UCSF

UC San Francisco Electronic Theses and Dissertations

Title
Reversible targeting of noncatalytic cysteines with chemically tuned electrophiles

Permalink
https://escholarship.org/uc/item/0ci6m628

Author
Serafimova, lana Margaritova

Publication Date
2013

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0cj6m628
https://escholarship.org
http://www.cdlib.org/

Reversible targeting of noncatalytic cysteines with chemically tuned electrophiles

by

Tana M. Serafimova

DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY
n
Chemistry and Chemical Biology
in the
GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA, SAN FRANCISCO




Copyright (2012)

by
lana Margaritova Serafimova



Acknowledgments

| am incredibly grateful for all my experiences at UCSF and especially thankful to
my advisor, Professor Jack Taunton, for his guidance and support, and for

always demanding the best of us.

| would like to thank my thesis committee members, Prof. Kevan Shokat and

Prof. John Gross, for all of their helpful comments and advise.

In addition, | would like to thank all the members of the Taunton lab who have
been a great source of help, and without whom my graduate school experience

would not have been the same.

Part of this dissertation is a reproduction of material that has been previously
published, and contains contributions from collaborators. Chapter 2 is
reproduced in part with permission from Serafimova, .M., Pufall, M.O., Krishnan,
S., Duda, K., Cohen, M.S., Maglathlin, R.L., McFarland, J.M., Miller, R.M.,
Frodin, M., and Taunton, J. Reversible targeting of noncatalytic cysteines with
chemically tuned electrophiles. Nature Chemical Biology. 2012, 8: 471-476.
Chapter 4 contains experimental results (Figure 4.4b) that were obtained by Ville

Paavilainen and are reproduced with his permission.



To my family.



Abstract

Targeting non-catalytic cysteine residues with irreversible electrophiles
improved the selectivity and potency of various inhibitors. This strategy has been
applied to scaffolds targeting diverse proteins and in all cases results in an
irreversible bond between the cysteine thiol and the electrophile. Recently,
several acrylamide-based irreversible kinase inhibitors have been advanced to
clinical trials, and the potency and selectivity of these compounds is greatly
dependent on the covalent modification of a cysteine residue found in the
enzyme active site. However, concerns about off-target modification motivated us
to seek out strategies to develop reversible cysteine-targeting small molecule

inhibitors.

Here, we describe the development of cysteine-targeting inhibitors that
form a covalent bond with their kinase target, but do so in a reversible manner.
The covalent bond to a cysteine thiol is long-lived in the context of the folded
active-site, but readily broken with off target proteins. We show that electron-
deficient olefins, including acrylamides, can be chemically tuned to react with
cysteine thiols in a rapidly reversible manner. By installing a nitrile group, the
intrinsic reactivity of the olefins towards thiols increases while at the same time
the formation of irreversible adducts is eliminated. These properties result in an
inhibitor with sustained occupancy of the active site of the kinase due to covalent

bond formation as well as high selectivity for its target and minimal off-target



effects. We specifically combined 2-cyanoacrylates and 2-cyanoacrylamides with
a scaffold that binds promiscuously to protein kinases and to obtain highly
selective and reversible, yet covalent inhibitors of the C-terminal domain of p90

ribosomal S6 kinases (RSK-CTD).

Our results establish a chemical framework for engineering sustained
covalent inhibition without accumulating permanently modified proteins and
peptides. Future studies will seek to define the druggable cysteinome and apply
this technology to generate novel small molecules inhibitors for several cysteine
containing therapeutic targets. We believe that the application of reversible
covalent technology to drug discovery and development will yield compounds

with both dramatically increased potency and minimal toxicity.
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CHAPTER 1

Introduction



1.1 Protein kinases and signaling pathways

Protein kinases catalyze the transfer of the y-phosphate of adenosine
triphosphate (ATP) to serine, threonine or tyrosine amino acids of their protein
substrates. This phosphorylation event can have a profound effect on the
substrates’ function and controls a multitude of cellular processes, including cell
growth and proliferation’. Aberrant kinase activity is the cause or consequence of
many diseases, especially cancer, and multitude of drugs have been developed
with the aim of inhibiting protein kinase activity and thereby killing tumor cells and
preventing metastasis®. The Ras-mitogen activated protein kinase (Ras/MAPK)
pathway plays a central role in converting extracellular stimuli into a wide range

of cellular responses and this pathway is dysregulated in many types of cancers®.

Mitogens /
Growth factors

\, MEK1/2
\, ERK1/2
\. RSK1-4

Figure 1.1. Schematic of RSK in the MAPK signaling pathway




Members of the p90 ribosomal S6 kinase (RSK) family are serine-
threonine protein kinases that act as downstream effectors of the Ras/MAPK
signaling pathway4’5. The four RSK isoforms in humans, RSK1 — RSK4 are
ubiquitously expressed in cell lines and tissues®®, and regulate various cellular
processes such as cell growth, proliferation and survival, and cell cycle
progression. The RSK isoforms are activated by the extracellular signal-regulated
kinases 1 and 2 (ERK 1/2) in response to variety of signaling molecules (growth
factors, cytokines, hormones and neurotransmitters) that stimulate the Ras—Raf—
Mek—Erk pathway9 (Figure 1.1). RSKs play an important role in the MAPK
signaling cascade and their misregulation has been implicated in multiple

diseases, including breast and prostate cancers'®'",

The human RSK family members are highly identical to each other'? (75 —
80% sequence identity) and a characteristic feature of this family of kinases is
that they all contain two distinct and catalytically functional kinase domains''*,
an N-terminal kinase domain (NTD) connected by a hydrophobic linker region to
a C-terminal kinase domain (CTD) (Figure 1.2). The NTD belongs to the AGC
(protein kinase A, G and C) family, while the CTD belongs to the CAMK (Ca**
/calmodulin-dependent protein kinase) family of protein kinases. The only known
function of the CTD is activation of the NTD by phosphorylation of a serine
residue (S386, Rsk2 human numbering) in a hydrophobic motif of the linker

region™. Once activated, the NTD phosphorylates a variety of cellular substrates

that play a role in diverse biological processes'*'*'® (REF10-160).
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Figure 1.2. Model for ERK1/2 activation of RSK kinases

1.2 RSK activation

The mechanism of RSK activation is complex and the current model
involves sequential phosphorylation of six different residues, of which four have
been found to be essential for biological RSK activity (Ser227, Ser369, Ser386
and Thr577, human RSK2 numbering)®'"'®. Upon stimulation of the RAS-ERK
pathway, activated ERK 1/2 binds the carboxy-terminus of RSK and
phosphorylates Thr577 in the activation loop of the CTD, as well as Ser369 and
Thr365 in the linker region between the two kinase domains'’ (Figure 1.2, step

1). Phosphorylation of Thr577 activates the CTD, resulting in auto-



phosphorylation of Ser386 in the hydrophobic motif of the linker region18 (Figure
1.2, step 2). The pSer386 serves as a docking site for PDK1, which in turn
phosphorylates the activation loop of the NTD at Ser227 and results in complete
RSK activation'®?° (Figure 1.2, step 3). Once PDK1 dissociates, RSK is
stabilized in an active conformation and is capable of phosphorylating its
downstream cellular targets21 (Figure 1.2, step 4). Subsequent phosphorylation
of RSK at its C-terminus (Ser737) by the NTD promotes release of ERK1/2,
resulting in inactivation of the kinase®?. The NTD of RSK phosphorylates multiple
cellular and nuclear proteins and requires the minimum consensus

phosphorylation motifs of RRxS/T or R/IKxRxxS/T?>.

1.3 RSK role in biological processes

RSK1 and RSK2 are the most studied isoforms and were originally
identified in Xenopus laevis extracts®*?*. They were thought to be responsible for
phosphorylating the ribosomal protein S6 (rpS6), but in later experiments the
predominant rpS6 kinases were revealed to be the 70 kDa ribosomal S6 kinases
(S6K1 and 86K2)26. Since their discovery in the late eighties, great strides have
been made toward understanding RSK’s role in cellular processes. RSK can
regulate gene expression via association and phosphorylation of transcriptional
regulators including c-Fos?’?®, cAMP response element-binding protein
(CREB)*?', estrogen receptor-a (ERa)*, and NFkB/IkBa**>* and play an
important role in cell survival, migration and proliferation. Loss of RSK2 activity

was shown to be the cause of Coffin-Lawry syndrome (CLS)®*, an X-linked



disorder characterized by severe psychomotor retardation®. Patients with CLS
have multiple mutations in the RSK2 gene, which result in truncated or inactive
RSK2 proteins®.

RSK1 and RSK2 have been shown to positively regulate cell survival in
different cell types37. Both isoforms phosphorylate the proapoptotic protein Bad,
causing its inactivation by cytosolic 14-3-3 proteins®*®. The tumor suppressor
BimEL is also degraded upon phosphorylation by RSK1 and RSK2*°. In addition,
RSK1 and RSK2 phosphorylate and inactivate the death-associated protein
kinase (DAPK), inhibiting its proapoptotic activity and resulting in increased cell
survival in response to mitogenic stimulation*°. Phosphorylation of the
transcription factor CREB was shown to promote survival of primary neurons
through increased transcription of survival-promoting genes, including those from
Bcl-2, Bel-XL and Mcl-1 %",

Expression profiling analysis of cells treated with a highly selective
RSK1/2/4 inhibitor developed in our lab had shown that RSK1 and RSK2 are
important ERK effectors of Raf1-dependent migration in epithelial cells and
overexpression of constitutively active RSK2 elicits a motile phenotype in MDCK
cells*’. RSK1 and RSK2 were found to stimulate motility and invasion by
activating a transcriptional program that enables RSK to coordinately modulate
the extracellular environment, the intracellular motility proteins, and receptors
mediating communication between the two. A genome-wide mRNA expression
analyses revealed RSK-regulated genes with established roles in motility and

invasion that are responsible for a diverse forms of motility, including cell



scattering, wound healing, cell multilayering, chemotaxis and 3D EMC invasion®’.
Additionally, a genome wide RNAi screen revealed a broad functional
dependence of cell motility phenotypes on RSK activation®?.

RSK2 appears to be a key regulator of cell transformation induced by
tumor promoters such as epidermal growth factor (EGF) or 12-O-

tetraecanoylphorbol-13-acetate (TPA)*?

. Ectopic expression of RSK2 was found
to increase proliferation as well as anchorage-independent transformation of
mouse epidermal cells®. In addition, phospho-proteomics studies revealed that
RSK2 is a substrate and a downstream effector of the oncogenic FGFR3
receptor-tyrosine kinase and plays an important role in FGFR3-mediated
hematopoietic transformation. Using FGFR3-expressing t(4;14)-positive myeloma
cells, FGFR3 was shown to activate RSK2 by facilitating both the ERK-RSK2
interaction and the subsequent phosphorylation of RSK2 by ERK**. RSK2 was
also found to be activated in diverse leukemia cell lines expressing different
leukemogenic tyrosine kinases, including BCR-ABL and FLT3-ITD*. Inhibition of
RSK2 by the small molecule inhibitor FMK induced significant apoptosis in FLT3-
ITD positive leukemia cell lines, but not the BCR-ABL induced cells, suggesting
that RSK2 is required for the pathogenesis in FLT3-IDT induced myeloid

leukemia and may represent an alternative therapeutic target in the treatment of

hematologic cancers®.



1.4 Pharmacological RSK inhibitors
To date, several RSK inhibitors have been identified with promising in vivo

properties (Figure 1.3).

RSK CTD inhibitors

FMK CN-NHiPr

RSK NTD inhibitors

_ .
; 3 1
>< ﬁ; 0)\ OH BI-D1870
SL0101 j )\/

SL0101 analog 12

/%/NH

},

\E

J
L BIX 02565 BIX compound 15

—N_

Figure 1.3. Chemical structures of RSK specific small molecule inhibitors



Two of these inhibitors (FMK and CN-NHiPr) are highly potent and selective and
target the CTD of RSK1, RSK2 and RSK4 by covalently modifying a cysteine
residue found in the RSK CTD ATP binding site*®*’, while the other three
(CLO0101 and its analogs, BI-D1870, and the indole-based BIX02565 and its
11,48-

analogs) target the NTD of RSK1-4 in a reversible, ATP-competitive manner

*0but have other off-target effects on other proteins.

C-Terminal kinase domain (CTD) RSK inhibitors

FMK is the first irreversible small molecule inhibitor that was rationally
designed to selectively inhibit the C-terminal domains of RSK1, 2 and 4 (Figure
1.3). A bioinformatics approach identified two selectivity filters that could be
exploited for the design of RSK CTD specific inhibitors — a cysteine residue
(Cys436, RSK2 numbering) at the top of the ATP-binding site, as well as a small
threonine (Thr493, RSK2 numbering) gatekeeper®®. All of the RSK isoforms
contain that cysteine, while in contrast to RSK1, 2 and 4, RSK3 had a sterically
demanding methionine gatekeeper. FMK is based on a pyrrolo-pyrimidine
scaffold with an appended fluoromethyl ketone electrophile that covalently reacts
with Cys436. It also has a para-tolyl substituent that is accommodated by the
small threonine gatekeeper and therefore fits only in the binding sites of RSK1,
RSK2 and RSK4. FMK is a highly potent and selective RSK CTD inhibitor with an
ICs0 value of 15 nM against RSK2 in the presence of 100 uM ATP and its
exclusive selectivity for RSK1 and RSK2 was demonstrated in human epithelial

cell lysates using a biotinylated derivative (biotin-fmk) as a probe as well as



from commercial kinase profiling screens. FMK has been successfully used as a
chemical tool to illuminate RSK’s role in tumorigenesis as well as cancer invasion
and metastasis*'***°. The specific inhibition of RSKs by FMK induced apoptosis
in FGFR3 expressing myeloma cells and in FLT3-ITD leukemia cells®.

We recently developed a closely related analog of FMK with a novel mode
of covalent inhibition*”. CN-NHiPr (Figure 1.3) contains a doubly substituted
Michael acceptor electrophile and potently and selectively inhibits RSK CTD in a
covalent, yet reversible manner. CN-NHiPr displayed single digit nanomolar
potency in enzymatic kinase activity assays against RSK2 CTD (ICso = 4 nM in
the presence of 100 uM ATP) and demonstrated longer residence time in cell-
based assays, despite the fact that it is a reversible inhibitor. A crystal structure
of RSK2 CTD with a tert-butyl cyanoacrylate derivative revealed that RSK2 forms
a covalent adduct by 1,4 nuclephilic conjugate addition of Cys436 to the
electrophilic p-carbon of the cyanoacrylate. CN-NHiPr was tested against a large
panel of purified human kinases and was found to be highly specific to RSK1 and
RSK4 CTDs. CN-NHiPr was shown to react rapidly and reversibly with cellular
thiols such as glutathione (GSH), yet was able to abolish RAF-induced epithelial
cell migration and invasion, consistent with the recently established role of RSK

signaling in these processes *'*'.

N-Terminal kinase domain (NTD) RSK inhibitors

The kaempferol glycoside SL0101 (Figure 1.3) was the first identified

specific RSK inhibitor that binds the NTD'°'. SL0101 is a natural product

10



isolated from the tropical plant Fosteronia refracta and was identified by
screening botanical extracts in biochemical assays for RSK inhibition. SL0101 is
an ATP-competitive inhibitor and was reported to reversibly inhibit RSK2 with an
ICs0 of 90 nM in the presence of 10 uM ATP. lts activity in intact cells was almost
500-fold lower, with reported ECso of 50 uM. Treatment with SL0101 inhibits
proliferation of human prostate and breast tumors, but has no effect on healthy
breast tissue cells''. The anti-proliferative effect of SL0101 is sustained for 48
hours and is due to RSK regulation of cyclin D1 levels, which leads to cell cycle
block in G1 phase. However, after 48 hours of treatment cells resume
proliferation, indicating that SL0101 has poor in vitro stability. Recently, a crystal
structure of RSK2 NTD with SL0101 revealed that the N-lobe, the hinge region,
and the a-D helix of the kinase undergo a conformational change that results in a
formation of a hydrophobic pocket that accommodates the inhibitor®?. Further
analysis and chemical substitution at the 3’ and 4’ positions of the sugar moiety
with carbamate analogues yielded SL0101 analog 12 with improved in vitro
stability and retained RSK potency and specificity>*>*.

The dihydropteridinone BI-D1870 is another reversible and ATP
competitive RSK NTD inhibitor*®. It is relatively selective and inhibits all four RSK
isoforms in vitro with an 1Cso of 15 — 30 nM, but does not significantly inhibit ten
other closely related AGC kinase members and over 40 other protein kinases
tested at 100-fold higher concentrations. The main exception is PLK1, which is
inhibited with an 1Cso of 100 nM. BI-D1870 is cell permeable and was able to

inhibit the RSK-mediated phorbol ester- and EGF-induced phosphorylation of

11



glycogen synthase kinase-3p (GSK3p) and LKB1 in human embryonic kidney
293 cells, however complete inhibition of these RSK substrates required a
concentration of 10 uM BI-D1870. In contrast, BI-D1870 had little effect on the
PMA-induced activation of ERK1/2, which is catalyzed by Raf and MKK1. lIts
effect on cellular proliferation and survival has not been reported. In addition, we
have observed in our lab that the formation of monopolar spindles is induced at
10 uM BI-D1870 (unpublished data), so any conclusions from cellular
experiments using such high concentrations of inhibitor need to be scrutinized for
off-target effects.

Most recently, a series of novel RSK NTD inhibitors with an indole lactam
scaffold have been developed®®*°. An X-ray crystal structure of the NTD of RSK2
as well as molecular docking were used to guide the design of new compounds.
The lead hits were tested in in vitro RSK2 activity assay and were further
optimized for cellular potency and kinase selectivity. BIX 02565 was identified as
novel RSK2 inhibitor with high potency (ICso = 1nM), but unfortunately it bound
multiple adrenergic receptors in subsequent selectivity assays, suggesting a
potential for cardiovascular liabilities. Additional efforts and structure activity
relationship (SAR) studies around the off-target adrenergic receptor binding
resulted in the identification of a new potent RSK NTD inhibitor (BIX compound
15, in vitro RSK2 1C50 = 0.2 nM and cellular ICso = 0.32 nM; see Figure 1.3 for
structure) with no adverse cardiovascular effects in vivo at high plasma

concentrations, but its utility as a RSK inhibitor has yet to be described®.

12
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CHAPTER 2
Reversible targeting of noncatalytic cysteines

chemically tuned electrophiles’

" This chapter was written with significant input from Prof. Jack Taunton and Dr. Shyam Krishnan

with

20



2.1 Abstract

Targeting noncatalytic cysteine residues with irreversible acrylamide-
based inhibitors is a powerful approach for enhancing pharmacological potency
and selectivity. Nevertheless, concerns about off-target modification motivate the
development of reversible cysteine-targeting strategies. Here we show that
electron-deficient olefins, including acrylamides, can be tuned to react with
cysteine thiols in a rapidly reversible manner. Installation of a nitrile group
increased the olefins’ intrinsic reactivity, yet paradoxically eliminated the
formation of irreversible adducts. Incorporation of these electrophiles into a
noncovalent kinase recognition scaffold produced slowly dissociating, covalent
inhibitors of the p90 ribosomal protein S6 kinase, RSK. A cocrystal structure
revealed specific noncovalent interactions that stabilize the complex by
positioning the electrophilic carbon near the targeted cysteine. Disruption of
these interactions by protein unfolding or proteolysis promoted instantaneous
cleavage of the covalent bond. Our results establish a chemistry-based
framework for engineering sustained covalent inhibition without accumulating

permanently modified proteins and peptides.
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3.2 Introduction

Cysteine displays rich chemistry through its nucleophilic thiol group. It is
also one of the least common amino acids in proteins. Together, these
properties make cysteine residues ideal for targeting with covalent drugs, which
have the potential to exhibit high levels of target specificity and a prolonged
duration of action'. Although frequently designed to inactivate conserved,
catalytically essential nucleophiles (e.g., in Ser, Thr, and Cys proteases),
covalent inhibitors can achieve maximal selectivity among related targets by
exploiting the intrinsic nucleophilicity of poorly conserved, noncatalytic
cysteines®. This strategy, guided by structural bioinformatics analysis, has led to
the design of selective, irreversible inhibitors of protein kinases®®, and more
recently, the NS3/4A serine protease from hepatitis C virus'®.

Protein kinases are challenging therapeutic targets from the standpoint of
achieving sustained inhibition of the desired kinase without affecting structurally
related kinases. A majority of the 518 human kinases have an accessible
noncatalytic cysteine within reach of the active site’"'?, and at least four
cysteine-targeted kinase inhibitors are in clinical trials for advanced cancer
indications. They all rely on an acrylamide electrophile to form an irreversible
covalent bond with the kinase®. Acrylamide-based kinase inhibitors react
irreversibly with glutathione™ and therefore may react with proteins other than
the desired target, especially proteins with hyper-reactive cysteines'®. Although
the risk may be low and more relevant to chronic diseases than advanced

cancer, there are currently no preclinical models that can accurately predict the
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toxicological potential of chemically reactive drugs and drug metabolites'®"’.

Thus, current drug discovery efforts mostly aim to avoid the formation of
irreversible covalent adducts.

Based on these considerations, we sought reversible electrophilic
inhibitors that would retain the advantages of covalent cysteine targeting
(prolonged duration of action and high selectivity) without the potential liabilities
associated with irreversible adduct formation. The few known covalent inhibitors
that reversibly target noncatalytic cysteines were discovered by random high-

throughput screening'®'®

, and the chemical basis of their reversibility is not clear.
In this study, we elucidate specific structural features underlying reversible thiol
addition to electron-deficient olefins and apply these principles to the design of

reversible, cysteine-targeted kinase inhibitors.

2.3 Results
Reversibility of thiol addition to activated olefins

Experiments in the 1960s revealed that simple thiols react instantaneously
with 2-cyanoacrylates at physiological pH, but the products could not be isolated
or structurally characterized®’. A potential explanation for these results is that the
reaction, possibly a Michael-type conjugate addition, is a rapid-equilibrium
process. To test this hypothesis and define the structural requirements for rapid
reversibility, we compared three simple Michael acceptors, activated by a methyl

ester (1), a nitrile (2), or both electron-withdrawing groups (3) (Figure 2.1a).
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Figure 2.1. Thiol reactivity of electron-deficient olefins. a, Conjugate
addition reactions of beta-mercaptoethanol (BME) with olefins 1-3. b,
Cyanoacrylate 3 (100 pyM) was treated with increasing concentrations of BME
(0.2-200 mM in two-fold increments) at pH 7.4 and monitored by UV-visible
absorption spectroscopy. The inset shows the fraction of BME adduct vs [BME],
from which the equilibrium dissociation constant (Kp) was derived. ¢, '"H NMR
spectra showing reversible addition of BME to cyanoacrylate 3. Cyanoacrylate 3
(90 mM, top spectrum) was treated with 100 mM BME in DMSO-ds:PBS-d (3:1),
affording an 15:85 mixture that favored the BME adduct 6 (middle). Upon 10-fold
dilution, the equilibrium shifted to the left (bottom). Red and blue asterisks
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indicate protons used to determine ratios of 3:6. The NMR dilution experiment
was carried out by Dr. Shyam Krishnan .

Reactions of acrylate 1 and acrylonitrile 2 with the model thiol, beta-
mercaptoethanol (BME), produced the stable thioether adducts 4 and 5, which

were easily isolated and characterized (Figure 2.2).
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Figure 2.2. 'H NMR spectra (CDCl3) of stable BME adducts 4 and 5 (see
Methods for additional characterization data).

By contrast, when the doubly activated Michael acceptor 3 was treated
with BME (Figure 2.1a), only the starting cyanoacrylate was recovered. Addition
of increasing concentrations of BME caused a stepwise reduction in the
prominent UV-visible absorption band of cyanoacrylate 3 (lmax 304 nm), and
fitting these titration data provided an apparent equilibrium dissociation constant
(Kp) of 9.4 mM (Figure 2.1b). 'H NMR provided further spectroscopic evidence

for the formation of an adduct corresponding to thioether 6, and dilution
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experiments confirmed that the reaction was rapidly reversible (Figure 2.1c). The
facile reversion of thioether adduct 6 to the starting cyanoacrylate likely derives
from its enhanced kinetic and thermodynamic acidity, estimated®' to be 10-15
orders of magnitude greater than the carbon acidity of stable adducts 4 and 5.
Hence, the combined influence of a nitrile and an ester on the acidity of the alpha
C—-H bond facilitates rapid elimination of thiol adducts at physiological pH, while
at the same time accelerating the rate of thiol addition.

To test whether this chemistry is applicable to structurally related Michael
acceptors, we synthesized five cyanoacrylamides with diverse substituents

attached to the electrophilic beta-carbon (7-11, Figure 2.3a).

b BME K, (mM)
g W 7 1.29+0.03
8 6.23+1.19
9 0.18 £0.004
N/\
(;)\mz ;?)L D;;)L 10 |11.86+0.92
11 32.82 +0.57
entacapone entacapone| 4.21 +0.13

Figure 2.3. BME reacts rapidly and reversibly with diverse
cyanoacrylamides. a, Chemical structures of cyanoacrylamides tested for BME
reactivity (for synthesis and characterization data, see Methods). b, Equilibrium
dissociation constants of BME/cyanoacrylamide adducts determined by BME
titration and UV-visible spectroscopy.

We included entacapone, a cyanoacrylamide-based drug used for the treatment
of Parkinson's disease; to our knowledge, the reactivity of entacapone toward

thiols has not been reported previously. Similar to cyanoacrylate 3, the

cyanoacrylamides reacted with millimolar concentrations of BME in a manner
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that was reversed within seconds upon dilution (Figure 2.4). Depending on the
beta-substituent, the equilibrium dissociation constants ranged from 0.2 to 33
mM, corresponding to standard free energy changes (DG,) of —2 to —5 kcal/mol.
The ability of beta-substituted cyanoacrylamide derivatives, including a widely
used drug, to form rapidly reversible adducts with thiols suggested an attractive
approach for targeting noncatalytic cysteines in small-molecule binding sites,

without the use of irreversible electrophiles.
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Figure 2.4. Reversibility of BME addition to activated olefins. UV-visible
spectroscopy assay showing reversible formation of BME adducts with
cyanoacrylamides. Cyanoacrylamides in PBS (1-2% DMSOQO) were treated with
or without the indicated concentration of BME for 10 min, after which UV-visible
absorption spectra were recorded (left panels). Each reaction was then diluted
10-fold into PBS or PBS/BME as indicated, and the absorption spectra were
recorded again (right panels). Reversibility is demonstrated by the reappearance
or increase of the cyanoacrylamide absorption peak after dilution of BME-
containing samples into PBS (compare red and green curves in right panels).
The extent of cyanoacrylamide recovery varies depending on the equilibrium
constant and the concentration of BME after dilution.
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Rational design of reversible covalent kinase inhibitors

We prepared a series of electrophilic pyrrolopyrimidines (12-15, Figure
2.5a), analogous to the model Michael acceptors in Figure 2.1, and compared
their biochemical activities against the C-terminal kinase domain (CTD) of p90
ribosomal protein S6 kinase, RSK2. The electrophilic beta-carbon was designed
to be proximal to Cys436 in the RSK2 active site based on the predicted binding
orientation of the pyrrolopyrimidine scaffold, similar to the irreversible
fluoromethylketone-based inhibitor developed previously (‘FMK’; see Fig. 7 for
structure) ®?2. Treatment of the RSK2-CTD with five equivalents of acrylate 12 or
acrylonitrile 13 led to the slow formation of a covalent adduct, as revealed by
liquid chromatography—mass spectrometry (LC-MS) (Figure 2.5b). By contrast,
the doubly activated Michael acceptors 14 and 15 failed to produce adducts
detectable by LC-MS (Figure 2.5b), despite being more than 200-fold more
potent than the singly activated Michael acceptors 12 and 13 in kinase activity
assays (Figure 2.5c). Mutation of Cys436 to valine conferred ~1000-fold
resistance to inhibitors 14 and 15 (Figure 2.5d), suggesting that potent RSK2
inhibition requires covalent bond formation. Cyanoacrylamide 15 reacted rapidly
and reversibly with BME and glutathione (Kp = 5.1 and 7.3 mM, Figure 2.6a-c),
yet pretreatment with 10 mM glutathione had no effect on its ability to inhibit
RSK2 (ICs0 = 4 nM, Figure 2.6d). Cyanoacrylamide 15 did not react significantly

with lysine or ethanolamine (up to 100 mM, Figure 2.6e-f).
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Figure 2.5. Inhibition of RSK2-CTD by doubly activated Michael acceptors.
a, Chemical structures of pyrrolopyrimidine Michael acceptors 12-15 . b, RSK2-
CTD (5 uM) was treated with pyrrolopyrimidines 12—-15 (25 yM) for 1 h, followed
by LC-MS analysis. Observed molecular masses of unmodified RSK2-CTD and
the 1:1 adducts with 12 and 13 are consistent with the predicted values. ¢, In
vitro kinase assays of RSK2-CTD. Shown are mean values from duplicate
measurements (+ range). Data were fit with PRISM 4.0 to provide I1Cso values.
d, Half-maximum inhibitory concentrations (ICso in M) against wild type (WT) or
C436V.
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Figure 2.6. Reactivity of electrophilic pyrrolopyrimidines with thiols and
amines. a, Absorption spectra of cyanoacrylamide 15 (100 uM in PBS, pH 7.4)
in the presence of increasing concentrations of BME (0.2-200 mM, PBS, pH 7.4).
Similar spectra were obtained by titration with glutathione (GSH, data not
shown). b, Equilibrium dissociation constants determined by titrating BME or
GSH vs. the doubly activated Michael acceptors 14-16. ¢, UV-visible absorption
assay depicting the rapid reversion upon dilution of the BME/15 adduct. d,
Kinase assay inhibition curve showing that pretreatment of cyanoacrylamide 15
with 10 mM GSH does not affect its potency toward RSK2-CTD. This experiment
was performed by Rand Miller identically to the one shown in Figure 2.5c, except
that 10 mM GSH was included during the 30 min pre-incubation period. e,
Absorption spectra of cyanoacrylamide 15 (100 pyM in PBS, pH 7.4) in the
presence of increasing concentrations of ethanolamine (0.1-100 mM, PBS, pH
7.4). f, Absorption spectra of cyanoacrylamide 15 (100 uM in PBS, pH 7.4) in the
presence of increasing concentrations of lysine (0.1-100 mM, PBS, pH 7.4). The
absorbance assays depicted in e and f were performed by Dr. Shyam Krishnan.
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RSK2-CTD kinase activity recovered from inhibition by cyanoacrylate 14 after
dialysis for three days at 4°C, whereas recovery from cyanoacrylamide 15 was
much slower under these conditions (Figure 2.7a). To estimate their biochemical
dissociation rates, we developed a kinetic trapping assay in which RSK2-CTD
was first saturated with a reversible inhibitor, followed by treatment with a large
excess of FMK. In the absence of inhibitor pretreatment, FMK (100 pM) reacted
with Cys436 of RSK2-CTD to form a 1:1 covalent adduct (t12 < 1 min), as
determined by MS analysis (Figure 2.7b). Pretreatment of RSK2-CTD (5 pM)
with cyanoacrylate 14 or cyanoacrylamide 15 (10 uM) caused a dramatic
reduction in the rate of FMK labeling (Figure 2.7c), from which we could estimate
dissociation half-times of 42 and 245 min, respectively. Thus, inhibition of RSK2-
CTD by cyanoacrylamide 15 is long-lived yet fully reversible, with complete

dissociation occurring on a time scale of several hours.
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Figure 2.7. Sustained, reversible inhibition of RSK2-CTD by doubly
activated Michael acceptors. a, RSK2-CTD (50 nM) was treated with the
indicated inhibitors (1 uM) or DMSO for 1 h at room temp, prior to dialyzing at
4°C. Aliquots were tested daily for kinase activity, normalized to DMSO control
(mean £ SD, triplicate values). b, Mass spectra showing irreversible modification
of RSK2-CTD by FMK (+322 Da, with loss of HF). RSK2-CTD (5 yM) was
incubated with FMK (100 pM) for 10 min, followed by LC-MS analysis of the
intact protein. ¢, RSK2-CTD (5 uM) was pretreated with inhibitors 14 or 15 (10
puM) for 1 h, followed by addition of excess FMK (100 uM final). At each time
point, an aliquot was removed and quenched by diluting 1:1 into 0.4% formic
acid. Relative amounts of RSK2-CTD and the FMK adduct were quantified by
LC-MS. Progress curve fits to a single exponential were used to estimate
dissociation half-times of 14 and 15. |Inset: progress curve detail showing

reaction of RSK2-CTD with 100 uM FMK.
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We selected the N-isopropyl cyanoacrylamide 15 (hereafter referred to as
‘CN-NHiPr’) for further biochemical and cellular experiments due to its greater
potency and slower off-rate compared to cyanoacrylate 14. Kinase profiling®
revealed that CN-NHiPr is highly selective for the C-terminal kinase domains of
RSK1 and RSK4 (RSK2-CTD was not on the panel of profiled kinases). Besides
RSK1/4-CTD, only 6 of the 442 kinases profiled showed greater than 70%
inhibition by 1 yM CN-NHiPr relative to the DMSO control (Figure 2.8a).
Subsequent Kp determinations demonstrated that CN-NHiPr bound RSK1-CTD
(Kp = 540 pM) with ~80-fold higher affinity than MAP3K1 and at least 400-fold
higher affinity than the remaining five kinases (STK16, RIPK2, RET, MEKS5, and

PDGFRB) (Figure 2.8b).

a ‘ b
CN-NHiPr
Kinase K, (nM)
RSK1 0.54
RSK4 1.2
MAP3K1 45
STK16 230
RIPK2 310
RET 360
MEKS5 2300
PDGFRB 2800

Figure 2.8. Kinase profiling of CN-NHiPr using the Ambit competitive
binding platform (now administered by DiscoverRx). a, In the initial screen,
CN-NHiPr (1 pM) was profiled against the entire 442-kinase panel. Only 8
kinases (including RSK1/4 CTD) showed greater than 70% inhibition by CN-
NHiPr in this single-point determination. b, Kp values, depicted above, were
determined from dose-response curves for these 8 kinases. RSK3-CTD, which
has a Met gatekeeper but is otherwise 85% identical to RSK1/2-CTD, was not
significantly inhibited by 1 yM CN-NHiPr in the initial screen. RSK2-CTD was not
on the panel.
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Sustained, quasi-irreversible occupancy of RSK in cells

We compared the cellular activity of CN-NHiPr with FMK, previously
shown to be an irreversible inhibitor of endogenous RSK1 and RSK2%%
Treatment of MDA-MB-231 breast cancer cells with CN-NHiPr for 2 h led to
potent inhibition of RSK2-CTD-mediated autophosphorylation of Ser386 (Figure
2.9a, ECso < 10 nM), a key regulatory site for the N-terminal effector kinase
domain?*. With a similar dose response, CN-NHiPr prevented an irreversible
fluorescent probe, FMK-BODIPY?, from labeling RSK1/2 in cells (Figure 2.9b).
Despite its irreversible binding mode, FMK was less potent than CN-NHiPr in
both the cellular occupancy and autophosphorylation assays, suggesting that
CN-NHiPr enters cells and binds to endogenous RSK1/2 with faster kinetics.
Washout experiments revealed a striking duration of RSK1/2 occupancy by CN-
NHiPr, indistinguishable from FMK. After washout of FMK or CN-NHiPr,
reappearance of inhibitor-free RSK1/2 required at least 48 h, presumably the
time required for RSK1/2 resynthesis (Figure 2.9c). Similar to FMK, CN-NHiPr
abolished RAF-induced epithelial cell migration and invasion (Figure 2.9d—),
consistent with the recently established role of RSK signaling in these

processes®>?’.
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Figure 2.9. Sustained inhibition of cellular RSK1/2 by CN-NHiPr. a, MDA-
MB-231 cells were treated with CN-NHiPr or FMK (2 h). Cell lysates were
immunoblotted for pS386-RSK or RSK2. b, MDA-MB-231 cells were treated with
CN-NHiPr or FMK (2 h), followed by FMK-BODIPY (3 uM, 1 h). Cell lysates
were resolved by SDS-PAGE and detected by in-gel fluorescence scanning or
immunoblotting for RSK1 (yellow) and RSK2 (red). ¢, MDA-MB-231 cells were
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treated with CN-NHiPr or FMK (1 pM, 1 h). The media was exchanged and
cells were harvested at the indicated times after inhibitor washout. Cell lysates
were treated with FMK-BODIPY (5 pM, 1 h). Proteins were resolved on SDS-
PAGE and detected by in-gel fluorescence or immunoblotting for RSK1 (yellow)
and RSK2 (red). d, Polarized MDCK-RAF:ER cell monolayers were treated with
CN-NHiPr or FMK (2 uM) and stimulated with 4-hydroxytamoxifen (4HT, 1 mM)
to activate RAF-dependent epithelial cell multilayering. After 24 h, cells were
imaged by confocal fluorescence microscopy (XZ plane). e, Polarized MDCK-
RAF:ER cell monolayers were treated as in d. After 24 h, cell lysates and
conditioned media were analyzed by immunoblotting for the indicated proteins. f,
MDCK-RAF:ER and MCF10A-RAF:ER cells were treated with CN-NHiPr or FMK
(2 yM) and 4HT (1 pM) as indicated for 24 h. Cells were then either lysed for
immunoblot analysis or trypsinized and subjected to Matrigel invasion assays
(see Methods). After 24 h, cell invasion was quantified and expressed as a
percentage of the maximum value (mean * SD from three experiments). The
experiments shown in panels d — f were performed by Katarzyna Duda under the
guidance of Morten Frodin.

Cocrystal structure of the RSK2/cyanoacrylate complex

A cocrystal structure provided insight into the molecular basis of sustained
RSK2 inhibition by doubly activated Michael acceptors (Figure 2.10). We
screened several related cyanoacrylate and cyanoacrylamide inhibitors and
obtained the best diffraction data (2.4 A resolution) with a tert-butyl cyanoacrylate
derivative 16 (For structure see Figure 2.5a) that has similar potency and
dissociation kinetics (t12 = 163 min) as CN-NHiPr. The structure confirms the
covalent nature of the complex (PDB code 4D9U), with strong electron density
connecting Cys436 to the electrophilic beta-carbon of the cyanoacrylate (Figure

2.10a).
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Figure 2.10. Specific noncovalent interactions drive covalent bond
formation. a, 2F,-F; electron density map (contoured at 1.0 s) showing the
covalent bond between Cys436 and the electrophilic beta-carbon of compound
16. b, Cocrystal structure of RSK2-CTD bound to fert-butyl cyanoacrylate 16.
Ribbon representation of RSK2-CTD with cyanoacrylate 16 in green highlights
hydrogen bonds to the hinge and the gatekeeper, Thr493. Note the close
proximity of Cys560, which does not form a covalent bond with the electrophilic
beta-carbon. This crystal structure was solved and refined by Dr. Miles Pufall. c,
Mutation of the RSK2-CTD gatekeeper (T493M) confers ~1000-fold resistance to
CN-NHiPr as evident from kinase assays. Kinase assays with T493M RSK2-
CTD were performed as described for WT RSK2-CTD.

A second cysteine (Cys560) within ~7 A of the electrophilic carbon is incapable of
forming a stable covalent bond, as indicated by the ~1000-fold decrease in
potency of CN-NHiPr toward C436V RSK2 (Figure 2.5d). Hydrogen bonds
between the pyrrolopyrimidine scaffold, the RSK2 hinge region, and the side
chain of Thr493 position the electrophilic beta-carbon beneath Cys436 and are
likely essential for driving covalent bond formation (Figure 2.10b). An additional
anchor is provided by the p-tolyl group, which packs against the gatekeeper side
chain (Thr493) and extends into a hydrophobic pocket. Mutation of Thr493 to

Met in RSK2-CTD conferred ~1000-fold resistance to CN-NHiPr (Figure 2.10c).

38



RSK3-CTD and the related kinase domains of MSK1/2 have a Met gatekeeper,

explaining their insensitivity to CN-NHiPr.

Protein unfolding promotes covalent bond dissociation

If the combined nonbonded interactions between RSK2 and the pyrrolopyrimidine
are essential for stabilizing the covalent bond, disruption of the kinase domain's
tertiary fold should promote rapid elimination of Cys436 and regeneration of the
original Michael acceptor. We tested this hypothesis by monitoring covalent
bond formation in solution with UV-visible spectroscopy. Treatment of CN-NHiPr
(20 uM in pH 7.5 buffer) with a slight excess of RSK2-CTD (25 pM) caused
disappearance of the strong 400 nm absorption peak (Figure 2.11a and 2.11b),
consistent with nucleophilic attack on the cyanoacrylamide. Mutation of Cys436
abolished this effect (Figure 2.11b), demonstrating that none of the remaining
cysteines (including Cys560 in the ATP binding site) detectably react with CN-
NHiPr, even at millimolar concentrations. When the covalent RSK2-CTD/CN-
NHiPr complex was unfolded by the addition of sodium dodecylsulfate or
guanidine, the cyanoacrylamide absorption peak reappeared within seconds
(Figure 2.11a and 2.11b), and LC-MS analysis indicated quantitative recovery of
CN-NHiPr (Figure 2.11). Proteolytic digestion of the complex with trypsin or
proteinase K also promoted complete reversal of the covalent bond (Figure
2.11c), suggesting that cyanoacrylamide-modified peptides derived from cellular

RSK turnover would be short-lived.

39



a b  1.004
C
0254 — CN-NHiPr S 075
] . ho] -
000t -- CN-NHiPr+ RSK2 o ¥
2041 : N ©
| .- CN-NHiPr+ RSk2 = ©
[0} | sSDS 3 0.50 4
3] \ + €2
c 0.154 5 &
© 4 o]
Qo Zz L
S 5 0.25
o o V.o d
» 0.104 1)
Q Q
< [
0.05 0.00
N
0.00 T T éb
>
300 350 400 450 500 NP
)
c Wavelength, nm
14t 1205 E 1;‘; (13.166) Cm (553623) wros oes:
raes CN-NHiPr
1.2e1
420,05
1161 2
1.0e1
0.0e2 i
8.0e2: 0 L5 14 9510.142789%11.04 370.16 umg‘n'gfs,_‘a,sg 8Ty TN 177021 82516 oy g0 T %00y
2 70e2 Z 1;:;\‘-532;% (@73535) 1905 n:seanest
6.0e2,
1150
5.0e-2!
4.0e2
R
3.0e2, 0
2002 T
1.0e2
:D l_ 0 ‘221_9)“”5‘9‘"‘27199“”“32,99 ’matsasms“‘ 80§23 7131 TeBrTeTis s 6
s-m 10Vm 15V00 zovm -rlm 100 150 200 250 300 350 400 450 SO0 SS0 600 650 700 750 800 850 900 9SO 1000
1204 £ Z2uaesom e srese t:seangss
1201
1101 .
. RSK2-CTD/ICN-NHiPr o
0se2 | 3M Guanidine HCI
8.0e-2; 421.01
2 702} 0 [B%8u0961%0 2 0m00s g5 [e2203 51952&7491 £3178 U795 ouras aas1s  9265Tomos
434 (11.450) Cm (452:526) 1:ScanES+
6.0e-24 100 41200 2957
5.0e-24
s0e2] " Z
3.0e-2] 11.34 ®
20e- 2000
1.0e-2]
00 Ti 0 .Lhu'mgunssjg"-“ 308.5g3sasg 408 2 ﬁsuioeezﬁmswm F69 1005 swef™ T ames,,
500 10.00 15.00 2000 ime 100 150 200 250 300 350 400 450 S00 S50 600 650 700 750 8OO 8s0 900 950 1000

Figure 2.11. Protein unfolding results in dissociation of CN-NHiPr. a, , UV-
visible spectra of CN-NHiPr showing the 400 nm cyanoacrylamide absorption
peak. CN-NHiPr (20 uM, black curve) was treated with wild-type RSK2-CTD (25
MM), resulting in a loss of the cyanoacrylamide peak (blue curve). Addition of
SDS (2% final) caused instantaneous recovery of the cyanoacrylamide (red
curve). b, Effect of protein unfolding (2% SDS; 3 M guanidine HCI) and
proteolysis (proteinase K, PK; trypsin) on the covalent complex derived from CN-
NHiPr (20 pM) and RSK2-CTD (25 pM). Recovery of free CN-NHiPr was
determined by quantifying the absorbance at 400 nm (triplicate measurements,
mean + SD). C436V RSK2-CTD (25 uM) had no effect on the CN-NHiPr
absorption peak. ¢, LC-MS chromatogram and mass spectra showing
quantitative recovery of CN-NHiPr after unfolding the RSK2-CTD/CN-NHiPr
complex with 3 M guanidine-HCI.
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We have shown that cyanoacrylamides react reversibly with model thiols
and recombinant RSK2-CTD. However, formation of irreversible adducts with
endogenous full-length RSK or other cellular proteins remained possible,
especially given the apparent irreversible binding to RSK1/2 (resistant to
washout) in cells (Figure 2.9c). We addressed this possibility by treating cells
with fluorescent BODIPY conjugates derived from FMK, CN-NHiPr, and the
pyrrolopyrimidine scaffold as a non-electrophilic control (Figure 2.12a). Analysis
of cell lysates by SDS-PAGE revealed several prominent bands labeled by the
irreversible probe, FMK-BODIPY, including endogenous RSK1 and RSK2?
(Figure 2.12b). By contrast, BODIPY conjugates of CN-NHiPr and the non-
electrophilic scaffold failed to label RSK1/2. Instead, both BODIPY conjugates
bound weakly to an identical subset of denatured proteins, presumably in a
noncovalent manner. We conclude that specific interactions provided by the
folded kinase domain, in concert with a precisely positioned cysteine, are
required to cooperatively stabilize a covalent complex with CN-NHiPr. The lack
of irreversible adduct formation by CN-NHiPr in a cellular context is remarkable
given that it is more than 50,000 times more reactive toward thiols than FMK

(reaction with 10 mM glutathione: CN-NHiPr t12 < 1 sec; FMK t12 = 16 h).
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Figure 2.12. CN-NHiPr does not covalently modify cellular proteins. a,
Chemical structures of the BODIPY conjugates 17-19. These analogs were
synthesized by Dr. Shyam Krishnan. b, Modification of cellular proteins by
BODIPY conjugates of FMK (17), CN-NHiPr (18), and the pyrrolopyrimidine
scaffold (19). MDA-MB-231 cells were treated for 1 h with the indicated BODIPY
conjugates. Cell lysates were resolved by SDS-PAGE and BODIPY adducts
detected by in-gel fluorescence scanning.
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2.4 Discussion

In this study, we report a novel approach for targeting noncatalytic
cysteines with reversible covalent inhibitors. The predominant strategy for
targeting noncatalytic cysteines, exemplified by several acrylamide-based kinase
inhibitors in clinical trials, has been to minimize the intrinsic chemical reactivity of
the electrophile as much as possible*. This strategy derives from the chemically
intuitive hypothesis that attenuated electrophiles have a reduced likelihood of
reacting irreversibly with off-target proteins. Our results challenge this notion.
Although attenuated Michael acceptors such as acrylamides may react slowly
with most cysteine residues, the probability of modifying a hyper-reactive
cysteine (comprising up to ~10% of solvent-exposed cysteines') is
unpredictable; such off-target reactions are clearly undesirable.

Our chemical and biochemical experiments demonstrate that addition of a
nitrile group (with a molecular mass of only 26 Da) converts irreversible Michael
acceptors (e.g., acrylate or acrylamide) into electrophiles with unanticipated
properties. The resulting electrophiles (e.g., cyanoacrylate or cyanoacrylamide)
react with cysteine thiols under physiological conditions in a manner that is
energetically favorable yet rapidly reversible, thus minimizing the chance of
producing irreversibly modified peptides. Adding the nitrile group to the alpha-
carbon of an acrylamide increases the susceptibility of the beta-carbon to
nucleophilic attack but also stabilizes the resultant carbanion. This leads to a

kinetic regime in which thiol addition and elimination proceed on a

subsecond/second time scale, a surprising result that, to our knowledge, has not
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been demonstrated previously. Rapid thiol-addition/elimination chemistry
appears to be a general property of cyanoacrylamides, and in preliminary work,
extends to some, but not all, combinations of two electron-withdrawing groups in
doubly activated Michael acceptors. We envision that the reversible covalent
targeting strategy described herein can be applied to any kinase that has an
exposed cysteine within striking distance of the active site, provided that the
geometric requirements for covalent bond formation are satisfied with minimal
strain. More generally, by using structural bioinformatics to identify solvent-
exposed cysteines near potential small-molecule binding sites, it may be possible
to apply this strategy to additional target classes outside of the protein kinase

family.
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2.5 Experimental
Determination of equilibrium dissociation constants (Kp) for thiol/Michael
acceptor adducts

Reactions of cyanoacrylates and cyanoacrylamides with BME, GSH,
ethanolamine, and lysine were monitored with a Spectramax M5 plate reader
(Molecular Devices, Sunnyvale CA). Reactions were initiated by mixing equal
volumes of the Michael acceptor (200400 uM in PBS, pH 7.4) with the thiol (0—
200 mM BME or GSH in PBS pH 7.4, two-fold dilution series). Final solutions
(Costar flat-bottom clear 96-well plate, 100 uL per well), containing 100—200 uM
Michael acceptor and increasing concentrations of BME/GSH, were incubated for
10 min at room temp prior to acquiring absorption spectra (250-500 nm).
Equilibration of these doubly activated Michael acceptors with BME or GSH
occurred within seconds or less (as determined by sequential absorbance
measurements, data not shown). Formation of the thiol adduct was quantified by
monitoring the disappearance of the absorbance peak (Amax) relative to the no-
thiol control sample. Data were fit using PRISM 4.0 to obtain equilibrium
dissociation constants. Test reactions of CN-NHiPr with ethanolamine or lysine
were also carried out. Reactions were initiated as described above by mixing
equal volumes of CN-NHiPr (100 yM in PBS, pH 7.4) with solutions of
ethanolamine or lysine (0.1-100 mM amine solution in PBS pH 7.4). Negligible

reaction was observed after 5 hours of incubation
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Reversible BME addition to cyanoacrylate 3 monitored by 'H NMR

HO

BME ]
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To a solution of cyanoacrylate 3 (17.1 mg, 91.4 umol) in 0.75 mL of
DMSO-d6 was added a solution of 400 mM BME in deuterated PBS (0.25 mL).
Analysis of the reaction mixture by "H NMR after 30 minutes indicated an 85:15
ratio of the thiol adduct 6 to the starting cyanoacrylate 3. The reaction mixture
was then diluted 10-fold by addition of 100 uL to 900 uL of 3:1 v/v DMSO-
d6:deuterated PBS. Analysis of the solution after 30 minutes by 'H NMR
indicated a 55:45 ratio of the thiol adduct 6 to the starting cyanoacrylate 3.

In a second experiment, a solution of cyanoacrylate 3 (5.1 mg, 27.3 umol)
in 0.75 mL of DMSO-d6 was added to 0.25 mL of 400 mM BME in deuterated
PBS. Analysis of the reaction mixture by 'H NMR indicated a >95:5 ratio of the
thiol adduct 6 to the starting cyanoacrylate 3. The sample was then allowed to
stand at ambient temperature. The ratio of adduct 6 to starting cyanoacrylate 3
changed with time as the excess BME in solution underwent air oxidation to the
corresponding disulfide. After 17 days, the ratio of 6:3 was <5:95 (data not

shown). This experiment was performed by Dr. Shyam Krishnan.
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Characterization of the BME adduct 6.

For the purpose of characterization, a solution of cyanoacrylate 3 (13.5
mg) in DMSO-d6 (0.75 mL) was treated with 1.2 M BME in deuterated PBS (0.25
mL) to drive the reaction towards the adduct 6 (final concentrations of
cyanoacrylate 3 and BME were 72 mM and 300 mM respectively). 'H and *C
spectra were acquired under these conditions and are reported for the mixture of
diastereomeric adducts in solution containing excess BME.
'"H NMR (400 MHz, 3:1 v/v DMSO-d6: deuterated PBS): 7.40 (m, 1H, minor
diastereomer), 7.39 (m, 1H, major diastereomer), 7.33-7.23 (m, 4H), 4.51 (s, 1H),
3.63 (s, 3H, minor diastereomer), 3.54 (s, 3H, major diastereomer), 3.47 (m, 2H,
minor diastereomer), 3.38 (m, 2H, major diastereomer), 2.64—2.40 (m, 2H); *C
NMR (100 MHz, 3:1 v/v DMSO-d6: deuterated PBS): 166.2, 139.0, 138.1, 129.9,
129.8, 129.6, 128.92, 128.87, 116.77, 116.74, 61.4, 61.2, 54.8, 54.6, 49.2, 48.3,

34.9, 34.8. This was performed by Dr. Shyam Krishnan.

LC-MS detection of RSK2-CTD adducts with electrophilic
pyrrolopyrimidines.

Purified RSK2-CTD (5 uM) was incubated with the indicated compounds
(25 uM, 5 equiv) for 1 h at room temp in buffer (20 mM Hepes pH 8.0, 100 mM
NaCl, 10 mM MgCl;). The reaction was quenched by adding an equal volume of
0.4% formic acid, and the samples were analyzed by liquid chromatography
(Microtrap C18 Protein column [Michrom Bioresources], 5% MeCN, 0.2% formic

acid, 0.25 mL/min; eluted with 95% MeCN, 0.2% formic acid) and in-line ESI
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mass spectrometry (LCT Premier, Waters). Mass/charge envelope data were
deconvolved with MassLynx software to provide molecular masses.
Experimentally determined molecular masses for RSK2-CTD and derived

adducts were in accord with predicted values.

In vitro kinase assays

WT or mutant RSK2-CTD (10 uM) was first activated by Hise-ERK2 (10 uM
in 20 mM Hepes pH 8.0, 10 mM MgCly, 2.5 mM TCEP, 0.2 mg/mL BSA, 200 uM
ATP) for 30 min at room temp. Active RSK2-CTD (5 nM in 20 mM Hepes pH 8.0,
10 mM MgClz, 2.5 mM TCEP, 0.25 mg/mL BSA, 100 uM ATP) was then treated
with inhibitors (ten concentrations, in duplicate) for 30 min. Kinase reactions
were initiated by the addition of 5 uCi of [y->2P]ATP (6000 Ci/mmol, NEN) and
167 uM peptide substrate (RRQLFRGFSFVAK, CTD-tide) and incubated at room
temp for 30 min. Kinase activity was determined by spotting 5 uL of each
reaction onto P81 cation exchange paper (Whatman). Each blot was washed
once with 1% AcOH solution, twice with 0.1% H3PO4 solution, and once with
MeOH (5-10 minutes per wash). Dried blots were exposed for 30 min to a
storage phosphor screen and scanned by a Typhoon imager (GE Life Sciences).
The data were quantified using ImageQuant 5.2 software and fit using PRISM

4.0.

Dialysis of RSK2-CTD after treatment with electrophilic pyrrolopyrimidines

Activated RSK2-CTD (50 nM in 20 mM Hepes pH 8.0, 10 mM MgCl,, 2.5
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mM TCEP, 0.25 mg/mL BSA, 100 uM ATP) was treated with 1 uM inhibitor for 60
min at room temp. The reactions were transferred to a dialysis cassette (0.1-0.5
mL Slide-A-Lyzer, 10 kDa MWCO, Pierce) and dialyzed vs. 2 L buffer (20 mM
Hepes pH 8.0, 10 mM MgCl,, 1 mM DTT) at 4°C. Buffer was exchanged after 2 h
of dialysis, and then daily until the end of the experiment. 50 uL aliquots were
removed each day for kinase assays. Kinase reactions (in triplicate for each time
point) were initiated by adding 10 yL of 5 uCi of [y-32P]ATP (6000 Ci/mmol, NEN)
and 167 uM peptide substrate (RRQLFRGFSFVAK, CTD-tide) to 10 uL of each
time point aliquot and were incubated at room temp for 30 min. Kinase activity

was determined as described above.

Estimation of inhibitor dissociation rates using FMK as a kinetic trap
RSK2-CTD (5 uM in 20 mM Hepes pH 8.0, 10 mM MgCl,, 100 mM NacCl,
2.5 mM TCEP, 0.2 mg/mL BSA) was preincubated with 10 uM of 14 or 15 (or

DMSO) for 60 min at room temp. FMK (100 uM) was then added, and 50 uL
aliquots were removed at various times after FMK addition. Each time point
reaction was stopped by adding an equal volume of 0.4% formic acid, and the
samples were analyzed by by liquid chromatography (Microtrap C18 Protein
column [Michrom Bioresources], 5% MeCN, 0.2% formic acid, 0.25 mL/min;
eluted with 95% MeCN, 0.2% formic acid) and in-line ESI mass spectrometry
(LCT Premier, Waters). After charge envelope deconvolution, relative amounts
of unmodified RSK2-CTD and the FMK adduct were determined by quantifying

the mass peak intensities using MassLynx software (peak areas provided nearly
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identical results). These data (percentage of FMK adduct vs. time) were fit to a
single exponential function (assuming pseudo-first order kinetics) using PRISM
4.0 to estimate the dissociation half-times of 14 and 15. This assumes that
dissociation of 14 and 15 from RSK2-CTD is rate-limiting and that the rebinding

rate of free 14 and 15 is negligible given the large excess of FMK competitor.

pS386 RSK inhibition in MDA-MB-231 cells

MDA-MB-231 cells were seeded into 6-well plates at a density of 300,000
cells/well in DMEM supplemented with 10% FBS. After 48 h, the media was
exchanged with serum-free DMEM, and the cells were treated for 2 h with the
indicated concentrations of inhibitors. Following inhibitor treatment, the cells
were stimulated for 20 min with PMA (100 ng/mL), then washed with 2 mL of cold
PBS and frozen onto the plate at —-80°C. The cells were thawed in the presence
of 70 uL CelLytic M lysis buffer (Sigma) supplemented with protease (Complete,
Roche) and phosphatase (PhoStop, Roche) inhibitors, and mechanically scraped
from the wells. The lysates were cleared by centrifugation at 14K rpm for 10 min
at 4°C, and normalized by Bradford assay. Laemmli sample buffer was added to
the lysates and the proteins were separated by 7.5% SDS-PAGE and analyzed
by immunoblot using phospho-Ser386 RSK (1:500 dilution, rabbit Ab, Cell
Signaling #9341) and RSK2 (E-1) (1:500 dilution, mouse monoclonal, Santa Cruz

cs-9986) antibodies. Immunoblots were developed and imaged as described #.
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Cellular RSK1/2 occupancy assay using FMK-BODIPY

MDA-MB-231 cells were seeded into 6-well plates at 300,000 cells/well.
After 48 h, the media was exchanged with serum-free DMEM, and the cells were
treated for 2 h with the indicated concentrations of inhibitors, followed by 1 h
incubation with 3 uM of the FMK-BODIPY probe. The media was aspirated and
the cells were washed with 2 mL of cold PBS and lysed with 70 uL CelLytic M
lysis buffer (Sigma) supplemented with protease (Complete, Roche) and
phosphatase (PhoStop, Roche) inhibitors. The lysates were cleared by
centrifugation at 14K rpm for 10 min at 4°C and normalized by Bradford assay.
Laemmli sample buffer was added to the lysates and the proteins were
separated by 7.5% SDS-PAGE and detected by in-gel fluorescence scanning
with a Typhoon 9400 flatbed laser-induced scanner, followed by immunoblot
analysis using RSK1 (C-21, Santa Cruz sc-231) and RSK2 (E-1, Santa Cruz sc-
9986) antibodies. After incubation with primary antibodies, immunoblots were
incubated with infrared dye-labeled secondary antibodies (IR680 or IR800) and
visualized using the LI-COR Odyssey infrared imaging system (LI-COR

Biosciences, Lincoln, NE).

Cellular RSK1/2 occupancy after inhibitor washout

MDA-MB-231 cells were seeded into 6-well plates at 300,000 cells/well.
After 24 h, the cells were treated with 1 uM of the indicated inhibitors for 1 h in
DMEM supplemented with 10% serum. The media was then exchanged with

inhibitor-free media (with 10% serum). At the indicated time points (post-
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washout), the cells were trypsinized, pelleted and frozen in liquid nitrogen. The
cell pellets were lysed with 70 uL PBS supplemented with protease (Complete,
Roche) and phosphatase (PhoStop, Roche) inhibitors. The lysates were cleared
by centrifugation at 14K rpm for 10 min at 4°C, normalized by Bradford assay and
treated with 5 uM fmk-BODIPY for 1 h. Laemmli sample buffer was added to the
lysates and the proteins were separated by 7.5% SDS-PAGE and detected by in-
gel fluorescence scanning (Typhoon 9400), followed by immunoblot analysis
using RSK1 (C-21, Santa Cruz sc-231) and RSK2 (E-1, Santa Cruz sc-9986)
antibodies.  After incubation with primary antibodies, immunoblots were
incubated with infrared dye-labeled secondary antibodies (IR680 or IR800) and
visualized using the LI-COR Odyssey infrared imaging system (LI-COR

Biosciences, Lincoln, NE).

Polarized epithelial cell multilayering assay

MDCK-RAF:ER cells ®° were plated onto 0.4 um pore size Transwell
polyester filters (Corning Inc., New York; #3460), and experiments were initiated
3 days after the cells reached confluency. Cells were treated for 24 h with the
indicated inhibitors (2 uM) in the presence or absence of 4-hydroxytamoxifen (1
uM), after which time the cells were fixed for 10 min with Lillies fixative (4%
phosphate-buffered formaldehyde [pH 7.0]) and thereafter permeabilized with
0.5% Triton X-100. Actin filaments were stained with rhodamine-phalloidin
(Invitrogen) and imaged with a Zeiss LSM 510 confocal microscope. This

experiment was performed by Katarzyna Duda.
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Matrigel invasion assay

MDCK-RAF1:ER and MCF10A-RAF1:ER cells *° were seeded at 8 x 10*
cells/cm? in 9.6 cm? wells. The next day, medium was changed to complete
medium with or without indicated treatment (2 uM RSK inhibitors, 1 uM 4HT).
After 24 h, cells were trypsinized, and 100,000 cells were seeded in serum-free
medium in the top chamber of 8 ym pore-size Transwell polyester filters
(Corning, #3422) coated with growth factor-reduced Matrigel (BD Biosciences,
#356231). The cells were allowed to invade against a chemotactic agent
(MDCK-RAF1:ER cells, 8 nM HGF; MCF10A-RAF1:ER , 10% FBS) for 24 h with
or without the indicated treatment (2 uM RSK inhibitors, 1 uM 4HT). Invading
cells (attached to the filter facing the bottom chamber) were fixed in methanol,
stained with 0.1% crystal violet, and quantified as described previously 2. This

experiment was performed by Katarzyna Duda.

RSK2-CTD expression and purification

RSK2-CTD (mouse RSK2 399-740) was expressed in E. coli strain BL21 (DE3)-
RIL (pET-46 Ek/LIC His6-fusion vector was kindly provided by M. Malakhova and
Zigang Dong, University of Minnesota). Cells were lysed in lysis buffer (50 mM
Tris pH 8.0, 0.5 M NaCl, 10% glycerol, 15 mM imidazole) using a homogenizer
(EmulsiFlex-C5, Avestin) operated at 15000 psi at 4°C for 15 min (continuous
flow lysis). Soluble His-tagged RSK2-CTD was purified by Ni/NTA affinity
chromatography (50 mM Tris pH 8.0, 0.5 M NaCl, 10 mM imidazole) using a 10

mL column at 2 mL/min flow rate with gradient elution (10-500 mM imidazole),
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followed by cleavage of the Hisg-tag with enterokinase (1U per 1 mg protein)
(EMD Biosciences) at 4°C. The cleaved RSK2-CTD was further purified by
HiLoad 16/60 Superdex-75 size exclusion chromatography (20 mM Tris pH 8.0,
50 mM NaCl, 1 mM DTT) and the protein eluted as a single peak at 55 mL,
corresponding to a monomer. Purified protein was concentrated and flash frozen
in liquid nitrogen in 20 mM Tris pH 8.0, 50 mM NaCl, 1 mM DTT, 12% glycerol
and stored at -80°C. Protein concentrations were determined using the
calculated extinction coefficients at 280 nm measured with a NanoDrop1000

spectrophotometer (Thermo Scientific).

RSK2-CTD crystallization and data collection

Initial RSK2-CTD crystallization conditions were determined through
conventional screens. Purified RSK2-CTD was concentrated to 5-10 mg/mL in
20 mM Tris pH 8.0, 50 mM NaCl, 1 mM DTT, and then incubated with one molar
equivalent of tert-butyl cyanoacrylate 16. Drops of 1 ul RSK2-CTD/16 and 1 pL
precipitant solution were deposited in hanging drop 24-well plates using the
commercial Classics Il Suite (Qiagen) crystallization screen. Several conditions
produced crystals, the best quality of which were under condition 45 of the
Classics Il Suite (Qiagen) screen, composed of 0.1 M Tris pH 8.5, 25% PEG
3350. Crystals were cryoprotected in mother liquor with 30% ethylene glycol and
flash frozen by plunging in liquid nitrogen. Crystallographic data acquisition was
performed at the Advanced Light Source (ALS, Berkeley, CA) Beamline 8.3.1.

Two data sets were collected for cyanoacrylate 16, one with the detector at 300
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mm and the other at 450 mm with an oscillation of 0.5 degrees per frame in order
to maximize the resolution and minimize spot overlap. The data sets were
indexed, integrated, and scaled using the XDS suite of programs 2°. All of the
data sets fit the 41212 space group, with unit cell dimensions of approximately 46
X 46 x 295 A. The length of this unit cell caused two problems: significant
overlapping or spots, and highly anisotropic data sets. Overlap was minimized
as described above and by reorienting the crystal in the beamline. We were
unable to improve on the anisotropy of the crystal, which subsequently resulted

in higher than expected B-factors.

Structure determination

Prior to solving the liganded RSK2-CTD structure, we first re-solved the
structure of apo-RSK2-CTD. We expressed the protein as described above,
recrystallized it, and collected data sets on ALS Beamline 8.3.1, with the
exception that we flash froze the crystals in Paratone oil (Hampton Research).
These crystals exhibited significantly higher resolution (~1.9 A), with less
mosaicity. After processing the data sets using XDS, we solved the structure by
molecular replacement using 2qr8 as a search model *. Interestingly, our data
sets enabled us to build residues N-terminal to the reported structure out to
residue 406 (data not shown). We then used this structure as a model for
molecular replacement in solving the liganded crystal structures.

The liganded complexes were modeled by several rounds of manual

rebuilding and restrained refinement with programs Coot *' and Phenix.refine *.
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Ligands were then built in ChemDraw (CambridgeSoft), and exported in SMILES
string format and read into PhenixELBOW to generate both a coordinate and
restraint file that were used during model building and refinement. Before adding
the ligand to the model, it was clear from the electron density map where the
ligand would be placed in the pocket, and that it was covalently linked to Cys436.
After ligand placement in this density, the ligand was redrawn with a tetrahedral
carbon at the C11 attachment position. The previous ligand was then replaced
with the newer one, and the structure refined with Phenix. The placement of the
ligand was then confirmed by composite omit maps. The models were validated
using Molprobity ** from within Phenix. The crystal data was collected and

analyzed by Dr. Miles Pufall.
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Table 2.1: Crystallographic data collection and refinement statistics

4d9u (Rsk2-
CTD_16)

Data collection

Space group P442,2

Cell dimensions
a, b, c(A)
ab,g (°)

Resolution (A)

Rsym or Rmerge

46.7, 46.7, 293.0
90, 90, 90
50-2.4 (2.5-2.4)*
0.110(0.753)

IIsl 14.7(2.06)
Completeness (%) 99.7(99.2)
Redundancy 8.0(3.7)
Refinement
Resolution (A) 50-2.4
No. reflections 13,695 (unique)
Ruwork Rree 20.4/27.6
No. atoms 2464
Protein 2403
Ligand/ion 32/1
Water 31
B-factors
Protein 67.0
Ligand/ion 74.7
Water 521
R.m.s deviations
Bond lengths (A) 0.008

Bond angles (°)

1.10

*Highest resolution shell is shown in parenthesis.

Formation of covalent RSK2-CTD/CN-NHiPr complex; covalent bond
dissociation upon RSK2-CTD unfolding or proteolysis

RSK2-CTD (25 uM) in PBS was added to 20 uM CN-NHiPr (or DMSO
control) in a final reaction volume of 0.7 mL. UV-visible absorption spectra (250—
500 nm) were obtained for CN-NHiPr before (control) and after addition of RSK2-
CTD using Spectramax M5 Spectrophotometer (1 cm path). SDS (2% w/v final)
or guanidine-HCI (3 M final) was added, followed by acquisition of absorption

spectra within ~1 min. Alternatively, trypsin (32 ug total) or Proteinase K (32 ug
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total) were added to the covalent RSK2-CTD/CN-NHiPr complex for 1 h at 37°C,

followed by acquisition of absorption spectra.

LC-MS detection of recovered CN-NHiPr after guanidine-induced unfolding
of the RSK2-CTD/CN-NHiPr covalent complex

RSK2-CTD (300 uM, PBS) was added to CN-NHiPr (250 uM, PBS) in a
total volume of 50 pL. The covalent complex was then unfolded by treatment
with 50 pL of 6 M guanidine-HCI for 1 min, after which time acetonitrile was
added to a final concentration of 50%. The mixture was centrifuged, filtered
through a 0.2 um filter, and finally filtered through a Microcon device (10 kDa
MWCO). The filtrate was then analyzed by LC-MS (20 uL injection, Waters
XTerra MS C18 column, 20 min gradient, 5-70% MeCN/0.1% formic acid;
Waters 2695 Alliance Separations Module; Waters Micromass ZQ mass
spectrometer), as shown in Figure 2.11c. A control CN-NHiPr sample without
RSK2-CTD was processed identically (Figure 2.11b).
Treatment of MDA-MB-231 cells with electrophilic and non-electrophilic
BODIPY conjugates

MDA-MB-231 cells were seeded into 6-well plates at 300,000 cells/well.
After 24 h, cells were treated with 10 uM or 3 uM of the indicated BODIPY
conjugates 17-19 for 1 h in serum-free media. The media was aspirated and the
cells washed with 2 mL of cold PBS and lysed with 70 uL CelLytic lysis buffer
(Sigma) supplemented with protease (Complete, Roche) and phosphatase

(PhoStop, Roche) inhibitors. The lysates were cleared by centrifugation at 14K
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rpm for 10 min at 4°C and normalized by Bradford assay. Laemmli sample buffer
was added to the lysates and the proteins were separated by 10% SDS-PAGE
and detected by in-gel fluorescence scanning (Typhoon 9400), followed by

Coomassie blue staining.

Kinase profiling
Kinase profiling of CN-NHiPr (1 uM) by competitive binding assays was
performed at Ambit Biosciences (kinase profiling with this platform is now

administered by DiscoveRx) %

The eight kinases showing >70% inhibition
relative to the DMSO control are highlighted in the Figure 2.8a. Kp values were

subsequently determined for these kinases.
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Synthetic chemistry methods

Except as otherwise indicated, reactions were carried out under dry argon
or nitrogen with dry solvents. Dry solvents were dispensed from a delivery
system that passes the solvents through packed columns (tetrahydrofuran,
acetonitrile, and methylene chloride: dry neutral alumina; dimethylformamide:
activated molecular sieves). All other reagents were purchased from commercial
sources and used as received.

Yields of reactions refer to chromatographically and spectroscopically pure
compounds. Reactions were monitored by thin layer chromatography (TLC)
using glass plates precoated with Merck silica gel 60 Fzs4. Visualization was by
the quenching of UV fluorescence (Amax = 254 nm) or by staining with ceric
ammonium molybdate, p-anisaldehyde, potassium permanganate and
lodoplatinate stain. Retention factors (Ry) are quoted to 0.01. Proton magnetic
resonance spectra were recorded on Varian Inova (400 MHz) spectrometer.
Chemical shifts (64) are quoted in ppm and are referenced to tetramethylsilane
(internal). Coupling constants (J) are reported in Hertz to the nearest 0.1 Hz.
Data are reported as follows: chemical shift, integration, multiplicity (br, broad; s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet), coupling constant(s) and
number of protons. Carbon magnetic resonance spectra were recorded on a
Varian Inova (100 MHz) spectrometer. Chemical shifts (8¢) are quoted in ppm to
the nearest 0.1 ppm, and are referenced to tetramethylsilane (internal). Low
resolution electron impact (El) mass spectra were obtained with a Waters

AutoSpec mass spectrometer with an Agilent 7890A gas chromatograph; JEOL
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AX-505H, SX-102A (CI/El), Micromass Platform Il and LCT (APCI/ES/LCMS)
spectrometers. Only molecular ions, fractions from molecular ions and other
major peaks are reported. High-resolution mass spectra (HRMS) was obtained
with a Thermo Electron Corporation LTQFT spectrometer using electrospray
ionization with FT resolution set to 30000, and reported mass values are within
the error limits of £ 5 ppm mass units.

@o + N7 co,Me —»Piperidine (cat) \CNCOZNIe

’PrOH, 60 °C, 2h

Methyl 2-cyano-3-phenylacrylate 3 (Synthesized by Dr. Shyam Krishnan)

To a solution of benzaldehyde (1.28 g, 12.06 mmol) and methyl
cyanoacetate (1.21 g, 12.21 mmol, 1.01 equiv) in 2-propanol (5 mL) was added
piperidine (150 uL, 1.52 mmol, 0.13 equiv). The reaction mixture was heated to
60°C for 2 h and DI water (15 mL) was added dropwise. The resulting slurry was
cooled to 0-5°C for 15 min and filtered. The filter cake was washed with 2-
propanol:DI water (1:3 v/v, 30 mL) and dried in vacuo to afford a white solid (ca.
7:1 of the desired methyl ester to the corresponding isopropyl ester formed by
transesterification. Purification by silica gel chromatography (5-10% EtOAc in
Hexanes) afforded 1.54 g (68% yield) of the desired methyl ester 3 as a white
solid 3. R; 0.27 (9:1 Hexanes:EtOAc); '"H NMR (400 MHz, CDCls): 6 8.22 (s,
1H), 7.95 (m, 2H), 7.53-7.44 (m, 3H), 3.89 (s, 3H) ; *C NMR (100 MHz, CDCl5):
d 162.8, 155.1, 133.3, 131.3, 131.0, 129.2, 115.3, 102.4, 53.3, MS (El): 187.2

(M")
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Methyl 3-(2-hydroxyethylthio)-3-phenylpropanoate 4 (Synthesized by Dr.
Shyam Krishnan)

To a solution of trans-methylcinnamate 1 (133.5 mg, 0.823 mmol) and
triethylamine (115 uL, 1.0 equiv) in MeOH (3 mL) was added BME (173 uL, 3.0
equiv). The reaction mixture was maintained at 20-25°C and after 2.5 h
additional BME (200 ulL, 3.5 equiv) was added. The reaction mixture was
maintained at 20-25 °C for an additional 45.5 h, at which point complete
conversion of the cinnamate was observed. The reaction mixture was
concentrated and the residue was purified by silica gel chromatography (3:1
Hexanes:EtOAc) to afford 197 mg (>99% yield) of ester 4 as a colorless oil. R
0.20 (3:1 Hexanes:EtOAc); 'H NMR (400 MHz, CDCls): & 7.35-7.22 (m, 5H),
4.32 (t, J = 7.7 Hz, 1H), 3.62 (s, 3H), 3.61 (m, 2H), 2.88 (m, 2H), 2.56-2.52 (m,
3H) ; *C NMR (100 MHz, CDCls): & 171.3, 141.2, 128.7, 127.6, 127.5, 60.6,
51.9, 44.9, 41.3, 34.3; IR (film, cm™): 3429 (b, s), 3028 (s), 2952 (s), 1734 (s),

1436 (s), 1150 (s), 1044 (s); MS (EI ): 240.1 (M").
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3-(2-hydroxyethylthio)-3-phenylpropanenitrile 5 (Synthesized by Dr. Shyam
Krishnan)

To a solution of cinnamonitrile 2 (204.6 mg, 1.58 mmol) in DMF (2 mL)
was added 3 mL of a solution of 2-mercaptoethanol (BME, 5M) in phosphate
buffered saline (PBS). The reaction mixture was maintained at 20-25°C for 11
days at which point complete conversion was observed. The reaction mixture
was diluted with EtOAc (50 mL) and washed with DI water (4 x 25 mL). The
combined aqueous washes were extracted with EtOAc (50 mL). The combined
EtOAc extracts were washed with brine (50 mL), dried (Na;SO,) and
concentrated to afford a colorless oil. Purification by silica gel chromatography
(3:1—5:2 Hexanes:EtOAc) afforded 201.7 mg (61% yield) of nitrile 5 as a
colorless solid. Ry 0.10 (3:1 Hexanes:EtOAc); 'H NMR (400 MHz, CDCl3): & ;
7.39-7.28 (m, 5H), 4.19 (t, J = 7.3 Hz, 1H), 3.63 (m, 2H), 2.89 (m, 2H), 2.59 (m,
2H), 2.44 (bs, 1H); C NMR (100 MHz, CDCls): & 139.1, 129.0, 128.4, 127.3,
117.3, 60.9, 45.2, 34.5, 25.7; IR (film, cm™): 3426 (b, s), 2251 (s), 1494 (m), 1291

(m), 1046 (s); MS (EI ): 207.1 (M").
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General procedure for the preparation of 2-cyanoacrylamides 7-11
(Synthesized by Robert Gutierrez and Dr. Jesse McFarland)

In a 2 mL vial fitted with a magnetic stir bar was combined the aldehyde
(0.1 mmol, purchased from Aldrich), 2-cyanoacetamide (16 mg, 0.2 mmol),
piperidine (0.01 mL, 0.1 mmol), and 2-propanol (0.3 mL). The mixture was
stirred at room temp or 60°C for 1-18 h. Products that precipitated from the
reaction mixture were isolated by filtration, washed with water, and dried in
vacuo. Products that did not precipitate were extracted with EtOAc and water.
The organic layer was then dried over Na;SOy, filtered, and concentrated under
reduced pressure. The resulting residue was then purified by silica gel

chromatography (elution with EtOAc).

3-(4-(1H-Imidazol-1-yl)phenyl)-2-cyanoacrylamide (7). Yield: 23 mg (97%).
"H NMR (400 MHz, DMSO-ds):  8.44 (s, 1H), 8.22 (s, 1H), 8.08 (d, 2H, J = 7.5),
7.95-7.88 (m, 4H), 7.79 (broad s, 1H), 7.16 (s, 1H). "*C NMR (100 MHz, DMSO-
ds): 0 162.6, 149.4, 139.3, 135.7, 131.8, 130.9, 130.4, 130.0, 120.2, 119.6,
117.6, 116.5, 106.3; HRMS (ESI) found 239.0943, calcd for C13H11N4sO (MHY)

239.0927.
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2-Cyano-3-(1H-indol-4-yl)acrylamide (8). Yield: 15 mg (67%). 'H NMR (400
MHz, DMSO-ds): 8 11.52 (s, 1H), 8.52 (s, 1H), 8.04 (broad s, 1H), 7.96 (d, 1H, J
=7.7),7.72 (broad s, 1H), 7.63 (d, 1H, J = 8.0), 7.57 (t, 1H, J = 2.2), 7.26 (t, 1H,
J =7.5Hz), 6.81 (s, 1H). *C NMR (100 MHz, DMSO-ds): d 163.3, 147.6, 136.2,
129.1, 127.7, 122.8, 121.0, 118.9, 117.1, 115.9, 105.4, 99.5; HRMS (ESI) found

234.0649, calcd for C12HgN3O (M Na™) 234.0638.

2-Cyano-3-(6-(4-(methylsulfonyl)phenyl)pyridin-2-yl)acrylamide (9). Yield:
12 mg (37%). "H NMR (400 MHz, DMSO-ds): 6 8.59 (d, 2H, J = 8.5), 8.30 (d, 1H,
J =8.5), 8.25 (s, 1H), 8.16 (t, 1H, J = 7.8), 8.04 (d, 2H, J = 8.5), 7.84 (d, 1H, J =
7.8), 3.30 (s, 3H). "*C NMR (100 MHz, DMSO-ds):  162.6, 154.5, 149.9, 148.3,
142.3, 141.5, 139.2, 127.8, 127.39, 127.37, 123.4, 116.5, 109.8, 43.3; HRMS

(ESI) found 328.0767, calcd for C1gH14N303S (MH") 328.0750.

2-Cyano-3-(thiophen-3-yl)acrylamide (10).

In a 20 mL vial fitted with a magnetic stir bar was dissolved 2-
cyanoacetamide (80 mg, 1 mmol) in 10% NaHCO; (3 mL). To the solution was
added 3-thiophene carboxaldehyde (101 mg, 0.9 mmol) and the resulting mixture
was stirred vigorously for 3 h at room temp. The product was isolated by
filtration, washed with water and dried in vacuo. Yield: 123 mg (69%). 'H NMR
(400 MHz, DMSO-ds): 6 8.37 (broad s, 1H), 8.19 (s, 1H), 7.82 (broad s, 1H), 7.79
(m, 2H), 7.69 (broad s, 1H). "*C NMR (100 MHz, CDCls): 5 162.8, 146.9, 135.4,

127.9, 127.4, 117.5, 101.6; MS (ES™): 179.1 (MH"), calcd for CsHgNoOS 178.0.
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2-Cyano-3-(1H-imidazol-5-yl)acrylamide (11).

In a 20 mL vial fitted with a magnetic stir bar was dissolved 2-
cyanoacetamide (80 mg, 1 mmol) in 10% NaHCO; (3 mL). To the solution was
added 4(5)-imidazole carboxaldehyde (86 mg, 0.9 mmol) and the resulting
mixture was stirred vigorously for 3 h at room temp. The product was isolated by
filtration, washed with water and dried in vacuo. Yield: 58 mg (39%). 'H NMR
(400 MHz, DMSO-dg): & 12.78 (s, 1H), 8.03 (s, 1H), 7.95 (s, 1H), 7.92 (s, 1H),
7.64 (broad s, 1H), 7.52 (broad s, 1H). *C NMR (100 MHz, DMSO-de): d 163.4,
143.5, 138.1, 134.7, 124.6, 117.0, 100.6; HRMS (ESI) found 163.0622, calcd for

C7H/N4O (MH") 163.0614

NH, 1) Z>co,Me , Pd(OAG), , NH2
N7 P(o-Tol); , Et;N NZ
k\ | A\ Br : |\\ | N \ OMe
N~ N 2) 1NHcl NN
f o
TBSO HO
A 12

(E)-methyl 3-(4-amino-7-(3-hydroxypropyl)-5-p-tolyl-7 H-pyrrolo[2,3-
d]pyrimidin-6-yl)acrylate 12

Bromide A was synthesized as previously reported 2. In a 10 mL glass
microwave tube containing 2mL DMF were added bromide A (50 mg, 0.1 mmol),
Pd(OAc), (7 mg, 0.3 equiv), tri-o-tolyl phosphine (20 mg, 0.6 equiv), EtsN (47 uL,
3 equiv) and methyl acrylate (95 uL, 10 equiv). The reaction mixture was heated

by microwave irradiation at 100°C with stirring for two 10 min cycles at a power of
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250W. The crude reaction was diluted with 5§ mL EtOAc and the organic layer
was washed with saturated aqueous sodium bicarbonate (2 x 5 mL), brine (2 x 5
mL), dried over MgSO4. The mixture was then concentrated to a residue and
absorbed on silica and purified by column chromatography (50% EtOAc/hexanes
isocratic) to afford the TBS-protected methyl ester. The TBS-protected methyl
ester (28 mg) was dissolved in THF (2 mL) and cooled to 0°C, then 1N HCI (0.3
mL) was added and the reaction was allowed to warm to room temperature (20—
25°C). After 2.5 h the deprotection was complete and the reaction was diluted
with 10 mL EtOAc. The organic phase was washed with saturated aqueous
sodium bicarbonate (2 x 15 mL), brine (2 x 15 mL), dried over MgSO, and
concentrated. The residue was absorbed on silica and purified by column
chromatography (3% MeOH in EtOAc, isocratic) to yield 12.3 mg (33%) of methyl
acrylate 12. "H NMR (400 MHz, CDCls): & 8.29 (s, 1H), 7.61 (d, J = 17.6 Hz, 1H),
7.28—7.21 (m, 4H), 6.05 (d, J = 17.6 Hz, 1H), 4.53 (t, J = 5.4 Hz, 2H), 3.73 (s,
3H), 3.479 (t, J = 5.1 Hz, 2H), 2.44 (s, 3H), 2.01 (m, 2H), 1.67 (s, 2H); *C NMR
(100 MHz, CDCls): &6 167.5, 157.7, 157.2, 153.8, 151.9, 138.8, 131.7, 130.3,
128.1, 126.9, 121.2, 118.1, 102.4, 57 .4, 51.9, 38.7, 32.9, 21.5 HRMS (ESI) found

367.1775, calcd for C2oH22N4O3 (MH") 367.1765

67



N7 A 1) NC&PPh3 NZ QA
k\ | CHO — k\ | \
N ; 2) TFA; 1N HCI N ; CN
TBSO HO
B 13

(E)-3-(4-amino-7-(3-hydroxypropyl)-5-p-tolyl-7 H-pyrrolo[2,3-d]pyrimidin-6-
yl)acrylonitrile 13

A flame dried 50 mL round bottom flask was charged with aldehyde B
(218 mg, 0.41 mmol; prepared under contract by Albany Molecular Research
Inc., Albany, NY; details available upon request) and
(triphenylphosphoranylidine)acetonitrile (500 mg, 4 equiv). CH,Cl> (10 mL) was
added and the reaction mixture was stirred at room temp. After 16 h the reaction
was complete and the crude mixture after concentration was adsorbed on silica
and purified by column chromatography (20% EtOAc/hexanes isocratic) to yield
the protected nitrile, which was dissolved in CH,Cl, (2 mL) and was cooled to
0°C. TFA (2 mL) was added dropwise and the reaction mixture was allowed to
warm to room temp. After 12 h the reaction mixture was concentrated and the
residue redissolved in THF (3 mL). The solution was cooled to 0°C and 1N HCI
(1 mL) was added after which the reaction mixture was allowed to warm to room
temp. After 4.5 h the deprotection was complete and the reaction mixture was
diluted with 10 mL of EtOAc. The organic phase was washed with saturated
aqueous sodium bicarbonate (2 x 15 mL), brine (2 x 15 mL), dried over MgSO4

and concentrated. The residue was adsorbed on silica and purified by column
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chromatography (3% MeOH in EtOAc, isocratic) to yield 9.1 mg (11.4%) of
acrylonitrile 13. 'H NMR (400 MHz, CDCls): 6 8.30 (s, 1H), 7.36—7.29 (m, 4H),
7.24 (d, J = 16.8 Hz, 1H), 5.42 (d, J = 16.8 Hz, 1H), 5.15 (s, broad, 2H), 4.80 (s,
broad, 1H), 4.48 (t, J = 5.8 Hz, 2H), 3.48 (m, 2H), 2.46 (s, 3H), 1.96 (m, 2H); "*C
NMR (100 MHz, CDCIs): § 157.9, 154.4, 151.9, 139.4, 136.9, 130.7, 129.9,
127.2, 124 .4, 121.6, 118.7, 102.5, 96.4, 57 .4, 38.7, 32.9, 21.5 HRMS (ESI) found

334.1677, calcd for C19H20Ns0 (MH") 334.1662.

NH, NH,
NS 1) 2 snBu, , Pd(PPhy), NS
k | Br > k | CHO
N ; 2) 0s0,, Nalo, SN ;
TBSO TBSO'
A c

4-amino-7-(3-(tert-butyldimethylsilyloxy)propyl)-5-p-tolyl-7H-pyrrolo[2,3-
d]pyrimidine-6-carbaldehyde C

To a solution of bromide A ?? (1.0 g, 2.1 mmol) in toluene (30 ml) was
added tributylvinyltin (0.8 ml, 2.73 mmol). The solution was sparged with argon
for 10 min. Tetrakis(triphenylphosphine)palladium (244 mg, 0.21 mmol) was
quickly added and the reaction mixture was sparged with argon for a further 10
min, then heated to reflux for 3 h. The reaction mixture was filtered through celite
and the filtrate was concentrated. The residue was purified by flash column
chromatography in 50% EtOAc/hexanes to give a light yellow residue that was
lyophilized from benzene to afford the corresponding vinyl pyrrolopyrimidine as a

light yellow powder.
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To a solution of the vinyl pyrrolopyrimidine (760 mg, 1.8 mmol) in 3:1 v/v
THF:H20 (11.3 ml) under argon was added, dropwise, osmium tetroxide solution
(1.75 ml, 0.18 mmol, 2.5% in t-BuOH). The reaction was stirred at room
temperature (20-25 °C) under argon for 20 min. Sodium periodate (860 mg, 3.6
mmol, dissolved in 2.4 mL of warm water) was added dropwise to the reaction
over a period of 30 min. The reaction mixture was stirred for 1.5 h at room temp
and was then diluted with ethyl acetate. The organic layer was washed with
saturated aqueous sodium thiosulfate and the aqueous layer was back extracted
with ethyl acetate. The combined organic extracts were dried over sodium
sulfate and concentrated. @ The residue was purified by flash column
chromatography in 50% EtOAc/hexanes to give 417 mg (55% yield) of aldehyde
C as a yellowish oil that solidified upon standing. 'H NMR (400 MHz, CDCl3): &
9.63 (s, 1H), 8.34 (s, 1H), 7.39—7.32 (m, 4H), 4.72 (m, 2H ), 3.72 (m, 2H), 2.45
(s, 3H), 2.043 (m, 2H), 0.88 (s, 9H), 0.04 (s, 6H); *C NMR (100 MHz, CDCl3): &
182.1, 158.8, 156.0, 151.8, 139.1, 130.5, 130.3, 129.7, 128.9, 128.4, 101.8, 60.9,

41.2,33.7,25.9, 21.3, 18.3, -5.4 MS (ES"): 425.0 (MH").

o NH,
1) RJ\/CN, DBU

I S—cHo > ry R
k\N N 2) 1N HCI k\N N \
f NE O
TBSO HO
c 14-16

General procedure for the preparation of cyanoacrylates and

cyanoacrylamides 14 — 16
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To a solution of aldehyde C (0.3 mmol) in THF (2 ml) were added DBU
(1.2 equiv) and the appropriate cyanoacrylate or cyanoacetamide (1.2 equiv).
The reaction was stirred at room temp until all the starting material had been
consumed. The reaction mixture was concentrated and the residue was purified
by flash column chromatography to give the TBS-protected products.

To a solution of the TBS-protected cyanoacrylates or cyanoacrylamides
(0.1 mmol) in THF (1 ml) was added 1N aqueous HCI. The reaction mixture was
stirred at room temp for 1.5 h and then diluted with ethyl acetate. The organic
layer was washed with saturated aqueous sodium bicarbonate followed by brine
and then dried over sodium sulfate, filtered and concentrated. The residues were
purified by flash column chromatography in 100% EtOAc = 5% MeOH/EtOAc to

give the desired compounds 14-16.

Methyl 3-(4-amino-7-(3-hydroxypropyl)-5-p-tolyl-7H-pyrrolo[2,3-d]pyrimidin-
6-yl)-2-cyanoacrylate 14

Cyanoacrylate 14 was prepared in 22% yield from methyl 2-cyanoacetate
and aldehyde C. "H NMR (400 MHz, CDCl3): & 8.32 (s, 1H), 8.24 (s, 1H), 7.35—
7.29 (m, 4H), 5.47 (s, broad, 2H), 4.49 (t, J = 6.0 Hz, 2H), 3.86 (s, 3H), 3.44 (t, J
= 5.0 Hz, 2H), 2.47 (s, 3H), 1.95 (m, 2H); "*C NMR (100 MHz, CDCl3): & 162.8,
158.5, 154.9, 152. 8, 142.1, 139.1, 130.9, 130.3, 129.6, 125.4, 114.2, 102.7,
57.6, 53.7, 39.3, 32.9, 21.6 HRMS (ESI) found 392.1723, calcd for Cz1H22N503

(MH*) 392.1717.
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3-(4-amino-7-(3-hydroxypropyl)-5-p-tolyl-7 H-pyrrolo[2,3-d]pyrimidin-6-yl)-2-
cyano-N-isopropylacrylamide 15 (CN-NHiPr)

Cyanoacrylamide 16 was prepared in 13% yield from N-
isopropylcyanoacetamide * and aldehyde C. 'H NMR (400 MHz, CDCls): & 8.32
(s, 1H), 8.30 (s, 1H), 7.35—7.29 (m, 4H), 5.94 (d, J = 7.7 Hz, 1H), 5.51 (broad s,
1H), 4.46 (t, J = 5.8 Hz, 2H), 4.12 (m, 1H), 3.45 (t, J = 5.5 Hz, 2H), 2.43 (s, 3H),
1.95 (m, 2H), 1.20 (d, J = 6.6, 6H); '*C NMR (100 MHz, CDCls): & 158.9, 158.3,
154.4, 152.4, 139.4, 138.7, 130.8, 130.6, 129.7, 125.8, 123.3, 115.6, 108.1,
102.5, 57.5, 43.1, 39.1, 33.0, 22.6, 21.6 HRMS (ESI) found 419.2193, calcd for

Ca23H27NsO2 (MH") 419.2190.

tert-butyl 3-(4-amino-7-(3-hydroxypropyl)-5-p-tolyl-7 H-pyrrolo[2,3-
d]pyrimidin-6-yl)-2-cyanoacrylate 16

Cyanoacrylate 16 was prepared in 16% yield from fert-butyl 2-
cyanoacetate and aldehyde C. 'H NMR (400 MHz, CDCls):6 8.37 (s, 1H), 8.15
(s, 1H), 7.34—7.28 (m, 4H), 5.34 (broad s, 2H), 4.95 (t, J = 5.8 Hz, 2H), 3.43 (m,
2H), 2.43 (s, 3H), 1.95 (m, 2H), 1.52 (s, 9H); *C NMR (100 MHz, CDCIl3): &
161.1, 158.4, 156.7, 154.7, 152.1, 141.1, 138.9, 136.4, 130.7, 129.7, 1244,
114.4, 107.9, 102.6, 57.6, 39.3, 33.0, 28.1, 27.7, 21.6 HRMS (ESI) found

434.2181, calcd for C4H2sNsO3 (MH™) 434.2187.
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NBoc,

NBoc, 1. Im,CO (0.8 equiv.), DIPEA (3.0 equiv.) 1. TFA, CH,Cl,, 23 °C, 3h

CH,Cl,, 23 °C, 6h NP F N
F > I -
NZ N\ > k\ 2. BODIPY TMR-X, SE, DIPEA,
I\\ | 2. HN A0 pHBo (2 X 2.0 equiv.) N~ N o DMP. 23 °C. 241
N7 ° CH,Cl,, 23 °C, 18h (>99% yield)
(28% yield) NHBoc
I~
9 ,\/0‘/\o
HO )\N
D o H
E
NH,
F
v
P
N ; o
9 /\/O\/\o
>
o/ H

MeO

17 (FMK-BODIPY)

Carbamate E (Synthesized by Dr. Shyam Krishnan)

To a solution of alcohol D % (655 mg, 0.121 mmol) and
dicarbonylimidazole (15.7 mg, 0.8 equiv) in CH2Cl; (1 mL) was added DIPEA
(16.8 uL, 0.8 equiv). The reaction mixture was maintained at 20-25°C for 2 h
and N-Boc-2,2'-(ethylenedioxy)diethylamine (37.3 uL, 1.3 equiv) was added.
After 3 h, additional diamine (37.3 ulL, 1.3 equiv) was added. After 2 h, the
reaction mixture was diluted with EtOAc (50 mL) and washed with 0.5 M aqueous
HCI (20 mL) and brine (30 mL). The organic phase was dried (NaxSO4) and
concentrated to afford a colorless oil. Purification by preparative TLC (1:2
Hexanes:EtOAc x 5 elutions) afforded unreacted alcohol D (15.7 mg, 24% yield),

the acylimidazole of the alcohol (10.1 mg, 16% vyield) and the desired carbamate
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E (20.9 mg , 28% yield) as a colorless oil. R 0.32 (1:1 Hexanes/EtOAc x 3
elutions); "H NMR (400 MHz, CDCl3): & 8.95 (s, 1H), 7.25 (m, 4H), 5.17 (bs, 1H),
5.09 (bs, 1H), 4.80 (app. t, J = 7.0 Hz, 2H), 4.63 (d, J = 46.7 Hz, 2H), 4.14 (m,
2H), 3.61 (s, 4H), 3.54 (app. q, J = 5.3 Hz, 4H), 3.34 (m, 4H), 2.46 (s, 3H), 2.18

(m, 2H), 1.44 (s, 9H), 1.33 (s, 18H); MS (ESI ): 817.4 (MH").

17 (FMK-BODIPY) (Synthesized by Dr. Shyam Krishnan)

To a solution of carbamate L (10.1 mg, 12.4 umol, 1.5 equiv) in CHxCl,
(0.9 mL) was added TFA (0.9 mL) at 20-25°C. The reaction mixture was
maintained at ambient temperature for 3 h, then concentrated under reduced
pressure to afford a colorless oil. A solution of BODIPY-TMR-X, SE (5.0 mg, 8.2
umol, 1.0 equiv) in DMF (1.5 mL) was then added to the oil followed by DIPEA
(14.3 uL, 20.0 equiv). The reaction mixture was maintained at ambient
temperature for 24 h while protected from light, then concentrated under reduced
pressure to afford a purple solid. Purification by preparative TLC (10:1
CHxCl;:MeOH x 2 elutions) afforded FMK-BODIPY 17 (7.6 mg, 92% vyield based
on BODIPY-TMR-X, SE; 94.4:5.6 of fluoromethyl ketone: methyl ketone) as a
purple solid. R;0.47 (10:1 CH2Clx:MeOH); "H NMR (400 MHz, CDCls): & 8.35 (s,
1H), 7.86 (d, J = 9.0 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 7.30 (d, J = 7.8 Hz, 2H),
7.08 (s, 1H), 7.00-6.94 (m, 3H), 6.53 (d, J = 4.2 Hz, 1H), 6.21 (bs, 1H), 5.93 (bs,
1H), 5.36 (bs, 1H), 4.89 (bs, 2H), 4.73 (i, J = 6.9 Hz, 2H), 4.61 (d, J = 46.8 Hz,
2H), 4.09 (m, 2H), 3.86 (s, 3H), 3.64-3.51 (m, 8H), 3.41 (q, J = 5.3 Hz, 2H), 3.36

(m, 2H), 3.20 (q, J = 6.4 Hz, 2H), 2.75 (t, J = 7.5 Hz, 2H), 2.51 (s, 3H), 2.47 (s,
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3H), 2.28 (t, J = 7.4 Hz, 2H), 2.20 (s, 3H), 2.15-2.08 (m, 4H), 1.57 (m, 2H), 1.25
(m, 2H); ®C NMR (100 MHz, CDCls): & 171.9, 159.1, 156.1, 140.2, 130.90,
130.86, 130.82, 130.7, 130.5, 129.6, 128.0, 126.9, 125.7, 123.0, 113.9, 84.9,
83.1, 70.5, 70.47, 70.38, 70.36, 70.2, 70.17, 70.15, 70.12, 70.1, 62.6, 55.5, 41.5,
41.0, 39.5, 39.4, 39.3, 36.6, 36.3, 30.1, 29.1, 26.4, 25.1, 21.6, 20.4, 14.0, 13.3,

9.8; HRMS (ESI) found 1010.4952, calcd for Cs;HssBF3NgOg (MH™): 1010.

NHBoc 4

z N///\Ir Y (1.5 equiv.) HCI
U D—cro = -
k\N N DBU (2.0 equiv.), THF, 23 °C, 3h THF/H,0 (3:1 v/v)

(61% yield) 23 °C, 45 min
f (61% yield)
TBSO
B F

1. Im,CO (1.5 equiv.), DIPEA (3.0 equiv.)

CH,Cl,, 23 °C, 6h 1. TFA, CH,Cl,, 23 °C, 3h

f

L
Y

2. BODIPY TMR-X, SE, DIPEA, o
DMF, 23 °C, 24h
NHBoc (>99% yield)

2. HzN\/\o/\/O\/\NHBoc (2 x 2.0 equiv.)

CH,Cl,, 23 °C, 18h
(49% yield)

MeO

18 (CN-NHiPr-BODIPY)
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Cyanoacrylamide F (Synthesized by Dr. Shyam Krishnan)

To a solution of aldehyde B (247.3 mg, 0.471 mmol; prepared under
contract by Albany Molecular Research Inc., Albany, NY; details available upon
request) and N-isopropylcyanoacetamide * (89.2 mg, 0.707 mmol, 1.5 equiv) in
THF (5 mL) was added DBU (141 ulL, 0.943 mmol, 2.0 equiv). The reaction
mixture was maintained at 20-25°C for 2.5 h, quenched with saturated aqueous
NH4Cl (5 mL) and extracted with EtOAc (4 x 10 mL). The combined organic
extracts were dried (MgSQO,4) and concentrated. The residue was purified by
silica gel chromatography (4:1—3:1 Hexanes:EtOAc) to afford 181 mg (61%
yield) of the cyanoacrylamide F as a yellow oil. R;0.38 (3:1 Hexanes:EtOAc); 'H
NMR (400 MHz, CDCls3): 8 8.74 (s, 1H), 8.35 (s, 1H), 7.36 (d, J = 8.0 Hz, 2H),
7.29 (d, J = 8.0 Hz, 2H), 5.95 (d, J = 7.7 Hz, 1H), 4.49 (t, J = 7.3 Hz, 2H), 4.14
(sextet, J = 6.6 Hz, 1H), 3.63 (t, J = 5.9 Hz, 2H), 2.44 (s, 3H), 2.01 (m, 2H), 1.42
(s, 9H), 1.21 (d, J = 6.6 Hz, 6H), 0.88 (s, 9H), 0.36 (s, 6H) ;'°C NMR (100
MHz, CDCl;): 6 158.1, 153.8, 152.71, 152.67, 149.4, 140.0, 138.8, 130.5, 130.0,
129.6, 127.8, 120.9, 115.5, 109.7, 105.4, 81.6, 60.1, 42.9, 41.0, 33.1, 28.0, 25.9,

22.5,21.3, 18.3, -5.4; MS (ESI): 633 (MH")

Alcohol G (Synthesized by Dr. Shyam Krishnan)

To a solution of Boc pyrrolopyrimidine F (181 mg, 0.286 mmol) in THF (3
mL) was added 1 M aqueous HCI (1 mL). The reaction mixture was maintained
at 20-25°C for 45 min, then quenched with saturated aqueous NaHCO3; (5 mL)

and extracted with EtOAc (3 x 5 mL). The combined organic extracts were dried
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(MgSO,4) and concentrated to afford a colorless oil, which was purified by
preparative TLC (EtOAc) to afford the alcohol G as an orange-yellow foam, 89.7
mg (61% yield). R;0.24 (EtOAc); "H NMR (400 MHz, CDCls):  8.70 (s, 1H), 8.35
(s, 1H), 7.35 (d, J = 7.9 Hz, 2H), 7.28 (d, J = 7.9 Hz, 2H), 5.95 (d, J = 7.7 Hz,
1H), 4.48 (t, J = 6.1 Hz, 2H), 4.11 (m, 1H), 4.05 (t, J = 6.9 Hz, 2H), 3.45(q, J =
5.8 Hz, 2H), 2.43 (s, 3H), 1.96 (m, 2H), 1.40 (s, 9H), 1.19 (d, J = 6.6 Hz, 6H); "*C
NMR (100 MHz, CDCl;): 6 158.2, 153.9, 153.0, 152.6, 149.3, 139.2, 139.0,
130.7, 129.9, 129.6, 127.5, 121.0, 115.1, 110.2, 105.0, 81.9, 57.7, 43.1, 39.3,

32.8,28.0, 22.4, 21.4; MS (ESI): 519.6 (MH").

Carbamate H (Synthesized by Dr. Shyam Krishnan)

To a solution of alcohol G (72.5 mg, 0.140 mmol) and dicarbonylimidazole
(34 mg, 0.21 mmol, 1.5 equiv) in CH2Cl, (2 mL) was added DIPEA (73 uL, 0.42
mmol, 3.0 equiv). The reaction mixture was maintained at 20-25°C for 6 h and
N-Boc-2,2'-(ethylenedioxy)diethylamine (66.4 ulL, 0.28 mmol, 2.0 equiv) was
added. After 6 h, additional diamine (66.4 uL, 0.28 mmol, 2.0 equiv) was added
and the reaction mixture was maintained at 20-25°C for 12 further hours, after
which it was diluted with EtOAc (10 mL) and saturated aqueous NH4CI (5 mL).
The phases were separated and the aqueous phase was extracted with EtOAc (2
x 5 mL). The combined organic extracts were concentrated to afford a colorless
oil. Purification by preparative TLC (EtOAc x 2 elutions) afforded carbamate H
(53.9 mg , 49% yield, E:Z = 85:15) as a yellow foam. Characterized as a mixture

of geometric isomers (chemical shifts in italics represent peaks due to the minor
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isomer), Ry 0.30 (1:2 Hexanes:EtOAc); 'H NMR (400 MHz, CDCl3): & 8.71 (s,
1H), 8.69 (s, 1H), 8.57 (s, 1H), 7.40-7.21 (m, 4H), 6.06 (bs, 1H), 5.99 (d, J = 7.6
Hz, 1H), 5.06 (bs, 1H), 4.44 (t, J = 6.7 Hz, 2H), 4.32 (t, J = 6.8 Hz, 2H), 4.11 (m,
1H), 4.05 (m, J = 5.6 Hz, 2H), 3.63-3.51 (m, 8H), 3.38 (q, J = 5.6 Hz, 2H), 3.31
(m, 2H), 2.43 (s, 3H), 2.41 (s, 3H), 2.18 (m, 2H), 1.85 (bs, 1H), 1.42 (s, 9H), 1.40
(s, 9H), 1.37 (s, 9H), 1.20 (d, J = 6.6 Hz, 6H), 1.04 (d, J = 6.6 Hz, 6H); °C NMR
(100 MHz, CDCls): & 158.7, 156.3, 156.0, 154.0, 153.2, 152.8, 152.53, 152.47,
152.1, 149.6, 149.4, 140.2, 139.5, 138.9, 130.6, 130.1, 130.0, 129.9, 129.7,
127.6, 120.9, 115.1, 109.2, 105.5, 81.7, 70.34, 70.29, 70.25, 70.1, 60.9, 43.1,

42.6,40.8, 40.6, 40.4, 40.1,29.4, 22.4, 221, 21.4, 21.3; MS(ESI): 793.4 (MH").

18 (CN-NHiPr-BODIPY) (Synthesized by Dr. Shyam Krishnan)

To a solution of carbamate H (5.2 mg, 6.6 ymol, 1.5 equiv) in CH,Cl, (0.5
mL) was added TFA (0.5 mL) at 20-25°C. The reaction mixture was maintained
at ambient temperature for 3 h, then concentrated under reduced pressure to
afford a yellow oil. A solution of BODIPY-TMR-X, SE (2.5 mg, 4.1 umol, 1.0
equiv) in DMF (1 mL) was then added to the oil followed by DIPEA (7.2 uL, 10.0
equiv). The reaction mixture was maintained at ambient temperature for 24 h
while protected from light, then concentrated under reduced pressure to afford a
purple oil. Purification by preparative TLC (10:1 CH2Cl,;:MeOH x 2 elutions)
afforded CN-NHiPr-BODIPY 18 (4.5 mg, E:Z = 3.9:1, >99% vyield based on
BODIPY-TMR-X, SE) as a purple solid. R 0.50 (9:1 CH,Cl,:MeOH); "H NMR

(400 MHz, CDClIs), chemical shifts of peaks from the minor isomer are in italics: &
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8.53 (s, 1H), 8.32 (s, 1H), 8.31 (s, 1H), 7.86 (d, J = 9.0 Hz, 2H), 7.33 (d, J = 8.4
Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 7.08 (s, 1H), 7.00-6.94 (m, 3H), 6.53 (d, J = 4.0
Hz, 1H), 6.17 (bs, 1H), 6.12 (t, J = 5.6 Hz, 1H), 5.99 (d, J = 7.7 Hz, 1H), 5.84 (t, J
= 5.7 Hz, 1H), 5.23 (bs, 2H), 5.12 (bs, 2H), 4.41 (t, J = 6.8 Hz, 2H), 4.28 (t, J =
6.9 Hz, 2H), 4.11 (m, 1H), 4.03 (t, J = 5.5 Hz, 2H), 3.95 (t, J = 6.2 Hz, 2H), 3.85
(s, 3H), 3.61-3.56 (m, 6H), 3.52 (t, J = 5.1 Hz, 2H), 3.42-3.34 (m, 4H), 3.20 (m,
2H), 2.75 (t, J = 7.3 Hz, 2H), 2.52 (s, 3H), 2.43 (s, 3H), 2.41 (s, 3H), 2.28 (t, J =
7.5 Hz, 2H), 2.21 (s, 3H), 2.17—2.09 (m, 4H), 1.59 (m, 2H), 1.44 (m, 2H), 1.25 (m,
2H), 1.20 (d, J = 6.6 Hz, 6H), 1.05 (d, J = 6.5Hz, 6H); "*C NMR (100 MHz,
CDCls): & 174.8, 171.6, 154.5, 140.3, 130.6, 130.5, 130.0, 129.6, 127.8, 122.7,
118.2, 113.7, 70.3, 70.0, 69.90, 69.88, 55.3, 43.0, 39.2, 39.1, 39.05, 36.4, 36.0,
20.7, 29.4, 28.9, 26.2, 24.8, 22.4, 21.4, 20.1, 13.2, 9.6; HRMS (ESI) found

1086.5583, calcd for Cs7H71BF2N110g (MH"): 1086.5543.

79



NH, NBoc, NBoc,
Boc,0 (3.0 equiv.),

N7 T 4-DMAP (1.0 equiv.) NZ T\ HCI _ NP T\
i THF/H,0 (3:1 vAv) S
k\N N THF, 23 °C, 8h N~ N 232°cf 1h ) kN N
(99% yield) f (84% yield)
TBSO TBSO HO
I J K
NBoc,
1. Im,CO (1.0 equiv.), DIPEA (1.5 equiv.) N“ o
Ch,Cl,. 23°C. 3h N N 1. TFA, CH,Cl,, 23 °C, 3h N
- N7 N 2. BODIPY TMR-X, SE, DIPEA,
2. HzN\/\O/\/O\/\NHBoc (2 x 1.3 equiv.) DMF, 23 °C, 24I'; ’ ’
CH,ClI,, 23 °C, 5h /\/NHBoc (>99% vyield)
35% yield
(35% yield) o /\/o\/\o
-
o’ H
L

19 (scaffold-BODIPY)

DiBoc pyrrolopyrimidine J (Synthesized by Dr. Shyam Krishnan)

To a solution of pyrrolopyrimidine 1 % (116.4 mg, 0.293 mmol) and DMAP
(7.2 mg, 0.2 equiv) in MeCN/THF (2:1 v/v, 6 mL) was added Boc,O (160.1 mg,
2.5 equiv). The reaction mixture was maintained at 20-25°C for 2 h, at which
point additional Boc,O (160.1 mg, 2.5 equiv) and DMAP (36 mg, 1.0 equiv) was

added. The reaction mixture was maintained at 20-25°C for an additional 8 h,
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then concentrated to afford a brown solid. Purification by preparative TLC (3:1
Hexanes:EtOAc) afforded the DiBoc pyrrolopyrimidine J as a colorless foam,
173.8 mg (99% yield). Ry 0.38 (3:1 Hexanes:EtOAc); "H NMR (400 MHz, CDCl5):
5 8.81 (s, 1H), 7.35 (d, J = 8.1 Hz, 2H), 7.27 (s, 1H), 7.18 (d, J = 8.1 Hz, 2H),
4.43 (t, J=6.9 Hz, 2H), 3.65 (t, J = 5.8 Hz, 2H), 2.38 (s, 3H), 2.09 (app. q, J = 6.4
Hz, 2H), 1.27 (s, 18H), 0.91 (s, 9H), 0.06 (s, 6H); *C NMR (100 MHz, CDCls): 6
153.4, 151.4, 150.9, 150.7, 136.5, 130.6, 129.2, 128.6, 127.8, 116.0, 113.3, 83.0,

59.7, 41.8, 32.8, 27.7, 26.0, 21.2, 18.3, -5.3; MS (ESI ): 597.3 (MH").

Alcohol K (Synthesized by Dr. Shyam Krishnan)

To a solution of DiBoc pyrrolopyrimidine H (113.1 mg, 0.190 mmol) in THF
(3 mL) was added 1M aqueous HCI (1 mL). The reaction mixture was
maintained at 20-25°C for 1 h, then quenched with saturated aqueous NaHCO3;
(5 mL) and extracted with EtOAc (3 x 5 mL). The combined organic extracts
were dried (MgSO,) and concentrated to afford a colorless oil, which was purified
by preparative TLC (1:2 Hexanes:EtOAc) to afford the alcohol K as a colorless
oil, 76.2 mg (84% yield). R; 0.17 (1:1 Hexanes/EtOAc); '"H NMR (400 MHz,
CDCl3): 6 8.80 (s, 1H), 7.35 (d, J = 7.9 Hz, 2H), 7.24 (s, 1H), 7.19 (d, J = 7.9 Hz,
2H), 4.46 (t, J = 6.2 Hz, 2H), 3.77 (t, J = 6.3 Hz, 1H), 3.49 (m, 2H), 2.38 (s, 3H),
2.03 (m, 2H), 1.29 (s, 18H); *C NMR (100 MHz, CDCls): & 153.6, 151.8, 150.9,
150.6, 136.8, 130.2, 129.3, 128.6, 127.5, 116.7, 113.2, 83.2, 58.0, 41.1, 33.0,

27.6,21.2; MS (ESI ): 483 (MH").
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Carbamate L (Synthesized by Dr. Shyam Krishnan)

To a solution of alcohol I (54 mg, 0.112 mmol) and dicarbonylimidazole
(18.1 mg, 1.0 equiv) in CH,Cl; (2 mL) was added DIPEA (29.2 uL, 1.5 equiv).
The reaction mixture was maintained at 20-25°C for 3 h and N-Boc-2,2'-
(ethylenedioxy)diethylamine (34.5 ulL, 1.3 equiv) was added. After 3 h, further
diamine (34.5 pL, 1.3 equiv) was added. The reaction mixture was maintained at
ambient temperature for a further 2 h and then diluted with EtOAc (10 mL) and
saturated aqueous NH4CI (5 mL). The phases were separated and the aqueous
phase was extracted with EtOAc (2 x 5 mL). The combined organic extracts
were concentrated to afford a colorless oil. Purification by preparative TLC (1:2
Hexanes:EtOAc x 5 elutions) afforded carbamate L (30 mg , 35% yield) as a
colorless oil. Ry 0.30 (1:2 Hexanes/EtOAc); 'H NMR (400 MHz, CDCIs): 6 8.80
(s, 1H), 7.35 (d, J = 8.1 Hz, 2H), 7.26 (s, 1H), 7.18 (d, J = 8.1 Hz, 2H), 5.20 (bs,
1H), 5.05 (bs, 1H), 4.42 (t, J = 6.9 Hz, 2H), 4.14 (t, J = 5.7 Hz, 2H), 3.59 (s, 4H),
3.53 (app. q, J = 4.7 Hz, 4H), 3.33 (m, 4H), 2.38 (s, 3H), 2.22 (m, 2H), 1.43 (s,
9H), 1.28 (s, 18H); *C NMR (100 MHz, CDCl3): & 156.4, 156.1, 153.5, 151.5,
151.1, 150.8, 136.7, 130.5, 129.3, 128.7, 127.3, 116.4, 113.4, 83.2, 70.33, 70.28,

70.1,62.1, 42.3,40.8, 40.4, 29.7, 28.5, 28.1, 27.8, 21.2; MS (ESI): 757.9 (MH").

19 (scaffold-BODIPY) (Synthesized by Dr. Shyam Krishnan)
To a solution of carbamate L (10.8 mg, 14.3 umol, 3.5 equiv) in CHClI; (1
mL) was added TFA (1 mL) at 20-25°C. The reaction mixture was maintained at

ambient temperature for 3 h, then concentrated under reduced pressure to afford
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a colorless oil. A solution of BODIPY-TMR-X, SE (2.5 mg, 4.1 umol, 1.0 equiv) in
DMF (1 mL) was then added to the oil followed by DIPEA (7.2 uL, 10.0 equiv).
The reaction mixture was maintained at ambient temperature for 24 h while
protected from light, then concentrated under reduced pressure to afford a purple
oil. Purification by preparative TLC (10:1 CH2Cl,:MeOH x 2 elutions) afforded
scaffold-BODIPY 19 (4.1 mg, >99% yield based on BODIPY-TMR-X, SE) as a
purple oil. R;0.40 (10:1 CH,Cl,:MeOH); '"H NMR (400 MHz, CDCls): & 8.29 (s,
1H), 7.86 (d, J = 8.9 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H),
7.08 (s, 1H), 7.00-6.93 (m, 4H), 6.53 (d, J = 4.1 Hz, 1H), 6.19 (bs, 1H), 5.91 (bs,
1H), 5.33 (bs, 1H), 5.14 (bs, 2H), 4.30 (t, J = 6.5 Hz, 2H), 4.08 (t, J = 5.8 Hz, 2H),
3.85 (s, 3H), 3.59 (bs, 4H), 3.55-3.50 (m, 4H), 3.41 (q, J = 5.2 Hz, 2H), 3.34 (m,
2H), 3.19 (q, J = 6.5 Hz, 2H), 2.75 (t, J = 7.4 Hz, 2H), 2.51 (s, 3H), 2.40 (s, 3H),
2.27 (t, J = 7.3 Hz, 2H), 2.19 (s, 3H), 2.18 (m, 2H), 2.09 (t, J = 7.2 Hz, 2H), 1.56
(m, 2H), 1.42 (m, 2H), 1.25 (m, 2H); "*C NMR (100 MHz, CDCl5): 6 171.6, 160.4,
157.0, 151.8, 139.9, 137.0, 134.9, 134.4, 133.3, 131.7, 130.7, 129.7, 128.7,
127.8, 125.5, 122.7, 122.5, 118.3, 118.2, 116.4, 116.3, 113.7, 70.2, 70.0, 69.9,
61.9, 55.3, 41.5, 40.8, 39.9, 39.6, 36.4, 36.0, 29.7, 28.8, 26.2, 24.8, 21.1, 20.1,
14.1, 13.2, 9.6; HRMS (ESI) found 950.4940, calcd for CsoHg3BF2NgO; (MH™):

950.4906.
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CHAPTER 3
Inhibitor stability and in vivo RSK-CTD active site occupancy

studies in mice
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3.1 Abstract

Reversible covalent Michael acceptor RSK CTD inhibitors were analyzed
for their stability in vitro as well as in cultured cells by a competitive cell based
labeling assay to pre-screen compounds and select the most stable inhibitors for
RSK CTD occupancy assays in mice. This study identified several RSK CTD
inhibitors that have improved potency, stability and oral bioavailability over the

originally reported CN-NHiPr analog.

3.2 Introduction

Electrophile-bearing small molecule inhibitors that can covalently modify
their targets display enhanced selectivity and potency, but also have the potential
to be neutralized by reaction with off-target nucleophiles. Recently, we reported
the discovery of a new class or RSK2 CTD inhibitors that act in a reversible
covalent manner'. These compounds contain a reactive Michael acceptor
electrophile that forms reversible adducts with various thiols ($-mercaptoethanol
(BME), glutathione (GSH) or cysteines found in proteins). We were interested in
characterizing the chemical stability of the electrophiles, and more importantly
whether these compounds can survive the complex environment of animal

tissues and reach their target protein in vivo.
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3.3 Results

The first generation reversible covalent RSK CTD inhibitors contained a
cyanoacrylamide or cyanoacrylate groups and were synthesized by a
Knoevenagel condensation reaction from a common precursor aldehyde
(Scheme 3.1). Liquid chromatography mass spectrometry (LC/MS) revealed that
at 37°C in phosphate buffered saline (PBS), the tert-butyl ester analog CN-OtBu
(Figure 3.1) was completely degraded after overnight incubation, while the amide

analogs CN-NH2 and CN-NHiPr were more stable (Figure 3.1a and 3.1b).

N; O 2)INHCI

TBSO

Scheme 3.1 Knoevenagel condensation for the synthesis of various Michael
acceptor RSK inhibitors

a b [ cn-otBu [ cN-NH, [ CN-NHiPr
NH,
<}“ { aldehyde 1 m100— _
={ H m
N X o 804
HO—V c
o 60+
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Figure 3.1. Stability of RSK CTD Michael acceptor inhibitors. a) Chemical
structure of RSK inhibitors. b) Compound stability was assayed using LC-MS
after incubating compounds (150 uM) in PBS with at 37°C for various times.
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The isopropyl substituted amide CN-NHiPr was the most stable of the
compounds and even after 16 days of incubation at 37°C, more than 60%
remained in solution. Analysis by LC/MS revealed that the major decomposition
product of these analogs was the precursor aldehyde 1, a product of a retro-
Knoevenagel reaction (data not shown). Surprisingly, the stability trend was not
correlated with cellular potency (Figure 3.2). We observed that these analogs all
potently inhibited RSK2 CTD in in vitro kinase activity assays (ICso values were
between 5 — 7 nM, (REF) data not shown), but in cellular based assays, CN-
OtBu, the least chemically stable analog, inhibited the phosphorylation of Ser380
more potently than the acrylamide analogs. CN-NHiPr was slightly less potent in
cells, but because of its enhanced stability, we chose to move forward with this

analog into more complex in vitro and in vivo active site occupancy experiments .

CN-OtBu CN-NH, CN-NHiPr
PMA + + + + + — + + + + + — + + + + +

anti HA -____-—-1 SRR T—T—— I-.-—u-—v—-—-h—l

Figure 3.2 Inhibition of RSK-CTD in HEK293 cells. Cells were treated for 2
hours in serum free medium with inhibitors (1, 0.3, 0.1, 0.03 and 0 uM),
stimulated with phorbol 12-myristate 13-acetate (PMA, 100 ng/mL for 30 min)
and analyzed by western blot.

During the initial biochemical characterization of CN-NHiPr, we showed
that it binds RSK CTD covalently by reacting with Cys436 (RSK2 numbering) and

that the covalent bond is only stable in the context of the folded protein’. We

were interested in measuring the rate of the covalent bond formation and used a
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stopped flow apparatus to determine the kinetics of this interaction®®. CN-NHiPr
has a distinct absorbance peak at 400 nm that is disrupted by the Michael
addition and loss of conjugation and we used that to measure the rate of covalent
modification with increasing amounts of RSK2 CTD protein (10 — 400 uM). A
non-linear regression fit* to the observed experimental data gave covalent bond
formation rate of 2.18 sec™ and dissociation constant for the initial non-covalent

reversible binding (K)) of 29 uM. (Fugure 3.3).

k, k, 25 ! ! 1 ;
E+ I — E.I —» E-I
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x ; - 1
25 0.9330 ! _ | |
50 1.3397 0.5 @i e e 1
100 1.5830 ' ' 1 '
200 1.7725 0 : 'l . ;
. 0 100 200 300 400 500
400 2.0099

[RSK2 CTD], uM
Figure 3.3. Stopped flow results. Experimental stopped flow data and non-
linear regression fit for determining the rate of the covalent bond formation (ks)
between CN-NHiPr (10 uM) and RSK2-CTD (10 — 400 uM).
See experimental section for further details.

Next we wanted to test if the CN-NHiPr can inhibit RSK in mouse tissues.
We used a competition based occupancy assay* in which various tissue lysates
derived from mice treated with the inhibitor were labeled with a fluorescent
irreversible RSK specific probe (FMK-BPDIPY)4. We also used the irreversible

inhibitor fmk-mea, a very closely related analogue of FMK with improved

pharmacological properties, as a positive control for achieving complete inhibitor
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occupancy’. BALB/c mice were treated (intraperitoneal injection, 100% DMSO
solution) for 1 h with various concentrations of CN-NHiPr (100 mg/kg) or fmk-
mea (10, 20, 40 or 60 mg/kg; see Figure 3.5 for chemical structure) and their
hearts were harvested and processed. The clarified heart lysates were then
treated with saturating amounts of FMK-BODIPY, followed by immunodepletion
of the endogenous RSK1 protein. The proteins were resolved by denaturing gel
electrophoresis and detected by in-gel fluorescence scanning (Figure 3.4).
Quantification of the fluorescent bands relative to the vehicle control (0 mg/kg
dose) revealed that even at 100 mg/kg dosing, CN-NHiPr cannot fully inhibit

RSK1, while fmk-mea achieves full inhibition at about 40 mg/kg.

Rsk1 IP (heart)

fmk-mea CN-NHiPr

dose(mg/kg) 0 0 20 40 60 100

FMK (3uM) - + - - - -
FMK-BOIPY (5uM) + + + + + *
fluorescence| ™= et | «—
O-RSKT [ v s s e | [y

Figure 3.4. In vivo RSK CTD occupancy of CN-NHiPr. RSK CTD occupancy
results from mouse experiments show complete RSK1 inhibition by fmk-mea at
60 mg/kg (Left panel), but not by CN-NHiPr at 100 mg/kg (Right panel). Mice
were treated for 1 h (intraperitoneal injection) with indicated dose of inhibitors
and their hearts were harvested and processed. The lysates were labeled with
fluorescent FMK-BODIPY probe to reveal the degree of RSK CTD active site
occupancy.

In efforts to improve the bioavailability of the reversible covalent RSK

inhibitors, new compounds were synthesized with different Michael acceptor
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electrophiles®’. Some of the new analogs contained a hetero-aryl electron-
withdrawing group, instead of an amide. In other analogs, N(7) of the
pyrrolopyrimidine was alkylated with a cyclopropylmethyl group instead of the 3-
hydroxypropy! group. A p-chlorophenyl substituent was also introduced instead of

the p-tolyl group at C(5) of the pyrrolopyrimidine (Figure 3.5).

s r . s s s
& & - - s -
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) 0 o) L\N> D <) \w/

1sk-42 2sk-13 2sk-136 25k-189 3sk-34 3sk-39 3sk-45
cl cl cl
NH
2 i NH, NH, NH,
N7 S S S OH
| " Nl N HNA< le A\ HNA< Nl A\ HNA<>
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/ofﬂ HO'

fmk-mea CJN-55 CJN-61 CJN-75

Figure 3.5. Chemical structures of RSK-CTD inhibitors (analogs prepared by Dr.
Shyam Krishnan and Chris J Novotny)

We measured the active site occupancy of the new compounds with
cellular RSK after a 24 h incubation using a competition-based assay. Human
MDA-MB321 breast cancer cells were treated for 24 h with 1 uM of each
inhibitor, then treated with saturating amount of FMK-BODIPY'. The endogenous
RSK1 and RSK2 were immunoprecipitated from the clarified cellular lysates,

followed by denaturing gel electrophoresis and the fluorescently labeled full
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length RSK1 and RSK2 were detected by in-gel fluorescence scanning (Figure
3.6). Quantification of the fluorescent bands relative to the DMSO control
revealed that 2sk-136, CJN-61 and 3sk-39 were as potent and stable as the

irreversible fmk-mea in inhibiting RSK1 and RSK2 even after 24 h of incubation.

s * * * *
AN (4p) o o0 (o] Tp}
S X x x x x x x x Z Z Z
Inhibitor (TuM) & E & & & & &8 8 & O O O
fluorescence |

Figure 3.6. Cellular RSK CTD occupancy of various inhibitors. A
competition-based assay was used to directly probe for RSK CTD active site
occupancy. Intact MDA-MB231 cell were treated with indicated inhibitors (1 uM)
for 24 hours in absence of serum, followed by 1 h treatment with FMK-BODIPY
(3 uM) to reveal the degree of RSK CTD active site occupancy. Compounds

marked with asterisk were selected for mouse studies.
Both 2sk-136 and CJN-61 possess a tert-Butyl cyanoacrylamide Michael
acceptor but different alkylations on the pyrrole nitrogen, as well as different
substitutions on the benzyl group, while 3sk-39 contains a pyrazole as the
electron withdrawing group. We chose these three analogs, together with 1sk-42
(the only doubly substituted amide in this series) to be tested in mouse
occupancy studies.

We performed a dose response mouse occupancy experiment with 1sk-
42 that was very similar to previous experiments with FMK-mea (Figure 3.4), but
used lung tissue instead of heart (Figure 3.7a). BALB/c mice were treated

(intraperitoneal injection) for 1 h with various concentrations of 1sk-42 (10, 20, 40
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or 70 mg/kg). The lung tissues were processed and the clarified lysates labeled
with FMK-BODIPY. After immunoprecipitaiton of the fluorescently labeled
endogenous RSK1, we observed that only the highest dose (70 mg/kg) resulted
in complete occupancy of RSK1 (Figure 3.7a). We next tested the other three
analogs, 2sk-136, 3sk-39 and CJN-61 in the same assay using a single dose of
60 mg/kg (intraperitoneal injection). This time we immunoprecipitated both RSK1
and RSK2 to look at the isoform specific inhibition (Figure 3.7b). All three
inhibitors were successful at potently inhibiting RSK1 and RSK2 with the
pyrazole analog 3sk-39 being the most potent. These compounds were present
in the serum after one hour, as evidenced by LC/MS (data not shown), with

concentrations of 0,4 uM, 1.6 uM and 1.2 uM for 2sk-136, 3sk-39 and CJN-61,

respectively.

a b
Rsk1 IP (lungs) Rsk1/2 IP (lungs)
(O b s
1sk-42 (mg/kg) 0 0 10 20 40 70 nhibitor & £ g &
FMK 3uM) + - - - - - 60mgkg) & ¥ ¥ =
+ o+ + + + + > & o 0O
FMI-BODIPY topM) FMK-BODIPY (5uM) _+  + +  +

fluorescence - W - . fluorescence [ﬂ—
o-RSK! | g W b P9 wrski [

Figure 3.7. In vivo RSK CTD occupancy of second generation RSK
inhibitors. a) RSK1 CTD occupancy results from mouse experiments show
complete RSK1 inhibition by 1sk-42 at 70 mg/kg (intraperitoneal injection), as
evidenced by a dose response in lung lysates. The vehicle lysates were pre-
treated with FMK prior to the FMK-BODIPY labeling as control for maximum
inhibition. b) RSK1 and RSK2 CTD occupancy in lung lysates from mice treated
for 1 h with a single dose of inhibitors (60 mg/kg, intraperitoneal injection).
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We performed a dose response with 2sk-136 and compared the results from
both lung or spleen lysates. The minimum concentration needed to fully inhibit
RSK in lungs was 80 mg/kg, while in spleens we observed full inhibition at
significantly lower doses (40 mg/kg). This discrepancy could be due to differential
expression of RSK in different tissues, as well as differential distribution of the

inhibitor in vivo.

Rsk1/2 IP (lungs) Rsk1/2 IP (spleens)

2sk-136 (mg/kg) 0 10 20 40 60 80 0 10 20 40 60 80
FMK-BODIPY (5uM) _+ + + + + + FoE o+ o+ o+ 4

fluorescence | ™ == s -—

Figure 3.8. In vivo RSK CTD occupancy of 2sk136 in various mouse
tissues. Higher dose of 2sk136 is needed to achieve full RSK inhibition in lungs
(80 mg/kg) vs spleens (40 mg/kg). Mice were treated for 1 h (intraperitoneal
injection) with indicated doses of 2sk136 and the lungs and spleens were
harvested and processed. The clarified lysates were labeled with fluorescent
FMK-BODIPY probe to reveal the degree of RSK CTD active site occupancy.

In order to evaluate the oral bioavailability, we performed oral gavage
administration of 2sk-136 and CJN-61 and used the lung and spleen lysates in
the occupancy assay (Figure 3.9). Complete RSK1 and RSK2 inhibition was
observed when both compounds were administered at 100 mg/kg or 150 mg/kg
(formulated in PHOSAL-50PG + 5% DMSO), suggesting that these scaffolds are
quite stable and suitable for oral administration. Additionally, plasma analysis by

LC/MS/MS detected both 2sk-136 (0.6 uM for the 100 mg/kg dose, 2.02 uM for
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the 150 mg/kg dose) and CJN-61 (4.5 uM for the 100 mg/kg dose, 2.4 uM for the

150 mg/kg dose) 1 hour after administration.

Rsk1/2 IP (lungs)

2sk-136 (mg/kg) CJN-61 (mg/kg)
vehicle 100 | 150 100 | 150
FMK-BODIPY (5uM) _*+ _+ +  + + o+ o+ o+ + +
fluorescence |“i —— : |

o-RSK1/2

Rsk1/2 IP (spleens)

2sk-136 (mg/kg) CJN-61 (mg/kg)
vehicle 100 | 150 100 | 150
FMK-BODIPY (5uM) _*+ + + +  + + 4+ +  + +  +

fluorescence |‘ - e I
wrscir: [

Figure 3.9. In vivo RSK CTD occupancy of 2sk136 and CJN-61 after oral
administration. Mice were dosed by oral gavage with 100 mg/kg or 150 mg/kg
inhibitors and their lungs and spleens were harvested 1 h post drug
administration and processed. The clarified lysates were labeled with fluorescent
FMK-BODIPY probe to reveal the degree of RSK CTD active site occupancy.

3.4 Conclusion

By changing the electron withdrawing groups of the Michael acceptor
electrophile, were able to identify new RSK reversible covalent inhibitors with
improved stability and oral bioavailability. A common feature of the first
generation reversible covalent RSK inhibitors is that they all contain a vynilnitrile
with either a carboxyl ester (CN-OtBu) or carboxamide (CN-NHiPr, CN-NH,)

substitution.  Changing those substitutions to heterocycles or to different
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substituted carboxamides afforded compounds with improved cellular stability
and potency. We also tested these analogs in mice in in vivo RSK active site
occupancy assay in order to assess their oral bioavailability. We compared two
different routes of administration (intraperitoneal injection vs oral gavage) and
determined that 2sk-136 can achieve complete RSK inhibition regardless of how
it is administered. This finding is encouraging and suggests that inhibitors
bearing Michael acceptor electrophiles can survive both the harsh acidic stomach
environment as well as the high concentration of thiols in the cells and still retain

potency.
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3.5 Experimental

Compounds

aldehyde1, CN-OtBu, CN-NH2 and CN-NHiPr were synthesized as previously
described’

FMK, and FMK-mea were synthesized as described**® by Michael S. Cohen.
1sk-42, 2sk-13, 2sk-136, 2sk-189, 3sk-34, 3sk-39, 3sk-45 and FMK-BODIPY
were synthesized as described’® by Shyam Krishnan.

CJN-61 and CJN-75 were synthesized by Chris Novotny’.

Monitoring inhibitor stability at 37°C in PBS by LC-MS

A 150 uM solutions of different Michael acceptor RSK2-CTD inhibitors in
PBS (pH 7.4) with 5% MeCN were incubated at 37°C. 100 ulL aliquots were
drawn daily and analyzed by LC-MS (20 uL injection, Waters XTerra MS C18
column, 25 min gradient, 5-70% MeCN/0.1% formic acid; Waters 2695 Alliance
Separations Module; Waters Micromass ZQ mass spectrometer). The percent of
inhibitor remaining was calculated as the ratio of the area under the peaks for the

starting compound and the decomposition aldehyde product.

CN-NHiPr / RSK2 CTD kinetic measurements
Stopped-flow experiments were conducted using a Hi-Tech SF-61Dx2 instrument
(TgK Scientific Ltd., Bradford on Avon, U.K.). Data were collected in dual beam

mode using photomultiplier detection of absorbance at 400 nm. CN-NHiPr (20
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uM) was mixed rapidly with a solution of RSK2 CTD (20 — 800 uM) and the
disappearance of the CN-NHiPr was monitored over time (3 — 30 seconds). Data

for CN-NHiPr reacting with RSK2 CTD was fit to a two-step, reversible inhibition

model: k, k,
B ¥ Tle > Ber ——w Eod

k2 k4
Where K| = ko/kiand k. = (k,[E] / ([E] + K,)) + k,

Plots of kops Vs RSK2 CTD concentration were fit using KaleidaGraph to obtain
values for K, and ks. The value for k4 could not be accurately determined and was

assumed to be zero (calculated result for ks was -0.079 sec™).

RSK1 occupancy assay using heart or lung lysates from mice treated with
FMK-mea ,CN-NHiPr or 1sk-42

Frozen heart or lung tissues from mice that were treated with fmk-mea (O,
20, 40 and 60 mg/kg), CN-NHiPr (0 and 100 mg/kg) or 1sk-42 (0, 10, 20, 40 and
70 mg/kg) were thawed on ice in presence of 2 mL PBS containing protease
(Complete, Roche) and phosphatase (Coctail | and IlI, Sigma) inhibitors. The
tissues were kept on ice and were homogenized three times for 30 sec at 13500
rom with an electric tissue tearor (Janke & Kunkel/lIKA T25-Ultra-Turrax
Homogenizer). The homogenates were transferred to clean 4mL ultracentrifuge
tubes (Beckman) and were clarified by centrifugation at 30000 x g for 60 min
(Beckman Coulter Optima TLX Ultracentrifuge; TLA-100.3 rotor). Next, 250 uL
each of the clarified lysates (normalized to 2.5 mg/mL) derived from the vehicle-

treated mouse was pre-treated with FMK (3 uM) for 1 hour at room temperature,
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and then reacted with FMK-BODIPY (5 uM) for 1 hour at room temperature. This
sample was a control for the labeling specificity of FMK-BODIPY in the heart
tissue lysates. Separately, 250 uL each of the clarified lysates (from mice treated
with 0, 20, 40 and 60 mg/kg fmk-mea, or 0 and 100 mg/kg CN-NHiPr, or 0, 10,
20, 40 and 70 mg/kg 1sk-42; normalized to 2.5 mg/mL) were reacted with FMK-
BODIPY (5 uM) for 1 hour at room temperature (without FMK pre-treatment).
Following the FMK-BODIPY reaction, each sample (270 uL total) was diluted
with 730 uL ice cold PBS + 1% NP40. Immunoprecipitation was performed using
4 ug Rsk1 antibody (C-21, sc-231 rabbit polyclonal antibody, Santa Cruz
Biotechnology) for 3 hr at 4°C, followed by overnight incubation at 4°C with 50 uL
of Protein G Sepharose beads (GE Healthcare). The beads were washed three
times for 10 min with 500 uL PBS + 1% NP40, pelleted and resuspended in 50
uL Laemmli sample buffer. The samples were resolved on 10% SDS-PAGE and
detected by in-gel fluorescence scanning with a Typhoon 9400 flatbed laser-
induced scanner, followed by transfer to nitrocellulose membrane and western

blot detection with antibodies against RSK1.

General procedure for RSK1/2 occupancy assay using lung or spleen
lysates from mice treated with 2sk-136, 3sk-39 and CJN-61

Frozen mouse tissues (lungs or spleens) from mice that were treated with
different doses of RSK-CTD inhibitors (0, varying mg/kg) were thawed on ice in
presence of 2 mL PBS containing protease (Complete, Roche) and phosphatase

(Coctail | and Il, Sigma) inhibitors. The tissues were kept on ice and were
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homogenized three times for 30 sec at 13500 rpm with an electric tissue tearor
(Janke & Kunkel/IKA T25-Ultra-Turrax Homogenizer). The homogenates were
transferred to clean 4mL ultracentrifuge tubes (Beckman) and were clarified by
centrifugation at 30000 x g for 60 min (Beckman Coulter Optima TLX
Ultracentrifuge; TLA-100.3 rotor). Next, 250 uL each of the clarified lysates
(normalized to 2.5 mg/mL) were reacted with FMK-BODIPY (5 uM) for 1 hour at
room temperature (without FMK pre-treatment). Following the FMK-BODIPY
reaction, each sample (270 uL total) was diluted with 730 uL ice cold PBS + 1%
NP40. Immunoprecipitation was performed using 4 ug Rsk2 antibody (E-1, sc-
9986 mouse monoclonal antibody, Santa Cruz Biotechnology) and 4 ug Rsk1
antibody (C-21, sc-231 rabbit polyclonal antibody, Santa Cruz Biotechnology) for
3 hr at 4°C for each sample, followed by overnight incubation at 4°C with 50 uL of
Protein G Sepharose beads (GE Healthcare). The beads were washed three
times for 10 min with 500 uL PBS + 1% NP40, pelleted and resuspended in 50
uL Laemmli sample buffer. The samples were resolved on 10% SDS-PAGE and
detected by in-gel fluorescence scanning with a Typhoon 9400 flatbed laser-
induced scanner, followed by transfer to nitrocellulose membrane and western
blot detection with antibodies against RSK1 (C-21, Santa Cruz sc-231) and
RSK2 (E-1, Santa Cruz sc-9986) antibodies. After incubation with primary
antibodies, immunoblots were incubated with infrared dye-labeled secondary
antibodies (IR680 or IR800) and visualized using the LI-COR Odyssey infrared
imaging system (LI-COR Biosciences, Lincoln, NE).

Cellular RSK1/2 competition based occupancy assay
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MDA-MB-231 cells were seeded into 6-well plates at 300,000 cells/well.
After 48 h, the media was exchanged with serum-free DMEM, and the cells were
treated for 24 h with the indicated concentrations of inhibitors, followed by 1 h
incubation with 3 uM of the FMK-BODIPY probe. The media was aspirated and
the cells were washed with 2 mL of cold PBS and lysed with 70 uL CelLytic M
lysis buffer (Sigma) supplemented with protease (Complete, Roche) and
phosphatase (PhoStop, Roche) inhibitors. The lysates were cleared by
centrifugation at 14K rpm for 10 min at 4°C and normalized by Bradford assay.
Immunoprecipitation was performed using 4 ug Rsk2 antibody (E-1, sc-9986
mouse monoclonal antibody, Santa Cruz Biotechnology) and 4 ug Rsk1 antibody
(C-21, sc-231 rabbit polyclonal antibody, Santa Cruz Biotechnology) for 3 hr at
4°C for each sample, followed by overnight incubation at 4°C with 50 uL of
Protein G Sepharose beads (GE Healthcare). The beads were washed three
times for 10 min with 500 uL PBS + 1% NP40, pelleted and resuspended in 50
uL Laemmli sample buffer. The samples were resolved by 7.5% SDS-PAGE and
detected by in-gel fluorescence scanning with a Typhoon 9400 flatbed laser-
induced scanner, followed by transfer to nitrocellulose membrane and western
blot analysis using RSK1 (C-21, Santa Cruz sc-231) and RSK2 (E-1, Santa Cruz
sc-9986) antibodies. After incubation with primary antibodies, immunoblots were
incubated with infrared dye-labeled secondary antibodies (IR680 or IR800) and
visualized using the LI-COR Odyssey infrared imaging system (LI-COR

Biosciences, Lincoln, NE).
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Serum or plasma analysis by LC MS/MS

Frozen serum or plasma samples were thawed on ice. To 100 uL of each
serum or plasma sample were added 200 uL acetonitrile that contains 100 uM
1,3-dinitrobenzene (internal control). The solution was mixed thoroughly and
incubated at room temperature for 30 min. Following the incubation step, the
samples were centrifuged at 20000 x g to pellet the precipitate. Then, 75 uL of
the clarified samples were transferred to LCMS glass vials and mixed with 25 pL
water. The final samples (100 yL volume, 50 % Acetonitrile) were analyzed on
Waters Acquity Ultra Performance LC MS/MS (4 pL injection, 5 — 95 %
Acetonitrile over 3.7 min, 0.6 mL/min flow rate). Standard curves were generated
for each inhibitor by making known concentrations into the serum or plasma
vehicle matrix (1000, 500, 250, 125, 12,5, 6.25 and 1.25 nM). Then each
standard concentration was mixed with equal volume of acetonitrile (containing
100 uM 1,3-dinitrobenzene as internal control) for final concentration of 50%

acetonitrile.
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CHAPTER 4

Molecular basis for RSK isoform selectivity of FMK
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4.1 Abstract

Labeling studies with FMK have showed that it inhibits the RSK1 C-terminal
kinase domain (CTD) more potently compared to the RSK2 CTD. We used FMK
as a chemical probe for elucidating the differences between the two isoforms that
are responsible for the observed isoform selectivity. Sequence alignment
revealed slight differences in the glycine rich loop region that is adjacent to the
nucleophilic cysteine residue that is covalently modified by FMK. Mutagenesis
studies and biochemical assays confirmed that small changes to the cysteine
thiol environment could have profound effects on its reactivity with FMK. We
demonstrate that a faster rate of covalent bond formation contributes to the

observed selectivity of FMK for RSK1 CTD.

4.2 Introduction

The human p90 ribosomal S6 kinase (RSK) family of serine/threonine
protein kinases is comprised of four members: RSK1 — 4, which that are distinct
gene products’®. RSKs are downstream of the Ras-mitogen activated protein
kinase (MAPK) signaling pathway and regulate various cellular processes such
as cell growth, proliferation and survival (Figure 4.1a)3'4. A characteristic feature
of the RSK protein kinases is the presence of two separate and functional kinase
domains that are connected by a hydrophobic linker region®® (Figure 4.1b). The
N-terminal kinase domain (NTD) is responsible for phosphorylating RSK'’s

cellular substrates, while the only known function of the C-terminal kinase
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domain (CTD) is to phosphorylate a serine residue on the hydrophobic linker

region, which leads to the subsequent activation of the NTD.
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Figure 4.1. MAPK signaling pathway and RSK a) RSK activated by ERK in
response to extra cellular stimuli b) Schematic representation of RSK depicting

the two distinct kinase domains connected by hydrophobic linker region

Misregulation of RSK activity has been linked to cancer cell survival and

metastasis’® but there is little evidence describing the individual contribution of
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each of the RSK isoforms to these processes. RNA interference has most
commonly been used for elucidating the individual roles of the RSK isoforms in
cells by affording selective ablation of gene expression. Although this powerful
technique can provide valuable information, it can be a challenging strategy with
higher model organisms'®. Therefore, there is an increased need for the
development of isoform specific, cell permeable small molecule RSK inhibitors
that can be used for understanding the physiological roles of the different RSK
isoforms’". In order to rationally design isoform specific inhibitors, we sought to
understand the structural and functional differences between the RSK1 and
RSK2 proteins and used the irreversible inhibitor FMK as a reporter probe12. The
RSK proteins share a large degree of sequence identity, especially in their C-
terminal kinase domains (CTDs) (Figure 4.2). In particular, the CTDs of RSK1
and RSK2 (human) are 88% identical. Despite this high degree of sequence
similarity, the small molecule inhibitor FMK, which was designed to inactivate the
C-terminal kinase domains of RSK1, 2 and 4, revealed an unexpected selectivity

for RSK1'3,
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Figure 4.2. Sequence alignment of full length human RSK1 and RSK2. The
N-terminal and C-terminal kinase domains are highlighted in blue and red,
respectively.
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4.3 Results

Isoform selectivity of FMK

In various assays, we have observed that RSK1 is more potently inhibited by the
irreversible compound FMK (Figure 4.3), suggesting that selective isoform

inhibition is possible™*™.
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Figure 4.3. Cell and mouse based RSK CTD occupancy experiments
showing FMK selectivity for RSK1. a) A competition-based assay was used to
directly probe for RSK CTD active site occupancy at different doses of FMK..
Human MDA-MB321 cells were treated with increasing concentrations of FMK
for 1 h, followed by 1 hour treatment with FMK-BODIPY (3 uM). The clarified
cellular lysates were separated by denaturing gel electrophoresis and the
fluorescently labeled full length RSK1 and RSK2 were detected by in-gel
fluorescence scanning and western blot. The top fluorescence band is RSK2 and
bottom band is RSK1. b) Immunoprecipitation from heart lysates from mice
treated with fmk-mea and analyzed by fluorescence scanning. Quantified data is
on the right.
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In a competition-based assay that directly probes for inhibitor occupancy in cells,
the concentration of FMK that was required to achieve maximum inhibition of
RSK2 was almost 10-fold higher compared to the concentration needed to
maximally inhibit RSK1. Human MDA-MB321 breast cancer cells were treated
with increasing concentrations of FMK, followed by a treatment with saturating
amounts of a fluorescent irreversible probe (FMK-BODIPY). The clarified cellular
lysates were separated by denaturing gel electrophoresis and the fluorescently
labeled full length RSK1 and RSK2 were detected by in-gel fluorescence
scanning. Quantification of the fluorescent bands relative to the DMSO control
revealed that FMK displayed maximum inhibition of RSK1 at about 100 nM, while
the concentration required for maximum inhibition for RSK2 was between 1000
and 3000 nM (Figure 4.3a).

A similar trend was observed in a competition assay using lysates from
mice that were treated with fmk-mea, a very closely related analogue of FMK
with improved pharmacological properties (see Chapter 3 for structure). BALB/c
mice were treated (intraperitoneal injection) with various concentrations of fmk-
mea and their hearts were harvested and processed. Clarified heart lysates were
then treated with saturating amounts of FMK-BODIPY, followed by
immunodepletion of the endogenous RSK1 and RSK2 proteins. The
immunodepleted proteins were again resolved by denaturing gel electrophoresis
and detected by in-gel fluorescence scanning (Figure 4.3b). For all the doses that
were tested, RSK1 was more sensitive to fmk-mea inhibition compared to RSK2.

However, we observed an inverse relationship between the dose of fmk-mea
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and the degrees of isoform selectivity, i.e. the higher the fmk-mea amount, the
less selective the inhibition. At the lowest administered dose (20 mg/kg), RSK1
was ~ 75% inhibited, while RSK2 was only ~ 25%. This difference was much
smaller at the highest dose (60 mg/kg), where inhibition of RSK1 and RSK2 was~
85% and ~70%, respectively. This result suggested that with optimized dosage of

the inhibitor, isoform-selective RSK inhibition can be achieved.

Apparent rate of covalent bond formation contributes to the isoform
selectivity of FMK

Endogenous RSKs have two kinase domains®, and FMK was rationally
designed to selectively inhibit the C-terminal kinase domains of RSK1, RSK2 and
RSK4'?. We wanted to understand the basis for the isoform selectivity observed
in cell-based and mouse experiments and therefore developed in vitro assays
that use purified C-terminal kinase domains of RSK1 and RSK2.

In a kinase activity assay, FMK proved more potent against RSK1-CTD
than RSK2-CTD, with observed ICsy values of 2.7 nM versus 17.9 nM,
respectively (Figure 4.4a). Using purified RSK-CTDs that have been pre-
activated with ERK (REF), we monitored the degree of phosphorylation of a
peptide substrate (CTDtide) derived from the sequence of the hydrophobic motif
linker regiona. These experiments showed that FMK selectivity resides in the
highly homologous kinase domains, yet they did not provide us with information

on how FMK is differently interacting with the two isoforms.
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Figure 4.4 In vitro selectivity of FMK for RSK1 over RSK2. a) Dose response
curves for FMK from in vitro RSK-CTD kinase activity assays. See experimental
procedures for details. b) Kinetic analysis of fmk-pa labeling of RSK1 and RSK2
CTDs. 50 nM RSK CTD were labeled with 150 nM fmk-pa, and quenched at
various times. The reactions were subjected to click chemistry with TAMRA-N3
and analyzed by in-gel fluorescence scanning. This experiment was performed
by Dr. Ville Paavilainen. ¢) Graphical representation of the data from b.
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Given that FMK is an irreversible inhibitor and forms a covalent bond with
Cys436 (RSK2 numbering), we wanted to investigate whether differences in the
apparent rate of the covalent adduct formation were responsible for the observed
selectivity. We used fmk-pa13 in a two-step labeling approach in order to carry
out a kinetic analysis with purified RSK-CTDs in vitro'. The RSK-CTDs (50 nM)
were treated with excess amounts of fmk-pa (150 nM) and the reactions were
quenched at different time intervals using SDS. An azide fluorescent reporter
(TAMRA-N3) was conjugated to fmk-pa using click chemistry and the degree of
FMK-RSK adduct formation was analyzed by in-gel fluorescence scanning
(Figure 4.4b). Consistent with previous results, RSK1-CTD was modified much
faster compared to RSK2-CTD, indicating that the apparent rate of the RSK1-
FMK covalent adduct formation is faster. Since we used an end-point detection
method, we were not able to uncouple the individual contributions of the

reversible affinity for FMK from the rate of the covalent bond formation.

Glycine rich loop sequences affect FMK selectivity

To determine the RSK CTD/FMK binding mode we solved the crystal
structure of RSK2 bound to FMK to 2.1A'. Careful examination of the RSK2
CTD residues that are in direct contact with FMK revealed that the analogous
residues in RSK1 are identical and could not explain the observed selectivity. We
examined the sequences of the two RSK CTD isoforms more closely and
identified three residues within the Glycine rich loop that were different (Figure

4.5a). The glycine rich loop forms the “ceiling” of the ATP binding pocket and
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contains a highly conserved sequence motif (G-X-G-X-Y/F-G/S). The
nucleophilic Cys436 is located at the C-terminal end of this loop and we
hypothesized that differences in the loop dynamics or conformational preference
could affect its reactivity. Barouch-Bentov et al.'® had identified the presence of a
conserved salt bridge in the glycine rich loops of members of the Src and Abl
protein kinases that can limit the loop flexibility and control catalytic activity and
ATP binding. Using analogous criteria, we were able to identify potential salt
bridge partners in RSK1 (E435 — K437; RSK2 numbering) and RSK2 (D427 —

K437; RSK2 numbering) (Figure 4.5b).
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Figure 4.5. Sequence alignment of the Glycine rich loops of RSK1 and
RSK2 CTDs. a) Amino acid differences between the two RSK isoforms that
result in putative salt bridges (dashed lines). b) Crystal structure of RSK2-CTD
depicting the proposed putative salt bridges. ¢) RSK1 mutations were introduced
to generate three different RSK2 mutants

The putative RSK2 salt bridge is formed by side chain residues found on two
adjacent B-strands (D427-K437, RSK2 numbering), while the one in RSK1 is
formed by residues found on the same (B-strand (E435-K437, RSK2 numbering).

We hypothesized that the Cys436 reactivity with FMK could be influenced by the

119



flexibility and the dynamics of the loop and wanted to investigate the effects on
mutations in this region on the FMK selectivity.

We designed a RSK2 triple mutant (E423V/D427T/V435E) that disrupts
the putative RSK2 salt bridge and introduces the RSK1 salt bridge and tested its
reactivity with FMK in vitro (Figure 4.5c). We used a mass-spectrometry based
assay to detect the covalent FMK-adduct with the appropriate RSK-CTDs (Figure
4.6a). Using two molar equivalents of FMK (10 uM), we observed that the wild
type RSK1 was modified with a much faster apparent rate compared to the wild
type RSK2 (t12=1.8 min vs 9.4 min, respectively). The triple RSK2 mutant was
also modified faster than the wild type RSK2 (ti» = 4 min vs. 9.4 min,
respectively), suggesting that the presence of the RSK2 putative salt bridge
could have an inhibitory effect on the FMK adduct formation. In addition to the
triple RSK2 mutant, we also generated a single mutant (D427T) that disrupts the
RSK2 salt bridge, as well as a double mutant (D427T/V435E) that introduces the
RSK1 salt bridge. Although all mutants were expressed and purified successfully
(Figure 4.6b, coomassie insert), the single mutant could not be used in the mass
spectrometry assay (no signal was observed) and thus did not reveal what the
effects on FMK binding would be upon disruption of the RSK2 salt bridge alone.
Additional biochemical assays revealed that the single mutant does not bind the
fluourescent analog FMK-BODIPY as efficiently as the other two mutants,
despite being active in in-vitro kinase assay (data not shown). This discrepancy

remains to be investigated in future experiments.
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Figure 4.6. Time dependent covalent modification of RSK-CTDs by FMK. a)
Progress curves of the FMK-RSK CTD adduct formation of wt RSK1, wt RSK2
and the triple mutant (3x) RSK2. b) Progress curves of the FMK-RSK CTD
adduct formation of the different RSK2 CTD mutants (1x, 2x, and 3x) and wt
RSK2 CTD. Coomassie insert shows amounts of protein used in the reactions.

The double RSK2 CTD mutant, on the other hand, formed the covalent adduct in
a nearly identical manner as the triple mutant. This observation suggest that the

local environment produced by the presence of the RSK1 putative salt bridge

favors covalent bond formation between the electrophilic FMK and the
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nucleophilic cysteine thiol. However, more studies are necessary to fully

elucidate the basis for the observed selectivity.

4.4 Conclusion

We have observed that the basis for the isoform-selective inhibition of
RSK1 and RSK2 is encoded in their C-terminal kinase domains. Subtle
differences in the local environment of the Cys436 could affect the nucleophilicity
of its side chain as well as its position in relation to the fluoromethylketone of
FMK. We show that a putative salt bridge in the glycine rich loop in a trans
configuration does affect the reaction rate. This may be due to changes in the
flexibility of the loop that subsequently affect FMK binding to the ATP pocket, as
well as the rate of the covalent bond formation. Further biophysical studies and
molecular dynamics simulations designed to evaluate loop flexibility as well as
cysteine thiol nucleophilicity should be performed in order illuminate any
differences among the various RSK proteins and to thus guide the design of

isoform-specific inhibitors.
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4.5 Experimental

Compounds
FMK, FMK-pa and FMK-mea were synthesized as described (MSC Science,
MSC NCB, MSC Thesis) by Michael S. Cohen.

FMK-BODIPY was synthesized as described (IMS NCB) by Shyam Krishnan.

Cellular RSK1/2 competition based occupancy assay

MDA-MB-231 cells were seeded into 6-well plates at 300,000 cells/well.
After 48 h, the media was exchanged with serum-free DMEM, and the cells were
treated for 2 h with the indicated concentrations of FMK, followed by 1 h
incubation with 3 uM of the FMK-BODIPY probe. The media was aspirated and
the cells were washed with 2 mL of cold PBS and lysed with 70 uL CelLytic M
lysis buffer (Sigma) supplemented with protease (Complete, Roche) and
phosphatase (PhoStop, Roche) inhibitors. The lysates were cleared by
centrifugation at 14K rpm for 10 min at 4°C and normalized by Bradford assay.
Laemmli sample buffer was added to the lysates and the proteins were
separated by 7.5% SDS-PAGE and detected by in-gel fluorescence scanning
with a Typhoon 9400 flatbed laser-induced scanner, followed by immunoblot
analysis using RSK1 (C-21, Santa Cruz sc-231) and RSK2 (E-1, Santa Cruz sc-
9986) antibodies. After incubation with primary antibodies, immunoblots were

incubated with infrared dye-labeled secondary antibodies (IR680 or IR800) and
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visualized using the LI-COR Odyssey infrared imaging system (LI-COR

Biosciences, Lincoln, NE).

RSK1/2 occupancy assay using heart lysates from mice treated with FMK-
mea

Frozen heart tissues from mice that were treated with fmk-mea (0, 20, 40
and 60 mg/kg) were thawed on ice in presence of 2 mL PBS containing protease
(Complete, Roche) and phosphatase (Coctail | and IlI, Sigma) inhibitors. The
tissues were kept on ice and were homogenized three times for 30 sec at 13500
rom with an electric tissue tearor (Janke & Kunkel/lIKA T25-Ultra-Turrax
Homogenizer). The homogenates were transferred to clean 4mL ultracentrifuge
tubes (Beckman) and were clarified by centrifugation at 30000 x g for 60 min
(Beckman Coulter Optima TLX Ultracentrifuge; TLA-100.3 rotor).
Next, 250 uL each of the clarified lysates (from mice treated with 0, 20, 40 and 60
mg/kg fmk-mea; normalized to 2.5 mg/mL) were reacted with FMK-BODIPY (5
uM) for 1 hour at room temperature (without FMK pre-treatment). Following the
FMK-BODIPY reaction, each sample (270 ulL total) was diluted with 730 uL ice
cold PBS + 1% NP40. Immunoprecipitation was performed using 4 ug Rsk2
antibody (E-1, sc-9986 mouse monoclonal antibody, Santa Cruz Biotechnology)
for 3 hr at 4°C for each sample, followed by overnight incubation at 4°C with 50
uL of Protein G Sepharose beads (GE Healthcare). The beads were washed

three times for 10 min with 500 uL PBS + 1% NP40, pelleted and resuspended in

50 uL Laemmli sample buffer. A second immunoprecipitation step was performed
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with the leftover lysates using 4 ug Rsk1 antibody (C-21, sc-231 rabbit polyclonal
antibody, Santa Cruz Biotechnology) for 3 hr at 4°C, followed by overnight
incubation at 4°C with 50 uL of Protein G Sepharose beads (GE Healthcare). The
beads were washed three times for 10 min with 500 uL PBS + 1% NP40, pelleted
and resuspended in 50 uL Laemmli sample buffer. The samples were resolved
on 10% SDS-PAGE and detected by in-gel fluorescence scanning with a
Typhoon 9400 flatbed laser-induced scanner, followed by transfer to
nitrocellulose membrane and western blot detection with antibodies against

RSK1 and RSK2.

Protein Expression and Purification

Wild type RSK1 CTD (human RSK2 396-735) was subcloned into pET-46
Ek/LIC vector following the manufacturers protocol (EMD Chemicals, Inc.) and
then expressed in E.coli BL21-RIL competent cells. Cells were lysed in lysis
buffer (50 mM Tris pH 8.0, 0.5 M NaCl, 10% glycerol, 15 mM imidazole) using a
homogenizer (EmulsiFlex-C5, Avestin) operated at 15000 psi at 4°C for 15 min
(continuous flow lysis). Soluble His-tagged RSK1-CTD was purified by Ni/NTA
affinity chromatography (50 mM Tris pH 8.0, 0.5 M NaCl, 10 mM imidazole) using
a 10 mL column at 2 mL/min flow rate with gradient elution (10-500 mM
imidazole), followed by a second purification using HiLoad 16/60 Superdex-75
size exclusion chromatography (20 mM Tris pH 8.0, 50 mM NaCl, 1 mM DTT)
where the protein eluted as a single peak at 55 mL, corresponding to a

monomer. Purified protein was concentrated and flash frozen in liquid nitrogen in
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20 mM Tris pH 8.0, 50 mM NaCl, 1 mM DTT, 12% glycerol and stored at -80°C.
Protein concentrations were determined using the calculated extinction
coefficients at 280 nm measured with a NanoDrop1000 spectrophotometer
(Thermo Scientific).

Wild type and various mutants of RSK2-CTD (mouse RSK2 399-740)
were expressed in E. coli strain BL21 (DE3)-RIL (pET-46 Ek/LIC His6-fusion
vector was kindly provided by M. Malakhova and Zigang Dong, University of
Minnesota). Cells were lysed in lysis buffer (50 mM Tris pH 8.0, 0.5 M NaCl,
10% glycerol, 15 mM imidazole) using a homogenizer (EmulsiFlex-C5, Avestin)
operated at 15000 psi at 4°C for 15 min (continuous flow lysis). Soluble His-
tagged RSK2-CTD was purified by Ni/NTA affinity chromatography (50 mM Tris
pH 8.0, 0.5 M NaCl, 10 mM imidazole) using a 10 mL column at 2 mL/min flow
rate with gradient elution (10-500 mM imidazole), followed by a second
purification using HiLoad 16/60 Superdex-75 size exclusion chromatography (20
mM Tris pH 8.0, 50 mM NaCl, 1 mM DTT) where the protein eluted as a single
peak at 55 mL, corresponding to a monomer. Purified protein was concentrated
and flash frozen in liquid nitrogen in 20 mM Tris pH 8.0, 50 mM NaCl, 1 mM DTT,
12% glycerol and stored at -80°C. Protein concentrations were determined using
the calculated extinction coefficients at 280 nm measured with a NanoDrop1000

spectrophotometer (Thermo Scientific).

In vitro kinase assays

WT RSK1-CTD or RSK2-CTD (10 uM) were first activated by Hiss-ERK2
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(10 yM in 20 mM Hepes pH 8.0, 10 mM MgClz, 2.5 mM TCEP, 0.2 mg/mL BSA,
200 uM ATP) for 30 min at room temp. Active RSK-CTD (5 nM in 20 mM Hepes
pH 8.0, 10 mM MgCl;, 2.5 mM TCEP, 0.25 mg/mL BSA, 100 uM ATP) was then
treated with FMK (ten concentrations, in duplicate) for 30 min. Kinase reactions
were initiated by the addition of 5 uCi of [y—32P]ATP (6000 Ci/mmol, NEN) and
167 uM peptide substrate (RRQLFRGFSFVAK, CTD-tide) and incubated at room
temp for 30 min. Kinase activity was determined by spotting 5 uL of each
reaction onto P81 cation exchange paper (Whatman). Each blot was washed
once with 1% AcOH solution, twice with 0.1% H3PO4 solution, and once with
MeOH (5-10 minutes per wash). Dried blots were exposed for 30 min to a
storage phosphor screen and scanned by a Typhoon imager (GE Life Sciences).
The data were quantified using ImageQuant 5.2 software and fit using PRISM

4.0.

Monitoring RSK-CTD modification by fmk-pa by in-gel fluorescence
RSK-CTD (50 nM) was treated with 150,nM fmk-pa on ice in a 500 pl
volume in pH 7.4 PBS supplemented with 0.13 mg/ml BSA. Reactions were
started by addition of fmk-pa and time points were quenched at different times
by addition of SDS to a final concentration of 2%. Click reactions with TAMRA-N3
were performed as previously described (Cohen, 2007, Nat Chem Biol). Proteins
were resolved on 10% Tris-tricine gels and gels were imaged with a Typhoon
imager and band intensities quantified with Image Quant software (GE Life

Sciences)
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Time dependent covalent modification of RSK CTDs by FMK

To bacterially expressed and purified RSK1 and RSK2 CTDs in PBS at pH
7.4 (5 uyM) on ice was added FMK (10 uM). The reaction was kept on ice and 50
ML aliquots were removed at different time points after FMK addition. Each time
point reaction was stopped by adding an equal volume of 0.4% formic acid, and
the samples were analyzed by by liquid chromatography (Microtrap C18 Protein
column [Michrom Bioresources], 5% MeCN, 0.2% formic acid, 0.25 mL/min;
eluted with 95% MeCN, 0.2% formic acid) and in-line ESI mass spectrometry
(LCT Premier, Waters). After charge envelope deconvolution, relative amounts
of unmodified RSK1-CTD, RSK2-CTDs and the FMK adducts were determined
by quantifying the mass peak intensities using MassLynx software (peak areas
provided nearly identical results). These data (percentage of FMK adduct vs.
time) were fit to a single exponential function using PRISM 5.0 to obtain ty,

values for FMK adduct formation rates in minutes.
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CHAPTER 5

Reversible covalent inhibition
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5.1 Introduction

The development of new therapeutic drugs is a long and expensive
process. In the last decades, the investment in drug research and development
(R&D) has increased substantially, but the number of new medicines approved
by the US Food and Drug Administration (FDA) has remained relatively
unchanged and the attrition rates have become very high1'3. It takes an average
of twelve years for a new compound to transition from research lab to human
testing and the costs associated with this process are in the range of hundreds of
million US dollars* . New strategies are needed to rationally design initial lead
compounds with improved potency, selectivity and safety and therefore to
alleviate the financial burden associated with R&D and thus allow for companies
the freedom to quickly develop therapies for rare and orphaned diseases.

Most of the efforts in small molecule drug discovery have involved
development of reversible inhibitors (Figure 5.1a). While many such compounds
have proven successful, the identification of new small molecule drugs that can
selectively and potently manipulate disease target proteins has been challenging.
This is especially true in cases where the target protein is a member of a large
closely related protein family (ex. kinases), or is involved in protein-protein
interaction that needs to be disrupted in order for the therapeutic effect to take

place.
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Figure 5-1. Small molecule inhibitor binding to a target protein. a)
Reversible binding of ligand (blue) to its target protein (red) reaches a steady
state. The potency and selectivity of the compound are driven by non-covalent
interactions with the target protein’s binding site. b) Irreversible binding of a
reactive ligand (blue) to its target protein (red). A reactive electrophilic moiety
(black square) is attached to the ligand so that it can covalently and irreversibly
modify its target protein. Potency is greatly improved, but there is potential for
covalently modifying off-target proteins (green) resulting in undesirable side
effects. ¢) Reversible covalent binding. An electrophile-bearing ligand (blue) can
form a stable covalent bond only in the binding site of its target protein (red).
High potency is retained and off-target modification is eliminated since the
electrophile is capable of undergoing a reversible reaction.

One approach to address these issues is to modify ligands with reactive
moieties that can covalently bond with the protein of interest. Such covalent

drugs would have prolonged inhibitory effect and high potency due to the long
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target residence conferred by the covalent linkage to the protein®’. However,
there is the potential of adverse reactions due to off-target modification or
haptenization, and most of the drug discovery efforts deliberately avoid the
incorporation of reactive moieties in clinical candidates®® (Figure 5.1b). A
preferred strategy is to preserve the covalent bond while at the same time
eliminating any potential toxicity that would arise from permanent modification of
off-target proteins or from hapten formation. Drugs that fall in this category have
electrophilic moieties that would bind in a covalent but reversible manner with
their target protein (Figure 5.1c). The currently identified reversible covalent
inhibitors can be categorized into two classes — ones that target catalytic
nucleophilic residues of the protein of interest (common examples are protease
inhibitors'®), and ones that target non-catalytic residues'’. In the case of
proteases, the nucleophilicity of the catalytic residues (i.e. cysteine, serine or
threonine) is enhanced by the other members of the catalytic triad (i.e. aspartate
and histidine), thereby facilitating nucleophilic attack. For other proteins, it is not
completely clear how the non-catalytic residues that are still targeted by small
molecule electrophiles are activated to perform a nucleophilic addition.

The electrophiles used in the majority of the reversible covalent inhibitors
are most commonly aldehydes, ketones, nitriles, and keto-amides, but there are
some that are Michael acceptors and boronic acids'®'?" (Figure 5.2). A number
of protease inhibitors are designed to specifically inactivate their target protease
by reacting with the catalytic Ser, Thr or Cys residues in the active site'®">. Some

examples of marketed and clinically advanced protease targeting drugs are
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telaprevir'®, vildagliptin'” and odanacatib, which possess either a keto-amide or a
nitrile electrophile. The B-lactamase inhibitor avibactam is another example of a

reversible covalent inhibitor with a ketone electrophilic moiety.

C ]Y QLY T?
O 5 NH o b ’

S LAF 237
VX-950 > NH (vildagliptin)
(telaprevir) 0 HO

i
HNT
N Q
*
%N\/ﬁ\o-
MK-0822 o 0
6 O (odanacatib) avibactam

Figure 5.2. Chemical structure of small molecule inhibitors that target catalytic
residues in a reversible covalent manner. The site of nucleophilic attack is
highlighted by an asterisk (red).

Of the compounds that target non-catalytic residues, only one (the p90 ribosomal
S6 kinase (RSK) inhibitor CN-NHiPr) has been rationally designed to reversibly
bind a non-catalytic cysteine'', while the rest have been serendipitously
discovered through high throughput screens'®?*. Most of the reversible covalent

inhibitors that target non-catalytic residues contain o,B-unsaturated Michael

acceptor electrophiles (Figure 5.3).
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Figure 5.3. Chemical structure of small molecule inhibitors that target non-
catalytic cysteines in a reversible covalent manner. The site of nucleophilic attack
is highlighted by an asterisk (red).

5.2 Reversible covalent inhibitors that target catalytic nucleophiles

VX-950 (telaprevir) is a peptidomimetic protease inhibitor derived via
structure-based drug design to target the hepatitis C virus (HCV) NS3-4A
protease’® (Figure 5.2). It incorporates an electrophilic, noncleavable C-terminal
o-ketoamide group that forms a reversible covalent bond with the catalytic Ser
139 of the protease. The binding of VX-950 to the HCV NS3-4A protease is
thought to be a biphasic process — first, a weak collision complex between the
inhibitor and the HCV protease is formed, followed by a slow rearrangement to a

more tightly bound, long-lived covalent complex. The covalent complex formed
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between the serine nucleophile of the HCV protease catalytic triad and the a-
ketoamide functionality of VX-950 dissociates slowly, with a half-life of 58
minutes'®%>%°

MK-0822 (odanacatib) is a selective and potent inhibitor of cathepsin K
(Cat K)?’. Cat K is a primary enzyme involved in osteoclastic bone resorption and
is an important target for the treatment of osteoporosis?®?°. MK-0822 was
developed through SAR studies of previous Cat K inhibitors and was found to
selectively inhibit Cat K vesus Cat B, Cat L and Cat S in various assay platforms
(for example in vitro activity 1Cso values were 0.2 nM, 1034 nM, 2995 nM and 60
nM respectively). MK-0822 has a nitrile moiety that forms a reversible covalent
bond with Cys 25 of Cat K with on- and off-rates of 5.3x10° M™'s™ and 0.0008 s™
and a half-life of ~ 14 min®’.

LAF 237 (vildagliptin) is a small non-peptidic DPPIV inhibitor'’ (Figure
5.2). DPPIV is a serine aminopeptidase that rapidly degrades glucagon-like
peptide 1 (GLP1), a hormone capable of lowering blood glucose levels. This
results in abnormal glucose homeostasis that is associated with obesity and
Type 2 diabetes. LAF 237 forms a reversible covalent bond between a nitrile
moiety on the inhibitor and the Ser 630 of the enzyme. The on- and off- rates
were reported to be 1.4x10° M7's™ and 0.0025 s, and the half-life (ti2) was
measured to be ~ 60 min®>32,
Avibactam is a p-lactamase (class A and class C) inhibitor that is in

clinical development for the treatment of bacterial infections comprising Gram-

negative organisms'. Beta-lactamases are enzymes that are produced by
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bacteria and are responsible for conferring resistance to p-lactam antibiotics by
breaking open the f-lactam ring and destroying the molecule’s antibacterial
properties®®. Avibactam is a small non-beta-lactam molecule that can covalently
and reversibly acylate the class A serine p-lactamase TEM-1 at Ser70 with
observed on and off rates of 2x10° M's™ and 0.0007 s™, and a residence half-life
(t12) of ~ 16 min®*. The acylation followed a two-step mechanism with an initial
formation of weak affinity encounter complex, followed by a slowly dissociating
covalent complex (Scheme 5.1). Avibactam is truly reversible and dissociates

intact, unlike other pB-lactamase inhibitors that get hydrolyzed by the TEM-1

enzyme*,
J o
HoN Cl §
=8 0
% ~n \O OY N 9
o 0o HN._S
,O\ e — ,O\ -~ O\ ~h \O
H Ser H Ser Ser o
TEM -1 TEM - 1 TEM -1
free B-lactamase non-covalent complex covalent complex

Scheme 5.1. Reversible acylation of the class A serine p-lactamase TEM-1 at
Ser70 by avibactam.

5.3 Reversible covalent inhibitors that target non-catalytic residues.

The p90 ribosomal S6 kinase (RSK) inhibitor CN-NHiPr (Figure 5.3) is the only
rationally designed small molecule inhibitor that specifically targets a non-

catalytic residue by a reversible covalent interaction'’. RSK is a serine/threonine
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kinase and is important in controlling various cellular processes such as cell
growth, proliferation, and survival. lts activity has been linked to various

diseases, such as cancer®?®’

. CN-NHiPr has a Michael acceptor cyano-
acrylamide functionality that can react with the thiol of Cys436 of the RSK C-
terminal kinase domain (Figure 5.4). It forms a long-lived and very slowly
dissociating covalent complex with the intact folded protein (half-life is 245 min),

despite reacting rapidly and reversibly with thiols in solution.

0
HS)
. CN . CN
1 1
Ml —
R, S” R,
kCys 436

Figure 5.4. Schematic of Michael addition reaction between Cys436 of RSK and
nitrile bearing o,p-unsaturated Michael acceptor found in RSK inhibitors. The
electrophilic carbon is highlighted by an asterisk (red).

Surprisingly, when the tertiary fold of the RSK protein was disrupted (either by
denaturation or proteolysis), the intact CN-NHiPr dissociated within seconds,
suggesting that the covalent bond is rapidly reversible and cannot promote
sustained interaction without additional stabilization by the protein. A co-crystal
structure of RSK and a close analogue of CN-NHiPr revealed that the non-
electrophilic scaffold of the inhibitor is stabilized in the kinase active site by a
hydrogen bond network which results in perfect positioning the cyano-acrylamide

electrophile for nucleophilic attack by the thiol of Cys436. When the Cys436 was
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mutated to a valine, the compound could no longer inhibit the kinase, even
though RSK has another cysteine nearby at the bottom of the ATP-binding site.

A reversible covalent small molecule inhibitor that targets a non-catalytic
cysteine residue of the hepatitis C virus NS5B RNA-dependent RNA polymerase
(HCV NS5B RdRp) has recently been discovered'®® (Figure 5.3). An in vitro
high throughput screen of a random chemical compound library had identified a
novel benzylidene derivatives with potent HCV NS5B RdRp inhibitory activity.
Further characterization and mechanistic studies of the top two hits (ICso values
were 0.54 uM and 0.44 uM for HCV-NS5B_1 and HCV-NS5B_2, respectively)
revealed that these inhibitors appear to form a reversible covalent bond with the
NS5B Cys 366, a non-catalytic but conserved residue that is required for full
NS5B RdRp activity. Compound HCV_NS5B_2, as well as other benzylidine
series analogs, were co-crystallized with NS5B and the covalent bond was
clearly seen in every structure, suggesting that the reversible covalent binding is
a general feature of the benzylidine class of inhibitors. Concerns of potential
reactivity of the double bond as a nonselective Michael acceptor triggered testing
of these analogues against various proteins with biochemically active cysteines
and these compound were not found to be nonspecific alkylators'®.

A diaryl ether-based thiazolinenedione ligands were identified in a high-
throughput binding assay to inhibit the estrogen-related receptor o (ERROL)19
(Figure 5.3). ERRa is an orphan nuclear receptor that has been functionally
implicated in the regulation of metabolism and energy homeostasis, and there is

interest in this receptor as a potential therapeutic target in the treatment of

140



diabetes and obesity. The compounds in the HTS library were derived from a
Knoevenagel condensation of various diaryl ether aldehydes with thiazolidind-
2,4-dione and in essence contained a Michael acceptor olefin that is activated by
two electorn withdrawing groups. A cocrystal structure revealed that a critical
thioether bond is formed between Cys 325 of ERRa and inhibitor ERRa-29 via
conjugate addition to the a,p-unsaturated thiazolinenedione. This covalent
addition resulted in a slowly dissociating complex with in vitro apparent half-life
~18 hours. The recovered inhibitors were determined to be structurally intact
suggesting that the dissociation from ERRa is not a result of degradative
fragmentation.

Cyanoenones are other examples of a,p-unsaturated Michael acceptors
that are capable of forming reversible covalent adducts with cysteine thiols?*%439,
Medicinal chemistry efforts have identified semi-synthetic triterpenoids CDDO,
CDDO-Me and CDDO-Im with potent anti-inflammatory, antiproliferative and

differentiating activities?"**** (Figure 5.3, Figure 5.5).

CDDO, R = CO,H
R CDDO-Me, R = CO,Me

CDDO-Im, R= —°
N3
SN

Figure 5.5. Chemical structure of the naturally occurring triterpenoid oleanolic
acid and its synthetic derivatives CDDO, CDDO-Me and CDDO-Im that contain
an o,p-unsaturated Michael acceptor. The site of nucleophilic attack in CDDO
and its analogs is highlighted by an asterisk (red).
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CDDO is derived from oleanolic acid (Figure 5.5) and contains a a,B-unsaturated
carbonyl moiety with a nitrile electron withdrawing group that greatly enhances its
potency in inhibiting cytokine-mediated induction of nitiric-oxide synthase (iNOS),
relative to the parent compound that lacks the electrophile*’. Studies have shown
that CDDO and its derivatives at the C-28 position (CDDO-Me, CDDO-Im) induce
apoptosis of human myeloid leukemia, osteosarcoma, multiple myeloma and
lung cancer, breast cancer and pancreatic cancer cells***°. The o,p-unsaturated
carbonyl moiety of the A ring of CDDO and its analogs can form reversible
adducts with reactive thiol groups in dithiothreitol (DTT) or with specific cysteine-
rich protein targets??**3°0" The analogs of CDDO that lack the nitrile at the C-
2 position on ring A, on the other hand, did not react detectably with DTT. In cell
based pull-down experiments, CDDO and CDDO-Me were shown to form
reversible adducts with kB kinase p (IKKp) at Cys17921 as well as with the lipid
phosphatase PTEN at Cys124°', JAK1 at Cys1077°? and STAT3 at Cys259°2.
Additional studies have also shown that these triterpenoid cyanoenones, as well
as some monocyclic cyanoenone analogs (Figure 5.3), can interact with thiol
groups of the Keap1 sensor?’. However, due to the presence of multiple cysteine
residues in Keap1 (27 in human homologs) and the reversibility of the Michael
adduct, the determination of which cysteines of Keap1 are modified by these
compounds has been challenging®**.

A high-throughput time-resolved fluorescence resonance energy transfer

screen has identified inhibitors of regulators of G protein signaling (RGS)
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proteins® form a library containing about 40,000 compounds. Two closely related
acrylonitrile inhibitors with modest activity (CCG-63802 and CCG-63808; ICs
values were 1.9 uM and 1.4 uM, respectively) (Figure 5.3) were identified from
this primary HTS screen and were further characterized as the first reversible
small-molecule inhibitors of an RSG protein (RSG4) in a cysteine dependent
mechanism. These analogs contain a vinyl cyanide moiety that can function as a
reversible Michael acceptor. Using a flow cytometry protein interaction assay
(FCIPA), which measures the binding of RSG4 to the heterodimeric Ga,, CCG-
63802 and CCG-63808 displayed inhibitory activities with 1Cs, values at 9 yM
and 10 uM, respectively. When the compounds were tested against a mutant of
RSG4 in which all the cysteines in the RSG domain were mutated to alanines,
their inhibitory potency was greatly reduced and the ICsq values were > 400 yM
for both compounds. RSG4 has 11 cysteine residues and further mutational
analysis revealed that Cys148, Cys132 and Cys95 are important for the full
sensitivity of RSG4 to CCG-63802 and CCG-63808. When the FCIPA assay was
performed in the presence of 2mM reduced glutathione (similar to intracellular
concentrations), the compounds were approximately 5 fold less potent, but were
still able to fully inhibit the interaction between RGS4 and Ga,. Further studies
need to be performed to elucidate the exact mechanism of action of these

compounds.
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5.4 Conclusions

Electrophile-bearing small molecule inhibitors that can covalently modify their
targets display enhanced selectivity and potency, but also have the potential of
being neutralized by off-target nucleophiles. The incorporation of rapidly
reversible electrophiles, such as aldehydes, ketones and a,B-unsaturated
Michael acceptors has allowed for the generation of highly potent inhibitors with
improved selectivity and reduced off target reactivity. The rational design of small
molecules that selectively bind to non-catalytic cysteines in a reversible covalent
manner has successfully yielded highly potent and selective p90 ribosomal 6S
kinase inhibitors and has proven the utility of this concept. Taking advantage of
the rich chemistry of thiols and the reactivity of a,f-unsaturated Michael
acceptors can facilitate the design of small molecule drugs that target a wide

range of proteins.
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