamist bisubstraatsete inhibiitorite korral.
T60 illustreerib bisubstraatsete inhibiitorite modifitseerimise paindlikkust uute
omaduste lisamiseks.
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