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ational design of selective, irreversible kinase inhibitors:
a structural bioinformatics approach

Michael Steven Cohen

■ a *■ ,
Jack Taunton, Ph.D.

Abstract

human genome encodes approximately 500 protein kinases, which are

myriad cellular processes essential for homeostasis. Small molecule

t potently and selectively block the activity of kinases are not only useful as

isely dissect the cellular role of their molecular targets, but also have

alue.

«inase inhibitors target the ATP-binding pocket because it makes favorable

with small, hydrophobic molecules. Although some potent and selective

ive inhibitors have been identified, the vast majority do not distinguish

mighly conserved ATP binding sites shared among all kinases. The few

selective ATP-competitive inhibitors were primarily identified using high

Sreening, followed by demanding medicinal chemistry performed in

al companies. We therefore sought an alternative strategy that would

laborious process. This dissertation describes a structural bioinformatics

le rational design of selective, irreversible kinase inhibitors. These efforts

gn and synthesis of frnk (a fluoromethylketone-substituted pyrrolo[2,3-

he first potent and selective irreversible inhibitor of the C-terminal kinase

f the p90 ribosomal protein kinases 1 and 2 (RSK1 and RSK2).

viii





nd the utility offmk as a cellular probe of RSK CTD-dependent signaling,

d frnk-pa, a propargylamine analog that is more potent thank frnk in

ills, and can be coupled to a reporter tag via the bioorthogonal click

;ess covalent modification of RSK1 and RSK2 in cells. These improved

mk-pa were exploited to demonstrate that activation of RSK1 and RSK2

pendently of the CTD. Frnk-pa was also used in two-step competitive

to screen Michael acceptor-substituted pyrrolo[2,3-d]pyrimidines against

CTD in mammalian cells. We found that compounds capable of forming º
ind with the targeted cysteine in the CTD were RSK1-selective.

vitro experiments suggested that this isoform selectivity is achieved by

2nces in the rate of covalent bond formation.
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Chapter 1

Introduction
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ranslational, covalent modification of amino acids provides exquisite

2in function. Reversible protein phosphorylation is a major

regulatory mechanism in eukaryotic cells and contributes to complex

avior, such as learning and memory, in metazoans'. Its discovery

go from Studies of glycogen metabolism has fueled an explosion of

iting the role of protein phosphorylation in cellular physiology”. The

lyze phosphorylation and dephosphorylation events in cells are known

3 and phosphatases, respectively. It is well established that these

the circuitry of cellular signal transduction pathways that integrate and

Ilular cues. In this way, reversible phosphorylation plays an essential

ular processes, such as proliferation, differentiation, and migration.

tral importance in these molecular pathways, the aberrant regulation

rylation plays a casual role in many human diseases. For example,

n of protein kinases by mutations or other genetic legions has been

'al cancers, inflammatory diseases, and neuronal disorders. Not

kinases have become a significant class of therapeutic targets in the

3stry’.

31 protein kinase domains encoded by the human genome and they

bnserved catalytic domain of approximately 250 amino acids". The

:omposed of two lobes; the abundant cellular substrate, ATP, binds

ft formed between these lobes (Figure 1-1). The majority of kinase

highly homologous ATP-binding site, and must compete with high

rations of ATP*. Consequently, identifying small molecules that

ntly target only one, or even a fraction, of cellular kinases is a

Jº■
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4. Crystal Structure of the catalytic domain of the tyrosine kinase, Src (1FMK)*. ATP (colored by
*)'s bound in a hydrophobic cleft between the small N-terminal and large C-terminal lobes.

leless, several Structurally distinct classes of active site-directed inhibitors have

entified that indeed exhibit remarkable selectivity”. It is noteworthy, however,

*se inhibitors were not rationally designed, but rather discovered by high

put Screening and intense medicinal chemistry efforts within pharmaceutical

ies. Structural and mutagenesis studies have demonstrated the precise binding

on of some of these inhibitors, revealing subtle differences in or near the ATP

Site that are exploited by these inhibitors. Such efforts can be (and have been)

generate pharmacophore models that guide not only the modification of known

3 to improve their potency and selectivity, but also the rational design of

for kinases which do not have structural information available”.

the ensuing paragraphs of this introduction, I will expand on the structure and

ecules. Particular attention will be given to ATP-competitive inhibitors and how





at of them achieve their selectivity, as this provides a foundation for my thesis

Ire and function of protein kinases

The specific chemical reaction catalyzed by kinases is the transfer of the Y

ite group of ATP to tyrosine, serine, and threonine amino acids of their protein

as (Scheme 1-1).

NH, nh
nNº S Nº SUls.} U 1.2~ O o ~ O ONTN -- it NTN --

o-º-o-º-o-º- -F-o-F-o
- O O o

Hd on tº ■ º Hö or

ATP A o
DP 11 –

o-º-oOH * -
O

protein substrate

1. Biochemical reaction catalyzed by protein kinases.

protein substrate
kinase-mediated
phosphorylation

lent conjugation of the y-phosphate group to these amino acids can have

effects on protein function, including changes in protein activity, stability,

ar localization, and interactions with other proteins via phosphorylation

t binding motifs". The human kinase superfamily can be segregated into two

ses: the serine/threonine kinases (~65%) and the tyrosine kinases (~25%)'. A

| class, known as dual-specific kinases that phosphorylate both tyrosine and

no acids of proteins, are less well understood.

e of the first kinases to be purified was cyclic AMP-dependent protein kinase

'n as PKA). PKA was isolated from rabbit skeletal muscle by Edwin G. Krebs

ers in 1968". This serine/threonine kinase exists as a tetramer consisting of

ic domains and two regulatory domains; the binding of the second

, Cyclic AMP, to the regulatory domain acts as an allosteric switch that

ºf

º



****

zºº

ºntºlºg

sº fººtºu

% gºtº

#####" ºf

ºmity.

#Titºmma■ º

**Tº

-

ºtest su■ .

% ****

l ºn an:
7

-

º º

**

º º

***

*** º

º ºº

º R º
ºn.
º º



and thereby activates the catalytic domains”. The significant discovery that

can regulate the kinase activity of PKA supported, for the first time, a role for

cellular signaling Cascades (i.e. multiple kinases in intracellular pathways

y extracellular inputs) that mediate important physiological processes (in this

ase, the regulation of glycogenolysis by adrenaline)”. During the next several

letailed chemical, mutagenesis, and structural studies on PKA provided a

adigm for understanding the structure and function of protein kinases". I will

summarize some of the salient results of these studies, focusing particularly

nical-based labeling strategies used to identify active site amino acids. Briefly

hese studies serves an important pedagogical purpose since these powerful

were integral for correlating structure with function in the absence of protein

phy, and have long been forgotten by this new generation of scientists

ded).

ased labeling strategies: some basics to consider

nical-based labeling strategies often exploit small molecules that contain an

Ip (electrophile) capable of forming a covalent bond with nucleophilic amino

lins. Covalent modification of an enzyme can lead to an irreversible loss of

Sularly if the electrophilic small molecule targets the active site. Active site

lent inhibitors can be described by the following equation (1.1)".

K. k2
[E] —- [E-I] (1.1)[E] + [I]

quation describes the rapid, reversible formation of an enzyme-inhibitor

followed by a slower, irreversible reaction to yield the covalent enzyme

lex, [E-I]. K. (M) is the reversible dissociation constant and k2 (s") is the
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__- =-

bvalent bond formation. k2 can be influenced by several factors, including the

ation of [E], the nucleophilicity of the residue being covalently modified, and the

of the electrophile. The total enzyme concentration, [E], is equal to the sum of

* enzyme states described in equation (1.1) ([ET] = [E] + [E]] + [E-I]), according

nciples of mass balance. A first-order differential equation (1.2) that describes

1.1) is as follows:

+ = º(EHE) (1.2)

* = –tº– (1.3)
K. 4. [I]

ved rate, kobs, can be obtained by determining the enzyme activity as a

time in the presence of increasing inhibitor concentrations. Plotting the

of the enzyme activity versus time (Kitz-Wilson plot) yields a straight line in

slope is equal to kobs. If the reciprocal of kops versus the reciprocal of [I] is

h k2 and K, can be obtained according to equation (1.3). These kinetic

nd equilibrium and rate constants are important to consider as elaborate on

firected, electrophilic reagents since these variables describe their mode of

‘poration of a chemical tag into an electrophilic reagent can be used to

3 proteins, or peptides derived from proteolysis, that contain the modified

$) and thereby aid in their isolation and identification. Classically, this was

introducing a radioactive tag (such as "C) into the reagent. An advantage

egy is that introduction the radioactive element does not change the

d therefore inhibitory, properties of the molecule. Several disadvantages
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he radioactive handle can be synthetically challenging, costly, and

he case of “l, which is volatile). Another common strategy is to

tag, such as biotin or a fluorescent molecule, which is useful not

ion of the covalently targeted proteins, but also in their isolation.

of these types of affinity tags can significantly disrupt interactions

hilic reagent and its protein target. To circumvent this problem,

ave recently developed bioorthogonal coupling strategies in which

affinity tag is introduced after covalent modification of the target

two strategies will be relevant to my thesis work on irreversible

ribed in Chapters 2 and 3. For now, we focus on electrophilic

radioactive tags used to define the conserved, catalytically

within the ATP-binding pocket of PKA.

no acids within the ATP-binding site of PKA, especially those

s, Susan S. Taylor and coworkers used a chemical-based

advantage of an ATP analogue, p-fluorosulphonylbenzoyl 5'-

ich was developed as an affinity reagent for ATP-binding

FSBA contains an electrophilic fluorosulphony (shown in blue)

odifying nucleophilic amino acids (e.g. lysine, cysteine and
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iubunit of PKA (cPKA)

FSBA (0.9 mM), the NH2
N’Sr-N

inhibited i inna-
ºr:

ed in a time "a *. O
Cº- O

, COnSiStent with an Yºr *C. F
Hö 6H gºso

2f inactivation. This P-fluorosulphonylbenzoyl 5'-adenosine (FSBA)

nted by preincubation Figure 1-2, Chemical structure of FSBA. The
Conserved catalytic lysine in kinases (red) reacts
covalently with the fluorosulphonyl electrophile

jgesting that FSBA (blue).

Site as ATP, FSBA exhibited pseudo first-order inhibition and

2f CPKA, suggesting that it forms a reversible enzyme-inhibitor

jvalent inactivation, in accordance with equation (1.1). The

(K) and the rate of covalent inhibition (k2) were also determined

(K = 57 p.M and k2 = 3.64 x 10° min'). Using a radioactive

which "C was incorporated into the carbonyl carbon of the benzoyl

hey showed that a single lysine in cFKA was covalently modified.

lucidation of the amino acid sequence of bovine cFKA (the first

sequence to be determined”), researchers were able to

strate that Lys72 (bovine numbering) was the site of covalent

SBA*. Using a similar method, the Krebs laboratory showed that

:atalytic subunit cyclic GMP-dependent protein kinase (PKG) was

lich corresponded to Lys72 of PKA’. These results suggested

| lysines are in the same position in the ATP binding pocket of the

teracting with the phosphate backbone of ATP.

'ears of the aforementioned studies, a landmark paper was

| 1984, in which FSBA was used to demonstrate that protein

ingle family, despite having different amino acid substrate

ly, the researchers found that the tyrosine kinase pé0* (v-Src),

º
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Insforming protein of Rous sarcoma virus (discovered just four years prior), also

j with FSBA in an ATP competitive manner. They subsequently showed that the

modification by FSBA was Lys295, homologous to Lys72 of PKA and the lysine in

Sequence alignments of the amino acids within the ATP binding region of PKA,

ind p30° revealed the absolute conservation of the FSBA-reactive lysine as well

glycines, now know to be part of the glycine-rich loop important for ATP binding.

ºquence similarities and shared sensitivity to FSBA among these kinases

ted to the authors that protein kinases share a common ancestor and are

ally and functionally homologous.

FSBA continued to be a useful chemical tool with applications beyond identifying

ite amino acids in ATP utilizing enzymes. For example, FSBA was used to

strate that the kinase inhibitor, N -[2-(methylamino)ethyl]-5-

linesulfonamide (H-8), specifically targeted the ATP binding site of PKA".

Yation with H-8 prevented the labeling of PKA by FSBA in a concentration

nt manner. This is the first example, to my knowledge, of a competition labeling

*nt using an electrophilic reagent to demonstrate the binding of an inhibitor to

Se active site. The development of an antibody that specifically recognizes

Odified proteins not only provided an alternative to using [“C]-FSBA to identify

and other ATP utilizing enzymes) from cell lysates, but also a strategy to use

ion labeling to profile inhibitor specificity against several kinases

ously”. More recently, ActivX, a biotechnology company based in San

'A, has designed FSBA derivatives containing fluorescent affinity tags for the

Slication (http://www.activX.com). FSBA has also inspired the design of a

y related electrophilic reagent, in which the p-fluorosulphonylbenzoyl was

with an o-phthaldialdehyde, to facilitate the identification of substrate-kinase

s32.
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Another electrophilic reagent that identified invariant amino acids in the ATP

ng site was dicylcohexylcarbodiimide (DCC), which reacts chemoselectively with

amino acids (Asp and Glu) in proteins to form an O-acylurea adduct (Figure 1

O O O

2: e. H ~. H2O 2'- H

& –º- N NH OO-ºsé–C) O■ O Lys
-- wº.—-x

yclohexylcarbodiimide (DCC) O-acylurea adduct |
1-3, DCC selectively reacts with acidic amino acids in proteins. Acidic amino acids (red) in the ATP º
pocket react with the carbodiimide electrophile to form an O-acylurea adduct, which can react further

her water to regenerate the acidic amino acid or a proximal lysine amino acid to generate a peptide
n both cases, dicyclohexyurea (DCU) is liberated from the protein,

| on the proposed mechanism of phosphoryl transfer, the Taylor laboratory

led that acidic amino acids may be important for chelating the divalent metal,

‘equired for catalysis. It was hypothesized that DCC, because of the hydrophobic

2xyl groups, would selectively partition into the hydrophobic ATP-binding pocket of r

nd react with proximal acidic amino acids”. Indeed, DCC inhibited the kinase º

in an ATP competitive manner and exhibited pseudo first-order inhibition and º
on kinetics, similar to FSBA (K = 60 um and k2 = 1.8 x 10°min'). Initial attempts

ify the modified amino acids using ["CJDCC were unsuccessful due to the loss of º
Olabel from the protein, most likely due to reaction of the O-acylurea adduct with !--

lysines (Figure 1-3). Cleverly, the researchers pretreated PKA with acetic

je to mask the reactive lysines and block intramolecular cross-linking. %

nt with DCC followed by [“Clglycine ethyl ester to trap the O-acylurea adduct

duce a radioactive tag via peptide bond formation, allowed for the unequivocal

10
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lation as Asp184 as the major site of DCC modification”. Glu21 was also

I as a minor product. Interestingly, in later work they demonstrated that DCC

s an intramolecular cross-link between Asp184 and Lys72, providing strong

that these residues are close proximity in the ATP binding pocket”.

everal other electrophilic reagents were used to “chemically" map the ATP- and

-binding site of PKA and thereby provide insight into structure and function

a crystal structure was solved”. For the sake of brevity, I will exclude these

and move on to structural and mutagenesis studies of PKA that beautifully

ted the chemical-based strategies, and provided a more complete picture of

ic mechanism of kinases.

| and mutagenesis studies

1991, the Taylor and Sowadski laboratories solved the first protein kinase

y X-ray crystallography”. The structure is a ternary complex of the catalytic

PKA bound to ATP and a high affinity inhibitor peptide derived from the heat

ein kinase inhibitor (PKI). Since many of the features of the catalytic domain

among kinases, a brief description of this structure, as well as more recent

will serve as a paradigm for the entire kinase family.

catalytic domain of PKA consists of two lobes: an N-terminal lobe composed

parallel 3-sheets and a conserved O-helix (called helix C) and a larger, C

)e dominated by O-helices (Figure 1-4a). ATP binds in a deep cleft at the

f the two lobes where catalysis occurs. The adenine ring of ATP forms

fan der Waals interactions with hydrophobic amino acids in a pocket within

w lobe. The N6 and N7 position of the adenine ring form hydrogen bonds to

backbone in the hinge region, which is important for anchoring ATP in the

ormation for catalysis (Figure 1-4b). It is interesting to note that all ATP

10.
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:Ompetitive kinase inhibitors exploit at least one of these hydrogen bonds and disruption

fthese interactions leads to a significant decrease in binding affinity”.

2 b

Glu21

Asp184
O Lys72

HN **, o O
HoN - .

-

O R "2 ...-9 º' ...o º O
N NH3 Mg” …”

…-- Nº S .* - …”
2nh U. ~ ■ º' Ser53Nº TN o Qo 3, ?,

-vºyoº.cº1- !- - Oo o o

- - - -
y Asp166Hö oh *. .” --O

substrate

ure 1-4. PKA as a paradigm for catalytic domain architecture (a) Ribbon diagram of the X-ray structure”
he catalytic domain of PKA bound to ATP (colored by atom type) and the peptide inhibitor, PKI(aa5-24)
ored yellow). The absolutely conserved amino acids are colored magenta. The metal ions are shown as
te circles, (b) The kinase active site”. Interactions between ATP and the invariant active site amino
ls are shown (hydrogen bonding in red, and ionic interactions in blue).

The triphosphate moiety of ATP is stabilized and oriented for phosphoryl transfer

amino acids emanating from the N-terminal lobe and several conserved loops,

uding the glycine-rich, catalytic, and activation loops (Figure 1-4a,b). In the N

minal lobe, Lys72 in the middle of 3-strand three forms an ion pair with Glu21 of the

X C and directly contacts the o and B phosphates, which is thought to stabilize ATP

ng Catalysis. Consistent with this notion, mutation of Lys72 to alanine in

Charomyces cervisiae PKA resulted in 5700-fold decrease in the second order rate

stant, kcal/KM (ATP)". Further, mutation of the lysine (corresponding to Lys72 of

) to alternate amino acids (e.g. methionine, arginine, alanine) in several tyrosine

ses resulted in complete loss of catalytic activity and biological function in cells***.

12
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e, unlike Wild type V-Src, the K295M mutant failed to induce cellular

in in infected cells”.

|lycine-rich loop", which contains a highly conserved sequence motif (G-X-

mere () is usually either a tyrosine or phenylalanine), is located between 3

and two in the N-terminal lobe and forms the roof of the active site cleft.

of this loop is very dynamic as determined by multiple crystal structures of

apo-, adenosine bound-, and ATP bound-states”. In the active

, the glycine-rich loop clamps down on ATP and provides a critical

ld via the backbone amide of Ser53 to the y-phosphate". Removal of this

ld by mutation of Ser53 to proline resulted in a significant decrease in

ity. As the glycine-rich loop is highly mobile, it thought to facilitate the

ding of inhibitors that target the active site”.

talytic loop forms the floor of the active site and is anchored in position by

ontacts to the C-terminal lobe. This loop contains Asp166, which is in

y to the peptide substrate hydroxyl group and presumably acts as a

and Asn171, which not only orients Asp166 toward the incoming substrate

bond, but also binds a Mg’’ ion that directly interacts with the o and Y

nd is required for catalysis. Replacement of Asp166 to alanine in

s cervisiae PKA lead to a mutant enzyme that exhibited a 350-fold

t without affecting the KM for ATP or a peptide substrate, consistent with

alytic base".

vation loop begins (moving from the N to C terminus) at the base of the

the highly conserved DFG motif, and wraps down into the C-terminal lobe

as a docking site for the peptide substrate. Asp184, which is part of the

ds a Mg” ion (different from Asn171) that interacts with the B and Y

13





on of Asp184 to alanine in Saccharomyces cervisiae PKA resulted in

ictivity, providing strong evidence that this Mg” is essential for

orientation of Asp184 is predominately controlled by the

te of Thr197 in the middle of activation loop; when phosphorylated, it

work of hydrogen bonds and ionic interactions that position Asp184

tion loop phosphorylation is a requirement for full catalytic activity of

kinases". Phet&5 of the DFG motif also contributes to the

184 by making important hydrophobic contacts with helix C in the N

s interaction is thought to lock helix C into a catalytically active

lat Glu21 is properly oriented to form a critical ion pair with Lys72.

ce making up the peptide-binding site is diverse among kinases,

osphorylation of specific substrates through distinct interactions;

n of this region is in general structurally consistent. The consensus

tif for PKA is R-R-X-S/T-4 (where () is a hydrophobic amino acid),

ids in the C-terminus of the activation loop contribute to the specific

ein substrates that contain this motif. Consensus phosphorylation

termined for many other kinases using peptide libraries and these

1ggest their cellular substrates"; however, they are not always

the specificity required in cells since many kinases share similar

'ylation motifs. Therefore, many kinase substrates have evolved

guide the specific interaction with kinases in cells”.

2ns of kinases in the autoinhibited state

imately 50 kinase structures have been solved, both in the active

tes". These structures have provided insight into the complex

ctivity. In the active state, the overall architecture of the catalytic

14
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ighly similar across the entire kinase family. By contrast, the autoinhibited

Kinases display much more structural heterogeneity, revealing the

mal plasticity of kinases”. In particular, the conformation of the activation

is diverse in sequence, varies widely among kinases in their autoinhibited as

their active states. The ability of kinases to interconvert between the active

bited states is mediated by various mechanisms, including phosphorylation

ites (e.g. within the activation loop) as well as interactions with modular

g SH2 and SH3 domains in Src-family of tyrosine kinases”) that extend

fatalytic core. The activation loop and helix C undergo the largest structural

an toggling between the two states and these movements can be coupled.

! is mediated by direct interactions of the DFG motif at the N-terminus of the

p with ionic and hydrophobic interactions in helix C". In some cases, the

of the activation loop is not coupled to changes in the orientation of helix C.

t all kinases are equivalent in their ability to adopt discrete conformations of

| loop and helix C in the autoinhibited state, and this contributes to the

eir regulation as well as their ability to be selectively targeted by inhibitors.

titive kinase inhibitors

s of protein kinases are useful as tools for elucidating kinase function in

works and as drugs for human diseases. Most kinase inhibitors bind

the ATP-binding site (i.e. ATP-competitive), which provides a deep

jocket that can accommodate small molecules of various shapes and

2ntioned previously, this region of the catalytic domain is highly conserved

; in their active states, making the identification inhibitors that discriminate

closely related conformers a challenge. Moreover, the potency of these

reported as an IC50 (50% inhibitory concentration), critically depends not

15
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■ trinsic binding affinity, K, but also on the concentration of ATP and the

nship between these variables is given by equation (1.4)”.

IC50 = (
+
#) (1.4)KM, ATP

ATP, the IC50 = K, however, this situation does not exist in cells where

of ATP is in the low-millimolar range. Assuming an average KM are of

of 5 mM in cells, the concentration of an ATP-competitive inhibitor

)% of the kinase activity in cells must be 100-fold greater than the Kl

2diments, there are several examples of ATP-competitive inhibitors

ve state with remarkable selectivity and potency. Another class of

: an allosteric binding pocket found in a subset of kinases specifically

! state has been described”. Structural and mutagenesis studies on

asses bound to the active and autoinhibited States of kinases have

:ular basis for their potency and selectivity, which will be briefly

Inhibitors that target kinases irreversibly will also be discussed.

2d to assess kinase inhibitor selectivity both in vitro and in cells will

e latter strategies provide valuable information that can be used to

litor target selectivity with cellular function.

)etitive kinase inhibitors that target the active state

annot be emphasized enough is that inhibitors that target the active

often non-selective. This is because many of these inhibitors

same amino acids in the ATP-binding pocket that are found in all

sing a pharmacophore model based on the analysis of multiple

16
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Brystal structures of kinases bound to promiscuous inhibitors, researchers identified five

highly conserved features of the active site that invariably form interactions with these

ypes of inhibitors”. An example of a small molecule that conforms to this analysis is

he natural product, staurosporine, which is one of the most potent and broadly active

inase inhibitors known. Selectivity among different kinases is often achieved by the

bility of kinase inhibitors to exploit regions of the active site outside of the ATP-binding

ocket". Subtle differences in these regions, or the ability to access them, can have

ofound effects on selectivity.

One region that is widely exploited by several different classes of inhibitors is a

■ drophobic pocket adjacent to the ATP binding site” (Figure 1-5). Although these

hibitors exhibit a broad range of potencies and selectivies against different kinases,

By all contain aromatic substituents that occupy this lipophilic cavity.

NH2 Cl

". YN ~o
Nº S S

~...” ! 2 Clº ***.
PP1 PP58

| NS F

22 * QºS º
HNTS S-N-Jo SN

N Soº 2's 2
SB203580 ZD1839 (Iressa)

—s,

Ire 1-5. ATP-competitive kinase inhibitors that exploit the threonine gatekeeper pocket. The aromatic
on of the molecule that occupies the hydrophobic cavity pocket is colored red. PP1" and PP58” were
nally described as SrC-family selective inhibitors, but are now known to target several other threonine
keeper-containing kinases. ZD1839 (Iressa) is a clinically approved drug for the treatment of lung
locarcinoma and non-small-cell lung carcinoma (NSCLC)”. It targets EGFR and is one of the most
■ t and selective kinase inhibitors known. SB203580 is a very potent and selective inhibitor of the
e■ threonine kinases, p380 and p383 mitogen-activated protein kinases (MAPK)”.
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is to this pocket is predominately controlled by a single amino acid that is referred

the "gatekeeper.” A threonine gatekeeper or smaller amino acid allows access to

bcket whereas larger substituents, such as methionine, sterically occlude the cavity

ce. This is clearly illustrated in the crystal structure of the Src-family selective

Jr, PP1" (which is based on a pyrazolo[3,4-d]pyrimidine scaffold), bound to the

mily kinase, hematopoietic cell kinase (HCk) in the autoinhibited form (full length

ning that SH2 and SH3 domains, and not phosphorylated in the activation loop)

a 1-6)”. It should be noted that PP1 does not discriminate between the active

toinhibited states. PP1 makes two hydrogen bonds to the backbone hinge region

s orients it in a similar position to the adenine ring of ATP. The p-tolyl substituent

ng from the C-5 position of PP1 occupies the lipophilic cavity defined by Thr338

n Hok numbering), which is positioned at the top-entrance of the pocket. Placed

jottom-entrance of the pocket is Ala403, which immediately precedes Asp404 of

served DFG motif, and it is also important, although to a much lesser extent, for

ng access to the cavity.
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proximately 50% of tyrosine kinases and 10% of serine/threonine kinases

reonine gatekeeper, suggesting that they would be sensitive to inhibition by

acules that can present aromatic groups to the hydrophobic cavity”. Indeed,

2P1 was originally identified as a Src-family selective inhibitor, it also targets

■ r threonine gatekeeper-containing tyrosine kinases, and even distantly related

*onine kinases that have less than 20% sequence identity with tyrosine

the catalytic domain”. However, PP1 seems to be the most selective toward

at also contain an alanine in the DFG –1 position (all Src-family kinases have

at this position). For example, PP1 has a 50-fold greater selectivity for the

kinase, lymphocyte-specific kinase (LCk), than for the receptor tyrosine

idermal growth factor receptor (EGFR), which has threonine in the DFG –1

X50 of 5 nM versus 250 nM, respectively)". Nonetheless, mutagenesis studies

uivocally demonstrated that the threonine gatekeeper is the main selectivity

ng access to the hydrophobic pocket for PP1 as well as the other inhibitors

igure 1–5; mutation of the threonine gatekeeper to methionine or isoleucine in

targets of these inhibitors renders them resistant to inhibition”. By

nases normally resistant to PP1 could be made sensitive by introduction of a

5r smaller, gatekeeper. The identification of the threonine gatekeeper as a

vity determinant for PP1 guided the development of a chemical genetic

hat could be used to generate novel orthogonal kinase/inhibitor pairs”.

i involves mutating the gatekeeper position to either an alanine or a glycine

enlarged lipophilic pocket that uniquely accepts a PP1 derivative containing

Or similarly large) group, which is too large to fit in the hydrophobic pocket of

a kinases normally targeted by PP1. This chemical genetic strategy has led

ancements in our understanding of the role kinases play in cellular signaling

19
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TP-competitive kinase inhibitors that selectivity target the autoinhibited state

The crystal structure of PP1 bound to Hok in the autoinhibited state revealed that

e hydrophobic cavity occupied by the p-tolyl group of PP1 is largely unoccupied.

Omparing this structure to the crystal structure of active Lck” bound to AMP-PNP (a

in-hydrolyzable ATP analog) shows that the hydrophobic pocket is much smaller in the

tive conformation, which seems to be generally true for the Src-family kinases”.

Irther, the size and shape of the hydrophobic pocket in the autoinhibited form varies

nong the Src-family kinases”. Based on these observations, it was hypothesized that

21 analogs that have extended aromatic groups at C-5 would be able to bind

lectively to the autoinhibited state, thus preventing the kinase from attaining a

talytically relevant conformation”. Furthermore, inhibitors of this type might exhibit

2ater isoform selectivity among Src-family kinases because of differences in the

Ophilic pocket. Isoform selective inhibitors would not only be useful to unravel their

lividual roles in cellular signaling, but also as potential therapeutics that exhibit lower

e-effects due to broad-spectrum activity against all Src-family kinases.

The first class of Src-family-directed kinase inhibitors that appeared to selectively

get the autoinhibited versus active conformation were targeted against Lck, which is a

rapeutic target for autoimmune and inflammatory diseases due to its crucial role in T

signaling. Guided by PP1, an inhibitor based on a pyrrolo[2,3-d]pyrimidine scaffold

t has a p-phenoxyphenyl group at C-5 (PP-OPh) was designed to occupy the

arged hydrophobic pocket found in the autoinhibited conformation (Figure 1-7)”.

OPh was first tested against two Lck constructs: down-regulated Lck (Lck64-509,

Jinhibited) and the catalytic domain of Lck (LCkcd, active). The down-regulated form

ck contains the SH2 and SH3 domains that maintain it in the autoinhibited state;

ever, it does have a low level catalytic activity that can be measured via an in vitro

se assay. PP-OPh was remarkably potent against Lck64-509 (IC50 = 16 nM), with

20
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Over Lckcd in the presence of 1 mM ATP (ICso = 1000 nM). The ICso

3rmined in the presence of 5 uM ATP against Lckcd and Lck64-509

0.25 nM, respectively. PP-OPh inhibited Src 70-fold more weakly

though the activation state of Src was not known. Nevertheless,

ed that increasing the occupancy of the hydrophobic pocket could

eased potency, but also to increased selectivity between the active

ates. Several years of intense structure-activity relationship (SAR),

allographic studies eventually led to the identification of A-770041,

rkable isoform selectivity for Lck versus other Src-family kinases in

s”. Further, A-770041 at 10 mg/kg/day significantly increased

a model of organ transplant rejection. An understanding of the

r its selectivity over other Src-family kinases awaits further

/sis.

g-Q
-N ~

O2
_o NH

NH2

N. Sr-N
–- U. e N

‘.
9

PP-OPh A-770041

NH2

–º- Nº S|
e."n o

of a potent and selective Lck inhibitor based on the extension hypothesis. The
occupy the hydrophobic pocket are Colored red. PP-OPh was designed to

nhibited versus active form of Lck based on the idea that the hydrophobic pocket
ad conformation". A 770041 is a highly advanced Lck inhibitor developed by
rally active and efficacious in animals”.
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ural basis for the selectivity of another class of ATP-competitive kinase

1-8) that target the autoinhibited state was initially realized by the

of ST1571 (Gleevec) bound to the catalytic domain of the Abelson

Abl) in the autoinhibited (not phosphorylated in the activation loop)

Gleevec selectively targets three kinases: Abl, the platelet-derived

otor-G (PDGFR-0), and stem-cell factor receptor kinase (KIT).

JO-
O C NH* O O -

X—NH
sº M. A O

HN N
N \

[...] F3C Cl
N
|

T1571 (Gleevec) Bay43-9006 (Nexavar)

9-yQ ()
To–{}-

X-NH
O N

{2i.

BIRB796

)etitive kinase inhibitors that exploit an allosteric pocket present only in the
Substituents that target the allosteric site are colored blue. The aromatic substituents
nobic pocket are colored red. ST1571 (Gleevec) is the first small molecule kinase
Oproval for the treatment of several cangers, including chronic myeloid leukemia
ly, gastrointestinal stromal tumors (GIST)''. The causative agent of CML targeted
a disregulated Abl kinase fusion protein. PDGFR-0 and KIT are implicated in the

Sleevec occupies the lipophilic cavity defined by the threonine gatekeeper as well aS

ated by the “DFG out" configuration". Bay43-9006 (Nexayar) is also a clinically
and is one of the most promiscuous inhibitors of this type". BIRB796 is a very
MAPK that binds with picomolar affinity”. Interestingly, both BIRB796 and Nexavar
y! ureas precursors identified as hits in initial high-throughout screening libraries.

22



|

…

■■



*** Connolly surface representation of the Crystal structure of Gleevec (colored by atom type) boundto the catalytic domain of Ab■ º
- -

. The "DFG out" conformation in the inactive form creates an allosteric pocket
that is occupied by the piperazinyl-substituted benzamide portion of Gleevec.

"**nºguration, the side chain of Phega2 (human Abi numbering) would sterically
* With the phosphate backbone of ATP. Within the allosteric pocket, the amide
9■ oup of Gleevec makes two key hydrogen bonds with the side chain of Glu286

*ely conserved glutamic acid that emanates from helix c) and the NHamide from
*1 (absolutely conserved aspartic acid of the DFG). The DFG out conformation is
"* not only to the autoinhibited versus active form of Abl, but also among other

"ases in their autoinhibited state. For example, the DFG motif in the autoinhibited form
* Hok is in a position that would sterically clash with Gleevec. Therefore the selectivity

of Gleevec for Abl versus other closely related Src family kinases seems to reside in the
unique conformation of the DFG motif. The fact that Gleevec also targets KIT and
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h threonine gatekeeper kinases) with similar potencies suggests that

Can adopt the "DFG out" conformation. Indeed, a recent crystal structure

Ind to autoinhibited KIT demonstrates that it binds to a similar “DFG out"

as found in Ab■ ". Whether the "DFG out" conformation is a naturally

Irmation or induced by inhibitor binding is unclear.

(nown how many kinases can attain the “DFG out" conformation, but the

ries of several new inhibitors, including BIRB796° and Bay43-9006”

lure 1-8), that exploit this conformation in their targets suggests that it

widespread than previously assumed. Analysis of the crystal structure of

d to p38 MAPK'" and Nexavar bound to B-Raf" (a serine/threonine

that both inhibitors exploit the allosteric pocket in a similar way to

lake the same hydrogen bond contacts (via the urea group instead of the

ec). The selectivity profiles of BIRB796 and Nexavar are vastly different

ey are based on similar diary] urea precursors: BIRB796 is extremely

j p38 MAPK whereas Nexavar targets B-Raf as well as several other

3 and tyrosine kinases with similar potencies. Although the origin of

electivity differences is not known, one conclusion that can be drawn is

ences in the size and shape of the allosteric site determined by the local

lence and overall architecture of the kinase active site can be selectively

right combination of aromatic substituents on the urea scaffold.

:ompetitive, electrophilic kinase inhibitors

busly discussed, ATP-competitive kinase inhibitors must effectively

h intracellular ATP concentrations (low millimolar) to block the activity of

Alls. For this reason, ATP-competitive, electrophilic inhibitors capable of

rsible covalent bond (i.e. dissociation rate of zero) with their target(s)

24
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are advantageous over their reversible ATP-competitive counterparts. Despite the fact

hat these types of inhibitors are often associated with metabolic instability and off-target

affects due to non-specific akylation of irrelevant targets, there are several examples of

;elective ATP-competitive, electrophilic inhibitors. There are at least three reasons for

he success of these inhibitors: (1) they contain an electrophile that is sufficiently

Inreactive so as to target an amino acid nucleophile only by a proximity-accelerated

mechanism governed by reversible binding (i.e. binding is thermodynamically versus

inetically controlled), (2) they are based on a scaffold that binds with high affinity (IC50 <

uM in the presence of 100 u■ / ATP) to its target, and (3) they target amino acid

ucleophiles (e.g. cysteine) not conserved among the kinase family, unlike the broad

bectrum inhibitor, FSBA (Figure 1-2), which targets the absolutely conserved catalytic

Sine.

The first example of a selective ATP-competitive, electrophilic kinase inhibitor

as designed against EGFR (HER-1) and the related human epidermal growth factor

ceptors, HER-2 and HER-4. Both classes of receptor tyrosine kinases are

erexressed in many types of cancer and are therefore therapeutic targets. Previous

}rk by scientists at Parke-Davis had established that EGFR and HER-1, HER-2 (as

all as seven other kinases, including HER-4, not known at the time of their publication,

determined by a structure-based sequence alignment performed in our laboratory)

ve a non-conserved cysteine (Cys773, human EGFR numbering) in the ATP binding

cket". They demonstrated that a thiol-containing derivative of adenosine (2'-

oadenosine) could inhibit EGFR in a time-dependent manner (k2 = 2 x 10° s”) in vitro,

nsistent with an irreversible mode of inactivation (Figure 1-10). The site of covalent

dification by 2'-thioadenosine was not identified; however, 1 mM DTT reversed

ibition by 2'-thioadenosine suggesting that it forms a disulfide bond with a cysteine in
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|g pocket. Even though 2'-thioadenosine is not a useful inhibitor due to its

and promiscuity, it does indeed provide a conceptual framework for the

:tive, irreversible kinase inhibitors that target non-conserved cysteines.

g on their studies with 2'-thioadenosine, David W. Fry and coworkers at

rationally designed an electrophilic inhibitor" based on a 4

quinazoline scaffold" (Figure 1-10). EGFR and HER-2 inhibitors

m this scaffold are among the most potent and selective kinase inhibitors

e such compound, described previously, Iressa (Figure 1-5), is a clinically

er drug.

1 HN Br rational § HN
.

Br

r^oh + R SN design 2-ºr SN2]
-

O 2.
)H R2 N s N

adenosine 4-(phenylamino) quinazoline Cys773 PD 168393

§ HN Br^r SN8 || 2-2
PD 174265

rational design of a selective, ATP-competitive, electrophilic inhibitor of EGFR and HER
ine was shown to covalently inactivate HER-1 by forming a disulfide bond between the 2'-
ue) and cys773 (colored red). PD 153035 was the first of a series of 4
azolines reported in the literature to very selectively and potently inhibit EGFR and HER-2
which is based on a similar 4-(phenylamino)auinazoline scaffold, was designed to alkylate
yamide electrophile is colored blue. PD 174265 is a reversible congener Of PD 168393.

roposed binding mode of 4-(phenylamino)duinazoline-based inhibitors to

del of the kinase domain of EGFR, the researchers designed PD 168393,

rylamide electrophile, a Michael acceptor, was appended to C6 of the

; (Figure 1-10). Acrylamides can react chemoselectively with cysteine

e Michael addition reaction at physiological pH. PD 168393 potently

:
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inhibited the kinase activity of EGFR in vitro, however was equipotent to a reversible

analog that contained an ethylamide in place of the acrylamide (PD 174265). In cells,

PD 168393 inhibited EGFR autophosphorylation in an irreversible manner and a “C

labeled derivative irreversibly associated with EGFR and HER-2. Tandem mass

spectrometry was used to shown that Cys773 is the predominate sight of covalent

modification by PD 168393. Mutation of Cys773 to serine abolished alkylation by PD

168393; however, PD 168393 and PD 174265 inhibited the S773C EGFR mutant with

similar potencies. These results together demonstrate that while PD 168393 irreversibly

inactivates EGFR both in vitro and in cells, it does not appear that the electrophile

provides increased potency, possibly because the starting scaffold alone targets EGFR

With such high affinity. Nevertheless, PD 168393 exhibited superior anti-tumor activity

compared to PD 174265 in a mouse cancer model".

The discovery of PD 168393 established that electrophilic kinase inhibitors could

exhibit increased anti-tumor activity compared to their reversible congeners.

Consequently, several large pharmaceutical companies devoted much effort to

developing electrophilic EGFR inhibitors as potential cancer drugs. During these efforts,

other Michael acceptors were found to be effective, including butynamides, as

exemplified by C-387,785 (Figure 1-11)”. Two electrophilic EGFR/HER-2 inhibitors,

Cl-1033° and EKB-569" (Figure 1-11), have now entered Phase II clinical trials for the

treatment of non-small-cell lung carcinoma (NSCLC). Moreover, recent studies have

demonstrated that electrophilic EGFR/HER-2 inhibitors, including Cl-387,785 and EKB

569, can overcome resistance caused by a gatekeeper mutation in the EGFR kinase

domain (T790M, human EGFR numbering) that renders Iressa and related compounds

ineffective”.

º
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N O N O N

N 2
C-387,785 6-) CI-1033 EKB-569

1-11. Electrophilic EGFR/HER-2 inhibitors inspired by PD 18393. C-387,785” is similar to PD
xcept that it contains a butynamide instead of an acrylamide. Cl-1033” has an acrylamide similar to
393, but is more structurally related to Iressa. EKB-569* is based on a 4-(phenylamino)-3-nitrile
e scaffold and has a substituted acrylamide that contains a tertiary amine thought to act as a general
talyst to accelerate the Michael addition reaction. Electrophiles are colored blue.

ds used to evaluate kinase inhibitor selectivity

Save a few exceptions (some mentioned in the previous sections), the majority of

bnly used kinase inhibitors are non-selective (i.e. have more than one target),

makes the interpretation of their cellular phenotypes as well as mechanism of

in diseases potentially complicated. Therefore, the development of experimental

is to comprehensively evaluate the selectivity of kinase inhibitors across the

kinase family as well as other non-kinase targets is needed. In recent years,

| approaches have been developed to address this challenge, and in the

aphs below I will briefly highlight some of them. The information garnered from

ypes of analyses is essential if kinase inhibitors are to be used effectively as

al tools to delineate the individual roles of kinases in signal transduction

yS.

Kinases that share high sequence homology are usually sensitive to structurally

Compounds; however, subtle differences in the amino acid sequence that affect

iformational plasticity of the kinase can be exploited to achieve remarkable

ity even among closely related isoforms (e.g. Lck-selective inhibitors described in

/ious section). On the other hand, kinases that possess low sequence homology

targeted by the same set of inhibitors and often share similar structure activity
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p (SAR) profiles. Kinases of this type are referred to as SAR homologs as

: structural similarities within the inhibitor binding pocket(s) despite limited

homology”. In both cases, these selectivity trends are not easily discerned

Tming sequences alignments or comparing structures and must be determined

ally.

■ itro kinase activity assays that monitor the incorporation of the Y-phosphate of

a peptide or protein substrate are the most common approach for profiling

bitor selectivity”. These types of assays have been adapted to 96- and

rmat to facilitate the profiling of many inhibitors and kinases simultaneously.

tly, however, only a small panel of kinases was commercially available. Now,

200 kinases from representative members of all subfamilies (approximately

human kinase genome) are available from at least two different companies

hd Invitrogen). A major limitation of these assays is that they require active

s inhibitors that selectively target the inactive kinases may be missed (e.g.

alternative approach to in vitro kinase activity assays that does not rely on

activity was developed by Ambit biosciences”. This method is based on a

assay that measures direct binding (determination of Ka values) to the ATP

!. Kinases are expressed in E. coli as fusions to T7 bacteriophage, and a

potent kinase inhibitor (e.g staurosporine) is derivitized with biotin to bind to

port containing streptavidin (Figure 1-12). The phage-tagged kinases are

with the immobilized inhibitor and the test inhibitor is added at increasing

2ns. If the test inhibitor binds directly to the ATP-binding site or an allosteric

rupts binding of the immobilized inhibitor, the phage-tagged kinase will be

rom the immobilized inhibitor, which can be measured quantitatively with

insitivity (single molecule) by a traditional plaque assay or quantitative
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polymerase chain reaction (qPCR). This approach was used to screen 20 known kinase

inhibitors (research compounds, inhibitors in phase trials, and FDA-approved drugs)

against 113 kinases from all major subfamilies. Binding constants (Ka values) were

determined for inhibitors that were effective below 10 uM.

immobilized
inhibitor

+ º
test inhibitor

readout
phage plaque assay of
qPCR

T7 phage-kinase fusion

Figure 1-12. Competition-based assay developed by Ambit biosciences. Used to rapidly and efficiently
screen kinase inhibitors against several hundred kinases.

The profiling of these inhibitors against this broad panel of kinases identified

several unknown off-targets in addition to their primary targets. For example, EKB-569

(Figure 1-11), which was previously thought to be a very selective EGFR/HER-2

inhibitor, targeted 56 out of 113 kinases, and three with Ka values similar to EGFR. The

Cyclin G-associated kinase (GAK), a serine/threonine kinase with low sequence identity

to EGFR (~20%), is an example of the latter. Interestingly, Iressa (Figure 1-5) also

inhibited GAK and EGFR with similar potencies. These results suggest that GAK and

EGFR are SAR homologs; however, a broader panel of inhibitors with different

Chemotypes needs to be tested to validate this claim.

The competition-based assay has at least three important advantages over in

Vitro kinase activity assays that are worth mentioning. First, this approach allows for the

rapid generation of a diverse panel of kinases (already applied to 235 kinases) using

Phage display technology that avoids time-consuming and labor intensive protein

purifications. Second, by measuring direct binding, it circumvents the need for ATP,
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which can complicate the interpretation of selectivity results due to the disparity of KM, ATP

values among kinases (which can range from 1-600 u\M for protein kinases). Third, the

assay has a wide dynamic range (measure affinities from low-picomolar to mid

micromolar), due to the low concentrations kinases used. The disadvantages of this

method include the inability to know the activation state of the kinase and the need to

develop immobilized probes for kinases that do not bind to the ones currently used.

A complementary approach to the latter methods is affinity chromatography of

immobilized inhibitors. In this strategy, kinase inhibitors are conjugated to a solid

support (e.g. Sepharose) and added to cell or tissue lysates to enrich for binding

proteins. The captured proteins are then identified using tandem mass spectrometry

(MS/MS) methods. A recently published example using this method identified 20

unknown cellular targets of Iressa (Figure 1-13)”. Two of these are the

serine/threonine kinases, GAK and Rip-like interacting CLARP kinase (RICK), potently

inhibited by Iressa as determined by follow-up in vitro kinase activity assays.

Interestingly, GAK was also identified as a target of Iressa using the Ambit screen, giving

further evidence that GAK is a bone fide off-target kinase. This approach has been

applied to more than 15 structurally distinct kinase inhibitors and has revealed both

Kinase and non-kinase off-targets”. A caveat to this Strategy is that often the most

abundant cellular proteins are identified even though they are only weakly inhibited by

the "free" compound. Therefore affinity Chromatography can suggest novel off-targets,

however, subsequent in vitro kinase assays need to be performed to truly determine

inhibitor selectivity profiles.

All three described in vitro methods suffer from the drawback that they are not

always predictive of cellular Selectivity profiles. For example, an inhibitor may exhibit

Similar binding affinities for kinase a and b in vitro, however the same inhibitor may be

19 ■ old more potent for kinase a in cells due to differences in KM, ATP and/or
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ormational states relevant only in cells. Therefore, methods are needed to

Tmine the selectivity of inhibitors in a cellular context.

■ C.
U.

rin ci H HN ClNJºv.0 SN N->~0 SN5 — O'ºcºNo N

Iressa Ircssa-affinity matrix

validation using 4– MS/MS analysis to identify targets
in vitro kinase assays

a 1-13. Affinity chromatography of immobilized kinase inhibitors as an approach to identify cellular
S. An Iressa variant was conjugated to sepharose and added to a Hela cell lysates to identify Iressa
g proteins. Enriched proteins are subjected to trypsin digestion followed by LC-MS/MS to identify
S. Iressa is then tested against the putative targets in vitro to determine binding constants (IC50 or Ka,
ding on the assay).

Clusion

Protein kinases are key regulatory enzymes in eukaryotes. Although they are

urally and functionally homologous within the catalytic core, peripheral domains of

es give rise to their diverse modes of regulation and conformational plasticity.

tive, small molecule inhibitors of kinases can be used to precisely dissect the role

ases in signaling networks. Most kinase inhibitors target the essentially invariant

)inding pocket and are therefore non-selective across the family. Increasingly,

■ er, examples of inhibitors that exploit regions outside the ATP-binding pocket (e.g.

line gatekeeper and allosteric pocket) are being discovered, and these types of

ors can exhibit remarkable selectivity, even among closely related isoforms.

theless, it is important to stress that many, if not all, of these inhibitors were not

... º. º

ºl,
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y designed, but rather serendipitously discovered and later optimized by

s SAR studies requiring intense medicinal chemistry efforts. It is no surprise

at most potent and selective kinase inhibitors have been provided by

eutical companies.

My thesis work has been directed toward the rational design of irreversible

nhibitors that target nonconserved cysteines within the ATP binding pocket,

as inspired, in part, by discovery of electrophilic EGFR family inhibitors. In the

pter I will elaborate on the approach we used to guide the design of a potent

ctive p90 ribosomal protein S6 kinase inhibitor (RSK) inhibitor, named frnk”.

he success of our strategy was the availability of chemical (SAR), genetic

hesis), and structural (crystallography) studies that defined the protein kinase

ophore. Chapter 3 describes the design and synthesis of an analog of frnk,

mk-pa that can monitor covalent RSK modification in cells, and was used to

that RSK autoactivation is dependent on the cell type and stimulation condition.

was further exploited, as elaborated in Chapter 4, to screen a panel of

hilic inhibitors using a competition-based assay, which revealed several

lds that exhibit isoform selectivity. Finally, Chapter 5 describes the

lent of third-generation RSK inhibitors that exhibit increased cellular potency

frnk.
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Chapter 2

Structural bioinformatics-based
design of selective, irreversible
kinase inhibitors
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Abstract

The active sites of 491 human protein kinase domains are highly conserved,

making the design of selective inhibitors a formidable challenge. We used a structural

bioinformatics approach to identify two selectivity filters, a threonine and a cysteine, at

defined positions in the active site of p90 ribosomal protein S6 kinase (RSK). A

fluoromethylketone inhibitor, designed to exploit both selectivity filters, potently and

selectively inactivated RSK1 and RSK2 in mammalian cells. Kinases with only one

Selectivity filter were resistant to the inhibitor, yet they became sensitized after genetic

introduction of the second selectivity filter. Thus, two amino acids that distinguish RSK

from other protein kinases are sufficient to confer inhibitor sensitivity.
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Introduction

Phosphorylation of serine, threonine, and tyrosine residues is a primary

mechanism for regulating protein function in eukaryotic cells. Protein kinases, the

enzymes that catalyze these reactions, regulate essentially all cellular processes and

have thus emerged as therapeutic targets for many human diseases '. Small-molecule

inhibitors of the Abelson tyrosine kinase (Abl) and the epidermal growth factor receptor

(EGFR) have been developed into clinically useful anti-cancer drugs “. Selective

inhibitors can also increase our understanding of the cellular and organismal roles of

protein kinases. However, nearly all kinase inhibitors target the adenosine triphosphate

(ATP) binding site, which is well conserved even among distantly related kinase

domains. For this reason, rational design of inhibitors that selectively target even a

Subset of the 491 related human kinase domains continues to be a daunting challenge.

Structural and mutagenesis studies have revealed key determinants of kinase

inhibitor selectivity, including a widely exploited selectivity filter in the ATP binding site

known as the "gatekeeper". A compact gatekeeper (such as threonine) allows bulky

aromatic substituents, such as those found in the Src-family kinase inhibitors, PP1 and

PP2, to enter a deep hydrophobic pocket “. In contrast, larger gatekeepers

(methionine, leucine, isoleucine, or phenylalanine) restrict access to this pocket. A small

gatekeeper provides only partial discrimination between kinase acitve sites, however, as

~20% of human kinases have a threonine at this position. Gleevec, a drug used to treat

Chronic myelogenous leukemia, exploits a threonine gatekeeper in the Abl kinase

domain, yet it also potently inhibits the distantly related tyrosine kinases, c-KIT and the

platelet-derived growth factor receptor (PDGFR) 7.

We therefore sought a second selectivity filter that could be discerned from a

primary sequence alignment. Among the 20 amino acids, cysteine has unique chemical

reactivity and is commonly targeted by electrophilic inhibitors. In the case of cysteine

."**

46



#|º

*■■-

º:

■■■■■ ë■ ë■■£€

|-~■ _4■ _{<■ ”U■ º■
e■º

Sº



protease inhibitors, the reactive cysteine is not a selectivity filter, because it is found in

every cysteine protease and is essential for catalysis. Electrophilic, cysteine-directed

inhibitors of the EGFR kinase domain have also been reported *, but here again, the

cysteine does not act as a selectivity filter, because neither the electrophile nor the

reactive cysteine is required for potent, selective inhibition by these compounds. In this

report, we describe the rational design of selective kinase inhibitors that require the

simultaneous presence of a threonine gatekeeper and a reactive cysteine, which are

uniquely found in the C-terminal kinase domain of p90 ribosomal protein S6 kinases

(RSK).

In humans there are four RSK isoforms (RSK1-4) and they all contain two kinase

domains, a C-terminal kinase domain (CTD) and N-terminal kinase domain (NTD) that

are connecting by a regulatory linker region (Figure 2-1). RSK are ubiquitously

expressed, however there is variable tissue distribution of the individual isoforms

Suggesting that they may have specific, non-compensatory roles. Indeed, loss of

function mutations in the RSK2 gene cause Coffin-Lowry Syndrome, a human disorder

characterized by severe mental retardation *, suggesting that RSK2 is important for brain

development.

RSK are downstream effectors of the Ras-mitogen activated protein kinase

(MAPK) pathway and are activated by a complicated sequence of phosphorylation

events (Figure 2-1). First, the MAPK extracellular regulated kinases (ERK) bind to a

docking site in the C-terminus and phosphorylates Thr577 (human RSK2 numbering) in

the activation loop and at least one other serine (Ser369) in the linker region". The

activated CTD then autophosphorylates Ser386 in a hydrophobic motif (shared among

Other AGC family kinases) located in the linker region, which creates a docking site for 3

phosphoinositide-depedent protein kinase 1 (PDK1). Docking of PDK1 to the

phosphorylated hydrophobic motif stimulates its kinase activity, which then
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phosphorylates Ser227 in the activation loop of the NTD. Upon PDK1 dissociation, the

phosphorylated hydrophobic motif is thought to bind to the NTD near helix C, stabilizing

the active conformation, although no structural evidence exists for this mechanism.

! , ERK ERK
- P

NTD -º- cro -- cit -'º-
-

P P P
P

NTD
!

*
To date, more than 20 proposed RSK substrates involved in diverse physiological

Figure 2-1. RSK activation mechanism.

processes have been reported, including translational regulation (elF4B'*, eEF2K",

Tuberin"), transcriptional regulation (ATF4”, FOS", SRF"), cell survival (BAD”,

DAPK*), and cytoskeletal reorganization (FNLa”); however, whether these are actually

physiological relevant substrates remains to be determined. A small molecule inhibitor of

RSK would be a valuable tool toward this effort.

Results and Discussion

Structural bioinformatics guides the design of electrophilic inhibitors

We used a kinome-wide sequence alignment * to search for cysteines that,

together with a threonine gatekeeper, could form a covalent bond with an inhibitor in the

ATP pocket. We focused on the conserved glycine-rich loop, which interacts with the

triphosphate of ATP and is one of the most flexible structural elements of the kinase

domain *. A cysteine near this solvent-exposed loop is likely to have a lower pK, and
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therefore be more reactive than a cysteine buried in the hydrophobic pocket. Out of 491

related kinase domains in the human genome ', we found eleven with a cysteine at the

C-terminal end of the glycine-rich loop (Figure 2-2a), a position usually occupied by

valine. We next examined the gatekeeper in these kinases. The CTD of RSK1, RSK2,

and RSK4, have a threonine gatekeeper, whereas the remaining nine kinases, including

the RSK3 CTD, have larger gatekeepers (Figure 2-2a).

a noncomeº cysteine gatekeeper
Src [276] LGQGCFGEVWMGTWNG [333] SEEP— — — IYIVTEYMSKGSL
RSK1 [424] IGVGSYSVCKRCVHKA [480] DDGKH--VYLVTELMRGGEL
RSK2 [428] IGVGSYSVCKRCIHKA [484) DDGKY--VYVVTELMKGGEL
RSK3 [421] IGVGSYSVCKRCVHKA [477] DDGKF--VYLVMELMRGGEL
RSK4 [432] IGVGSYSVCKRCIHAT [488] DDGRY--VYLVTDLMKGGEL
MSK1 [432] LGEGSFSICRKCVHKK [489) HDQLH--TFLVMELLNGGEL
MSK2 [395] LGQGSFSVCRRCRQRQ [452] HDQLH--TYLVLELLRGGEL
PLK1 [59] LGKGGFAKCFE ISDAD [121] EDNDF--VFVVLELCRRRSL
PLK2 [88] LGKGGFAKCYEMTDLT [150 J. EDKEN--IYILLEYCSRR-S
PLK3 [29] LGKGGFARCYEATDTE [91] EDADN--IYIFLELCSRK-S
NEk2 [14] IGTGSYGRCQKIRRKS [75] IDRTNTTLYIVMEYCEGGDL
MEKK1 [1300] IGLGAFSScyOAQDvc (1371) CEKSN--YNLFIEWMAGGSV

b occupy hydrophobic
Ocket~

NH2 NH2

* N * X react with cysteine". | ■ º ". | N6 nucleophile
SN ! SN2-N "o

adenine HO X = F, Cl, or Br

Figure 2-2. Structural bioinformatics guides the design of electrophilic inhibitors of RSK-family protein
kinases. (a) Sequence alignment of the eleven human kinases with a cysteine selectivity filter at the C
terminal end of the glycine-rich loop. Of these eleven, RSK1, RSK2, and RSK4 are the only kinases with a
threonine selectivity filter in the gatekeeper position. Src, which has a threonine gatekeeper but lacks the
Cysteine, is shown for comparison. (b) Chemical structures of adenine and the rationally designed
halomethylketone pyrrolopyrimidines, cmk and fmk.

To exploit both selectivity filters in RSK-family kinases, we needed a scaffold that

could present an electrophile to the cysteine while occupying the hydrophobic pocket

defined by the gatekeeper. Crystal structures of kinases with bound ATP analogs all

reveal van der Waals contacts between a conserved valine, analogous to the cysteine

Tºjº

º º

º º
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we identified in RSK (Figure 2-2a), and the adenine C-8 position. We therefore

designed and synthesized electrophilic inhibitors based on a pyrrolo[2,3-d]pyrimidine

scaffold that were substituted with halomethylketones at the C-6 position (Figure 2-2b).

The p-tolyl substituent was designed to occupy the putative hydrophobic pocket.

Structurally related pyrazolo[3,4-d]pyrimidines interact similarly with Src-family kinases 4

* We hypothesized that the electrophilic halomethylketones would be within striking

distance of the key cysteine in RSK1, RSK2, and RSK4, and that kinases with only one

of the two selectivity filters would be resistant to the inhibitors.

Synthesis of halomethylketone derivatives

Arnold and coworkers reported an efficient synthesis of pyrrolo[2,3-d]pyrimidine

Src-family kinase inhibitors”. Using a similar route, pyrrolo[2,3-d]pyrimidine 2.3 was

synthesized in five steps from commercially available materials (Scheme 2-1). The

hydroxypropyl substituent at the N-7 position was installed to facilitate attachment of an

affinity tag, such as biotin.

O NC NC NH2
Br a,b c,d ecº- * H.N | W —- N 7 W —º- | Sr.* ~, Ji Y "º NO Sºons

TBSO

2.1 2.2 2.3

Scheme 2-1. Synthesis of pyrrolo[2,3-d]pyrimidine 2.3. Reagents and Conditions: a potassium phthalimide,
DMF; b. malononitrile, MeOH, H2O, NaOH (91% yield over 2 steps); c, triethyl orthoformate, acetic
anhydride; d. NaH, DMF, then 3-(t-butyldimethylsilyloxy)propyl iodide (70% yield over 2 steps); e. NH3,
MeOH (61% yield).

Halomethylketones 2.8 (bmk), 2.9 (cmk), and 2.13 (fmk) were synthesized as illustrated

in Scheme 2-2 and Scheme 2-3. Briefly, selective bromination of 2.3 proceeded in

quantitative yield with N-bromosuccinimide to give 2.4. Conversion of this intermediate

to enol ether 2.5 was accomplished by a palladium-catalyzed Stille reaction with cº
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(ethoxyvinyl)tributyl tin. Enol ether 2.5 served as a key intermediate from which all

halomethylketones were synthesized in two to six steps.

NHz NH2 NH2 NH2

a Nº S b Nº S C Nº S Br d S CI

23 —- ! 2 Y-Br —- ! 2 W –- U e N –º- t Wº º o–N º;
O N” N O

TBSO TBSO TBSO TBSO

2.4 2.5 2.6 2.7

NH2 NH2
CI

M Sr. Br Sr.sº
O N2-N b

HO HO

2.8 (bmk) 2.9 (cmk)

Scheme 2-2. Synthesis of cmk and bmk. Reagents and conditions: a, N-bromosuccinimide, DMF (99%
yield); b. a-(ethoxyvinyl)tributyl tin, Pd(P(Ph)3]4, toluene (80% yield); c. N-bromosuccinimide, NaHCO3, H2O,
DMF, -20°C (60% yield); d. LiCl, acetone (100% yield), e. 1 N HBr, THF (40% yield); f. 1 N HCI, THF (50%
yield).

NH2 (Boc)2N (Boc)2N NH2

a, b d,e S F f Nº S F

2.5 —- 'C W —- {} N —º- {j N —- ■ t • N

TBSO TBSO HO HO

2.10 2.11 2.12 2.13 ((mk)

Scheme 2-3. Synthesis of cmk. Reagents and conditions: a, 1 NHCl, THF; b. imidazole, t-butyldimethylsily
chloride, DMF (76% yield over 2 steps); c. (Boc)2O, DMAP, THF (78% yield); d. LDA, THF, then N
fluorobenzenesulfonimide; e. 1 N HCl, THF (60% yield over 2 steps); f. 1 NHCl, dioxane (70% yield).

Bromomethylketone 2.8 (bmk) was synthesized via bromination of enol ether 2.5 with N

bromosuccinimide at –20°C, followed by removal of the O-silyl protecting group with 1 N

HBr (Use of HCl instead led to a ~1:1 mixture of bmk and cmk). SN2 displacement of the

bromide of 2.6 with chloride, followed by deprotection with 1 N HCl afforded

chloromethylketone 2.9 (cmk). Hydrolysis of enol ether 2.5 with 1 N HCl resulted in

Concomitant removal of the O-silyl protecting group; however, it could be easily
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reinstalled using standard conditions to give ketone 2.8. N-diboc protection of ketone

2.8 followed by treatment with LDA transiently generated the enolate of 2.11, which

could be reacted with the electrophilic fluorinating reagent, N-fluorobenzenesulfonimide,

to yield the N-diboc-fluoromethylktone 2.12 (N-diboc-fmk). N-Boc deprotection of 2.12

with TFA gave the desired 2.13 (fmk) in good yield.

Potent inhibition of RSK CTD by frnk is dependent on two selectivity filters

We first tested the electrophilic pyrrolopyrimidines against the RSK2 CTD in vitro

(21). Fmk (Table 2-1) cmk, and bmk inhibited RSK2 CTD activity with similar potencies,

but we focused on frnk because of its greater chemical stability. In fact, bmk was

completely unstable in aqueous solution, limiting its utility in cells. To test whether both

selectivity filters were required for frnk sensitivity, we expressed two CTD mutants,

C436V, in which Cys436 was replaced with Val, and T493M, in which Thr493 was

replaced with Met.

WT C436V T493M NH,
Sim, 0.015,000 >10 34 + 0.3 J

N N
—

Scaffold 1.2 + 0.08 0.43 + 0.14 >30
HO

2.14 (scaffold)

Table 2-l. IC50 values (in uM) for frnk and the pyrrolo[2,3-d]pyrimidine scaffold against the kinase activities of
Wild-type (WT) and mutant RSK2 CTDs. RSK2 CTDs were expressed in E. coli as Hiss-tagged proteins and
activated by incubation with bacterially expressed Hiss-ERK2 and ATP. Kinase assay conditions: 30 min
inhibitor pretreatment, 1 nM RSK2 CTD, 0.1 mM ATP, 0.1 mM "CTD-tide" substrate * WT and mutant
CTDs had similar kinase activities.

Fmk was a potent and selective inhibitor of wild-type (WT) RSK2 (IC50 = 15 nM), with

greater than 600- and 200-fold selectivity over the C436V and T493M mutants,

respectively (Table 2-1). The electrophilic fluoromethylketone group is required for

potent inhibition, as the parent scaffold (2.14) is 80-fold weaker than frnk toward WT
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RSK2 CTD (Table 2-1). Frnk (1 uM) exhibited time-dependent inactivation of RSK2

CTD, with a half-time of less than 10 min in the presence of 1 mM ATP (Figure 2-3).

Both selectivity filter mutants were not inhibited under these conditions. The time

dependent inhibition of frnk against WT RSK2 CTD is consistent with an irreversible

mode of inactivation.

100

# 75 —ºr-WT
#5 —e— C436V
tº 50 —e— T493M

S$
25

0- n I T T

O 10 20 30 40

time (min)

Figure 2-3. Time-dependent inhibition of WT RSK2 CTD. WT, C436V, and T493M RSK2 CTD (100 nM)
were treated with frnk (1 uM) in the presence of 1 mM ATP for the indicated time intervals. After diluting the
reactions 100-fold, kinase activity was measured as described in Table 2-1.

To test whether frnk forms an irreversible covalent bond with RSK2, we prepared a

biotinylated derivative (fmk-biotin, see Scheme 2-4). Briefly, 2.15 was prepared in a

two-step, one-pot sequence involving formation of an imidazole ester intermediate,

followed by reaction with N-Boc-1,4-diaminobutane. Removal of the N-boc protecting

groups followed by conjugation with biotin-NHS afforded 2.16 (fmk-biotin).

O

(Boc)2N NH2 } NH
F Ha,b S F c,d Nº S HN

2.12 —º- t N —- U.2 N H

N” N O
º

O
H22 N

S

O NHBOC & 2 /-/º º O

2.15 2.16 (■ mk-biotin)

Scheme 2-4, Synthesis offmk-biotin. Reagents and conditions: a carbonyldiimidazole, DIPEA, CH2Cl2,
then N-Boc-1,4-diaminobutane (69% yield); c. TFA, CH2Cl2; d. biotin-NHS, DIPEA, DMF (7.1% yield over 2
steps).
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Fmk-biotin reacted irreversibly with WT RSK2, but not with the selectivity filter mutants,

as shown by denaturing gel electrophoresis and Western blot analysis with streptavidin

horseradish peroxidase (Figure 2-4). ERK2, required to activate RSK2 in vitro, was not

labeled by fmk-biotin, despite the presence of a solvent-exposed cysteine in its ATP

pocket”.

-
- frnk

+ + + frnk-biotin (1 lum)

WB streptavidin
RSK2 CTD –- ( )

ERK2–5- - -
WB. His,

RSK2 CTD--|-- ==
Figure 2-4. Covalent labeling of WT, but not mutant RSK2 by fmk-biotin. Hiss-RSK2 CTDs were treated
with 1 uM frnk-biotin in the presence of Hiss-ERK2 for 1 hour. Proteins were resolved by SDS-PAGE and
detected by Western blot with streptavidin-horseradish peroxidase (HRP) or antibodies to Hisé.

Remarkable kinetic selectivity offmk-biotin in cell lysates

We next tested the selectivity of frnk-biotin in a human epithelial cell lysate

Containing thousands of potentially reactive proteins. Fmk-biotin (1 un■ ) reacted with

Only two proteins, and labeling was abolished by pretreatment with 1 um frnk (Figure 2

5a). These -90 kD proteins were shown to be RSK1 and RSK2 by quantitative

immunodepletion with specific antibodies (Figure 2-5b).
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a §s sº §§ & b&S N- N'- & S N- N'-gºš's sºs
§§§ & |P. IgG RSK1 RSK2& S.S. S.S.S.N <9NS Sº.Si.S.S.N P S P S P S

116

== | -- -]wº ask
H | – -- we sº

--
--

--

-

º31
-

21 |-

WB: streptavidin Ponceau S

Figure 2-5. Selective, irreversible targeting of RSK1 and RSK2 by fmk-biotin. (a) Targeting of two -90 kD
proteins in human epithelial cell lysates by fmk-biotin. HEK-293 cell lysates were treated with the indicated
concentrations of unlabeled frnk and then with 1 p. M frnk-biotin. Proteins were resolved by SDS-PAGE,
transferred to nitrocellulose, and stained with Ponceau S (right panel). Proteins labeled with biotin-fmk were
detected with streptavidin-HRP (left panel). (b) loentification of RSK1 and RSK2 as biotin-fmk targets.
HEK-293 lysates were treated with 1 HM biotin-fmk. Proteins were immunoprecipitated with control IgG,
RSK1-Specific polyclonal antibodies, or a RSK2-specific monoclonal antibody (Santa Cruz Biotechnology).
Immunoprecipitates (P) and supernatants (S) were analyzed by Western blot with streptavidin-HRP and
antibodies to RSK1 and RSK2.

Fmkpotently inhibits RSK activity in cells

The only known substrate of the RSK2 CTD is Ser386 of RSK2 itself”.

Phosphorylation of Ser386 creates a docking site for phosphoinositide-dependent kinase

1 (PDK1), which then phosphorylates and activates the N-terminal kinase domain (NTD)

°. The activated NTD then phosphorylates downstream substrates. Treatment of

serum-starved COS-7 cells with EGF induced Ser386 phosphorylation of endogenous

RSK2, which was inhibited by fmk with an EC50 of ~200 nM (Figure 2-6a). Thus, the

CTD appears to be the primary kinase responsible for EGF-stimulated Ser386

phosphorylation, consistent with results obtained with kinase-inactive mutants *. Fmk

(10 u■ /) had no effect on EGF-stimulated phosphorylation of ERK1 or ERK2 (Figure 2

6b), the MAP kinases directly upstream of RSK2. This result further highlights the

Selectivity of ■ mk, as the signaling pathway leading to ERK activation involves at least

three protein kinases (EGFR, Raf, and MEK), two of which (EGFR and Raf) have
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threonine gatekeepers, as well as potentially reactive cysteines in their ATP binding

pockets.

a |P: RSK2 b - + + EGF
- + + + + + EGF - - + ■ mk (10 um)

0 0 0.3 1 3 10 frnk (uN■ ) |---we pizozºzo.[T-ECWB. ps386
[----->|WB. RSK2 Ewe ERK2

C WT RSK2 T493M RSK2 d c436v Rsk2
- + + + + + - + + EGF + + - EGF

0 0 0.3 1 3 10 0 0 10 ■ mk (uM) * - - frnk (10 HM)
| G-- -- WB. pS386 RSK E-EWB ps386

-

E-WB RSK2G-T--- WB. HA |P HA

E --~~ --|WB. pS10 Histone H3

Figure 2-6. Effect of frnk on EGF-activated RSK2. (a) Inhibition of EGF-stimulated RSK2
autophosphorylation by fmk. COS-7 cells were deprived of serum for 20 hours, then treated with the
indicated concentrations of frnk. Cells were stimulated for 10 min with EGF (1 ng/mL). RSK2 was
immunoprecipitated and analyzed by Western blot with antibodies to phospho-Ser386 RSK (Cell Signaling
Technology) and total RSK2. (b) Failure of frnk to inhibit EGF-stimulated activation of ERK1 and ERK2.
Serum-starved COS-7 cells were treated with or without 10 p.M frnk, then stimulated with EGF as in (a).
Doubly phosphorylated and total ERK1 and ERK2 were detected by Western blot (both antibodies from Cell
Signaling Technology). (c) Inhibition of EGF-stimulated histone H3 phosphorylation in cells expressing WT
RSK2, but not T493M RSK2. COS-7 cells were transfected with HA-tagged WT or T493M RSK2. 24 hours
post-transfection, cells were serum-starved for 3 hours, then treated with the indicated concentrations of
frmk. Cells were stimulated with EGF (150 ng/mL) for 25 min and subsequently lysed in Laemmli sample
buffer. Proteins were resolved by SDS-PAGE and detected by Western blot with antibodies specific for
phospho-Ser386 RSK, the HA epitope (Roche), or phospho-Ser10 histone H3 (Upstate). (d) Mutation of
Cys436 to Val in RSK2 confers resistance to frnk. COS-7 cells were transfected with HA-tagged C436V
RSK2. 48 hours post-transfection, cells were deprived of serum for 23 hours and then treated with either
fmk (10 mM) or DMSO for 90 min. After stimulation for 10 min with EGF (30 ng/mL), HA-tagged C436V
RSK2 was immunoprecipitated from cell lysates. Proteins were resolved by SDS-PAGE and detected by
Western blot with antibodies against phospho-Ser386 RSK or RSK2.

We next tested whether inhibition of the CTD by fmk could block signaling downstream

of RSK2. In cells transfected with WT RSK2, treatment with EGF induced

phosphorylation of histone H3 at Ser10, which was completely blocked by fmk (Figure

2-6c). By contrast, histone H3 phosphorylation was unaffected by up to 10 u■ /■ frnk in

Cells expressing the RSK2 gatekeeper mutant, T493M. Mutation of the cysteine

Selectivity filter to valine (C436V) also conferred complete resistance to frnk (Figure 2

6d).

■ º
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Introduction of absent selectivity filter confers sensitivity to frnk and cmk

Similar to RSK-family kinases, the mitogen- and stress-activated kinases, MSK1

and MSK2, have two kinase domains. The CTD of MSK1 has a cysteine analogous to

Cys436 of RSK2 (Fig. 1A), but unlike RSK2, MSK1 has a methionine gatekeeper. Frnk

had no effect on histone H3 phosphorylation mediated by WT MSK1 (Figure 2-7a). By

contrast, an MSK1 mutant with a threonine gatekeeper was potently inhibited. Thus,

despite having only ~40% sequence identity to RSK2, MSK1 became equally sensitive

to fmk once the second selectivity filter was introduced. Fnk had no effect on phorbol

ester-stimulated histone H3 phosphorylation in nontransfected fibroblasts (Figure 2-7b),

consistent with a dominant role for endogenous MSK1 and MSK2 in this pathway”.

a b
M498T MSK1 WT MSK1 + + - PMA

- + + + + + - + + EGF + - - frnk (10 uM)
0 0 0.3 1 3 10 0 0 10 ■ mk (uM) - - - || WB. pS10 Histone H3| --- --|WB. ps376 MSK1

|---------|WB, HA Ponceau S

| º- ºwB pS10 Histone H3

Figure 2-7. Effect offmk on WT and M498T MSK1 (a) Inhibition of MSK1 by fmk after mutation of Met498
to Thr. COS-7 cells were transfected with HA-tagged WT or M498T MSK1. MSK1 autophosphorylation and
histone H3 phosphorylation were assessed as in Figure 2-6c. (b) Fmk does not inhibit PMA-stimulated
histone H3 phosphorylation in NIH-3T3 fibroblasts. Cells were deprived of serum for 24 hours, then treated
with frnk (10 mM) or DMSO for 90 min. After stimulation for 20 min with PMA (100 ng/mL), histones were
isolated, resolved by SDS-PAGE and analyzed by Ponceau S staining and Western blot with phospho
Ser10 histone H3 antibodies (Upstate).

Pyrrolo[2,3-d]pyrimidines inhibit Src-family kinases such as Fyn", raising the

possibility that they might be susceptible to reversible inhibition by our designed

halomethylketones. WT Fyn was weakly inhibited by cmk and fmk, with IC50 values of

~4 uM (compared to an IC50 value of 15 nM for frnk against RSK2). By contrast, cmk

and fmk potently inhibited a Fyn mutant in which Val285 was replaced with Cys (ICso

values of 1 nM and 100 nM, respectively). Similarly, at Concentrations that completely

inhibited RSK2 in cells, neither cmk nor frnk reversed the cellular phenotypes induced by

V-Src (with a Thr in the gatekeeper position) (Figure 2-8a,b). By contrast, cmk (and less
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potently, fmk) promoted morphological reversion (Figure 2-9) and reduced global

tyrosine phosphorylation in NIH-3T3 cells expressing a v-Src mutant in which Val281

was replaced with Cys (Figure 2-8a,b). Consistent with a mechanism involving covalent

bond formation, a biotinylated derivative of cmk (cmk-biotin, see Scheme 2–5,

synthesized using a similar route to frnk-biotin) irreversibly labeled V281C v-Src, but not

WT V-Src (Figure 2-10). Treatment of cells with 1 u■ / cmk is sufficient to completely

block labeling of V281C v-Src by cmk-biotin. Finally, a fluorescent derivative of cmk

(cmk-BODIPY, see Scheme 2-6, synthesized using a similar route to cmk-biotin)

showed remarkable selectivity when added to NIH-3T3 cells, with V281C v-Src being the

predominantly labeled protein (Figure 2-11). By contrast to V281C v-Src, weak labeling

of other proteins was not competed by 3 uM cmk pretreatment. Therefore, we attribute

much of the non-specific labeling to the BODIPY fluorophore, which is bulkier and more

hydrophobic than cmk itself.

* V281c v-src wrv-src b V281C V-Src WT V-Src

0 0 1 0.3 1 3 O 1 3 cmk (uM) O 1 3 10 O 3 10 frnk (uN)

NITTT
-- --us-ITTTIN ºlºur.

97 || -- º ******
-- ----- ---

66 || -- - 66 ----
-- Hº-WB p■ y■ ==TETI.

45 45

Figure 2-8. Effect of cmk and fmk on WT and cysteine-engineered SrC-family kinases. (a) Cmk reduces
steady-state phosphotyrosine levels in NIH-3T3 cells stably expressing V281C v-Src, but not WT v-Src.
Both v-Src constructs also contained a threonine in the gatekeeper position. Cells were treated with the
indicated concentrations of cmk for 1 hour. Whole-cell lysates were resolved by SDS-PAGE and
phosphotyrosine-containing proteins were detected by Western blot with the 4G10 antibody (Upstate). To
control for protein loading, the blot was reprobed with an actin antibody. (b) Inhibition of tyrosine
phosphorylation in v-Src expressing cells by fmk was assessed as in (a).
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Control 1 HM cmk 1

i
:

Figure 2-9. NIH-3T3 cells expressing V281C but not WT v-Src, revert to a flat morphology upon treatment
with cmk. Cells were treated with or without cmk (1 u■ /) for 16 hours. Fixed cells were stained with
phalloidin-FITC and DAPI to visualize actin filaments (green) and nuclei (blue). Cells expressing V281C v
Src acquired actin stress fibers upon treatment with cmk (75% of treated cells, n=220 vs. 6% of untreated
cells, n=153), whereas fewer than 2% of the cells expressing WT v-Src and treated with cmk had actin
stress fibers (n=83).(

(Boc)2N NH2 NH2 O}-NH
a,b Nº S 9Boc cla Nº S Cl e N' S Cl HN H

2.7 —- U e N —- ■ l N --> U e NN2'-N \ N2^N \b NTN 'o H

HO

O

O Ogº ºne º
2.17 2.18 2.19 (cmk-biotin)

Scheme 2-5. Synthesis of cmk-biotin. Reagents and conditions: a. (Boc)2O, DMAP, THF; b. 1 N HCl, THF
(84% yield over 2 steps); c. carbonyldiimidazole, DIPEA, CH2Cl2, then N-Boc-1,4-diaminobutane (69%
yield); d. TFA, CH2Cl2 (73% over 2 steps); e. biotin-NHS, DIPEA, DMF (70% yield).

V281 C WT

0 0 1 0 3 1 0 cmk (uN■ )
+ + + + + cmk-biotin (1 um)

[-ET]WB streptavidin
|--|--|WB v-src--

|P: V-STC

Figure 2-10. Irreversible labeling of Val281Cys v-Src, but not WT v-Src by cmk-biotin. NIH-3T3 cells
expressing either V281C or WT v-Src were pretreated with varying concentrations of cmk for 1 h at 37°C.
After washing the cells, lysates were prepared and treated with Cmk-biotin (1 um). v-Src was
immunoprecipitated and detected by Western blot with streptavidin-HRP and a v-Src antibody. Pretreatment
of cells with 1 uM cmk completely prevents subsequent labeling by cmk-biotin.
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NH2
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2.18 —- {} N
N N O

rº
2-n

O’ H

2.20 (cmk-BODIPY)

Scheme 2-6. Synthesis of cmk-BODIPY. Reagents and conditions: a BODIPY FL-NHS, DIPEA, DMF
(100% yield).

s\ sº sº s\
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$’s 39 s 39 s 29 s
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V281C WT V281C WT

200 |-|--|-
116
97

— — — . . 66
—º I

45

Fluorescence Coomassie

[-]w8 v-src

Figure 2-11. Cmk-BODIPY preferentially labels V281C v-Src. NIH-3T3 cells expressing either WT or
V281C v-Src were treated with 3 uM cmk or DMSO control, followed by 1 um cmk-BODIPY. After treatment,
cells were washed with cold PBS and lysates were prepared. Proteins were resolved by 10% SDS-PAGE
and detected by in-gel fluorescence scanning, followed by Western blotting with an antibody to v-Src.

Conclusion

In this study, we have rationally designed halomethylketone-substituted inhibitors

whose molecular recognition by protein kinases requires the simultaneous presence of
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two selectivity filters: a cysteine following the glycine-rich loop and a threonine in the i

gatekeeper position. We estimate that ~20% of human kinases have a solvent-exposed
-

º
cysteine in the ATP pocket. Because of the structural conservation of the pocket, it º

should be possible to predict the orientation of these cysteines. In addition, there are

many reversible kinase inhibitors whose binding modes have been characterized by x- º

ray crystallography. The integration of both types of information should allow the design

of scaffolds that exploit selectivity filters other than the gatekeeper, as well as the

appropriate sites for attaching electrophilic substituents.
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Experimental

Chemical synthesis

General. "H and "C NMR spectra were recorded on a Varian 400 spectrometer at 400

and 100 MHz, respectively. Chemical shifts were reported as parts per million (ppm)

downfield from an internal tetramethylsilane standard (8 = 0.0 for "H NMR) or from

solvent references. Low-resolution electrospray ionization mass spectra (ET-MS) were

recorded on a Waters Micromass ZQ 4000 spectrometer. LC/MS (MS: EI”) was

performed on a Waters AllianceHT LC/MS with a flow rate of 0.2 mL/min (monitored at

210 nm and 260 nm) using an Xterra MS C18 column (Waters). High-resolution electron

impact mass spectra (HRMS) were recorded on a Micromass VG70E spectrometer by

Yuequan Sun at the University of California-San Francisco Biomedical Mass

Spectrometry Center. For air- and water-sensitive reactions, glassware was oven- or

flame-dried prior to use and reactions were performed under argon. Dichloromethane,

dimethylformamide, methanol, tetrahydrofuran, toluene, and diisopropylamine were dried

using the solvent purification system manufactured by Glass Contour, Inc. (Laguna

Beach, CA). All other solvents were of ACS chemical grade (Fisher) and used without

further purification unless otherwise indicated. Commercially available starting reagents

Were used without further purification. Many of the pyrrolo[2,3-d]pyimidine compounds

Were sparingly soluble in acetonitrile and concentration from this solvent often yielded a

nice Solid. 6-((4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-S-indacene-3-

propionyl)amino)hexanoic acid, succinimidyl ester (BODIPY FL-NHS) was purchased

from Invitrogen and used without further purification Analytical and preparative thin layer

Chromatography were performed with silica gel 60 F254 glass plates (EM Science). Flash

Chromatography was conducted with 230-400 mesh silica gel (Selecto Scientific). High

performance liquid chromatography (HPLC) was performed on a Prostar 210 (Varian)
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with a flow rate of 10 mL/min (monitored at 210 nm and 260 nm) using a COMBI-A C18

preparatory column (Peeke Scientific).

Amino pyrrole 2.1. To a solution of malononitrile (3.24 g, 48.9 mmol) in 6:1:1

MeOH/48% aq. (w/w) NaOH/H2O (56 mL) was added 2-phthalimido-4'-

methylacetophenone (10.5 g, 37.6 mmol). The reaction mixture was stirred at room

temperature for 1 h after which the product precipitated out of solution. The solid was

Collected by filtration, washed with H2O, CH2Cl2, and hexanes to give 6.7 g (91% yield)

of pyrrole 1 as a brown solid: R, 0.70 (10% MeOH/CH2Cl2); "H NMR (400 MHz, CDAOD)

ô 7.409 (d, J = 7.6 Hz, 2H), 7.08 (d, J = 7.6 Hz, 2H), 6.36 (s, 1H), 4.83 (br's 2H), 2.27 (s,

3H); "C NMR (100 MHz, CDAOD) (partial) 8 136.9, 130.1, 126.6, 120.1, 109.0, 21.1.

N-alkyl pyrrole iminoether 2.2. A solution of pyrrole 2.1 (5 g, 25.3 mmol) in triethyl

Orthoformate (30 mL) was treated with acetic anhydride (0.5 mL) and refluxed for 1 h.

After Cooling to room temperature, the solvent was removed in vacuo. The crude pyrrole

iminoether was azeotropically dried with toluene (2 x 10 mL) and carried on directly to

the next step.

To a suspension of NaH (60% in oil, 0.9 g, 23.4 mmol) in 20 mL of DMF at room

temperature was added a solution of the crude pyrrole iminoether in 10 mL of DMF.

After stirring for 30 min, 3-(t-butyldimethylsilyloxy)propyl iodide” (7.0 g, 23.4 mmol) was

added over 10 min. After stirring for an additional 3 h, the solvent was removed in vacuo

and the residue was purified by flash chromatography (10-50% ethyl acetate/hexanes) to

afford 5 g (70% yield) of N-alkyl pyrrole iminoether 2.2 as a brown oil: R, 0.8 (4:1

hexanes/ethyl acetate); ‘H NMR (400 MHz, CDCl3) 6 8.43 (s, 1H), 7.47 (d, J = 8.0 Hz,

2H), 7.16 (d, J = 8.0 Hz, 2H), 6.62 (s, 1H), 4.32 (q, J = 8.0 Hz, 2H), 3.96 (t, J = 7.2 Hz,
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2H), 3.59 (t, J = 5.6 Hz, 2H), 2.33 (s, 3H), 1.91-1.82 (m, 2H), 1.37 (t, 3H), 0.88 (s, 9H),

0.03 (s, 6H); "C NMR (100 MHz, CDCl3) & 158.2, 144.1, 136.8, 130.5, 129.7, 126.2,

125.0, 118.5, 115.6, 63.4, 59.7, 43.1, 33.4, 26.1, 21.4, 18.5, 14.2.

Pyrrolo[2,3-dipyrimidine-OTBS 2.3. N-alkyl pyrrole iminoether 2.2 (18.0 g, 42.3 mmol)

was dissolved in MeOH (100 mL) and transferred to 350 mL sealed-tube reaction vessel.

Argon gas was then bubbled through the solution for 15 min. The reaction vessel was

submerged in a dry ice/MeCH bath and NH3 gas was bubbled through the solution for 15

min. The reaction vessel was quickly sealed with a Teflon screw cap (fitted with a

rubber O-ring) and allowed to warm to room temperature. The reaction was stirred for 4

days at 50°C and then submerged in an ice bath. The NH3 gas was slowly released.

The solvent was removed in vacuo and the crude product purified by flash

chromatography (3:2 ethyl acetate/hexanes with 1% Et3N) to give 10.1 g (61% yield) of

2.3 as a light-brown solid: R■ 0.41 (1:1 hexanes/ethyl acetate); "H NMR (400 MHz,

CDCl3) & 8.32 (s, 1H), 7.37 (d, J = 8.4 Hz, 2H), 7.26 (d, J = 8.0 Hz, 2H), 6.92 (s, 1H), 5.1

(br's, 2H), 4.34 (t, J = 6.8 Hz, 2H), 3.65 (t, J = 6.0 Hz, 2H), 2.41 (s, 3H), 2.10-2.05 (m,

2H), 0.91 (s, 9H), 0.05 (s, 6H); "C NMR (100 MHz, CDCl3) & 156.9, 151.9, 150.6, 136.8,

132.0, 129.7, 128.7, 123.2, 115.8, 101.3, 59.8, 41.5, 33.0, 25.9, 21.1, 18.2; EI"-MS 419

IM+Na]", 397 [M+H]".

Bromide-OTBS 2.4. To a solution of 2.3 (1.5 g, 3.78 mmol) in DMF (20 mL) was added

N-bromosuccinimide (0.74 g, 4.16 mmol) and the mixture stirred for 24 h protected from

light. The reaction was diluted with ether (100 mL) and washed with water (3 x 200 mL).

The combined aqueous fractions were extracted with ether (3 x 50 mL). The combined

organic fractions were dried over anhydrous Na2SO4, filtered, and Concentrated in vacuo

to give 1.77 g (99% yield) of bromide-OTBS 2.4 as a brown solid; R 0.59 (100% ethy
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acetate); ‘H NMR (400 MHz, CDCl3) & 8.21 (s, 1H), 7.35 (d, J = 8.0 Hz, 2H), 7.30 (d, J =

8.0 Hz, 2H), 5.0 (br's, 2H), 4.41 (t, J = 6.8 Hz, 2H), 3.73 (t, J = 6.0 Hz, 2H), 2.43 (s, 3H),

2.1 (m, 2H), 0.91 (s, 9H), 0.06 (s, 6H), EI’-MS 500 [M+2+Na]", 497 (M+Na]", 477 [M+2]",

475 [M]".

Enol ether-OTBS 2.5. To a solution of bromide 2.4 (389 mg, 0.82 mmol) in toluene (10

mL) was added a-(ethoxyvinyl)tin (0.390 mL, 1.15 mmol). Argon gas was bubbled

through the solution for 10 min. Tetrakis(triphenylphosphine)palladium (95 mg, 0.082

mmol) was quickly added and mixture was refluxed for 16 h. The solvent was removed

in vacuo and the crude product was purified by flash chromatography (50-100%

hexanes/ethyl acetate) to give enol ether-OTBS 2.5 (304 mg, 80% yield) as a yellow

solid; R 0.25 (1:1 hexanes/ethyl acetate); "H NMR (400 MHz, CDCl3) & 8.31 (s, 1H),

7.31 (d, J = 8.0 Hz, 2H), 7.22 (d, J = 8.0 Hz, 2H), 4.99 (brs, 2H), 4.39 (d, J = 2.0 Hz,

1H), 4.33 (t, J = 6.0 Hz, 1H ), 4.17 (d, J = 2.0 Hz, 2H), 3.84 (q, J = 6.8 Hz, 2H), 3.73 (t, J

= 60 Hz, 2H), 2.40 (s, 3H), 2.1 (m, 2H), 1.34 (t, J = 7.2 Hz, 3H), 0.89 (s, 9H), 0.05 (s,

6H), "C NMR (100 MHz, CDCl3) 8 157.3, 1524, 152.0, 150.2, 137.1, 131.9, 130.9,

130.2, 129.4, 114.9, 101.7, 91.6, 63.6, 61.2, 41.2, 33.5, 26.1, 21. 4, 18.5, 14.6; EI*-MS

489 [M-Nal", 467 [M+H]".

Bromometylketone-OTBS 2.6 (bmk-OTBS). To a solution of 2.5 (81 mg, 0.17 mmol) in

DMF (2 mL) and H2O (0.006 mL) at -20°C was added NaHCO3 (22 mg, 0.26 mmol). N

bromosuccinimide (31 mg, 0.17 mmol) was added and mixture was stirred at rt in the

dark. After 15 min, the reaction was diluted with ethyl acetate (20 mL) and washed with

Saturated Na2SO3 (1 x 10 mL) and H2O (1 x 10 mL). The organic fraction was dried

over anhydrous Na2SO4, filtered, and concentrated in vacuo. Rapid purification by flash

Column chromatography (1:1 hexanes/ethyl acetate) gave 52 mg (60% yield) of 2.6 as a

ºr
º

■
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yellow solid; R 0.6 (100% ethyl acetate); "H NMR (400 MHz, CDCl3) 88.31 (s, 1H), 7.32

(s, 4H), 4.60 (t, J = 6.8 Hz, 2H), 3.69 (s. 2H), 3.67 (t, J = 6.0 Hz, 2H), 2.43 (2.3H), 2.1

(m, 2H), 0.91 (s, 9H), 0.06 (s, 6H), EI’-MS 519 [M42]", 517 [M]".

Chloromethylketone-OTBS 2.7 (cmk-OTBS). To a solution of 2.6 (318 mg, 0.615 mmol)

in acetone (1 mL) was added saturated LiCl, After 1 h, the reaction was diluted with

ethyl acetate (20 mL) and washed with H2O (1 x 5 mL) and brine (1 x 5 mL). The

organic fraction was dried over anhydrous Na2SO4, filtered, and concentrated in vacuo.

Rapid purification by flash column chromatography (1:1 hexanes/ethyl acetate) gave 291

mg (100% yield) of 2.7 as a yellow solid: R, 0.6 (100% ethyl acetate); "H NMR (400 MHz,

CDCl3) 68.35 (s, 1H), 7.35 (s, 4H), 5.0 (brs, 2H), 4.68 (t, J = 6.8 Hz, 2H), 3.92 (s, 2H),

3.71 (t, J = 6.6 Hz, 2H), 2.48 (s, 3H), 2.01 (m, 2H), "C NMR (100 MHz, CDCl3) & 1915,

185.1, 177.5, 158.8, 155.4, 139.7, 130.6, 130.3, 129.5, 127.8, 124.5, 61.0, 48.2, 41.6,

33.7, 29.6, 25.9, 21.4, 18.3, EI’-MS 497 (M+2+Na]", 495 [M+Na]", 475 [M+2]", 473 [M]".

Bromomethylketone 2.8 (bmk). To a solution of 2.6 (18 mg, 0.035 mmol) in THF (1 mL)

at 0°C was added 1 N HBr (0.33 mL). After stirring for 30 min at 0°C and 2 h at ri, the

reaction was diluted with ethyl acetate (5 mL) and washed with Saturated NaHCO3 (1 x 5

mL) and H2O (1 x 5 mL). The organic fraction was dried over anhydrous Na2SO4,

filtered, and concentrated in vacuo. Purification by preparative HPLC (30-100% MeOH

gradient over 15 min; 10 mL/min, retention time, 11.9 min), afforded 2.8 (bmk) (5 mg,

36% yield) as an off-white solid: "H NMR (400 MHz, CDCl3) d 8.36 (s, 1H), 7.38 (bris,

4H), 5.0 (brs, 2H), 4.66 (t, J = 5.6 Hz, 2H), 3.74 (s, 2H), 3.46 (m, 2H), 2.49 (s, 3H), 2.10

(m, 2H), "C NMR (100 MHz, CDCl3) d 1854, 159.0, 155.6, 1519, 139.9, 1304, 130.3,
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129.5, 128.1, 124.7, 102.1, 57.7, 40.5, 34.3, 32.9, 21.4; ES’-MS 405 [M + 2)", 403 [M]";

HRMS (EI) Calcd for C18H19BrN4O2 402.0691, found 402.0699.

Chloromethylketone 2.9 (cmk). To a solution of the silyl-protected chloromethylketone

(32 mg, 0.067 mmol) in THF (1 mL) at 0°C was added 1 NHCl (0.33 mL). After stirring

for 30 min at 0°C and 2 h at rt, the reaction was diluted with ethyl acetate (5 mL) and

washed with saturated NaHCO3 (1 x 5 mL) and brine (1 x 5 mL). The organic fraction

was dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. Purification by

preparative HPLC (30-100% MeOH gradient over 15 min; 10 mL/min, retention time,

11.2 min), afforded 2.9 (cmk) (11 mg, 46% yield) as a white solid: "H NMR (400 MHz,

CDCl3) d 8.36 (s, 1H), 7.37 (d, J = 8.0 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 5.0 (br s, 2H),

4.67 (t, J = 6.0 Hz, 2H), 3.93 (s, 2H), 3.40 (m, 2H), 2.49 (s, 3H), 2.10 (m, 2H), "C NMR

(100 MHz, CDCl3) d 185.1, 159.1, 155.8, 151.8, 140.0, 130.5, 130.3, 129.5, 128.1,

124.8, 102.1, 57.7, 48.2, 40.6, 32.9, 21.4; ES’-MS 361 [M + 2)", 359 [M]"; HRMS (EI)

Calcd for C18H16CIN4O2 358.1196, found 358.1196.

Methylketone-OTBS 2.10 (mk-OTBS). To a solution of bromide 2.4 (1.46 g, 3.07 mmol)

in toluene (20 mL) was added cº-(ethoxyvinyl)tin (1.24 mL, 3.68 mmol). Argon gas was

bubbled through the solution for 10 min. Tetrakis(triphenylphosphine)palladium (355

mg, 0.307 mmol) was quickly added and mixture was refluxed for 16 h. The solvent was

removed in vacuo and the crude product was dissolved in THF (10 mL) and 1N HCl (3

mL). After stirring for 12 h at room temperature, the reaction mixture was diluted with

ethyl acetate (50 mL) and washed with saturated NaHCO3 (200 mL). The crude product

was extracted from the organic fraction with 1 N HCl (2 x 150 mL). The acidic aqueous

fraction was brought to pH~8 with NaOH and then extracted with ethyl acetate (2 x 150

mL). The combined organic fractions were dried over Na2SO4, filtered, and concentrated
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in vacuo to give 850 mg (85% yield) of the TBS-deprotected ketone as an off-white solid: *

"H NMR (400 MHz, CDCl3) & 8.35 (s, 1H), 7.34 (s, 4H), 4.67 (t, J = 5.6 Hz, 2H), 3.40 (m,

2H), 2.46 (s, 3H), 2.08 (m, 2H), 2.0 (s, 3H). The crude product, which was >95% pure ºr

based on "H NMR, was used in the next reaction without further purification.
-

To a solution of the crude ketone (850 mg, 2.62 mmol) in DMF (15 mL) was º |
added imidazole (450 mg, 6.60 mmol) followed by t-butyldimethylsilyl chloride (474 mg,

3.14 mmol). After stirring for 12 h at room temperature, the reaction mixture was poured

into 150 mL of 10% citrate buffer [pH 4.0] and extracted with ethyl acetate (200 mL).

The organic fraction was washed with brine (1 x 200 mL), dried over Na2SO4, filtered,

and concentrated in vacuo. Purification by flash chromatography (1:1 ethyl

acetate/hexanes) provided 2.10 (876 mg, 76% yield over 3 steps): R. 0.70 (100% ethyl º
º

ºacetate); ‘H NMR (400 MHz, CDCl3) & 8.28 (s, 1H), 7.28 (s, 4H), 5.10 (bris, 2H), 4.60 (t.

J = 6.8 Hz, 2H), 3.66 (t, J = 6.0 Hz, 2H), 2.41 (s, 3H), 1.94 (s, 3H), 0.85 (s, 9H), 0.05 (s,

6H), “C NMR (100 MHz, CDCl3) & 1920, 158.8, 154.9, 151.0, 138.8, 131.7, 130.1,

129.9, 129.7, 123.9, 102.0, 61.1, 41.3, 33.8, 30.9; EI’-MS 439.1 [M+H]".

N-diboc methylketone-OTBS 2.11 (N-diboc mk-OTBS). To a solution of methylketone

2.10 (780 mg, 1.78 mmol) in THF (10 mL) was added (Boc)2O (1.16 g, 5.33 mmol).

DMAP (44 mg, 0.36 mmol) was quickly added and the mixture was stirred for 2.5 h at

room temperature. The reaction mixture was diluted with ethyl acetate (150 mL) and

Washed with 0.5 N HCl (200 mL) followed by brine (200 mL). The organic fraction was

dried over Na2SO4, filtered, and concentrated in vacuo. Rapid purification by flash

chromatography (1:5 ethyl acetate/hexanes) gave 884 mg (78% yield) of 2.11: R, 0.50

(4:1 hexanes/ethyl acetate); "H NMR (400 MHz, CDCl3) 68.51 (s, 1H), 7.17 (s, 4H), 4.70

(t, J = 6.8 Hz, 2H), 3.64 (t, J = 6.0 Hz, 2H), 2.37 (s, 3H), 1.98 (s, 3H), 1.23 (s, 18H), 0.85
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(s, 9H), 0.05 (s, 6H); "C NMR (100 MHz, CDCl3) & 194, 153.8, 150.1, 138.1, 134, 129.9.

129.3, 122, 114, 83.2, 60.7, 41.5, 33.6, 31.2, 27.8, 25.9, 21.3, 18; EI’-MS 639.2 [M+H]".

N-diboc fluoromethylketone 2.12 (N-diboc frnk). A solution of THF (3 mL) and

diisopropylamine (0.32 mL, 2.28 mmol) was cooled to -78°C. n-Butyllithium (2.48 M in

hexanes, 0.657 mL, 1.63 mmol) was added and the reaction mixture was warmed to

0°C. After 30 min, the reaction was cooled to —78°C and 2.11 (800 mg, 1.25 mmol) in

THF (2.5 mL) was added dropwise. The reaction mixture was warmed to 0°C over 20

min, then cooled to —78°C. N-fluorobenzenesulfonimide (631 mg, 2 mmol) in THF (2 mL)

was added dropwise and the reaction mixture was warmed to room temperature. After

25 min, saturated NH4CI (1 mL) was added and the reaction mixture was poured into

saturated NH2Cl (150 mL) and extracted with ethyl acetate (100 mL). The organic

fraction was dried over Na2SO4, filtered, and concentrated in vacuo. The crude product

was dissolved in 3:1 THF/1 N HCl (12 mL). After 3 h at room temperature, the reaction

mixture was diluted with ethyl acetate (100 mL) and washed with saturated NaHCO3

(100 mL) followed by brine (100 mL). The organic fraction was dried over Na2SO4,

filtered, and concentrated in vacuo. Purification by flash chromatography (1:4 ethyl

acetate/hexanes) afforded 2.12 (408 mg, 60% yield over 2 steps) as an off-white solid:

R, 0.50 (100% ethyl acetate); ‘H NMR (400 MHz, CDCl3) 68.91 (s, 1H), 7.24 (d, J = 8

Hz, 2H), 7.20 (d, J = 8 Hz, 2H), 4.70 (t, J = 6.0 Hz, 2H), 4.60 (d, Jº■ e = 47 Hz, 2H), 3.70

(t, 1H), 3.41 (m, 2H), 2.42 (s, 3H), 2.05 (m, 2H), 1.29 (s, 18H), "C NMR (100 MHz,

CDCl3) & 1894 (d. Jer = 19 Hz), 155.25, 1545, 1540, 149.8, 139.2, 131.1, 129.7, 1294,

128.75, 123.5, 114.2, 85.1, 83.5, 83.3, 58.2, 41.0, 32.9, 27.7, 21; LC/MS (LC: gradient 0

100% MeCN (0.1% HCO2H] over 30 min, 0.2 mL/min flow rate, MS. El"): retention time,

15.12 min; purity, 95%; 543.1 [M+H]".

*
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Fluoromethylketone 2.13 (fmk). 2.12 (46 mg, 0.085 mmol) was dissolved in 1 N HCl in

dioxane (1 mL) and stirred for 2 h at 0°C, and 3 h at room temperature. The solvent was

removed in vacuo and the crude product was partitioned between CH2Cl2 (10 mL) and

saturated NaHCO3 (10 mL). The organic fraction was washed with brine (200 mL), dried

over Na2SO4, filtered, and concentrated in vacuo. Purification by flash chromatography

(5% MeOH in CH2Cl2) afforded the desired 2.13 (fmk) (19 mg, 70% yield) as an off

white solid: "H NMR (400 MHz, CDCl3) & 8.37 (s, 1H), 7.38 (d, J = 8 Hz, 2H), 7.34 (d, J =

8 Hz, 2H), 4.95 (brs, 2H), 4.72 (t, J = 5.6 Hz, 2H), 4.62 (d, JHF = 47 Hz, 2H), 3.46 (m,

2H), 2.49 (s, 3H), 2.10 (m, 2H), “C NMR (100 MHz, CDCl3) (partial) & 155.8, 140.0,

130.5, 129.3, 57.7, 40.7, 32.9, 21.4; HRMS (EI) Calcd for C18H19FN4O2 342.1492, found

342.1502; HPLC (gradient 30-100% MeOH over 15 min, 10 mL/min flow rate); retention

time, 10.3 min; purity, 100%.

Pyrrolo[2,3-dipyrimidine 2.14 (scaffold). To a Solution of 2.3 (49 mg, 0.123 mmol) in THF

(3 mL) at 0 °C was added 1 NHCl (0.5 mL). After stirring for 1 h 30 min at 0 °C and 30

min at room temperature, the reaction mixture was diluted with ethyl acetate (10 mL) and

washed with saturated NaHCO3 (1 x 10 mL) and brine (1 x 10 mL). The organic fraction

was dried over anhydrous Na2SO4, filtered, and concentrated in vacuo to provide 35 mg

(100% yield) of 2.14 as a clear film; Compound 2.14 was found to be 99% pure by HPLC

(30-100% MeOH gradient over 15 min; 0.75 mL/min flow rate; retention time for 2.14

was 9.3 min); ‘H NMR (400 MHz, CDCl3) d 8.27 (s, 1H), 7.36 (d, J = 8.0 Hz, 2H), 7.27

(d, J = 8.3 Hz, 2H), 6.91 (s, 1H), 5.4 (brs, 2H), 4.35 (t, J = 5.6 Hz, 2H), 3.46 (t, J = 5.6

Hz, 2H), 2.41 (s, 2H), 1.96 (m, 2H), “C NMR (100 MHz, CDCl3) d 157.2, 1518, 150.6,

137.0, 131.6, 129.7, 128.6, 122.7, 116.6, 100.7, 57.5, 40.6, 33.3, 21.1; HRMS (EI) Calcd

for C18H16N4O2 282.1480, found 282.1477.
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fluoromethylketone carbamate 2.15. To a solution of 2.12 (59 mg, 0.11 mmol) in CH2Cl2

(1 mL) was added DIPEA (0.015 mL, 0.085 mmol), followed by carbonyldiimidazole (14

mg, 0.085 mmol). After stirring for 2 h at room temperature, N-Boc-1,4-diaminobutane

(26 mg, 0.14 mmol) was added. After 3 h, additional N-Boc-1,4-diaminobutane (16 mg,

0.085 mmol) was added and the reaction was stirred for 2 h at room temperature. The

reaction mixture was diluted with ethyl acetate (30 mL) and washed with 0.5 N HCl (10

mL) followed by brine (30 mL). The organic fraction was dried over Na2SO4, filtered, and

concentrated in vacuo. Purification by flash chromatography (3:2 ethyl acetate/hexanes)

gave 57 mg (69% yield) of 2.15: R, 0.50 (100% ethyl acetate); "H NMR (400 MHz,

CDCl3) & 8.94 (s, 1H), 7.27 (d, J = 8 Hz, 2H), 7.23 (d, J = 8 Hz, 2H), 4.84 (m, 2H), 4.66

4.63 (d, JHF = 4.7 Hz, 2H), 4.13 (m, 2H), 3.06 (m, 4H), 2.46 (s, 3H), 2.16 (m, 2H), 1.42 (s,

9H), 1.42 (m, 4H), 1.31 (s, 18H), LC/MS (LC: gradient 0-100% MeCN (0.1% HCO2H)

over 30 min, 0.2 mL/min flow rate, MS: El"): retention time, 17.69 min; purity, >95%;

757.2 [M+H]".

flouromethylketone-biotin 2.16 (fmk-biotin). To a solution of 2.15 (20 mg, 0.026 mmol) in

CH2Cl2 (0.3 mL) was added TFA (0.3 mL) at 0°C. After slowly warming the reaction

mixture to room temperature over a period of 2 h, solvent was removed in vacuo. A

portion of the crude boc-deprotected product (5.6 mg, 0.0084 mmol) was dissolved in

DMF (0.1 mL). Biotin-NHS (5 mg, 0.01 mmol) was added followed by DIPEA (3.9 mg,

0.03 mmol). After stirring for 12 h at room temperature, the reaction mixture was

Concentrated in vacuo. Purification by preparative HPLC (30-100% MeOH gradient over

15 min; 10 mL/min) afforded the desired 2.16 (fmk-biotin); ‘H NMR (400 MHz, CDCl3)

68.27 (s, 1H), 7.37 (d, J = 8 Hz, 2H), 7.31 (d, J = 8 Hz, 2H), 6.59 (br's, 1H), 6.02 (brs,

1H), 5.22 (bris, 1H), 4.73 (t, 2H), 4.63 (d, Jºe = 47 Hz, 2H), 4.50 (t, 1H), 4.38 (m, 1H),

4.13 (2H), 3.21 (4H), 2.94 (dd, J = 14 Hz, J = 4 Hz, 1H), 2.72 (d, J = 12 Hz), 2.48 (s, 3H),
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2.16 (m, 2H), 0.90-0.70 (m, 6H) [Note: some protons not accounted for because they are

underneath large solvent peak -1.5 ppm).

Chloromethylketone enol carbonate 2.17. To a solution of 2.7 (50 mg, 0.11 mmol) in

THF (0.60 mL) was added (Boc)2O (210 mg, 0.420 mmol), followed by DMAP (6.5 mg,

0.053 mmol). After stirring for 2h 40 min at rt, the mixture was diluted with ethyl acetate

(5 mL) and washed with 10% citrate buffer pH 4.0 (1 x 5 mL) and brine (1 x 5 mL). The

organic fraction was dried over anhydrous Na2SO4, filtered, and concentrated in vacuo to

provide 62 mg of the crude enol carbonate silyl ether. This compound was dissolved in

THF (1 mL) and treated at 0°C with 1 N HCl (0.33 mL). After 3 h, the reaction was

diluted with ethyl acetate (5 mL) and washed with saturated NaHCO3 (1 x 5 mL) and

brine (1 x 5 mL). The organic fraction was dried over anhydrous Na2SO4, concentrated,

and purified by flash column chromatography (50-100 % hexanes/ethyl acetate) to

provide 2.17 (49 mg, 84% over two steps). R, 0.40 (1:1 hexanes/ethyl acetate); ‘H NMR

(400 MHz, CDCl3) & 8.83 (s, 1H), 7.35 (d, J = 8 Hz, 2H), 7.16 (d, J = 8 Hz, 2H), 5.88 (s,

1H), 4.50 (t, 2H), 3.52 (t, 3H), 2.40 (s, 3H), 2.0 (m, 2H), 1.49 (s, 9H), 1.28 (s, 18H).

Chloromethylketone carbamate 2.18. 2.17 (51 mg, 0.077 mmol) was azeotropically

dried with toluene under high vacuum and dissolved in CH2Cl2 (0.5 mL). DIPEA (0.015

mL, 0.085 mmol) was added, followed by 1,1'-carbonyldiimidazole (14 mg, 0.085 mmol).

After stirring for 1 h at rt, N-Boc-1,4-diaminobutane (16 mg, 0.085 mmol) was added.

After 5 h 40 min, and additional 1.1 equivalents of N-Boc-1,4-diaminobutane (16 mg,

0.085 mmol) was added. After 8 h, the reaction was diluted with ethyl acetate (5 mL)

and washed with 10% sodium citrate buffer (1 x 5 mL) and brine (1 x 5 mL). The organic

fraction was dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. Rapid

purification by flash chromatography (1:1-2:1 ethyl acetate/hexanes) gave 43 mg of the
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N-boc-protected carbamate, which was used immediately in the next step. To a solution

of the boc-protected carbamate (43 mg, 0.056 mmol) in CH2Cl2 (0.8 mL) at 0°C was

added TFA (0.7 mL). After warming to room temperature and stirring for 3 h, solvents

were removed in vacuo to yield 26 mg (73% over three steps) of 2.17 as the TFA salt,

EI'-MS 497 (M+2+Na]", 495 [M+Na]", 475 [M+2]", 473 [M]".

Chloromethylketone-biotin 2.19 (cmk-biotin). To a solution of 2.18 (9 mg, 0.02 mmol) in

DMF (0.1 mL) at rt was added Biotin-NHS (13 mg, 0.038 mmol), followed by DIPEA

(0.007 mL, 0.04 mmol). After 24 h, the crude mixture was purified directly by preparative

HPLC (30-100% MeOH gradient over 15 min; 10 mL/min, retention time, 12.2 min) to

afford 9 mg (70% yield) of 2.19 (cmk-biotin) as a white solid; El’-MS 723 [M+2+Na]", 721

IM+Na)". "H NMR (400 MHz, CDCl3) & 8.27 (s, 1H), 7.38 (d, J = 8 Hz, 2H), 7.35 (d, J = 8

Hz, 2H), 6.46 (bris, 1H), 6.09 (br s, 1H), 4.70 (t, J = 8 Hz, 2H), 4.49 (m, 1H), 4.34 (m,

1H), 4.12 (t, J = 8 Hz, 2H), 3.93 (s, 2H), 3.70 (m, 2H), 3.24 (m, 2H), 2.88 (m, 1H), 2.73

2.65 (m, 2H), 2.48 (s, 3H), 2.31 (t, J = 8 Hz, 2H), 2.15 (m, 4H), 1.70-1.62 (m, 4H). [Note:

Some protons not accounted for because they are underneath large solvent peak -1.5

ppm).

Chloromethylketone-BODIPY 2.20 (cmk-BODIPY). To a solution of 2.18 (4 mg, 0.008

mmol) in DMF (0.1 mL) at room temperature was added BODIPY FL-NHS (5 mg, 0.009

mmol), followed by DIPEA (0.003 mL, 0.016 mmol). After 24 h in the dark, the solvents

were removed in vacuo and the mixture was purified by flash chromatography (10:1

CH2Cl2/MeOH) to give 2.20 (cmk-BODIPY) as a red solid in quantitative yield: "H NMR

(400 MHz, CDCl3) 8 11.2 (brs, 2H), 8.23 (s, 1H), 8.00 (s, 1H), 7.37 (d, J = 8 Hz, 2H),

7.30 (d, J = 8.4 Hz, 2H), 7.1 (s, 1H), 6.86 (d, J = 3.6 Hz, 1H), 6.23 (d, J = 3.6 Hz, 1H),

6.10 (s, 1H), 5.80 (m, 2H), 4.70 (t, 2H), 4.04 (t, 2H), 3.92 (s, 2H), 3.68 (m, 2H), 3.25-3.06
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(m, 6H), 2.68 (s), 2.60 (t, J = 7.6 Hz, 2H), 2.53 (s, 3H), 2.46 (s, 3H), 2.23 (s, 3H), 2.1 (m,

2H), 146-1.37 (m, 10H); EI*-MS 884 [M+2+Na]", 882 [M+Na]".

Cell culture and retroviral transfection. NIH-3T3, HEK-293, and COS-7 cells were

cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal

bovine serum. pHabe-puro retroviral vectors encoding WT and V281C v-Src were

transfected into the Phoenix packaging cell line to obtain retroviruses, which were used

to infect NIH-3T3 cells with puromycin selection (2.0 mg/mL) for 10 days *. Both v-Src

constructs also contained an 1338T gatekeeper mutation. All mutations were introduced

by QuikChange mutagenesis (Stratagene) and confirmed by sequencing.

In vitro kinase assays: RSK2 CTD. The pFT28b expression vector encoding Hiss

RSK2 CTD (aa 415-740) was provided by Yuguo Feng and Tom Alber (University of

California, Berkeley). The Hiss-ERK2 expression vector was provided by Melanie Cobb

(University of Texas, Southwestern). Both kinases were expressed (separately) in E.

Coli and purified by immobilized nickel affinity chromatography. WT, C436V, and T493M

RSK2 CTDs (500 nM) were activated by Hiss-ERK2 (~500 nM) in 20 mM Hepes (pH

8.0], 10 mM MgCl2, 2 mM tris(2-carboxyethyl)phosphine (TCEP), and 200 uM ATP for 1

hour at 30°C. Activated RSK2 CTDs (1 nM) in 20 mM Hepes (pH 8.0), 10 mM MgCl2, 2

mM tris(2-carboxyethyl)phosphine (TCEP), 0.2 mg/mL BSA, and 100 um ATP were

preincubated with inhibitor (seven concentrations, in triplicate) for 30 min at rt. Kinase

reactions were initiated by the addition of 5 uCi of ■ y-*PATP (6000 Ci/mmol, NEN) and

100 uM peptide substrate (RROLFRGFSFVAK, CTD-tide) *, and performed for 20 min

at ■ t. Kinase activity was determined using the standard disk phosphocellulose assay,
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based on counts per minute (cpm) of *P transferred to the peptide susbtrate. Data were

fit using PRISM 4.0 to obtain IC50 values (expressed as the mean # S.D.).

Labeling of RSK2 CTD with frnk-biotin. RSK2 CTDs (2 nM) were treated with biotin

fmk (1 uM) for 1 hour in the presence of 2 nM ERK2, 20 mM Hepes (pH 8.0), 10 mM

MgCl2, 2m M TCEP, 0.2 mg/mL BSA, and 100 uM ATP. In a separate experiment, WT

RSK2 CTD was first treated with 0.5 mM unlabeled frnk before adding biotin-fmk. The

labeling reaction was terminated by the addition of Laemmli sample buffer. Proteins

were separated by 10% SDS-PAGE and transferred to nitrocellulose. The blot was

probed with 1:5,000 streptavidin-HRP followed by enhanced chemiluminescence (ECL)

detection, then reprobed with 1:1,000 Hiss-HRP antibody (Pierce).

Labeling of endogenous RSK1/2 with frnk-biotin in HEK-293 cell lysates.

Preparation and labeling of HEK-293 cell lysates. HEK-293 cells were lysed at 4°C (20

mM Hepes (pH 7.4] and 200 mM NaCl, protease inhibitor cocktail). Lysis was achieved

by mechanical force using a syringe equipped with a 28G needle. The lysates were

Clarified by centrifugation at 12,000 rpm for 20 min. Clarified lysates were applied to a

Nap5 column (Amersham) equilibrated with 20 mM Hepes (pH 7.4] and 200 mM NaCl.

To remove endogenous biotinylated proteins, 1 mL of lysate (4 mg/mL total protein) was

incubated with 100 ul of streptavidin-conjugated agarose beads (Pierce) overnight at

4°C. Precleared lysates (30 ul, 120 ug total protein) were pretreated with increasing

Concentrations offmk for 1 hour followed by fmk-biotin (1 uM) for 1 hour at rt. Labeling

was terminated by the addition of 30 ul of Laemmli sample buffer. Proteins were

Separated by 10% SDS-PAGE and transferred to nitrocellulose. Total protein was
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visualized by staining the blot with Ponceau S. After destaining and blocking with 5%

milk, the blot was probed with 1:5,000 streptavidin-HRP, followed by ECL detection.

Immunodepletion of biotinylated proteins with monospecific antibodies against RSK1

and RSK2. HEK-293 cell lysate (4 mg/mL, 200 ul, depleted of endogenous biotinylated

proteins) was treated with frnk-biotin (1 uM) for 1 hour at rt, followed by the addition of

1% NP40 and 0.01% SDS (final concentrations). The lysate was incubated with 2 ug of

either rabbit IgG (Sigma), a RSK2 monoclonal antibody (Santa Cruz Biotechnology), or

affinity purified RSK1 polyclonal antibodies (Santa Cruz Biotechnology) for 2 hours at

4°C, followed by incubation with 25 ul Protein G/Sepharose (Amersham) overnight at

4°C. The immune complexes were washed three times with 20 mM Hepes (pH 7.4], 200

mM NaCl, 1% NP40, and 0.01% SDS and once without detergent, resuspended in 200

ul SDS sample buffer (2x), and boiled for 10 min. To 50 ul of the supernatants from

each condition was added 50 ul of Laemmli sample buffer. Proteins were separated by

10% SDS-PAGE and transferred to nitrocellulose. The blot was probed with 1:5,000

streptavidin-HRP, followed by ECL detection. The blot was reprobed sequentially with

1:1,000 RSK1 and RSK2 antibodies.

EGF-stimulated autophosphorylation of endogenous RSK2. Confluent COS-7 cells

(1 x 10 cm plate per experimental condition) were deprived of serum for 20 hours and

Subsequently treated with the indicated concentrations of frnk for 90 min at 37°C. After

stimulation for 10 min with EGF (1 ng/mL), cells were washed with cold PBS, and lysed

at 4°C (RSK lysis buffer: 50 mM Tris (pH 74), 1% NP40, 5 mM EDTA, 150 mM NaCl,

10% glycerol, protease inhibitor cocktail, and phosphatase inhibitor I/II cocktail (Sigma)).

Clarified lysates (1 mg total protein) were incubated with a monoclonal RSK2 antibody (2

ug) for 2 hours at 4°C, followed by incubation with Protein G/Sepharose for 1 hour.
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Immunoprecipitates were analyzed by Western blot with a phospho-Ser386 RSK

antibody (Cell Signaling Technology; called "Ser380" based on RSK1 numbering).

Aliquots of the initial cell lysates were also analyzed by Western blot with phospho

Thr202/Tyr204 ERK1/2 antibody (Cell Signaling Technology). Blots were reprobed with

RSK2 or ERK1/2 (Cell Signaling Technology) antibodies.

Expression of HA-tagged RSK2 and MSK1 in COS-7 cells. Wild-type pNT2

expression vectors encoding HA-tagged RSK2 and MSK1 were provided by Christian

Bjorbaek (Harvard Medical School) and Martin Frodin (Glostrup Hospital, Denmark),

respectively. Confluent COS-7 cells were transfected with Lipofectamine 2000

(Invitrogen). 24 hours post-transfection, cells were deprived of serum for 3 hours and

then treated with the indicated concentrations of frnk. Cells were stimulated with EGF

(150 ng/mL) for 25 min, washed with cold PBS, and lysed in Laemmlisample buffer (200

ul■ well). Proteins were separated by 10% SDS-PAGE and analyzed by Western blot

with phospho-Ser386 RSK or phospho-Ser10 histone H3 antibodies (Upstate). Blots

were reprobed with the 12CA5 monoclonal HA antibody (Roche).

In vitro kinase assays: Fyn. Wild-type (WT) and V285C Fyn were expressed in E. coli

(BL21-DE3) as glutathione S-tranferase (GST) fusions as described previously *. For

IC50 determinations, WT and V285C Fyn (in 50 mM Tris (pH 8.0], 10 mM MgCl2, and 1

mg/mL BSA) were pretreated with varying concentrations of the inhibitors for 30 min in

the presence of 100 uM ATP. Kinase reactions were initiated by the addition of 100 um

peptide substrate (LEE|YGEFKKK) and 1 uCi of ■ y-*PATP (6000 Ci/mmol, NEN) and

performed for 15 min at rt. Kinase activity was determined using the standard disk

phosphocellulose assay, based on counts per minute (Cpm) of *P transferred to the

peptide susbtrate *.
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PMA-stimulated histone H3 phosphorylation in nontransfected NIH-3T3 cells.

Confluent NIH-3T3 cells were deprived of serum for 24 hours and then treated with frnk

(10 uM) or DMSO for 90 min. Cells were stimulated with PMA (100 ng/mL) for 20 min,

washed with cold PBS, and lysed in NIB containing 0.65% NP-40, 0.1% B

mercaptoethanol, protease inhibitor cocktail, and phosphatase inhibitor I/II cocktail. The

lysates were clarified by centrifugation at 3,000 rpm for 5 min. The supernatant was

removed and the resulting pellet was resuspended in 50 ul 0.2 N HCl. After incubation

for 30 min at 0°C, lysates were clarified by centrifugation at 13,000 rpm for 10 min.

Proteins were separated by 12.5% SDS-PAGE and analyzed by Western blot with

phospho-Ser10 histone H3 antibodies. Total histones were visualized by staining the

blot with Ponceau S.

Inhibition of v-Src.: global tyrosine phosphorylation. NIH-3T3 cells stably

expressing either WT or V281C v-Src were treated with the indicated concentrations of

Cmk or frnk for 1 hour. Cells were washed with PBS and lysed at 4°C (Src lysis buffer:

1% NP-40, 50 mM Tris (pH 7.4], 2 mM EDTA, 150 mM NaCl, 2 mM sodium

Orthovanadate, protease inhibitor cocktail (Roche Diagnostics), and phosphatase

inhibitor || cocktail (Sigma)). Proteins were separated by 10% SDS-PAGE and analyzed

by Western blot with the 4G10 monoclonal antibody (Upstate). The blot was stripped

and reprobed with a monoclonal actin antibody (Sigma).

Morphological reversion of v-Src-expressing cells. NIH-3T3 cells expressing either

WT v-Src or V281C v-Src were grown on coverslips and treated with cmk (1 um) for 16

hours. Cells were fixed with 4% formaldehyde in cytoskeleton buffer with sucrose (CBS:
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10 mM MES [ph 6.10], 138 mM KCI, 3 mM MgCl2, 2 mM EGTA, and 320 mM sucrose)

for 20 min. Cells were rinsed with TBS, permeabilized in TBS-0.5% Triton-X-100 (TBS

TX) for 10 min, and blocked in TBS-TX with 2% BSA for 10 min. Cells were then

incubated with FITC-phalloidin (1 ug/mL) for 20 min and DAPI (5 ug/mL) for 10 min.

Cells were imaged with an Olympus IX-70 fluorescence microscope and a cooled CCD

camera (Coolsnap HQ Monochrome). Images were processed with Metamorph

software (Universal Imaging). For each condition, 100-200 cells were scored for the

presence of actin stress fibers.

Labeling of V281C v-Src by cmk-biotin. NIH-3T3 cells expressing either V281C or

WT v-Src were treated with increasing concentrations of cmk at 28°C. After 2 h, cells

were washed with PBS, counted to normalize, and lysed at 4°C (Src lysis buffer: 1% NP

40, 50 mM Tris pH 7.4, 2 mM EDTA, 150 mM NaCl, 2 mM sodium orthovanadate,

protease inhibitor cocktail tablet (Roche Diagnostics)). The lysates were clarified by

Centrifugation at 13,000 rpm for 15 min (typical lysate volume was 300 ul). Cmk-biotin

(2 p.M) was added to the lysates for 1 h at ri. 3-mercaptoethanol (BME) (10 mM) was

added for 10 min to quench excess cmk-biotin, followed by SDS (0.1%). Treated lysates

Were incubated with 1 ug of anti-v-Src antibody (generous gift from K. Shah, Novartis

Institute) for 2 h at 4°C, followed by incubation with 1 ug rabbit anti-mouse IgG antibody

(Jackson) for 1 h. Lysates were then incubated with 40 ul of 50% Protein A sepharose

slurry (Amersham) for 1 h at 4°C. The immune complexes were washed with Src lysis

buffer (3 x 200 ul), resuspended in sample buffer (100 ul), and boiled for 5 min.

Immune complexes were separated on a 10% SDS-PAGE and transferred to

nitrocellulose membranes. After blocking membranes were probed with either 1:5,000

streptavidin-HRP antibody (Santa Cruz biotech.) in 10 mg/mL BSA for 1 h at rt or 1:500
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anti-v-Src antibody in AbDil for 1 h at rt. Enhanced chemiluminescence (Pierce) was

used for antibody detection.

Labeling of NIH-3T3 cells with cmk-BODIPY. Confluent NIH-3T3 cells (1 x 10 cm plate

per experimental condition) stably expressing either WT or V281C v-Src were treated

with cmk (3 uM) or DMSO for 10 min at 37°C, followed by treatment with cmk-BODIPY

(1 uM) for 10 min. Cells were washed with cold PBS and frozen in liquid nitrogen.

Detergent lysates were prepared by extracting cell pellets with 1% NP-40 buffer (50 mM

Tris (pH 7.4], 1% NP40, 5 mM EDTA, 150 mM NaCl, 10% glycerol, protease inhibitor

cocktail, and phosphatase inhibitor I/II cocktail). Proteins (40 ug/lane) were separated

by 10% SDS-PAGE, and BODIPY-labeled proteins were detected with a Typhoon gel

scanner. Lysates were analyzed in parallel by Western blot with the 327 monoclonal v

Src antibody.
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Chapter 3

A clickable inhibitor reveals
context-dependent
autoactivation of p90 RSK
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ribosomal protein S6 kinases (RSK) integrate and respond to signaling

ugh two catalytic domains. Autophosphorylation of Ser386 by the regulatory

kinase domain (CTD) is thought to be essential for activation of the N

hase domain (NTD), which phosphorylates multiple downstream targets'. We

Jorted frnk, an irreversible inhibitor of the CTD of RSK1 and RSK2°. Here, we

propargylamine variant (fmk-pa), which has improved cellular potency and a

tag for assessing the extent and selectivity of covalent RSK modification. In

cells, frnk-pa achieved selective and saturable modification of endogenous

RSK2, revealed by copper-catalyzed conjugation of an azidoalkyl reporter

ion). Saturating concentrations of frnk-pa inhibited Ser386 phosphorylation

tream signaling in response to phorbol ester stimulation, but had no effect on

ation by lipopolysaccharide. RSK autoactivation by the CTD is therefore

pendent, suggesting that NTD and CTD inhibitors will have distinct

al effects.
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Introduction

RSK are serine/threonine kinases that are activated by signaling inputs from

extracellular regulated kinase” (ERK) and phosphoinositide-dependent kinase 1

(PDK1)”. ERK phosphorylates and activates the CTD, which can autophosphorylate

Ser386 (RSK2 numbering) in a hydrophobic motif, most likely via an intramolecular

mechanism”. The phosphorylated hydrophobic motif serves as a docking site for

PDK1°, which phosphorylates and activates the NTD, resulting in the phosphorylation of

all known RSK substrates” . CTD-medated phosphorylation of the hydrophobic motif

is thought to be essential for RSK function, as Ser386Ala (RSK2) and Ser381Ala (RSK1)

mutants do not support NTD-mediated signaling”. However, overexpression of CTD

kinase-inactive” or deletion” mutants of RSK2 results in constitutive Ser386

phosphorylation (albeit with reduced NTD activity), suggesting that hydrophobic motif

phosphorylation can occur in the absence of the CTD. Whether a CTD-independent

activation pathway exists for endogenous RSK remains unknown.

Using a structural bioinformatics approach, we recently designed frnk, the first

Selective inhibitor of the CTD of RSK1 and RSK2°. Frnk exploits two selectivity filters in

the ATP-binding site: a cysteine and a threonine that together are found only in the RSK

CTD. A biotinylated derivative of frnk selectively modified RSK1 and RSK2 in cell

lysates, but this probe was inappropriate for targeting RSK in intact cells due to reduced

membrane permeability and the presence of abundant endogenously biotinylated

proteins. To extend the utility offmk as a cellular probe of RSK CTD-mediated signaling,

We sought a tagged membrane-permeable derivative. This probe would allow us to

determine the selectivity of covalent modification in intact cells, as well as the

relationship between CTD inactivation and hydrophobic motif phosphorylation in

endogenous RSK.
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Results and Discussion

A fluorescent derivative offmk is not effective in cells

We initially synthesized frnk-BODIPY, a derivative of frnk containing a

membrane-permeable fluorescent tag (Scheme 3-1, synthesized using the same route

to frnk-biotin). The primary hydroxyl group offmk was chosen as the attachment site for

the BODIPY tag since a homology model of frnk bound to the CTD of RSK2 suggested

this position is partially solvent exposed.

NH2

a,b F

2.14 —- {} NN*N o o
22 O‘( / ?"2-n

O’ H

3.1 (fmk-BODIPY)

Scheme 3-1. Synthesis of frnk-BODIPY. Reagents and conditions: a TFA, CH2Cl2; b. BODIPY FL-NHS,
DIPEA, DMF (71% yield over 2 steps).

Fmk-BODIPY irreversibly modified RSK2 CTD, as shown by denaturing gel

electrophoresis followed by in-gel fluorescence detection (Figure 3-1a). Unfortunately,

fmk-BODIPY was ~100-fold less potent than frnk at inhibiting RSK2 CTD kinase activity

in vitro (IC50 values of 1.7 g M versus 0.015 u/, respectively) and exhibited similarly

reduced potency in cellular assays. Compared to frnk, which inhibited phorbol myristate

acetate (PMA)-induced Ser386 phosphorylation with an EC50 of ~150 nM (Figure 3-1b).

fmk-BODIPY weakly inhibited this phosphorylation event, with an EC50 of ~10 um

(Figure 3-1c). Fluorescent bands corresponding to RSK were detected in lysates from

Cells treated with frnk-BODIPY, but saturation of RSK was not achieved. Moreover, we

detected extensive off-target modification at concentrations offmk-BODIPY above 1 um

(Figure 3-1d).
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+ + + + + + ■ mk-BODIPY (3 um) b - + + + + + PMA (0.1 ■ ug/mL)
0 .1 .3 1

)03 01 03_1_3_1_fmk (uM) 0 03 .1 3 1 ■ mk (uN)

----
|nuorescence |----Clwb ps386 RSk

------we RSK2 E------we RSK,

+ - + + + PMA (0.1 ug/mL) d fmk-BODIPY (uM) fmk-BODIPY (um)
O 3 1 3 10 ■ mk-BODIPY (uM) 0 0.3 1 3 10 0 0.3 1. 3 10

-- - E WB: pS386 200
116----we RSK2 97

66

45

31

21

fluorescence Coomassie

mk-BODIPY irreversibly targets RSK, but displays only modest selectivity and potency in cells.
labeling of RSK2 CTD by fmk-BODIPY, RSK2 CTD was treated with the indicated

s of unlabeled frnk for 1 h and subsequently with 3 um fmk-BODIPY for 1 h. Proteins were
0% SDS-PAGE and detected by in-gel fluorescence scanning, followed by Western blotting
dy to RSK2. (b) Inhibition of PMA-stimulated RSK Ser386 phosphorylation by fmk. HEK-293
rived of serum for 2 h and treated with the indicated concentrations of frnk for 1 h. Cells were
n PMA (100 ng/mL) for 30 min and harvested in PBS. Proteins were resolved by 10% SDS
ected by Western blotting with antibodies to phospho-Ser386 RSK and total RSK2.
mk-BODIPY on PMA-stimulated RSK Ser386 phosphorylation. HEK-293 cells were deprived

h and subsequently treated with the indicated concentrations of frnk-BODIPY for 1 h. Cells
2d with PMA (100 ng/mL) for 30 min and harvested in phosphate buffered saline (PBS).
resolved by 10% SDS-PAGE and detected by Western blotting with antibodies to phospho

and RSK2. (d) Selectivity of protein modification by fmk-BODIPY in intact cells. Proteins in
m (c) were resolved by 10% SDS-PAGE and detected by in-gel fluorescence scanning (left)
e blue staining (right).

RSK and off-target proteins was nearly abolished when cells were treated

DIPY in media containing 10% serum (Figure 3-2), whereas the inhibitory

mk itself was unchanged in serum-containing media (unpublished results).

sized that the large, hydrophobic BODIPY tag not only interfered with RSK

also promoted non-specific modification of cellular proteins. We therefore

s intrusive tag that could be bioorthogonally conjugated to a fluorescent

r covalent modification of RSK.
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'igure 3-2. Covalent modification of RSK by fmk-pa is unaffected by serum in the incubation medium,
whereas covalent modification by fmk-BODIPY is significantly decreased. HEK-293 cells were treated with
ither frnk-pa (0.3 uM) or frnk-BODIPY (3 uM) in the presence or absence of 10% fetal bovine serum (FBS)
or 1 h. Cells were harvested in PBS and click reactions were performed in lysates from frnk-pa treated cells
with TAMRA-N3 for 1 h. Proteins were resolved by 10% SDS-PAGE and detected by in-gel fluorescence
canning (left). Total protein was visualized by Coomassie blue staining (right).

Slick chemistry to the rescue

Biodrthogonal conjugation methods have been used to identify protein targets of

13-15 14-18"reversible inhibitors added to cell lysates”, intact cells”, and animals”. The

:lick reaction, in which copper(I) catalyzes a [3+2] azide/alkyne cycloaddition to yield a

table triazole, is particularly effective. We therefore synthesized a clickable RSK |

nhibitor in a three-step sequence involving the formation of a mesylate intermediate 3.2,

ollowed by SN2 displacement with propargylamine and N-boc removal to yield 3.3 (fmk

a) (Scheme 3-2).

(Boc)2N NH2 '...',
F F -- :

2.12 —- { SPN -*-- {} N *

N”-N \o º
O

t

MsC) N/TH
3.2 3.3 (fmk-pa) º

*

cheme 3-2. Synthesis offmk-pa. Reagents and conditions: a methanesulfonyl chloride, DIPEA, CH2Cl2: s:
propargylamine (neat); c. TFA, CH2Cl2 (33% yield over 3 steps). sº
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2 CTD was treated with frnk-pa, followed by conjugation to a tetramethylrhodamine

3 reporter (TAMRA-N3) using click chemistry (see Experimental). Saturable

ing of RSK2 CTD was achieved by fmk-pa, as determined by in-gel fluorescence

ning (Figure 3-3a). Frnk-pa prevented labeling of RSK2 CTD by fmk-BODIPY

ire 3-3a) and inhibited CTD kinase activity in vitro with similar potency to frnk (ICso

is of 0.021 uM versus 0.015 uM, respectively).
a b

+ + + + + + + ■ mk-BODIPY (3 HM) - + + + + + PMA (0.1 mg/mL)
0 003 .01 .03 - 1 3 1 fmk-pa (uNT) 0 0 01 03 1 3 ■ mk-pa (uNT)

TAMRA C-EwB ps386== BODIPY E----|WB RSK2

frnk-pa (uM) frnk-pa (uNT)
0 01.03 .1 .3 0 0 1 03 it 3

200
116
97

66

5000

4000

3000

2000
45

1000

0.0 0.1 0.2 0.3

■ mk-pa (uN■ )

31

21
-

fluorescence Coomassie

e IP, RSK2 |P:RSK1

O 3 30 300 frnk-pa (nM) 0 3 30 300 ■ mk-pa (nM)
fluorescence fluorescenceCT

E---Rsk. Cºrsº
3-3. Irreversible, selective, and potent inhibition of RSK by fmk-pa. (a) Click chemistry-mediated

on of RSK2 CTD. RSK2 CTD was treated with the indicated concentrations offmk-pa for 1 h followed
M frnk-BODIPY for 1 h. After click conjugation with TAMRA-N3 (see Methods), proteins were resolved
% SDS-PAGE and detected by sequential in-gel fluorescence scanning using filters specific for
A and BODIPY. (b) Effect offmk-pa on PMA-stimulated Ser386 RSK phosphorylation. HEK-293 cells
eprived of serum for 2 h and subsequently treated with the indicated concentrations offmk-pa for 1 h.
were stimulated with PMA (100 ng/mL) for 30 min and processed as described in Figure 3-1b,c. (c)
vity of protein modification by fmk-pa in intact cells. Cell lysates from (b) were subjected to click
ation with TAMRA-N3. Proteins were resolved by 10% SDS-PAGE and detected by in-gel
cence scanning (left) and Coomassie blue staining (right). (d) Quantification of fluorescent bands in
) Fmk-pa covalently modifies RSK1 and RSK2 in intact cells as determined by click chemistry. HEK
Ils were treated with the indicated concentrations of fmk-pa for 1 h and harvested in PBS. Clarified
(0.7 mg total protein) were incubated with 2 ug of either RSK2 or RSK1 antibodies for 2 h at 4°C,

d by incubation with 25 pil of Protein G/Sepharose (30 ul of 50% slurry in PBS) for 3 h at 4°C. The
Oprecipitates were subjected to the click reaction with TAMRA-N3 for 1 h. Proteins were resolved by
DS-PAGE and detected by in-gel fluorescence scanning, followed by Western blotting with antibodies
1 and RSK2.
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In contrast to frnk-BODIPY, fmk-pa was even more potent than frnk at inhibiting

RSK Ser386 phosphorylation in HEK-293 cells (EC50 - 30 nM, Figure 3-3b). The five

fold increase in cellular potency of frnk-pa compared to frnk (EC50 - 150 nM, Figure 3

1b) may be due to increased membrane permeability or increased potency toward full

length endogenous RSK, since the two inhibitors are equipotent against RSK2 CTD

activity in vitro. The extent and selectivity of covalent modification of RSK by fmk-pa

was examined by performing the click reaction in lysates prepared from the above

treated cells. Labeling of RSK1 and RSK2 by fmk-pa was remarkably specific, as

indicated by the prominent fluorescent bands at ~90 kD (Figure 3-3c). The identities of

these bands were confirmed as RSK1 and RSK2 by immunoprecipitation with Specific

antibodies (Figure 3-3e). Importantly, the extent of covalent modification correlated with

inhibition of Ser386 phosphorylation. Maximum labeling and inhibition were achieved at

100 nM frnk-pa (Fig. 3-3b-d), although even saturating concentrations of frnk-pa failed to

block Ser386 phosphorylation completely. In contrast to fmk-BODIPY, covalent

modification and inhibition of RSK in intact cells were unaffected by the presence of 10%

Serum in the incubation medium (Figure 3-2). Together, these results demonstrate the

advantage of click chemistry as an alternative labeling strategy in cases where direct

conjugation of a reporter tag to an irreversible inhibitor reduces potency and promotes

non-specific protein modification.

Fmk-pa reveals a parallel pathway for phosphorylation of ribosomal protein s5

Having demonstrated selective and saturable modification of endogenous RSK

by fmk-pa, we next tested whether RSK CTD activity is required for phosphorylation of

ribosomal protein S6 (rpS6), an essential component of the 40S ribosomal subunit

involved in translation initiation and regulation of cell size". Until recently,

phosphorylation of rpS6 at Ser235/236 was thought to be mediated exclusively by p70

92



§º" and 2

ºterara

rºº
ºf Ho

ºn wº

:* Thesees

■ ºundertº■ :

:

—
---

º

º

■

"Mºnº
-

mºst Üntent



S6 kinases 1 and 2 (S6K1 and S6K2), the activation of which requires another protein

kinase, the mammalian target of rapamycin (mTOR, which exists in cells as part of two

protein complexes, mTOR/rapator (rapamycin sensitive) and mTOR/rictor (rapamycin

insensitive))”. However, in cells derived from S6K1/S6K2 double knockout mice, rpS6

phosphorylation was still observed and was sensitive to pharmacological inhibition of

ERK". These results led to the proposal that p90 RSK might promote phosphorylation

of rpS6 under certain conditions”.

a + 300 nM frnk-pa b
- + + + + + + + + + + + + PMA (0.1 |Ig/mL)
0 0 13 1 3 10 30 3 1 3 10 30 O rapamycin (n!M)
|------- - ** - -] WB. pS235/236 ■ pS6
T-E----EE|WB. pS386 RSK
EE---|WB. RSK2 i

rapamycin (nW)

9 - + 1 + + PMA (0.1 ug/mL) d + 300 nM fink-pa
0 0 .01 .1 1 fmk-pa (11M) 0 1 3 10 30 1 3 10 30 0 rapamycin (nM)

WB. pS235/236 ■ pS6 WB. pS235/236 ■ pS6

E----|WB. p■ 389 Sok E-TWB ps386 RSK
CWB. pS386 RSK |----------|WB. RSK2|-----w8 RSK2

Figure 3-4. Frnk-pa reveals a RSK CTD-dependent pathway for rpS6 phosphorylation. (a) Effects of
rapamycin and fmk-pa on rpS6 phosphorylation. Serum-starved HEK-293 cells were treated with the
indicated concentrations of rapamycin in the absence (left lanes) or presence (right lanes) of 300 nM frnk-pa
for 1 h and stimulated with PMA (100 ng/mL) for 30 min. Proteins were resolved by 10% SDS-PAGE and
detected by Western blotting with antibodies to phospho-Ser235/236 rpS6, phospho-Ser386 RSK, and total
RSK2. (b) Dose-response curves showing additive inhibition of rpS6 phosphorylation: rapamycin alone
(black triangles), rapamycin + 300 nM frnk-pa (gray circles). Percent rpS6 Ser235/236 phosphorylation was
determined by quantification of Western blots (e.g., Figure 3-4a) relative to DMSO controls using Image.J.
Data represent mean + s.e.m. from 3 independent experiments. (c) Fmk-pa does not inhibit S6K
phosphorylation at Thr389, an essential activation site”. Serum-starved HEK-293 cells were treated with
the indicated concentrations of frnk-pa for 1 h, stimulated with PMA (100 ng/mL) for 30 min, and
subsequently lysed in PBS. Proteins were resolved by 10% SDS-PAGE and detected by Western blotting
with antibodies to phospho-Ser235/236 rpS6, phospho-Thr389 S6K, phospho-Ser386 RSK, and total RSK2.
(d) Inhibition of rpS6 Ser235/236 phosphorylation by rapamycin and fmk-pa. MDA-MB-231 cells in media
Containing 10% FBS were treated with the indicated concentrations of rapamycin in the presence or
absence offmk-pa (300 nM) for 1 h. Proteins were resolved by 10% SDS-PAGE and detected by Western
blotting with antibodies to phospho-Ser235/236 rpS6, phospho-Ser386 RSK, and total RSK2.

To directly test this hypothesis, we examined the effects of rapamycin and

frnk-pa on rpS6 phosphorylation in HEK-293 cells. Increasing concentrations of
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revents S6K activation by mTOR/raptor, inhibited PMA-stimulated

2n at Ser235/236 (Figure 3-4a, left lanes, and Figure 3-4b, black

imum extent of rapamycin-mediated inhibition was only 76 + 8%. By

ne (300 nM) inhibited rpS6 phosphorylation by 28 + 6% (Figure 3

ng S6K activation (Figure 3-4c). Combining frnk-pa and rapamycin

ffects on rpS6 phosphorylation (Figure 3-4a, right lanes, and Figure

which was abolished in the presence of 300 nM frnk-pa and 30 nM

results were obtained in MDA-MB-231 breast cancer cells growing in

4d). Together, these results demonstrate that the RSK CTD

phosphorylation, most likely by activating the NTD, which has been

osphorylate rpS6 at Ser235/236 in vitro (Figure 3-5)*. S6K1/2 and

ly homologous, phosphorylate a similar Consensus motif, and may

|tiple substrates. Consistent with this idea, recent studies have

diates phosphorylation of two additional S6K substrates, eEF2K“

PMA or Growth Factors

|

MAPK */ Nº. pathway
Raf PI3K

| !
PD 184352— MEK1/2 !,

!
ERK1/2 mTOR Hrapamycin

!
mºs—(RSK) såk

\\
s235/6
/

GP

! !,
cell size, glucose homeostasis

hways leading to rpS6 phosphorylation. The contribution from each pathway is
he stimulus as well as the cell type. Moreover, the signal duration propagated by
erent, offering temporal control of rpS6 phosphorylation.
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Hependent Ser386 phosphorylation: Evidence for an alternative HM kinase

Saturating concentrations of frnk-pa (as revealed by click chemistry) or frnk failed

t Ser386 phosphorylation completely (Figure 3-3b, Figure 3-4a, and Table 3-1),

the possibility that Ser386 phosphorylation can occur in a CTD-independent

in Certain Cellular Contexts.

alian Cell line Stimulus (ng/mL) Inhibitor (MM) Percent inhibition of
Ser386 RSK

phosphorylation
A-MB-231 None” frnk-pa (0.3) 100
COS7 PMA (100) frmk-pa (0.3) 91
|EK-293 PMA (100) frmk (1) 80
|EK-293 PMA (100) frnk-pa (0.3) 80
COS7 EGF (100) fnk-pa (0.3) 78
+UVEC None” frmk (10) 70
A431 EGF (100) frmk (10) 60

AW 246.7 PMA (100) frmk-pa (1) 59
AW 246.7 LPS (1000) fmk-pa (1) 8

cells in DMEM H12 medium containing 10% fetal bovine serum
g cells in EGM-2 (Cambrex) medium

.1. Variable inhibition of Ser386 RSK phosphorylation by fmk and fmk-pa. Percentage Ser386
rylation was determined by quantitating Western blots (Image.J) and normalizing to DMSO controls.

t this possibility more rigorously, we compared the inhibitory effects of frnk-pa

tment on Ser386 phosphorylation induced by two distinct stimuli in the same cell

n addition, we used click chemistry to determine the extent of RSK modification

ying concentrations of frnk-pa. In primary bone marrow-derived macrophages,

mediated Ser386 phosphorylation was maximally inhibited by 67 + 10% in the

ice of 300 nM frnk-pa; by contrast, Ser386 phosphorylation induced by

ysaccharide (LPS) was unaffected by up to 1 uM frnk-pa (Figure 3-6a), despite

te modification of RSK at this concentration (Figure 3-6c). Click conjugation with

n-azide reporter in lysates derived from LPS-stimulated cells, followed by

ment of biotinylated proteins with avidin-agarose, confirmed that RSK1/RSK2 that
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d been modified by fmk-pa were also phosphorylated on Ser386 (Figure 3-6d). For

asons that are unclear, avidin affinity purification of RSK following the biotin click

action and trichloroacetic acid precipitation was less efficient than expected.

Vertheless, our combined results provide strong evidence for the existence of an

ernative hydrophobic motif (HM) kinase (or kinases) that mediates phosphorylation of

* RSK hydrophobic motif (Ser386) in the absence of a functional CTD. In primary

acrophages, utilization of the alternative HM kinase is context-dependent, occurring

aximally in response to LPS and to a lesser extent in response to PMA (Figure 3-7).

a - - - - - + + + + PMA (0.1 ag■ ml) b
- + + + + - - - - LPS (1 g/mL)
0 0 .03 3 1 0 .03 3 1 fmk-pa (uN)

WB. pS386

|---------|WB RSK2 i
0.03 0.3 1

frnk-pa (uNM)

C 0 03 3 1 ■ mk-pa (uNT)

86 --|RSK |10 7

# | sfluorescence
TT fmk-pa (1 um)
ETEEWB. pS386
[T]WB. biotin
[T]WB. RSK1
ET-EWB, RSK2

■ ure 3-6. Frnk-pa and click chemistry reveal the existence of a CTD-independent pathway for RSK
386 phosphorylation. (a) Effect of frnk-pa on Ser386 phosphorylation in primary bone marrow-derived
crophages stimulated with lipopolysaccharide (LPS) and PMA. Macrophages were cultured in 0.5%
um for 20 h and subsequently treated with the indicated concentrations offmk-pa for 1 h. Cells were
nulated with either PMA (100 ng/mL) or LPS (1 ug/mL) for 30 min and harvested in PBS. Proteins were
olved by 10% SDS-PAGE and detected by Western blotting with antibodies to phospho-Ser386 RSK and
al RSK2. (b) Percent Ser386 phosphorylation was determined by quantification of Western blots (e.g.,
■ ure 3-5a) relative to DMSO controls. Data represent mean + S.e.m. from 3 independent experiments.
Saturable RSK modification by pretreatment of intact macrophages with frnk-pa. Lysates from LPS

nulated macrophages (pretreated for 1 h with the indicated concentrations offmk-pa) were incubated with
MRA-N3 under the click reaction conditions. Proteins were resolved by 10% SDS-PAGE and detected by
gel fluorescence scanning. (d) Use of click chemistry to demonstrate that RSK1/RSK2 modified by ■ mk
are phosphorylated at Ser386 in response to LPS stimulation. Lysates from LPS-stimulated cells
etreated with 1 um frnk-pa or DMSO control) were incubated with biotin-N3 under the click reaction
■ ditions for 1 h. Biotinylated proteins were affinity purified with avidin-agarose beads. Eluted proteins
re resolved by 10% SDS-PAGE and detected by Western blotting with streptavidin-HRP or antibodies to
K1, RSK2, and phospho-Ser386 RSK.
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LPS
PMA

MAPK cascade

-

2^2
kinaseHM frnk-pa

\º
igure 3-7. Alternative RSK Ser386 phosphorylation by a putative hydrophobic motif (HM) kinase, which
ypasses the CTD.

Lastly, we attempted to identify the alternative RSK HM kinase by taking a

harmacological approach. Recently, it was shown that SB203580, a selective p38

MAPK inhibitor, completely abolished Ser386 phosphorylation induced by severe acute

aspiratory syndrome (SARS)-coronavirus (CoV) infection of monkey kidney Vero E6

ells”. Based on this result, we hypothesized that p38 MAPK itself, or a kinase

ownstream of p38 MAPK (e.g. MAPK-activated protein kinase-2, MK-2) is the LPS

lduced RSK HM kinase. Both p38 MAPK and MK-2 are candidate HM kinases for

rotein kinase B^*'. Treatment of Bmdm with SB203580 (20 um) did not block LPS

timulated Ser386 (Figure 3-8a). We then tested whether mTOR/raptor can

hosphorylate Ser386, since it is the proposed S6K HM kinase”. LPS-stimulated

er386 phosphorylation was unaffected by up to 100 nM rapamycin (Figure 3-8b).

nus, the alternative RSK HM kinase remains elusive.
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- + + + + + LPS (1 pig■ mL) - + + + + + + LPS (1 ug/mL)
- - - - - + SB 203580 (20 HM) - - - - - + + rapamycin (0.2 m M)
0 0 .03 .3 1 O frnk-pa (HM) 0 0 .003.03.3 .3 0 frnk-pa (1M)

EwB RSK2 E-----we RSK2

Figure 3-8. Neither rapamycin (mTOR/raptor inhibitor) nor SB 203580 (p38 MAPK inhibitor) block LPS
stimulated Ser386 phosphorylation. Primary Bmdm were treated with the indicated concentrations of
inhibitors for 1 hour and then stimulated with LPS (1 ug/mL) for 30 min. Cells were lysed in PBS and
proteins were resolved by SDS-PAGE and detected by Western blot with antibodies to phospho-Ser386
RSK and RSK2.

Conclusion

Fmk-pa selectively and irreversibly modifies endogenous RSK in intact

mammalian cells and can be conjugated to a fluorescent or biotinylated tag via the click

"eaction. These properties allowed us to determine the extent of RSK CTD modification

by fmk-pa, and in parallel, its effects on Ser386 phosphorylation and downstream

signaling. In certain cellular contexts (e.g., LPS-stimulated macrophages), an as yet

Inidentified kinase bypasses the CTD requirement and phosphorylates RSK at Ser386,

reviously demonstrated to be essential for activation of the NTD’”. Thus, CTD

argeted inhibitors, in contrast to NTD-targeted inhibitors, are predicted to block a subset

5f RSK-mediated signaling events in vivo, depending on the cellular context. Recent

studies with transgenic mice indicate that RSK hyperactivation significantly exacerbates

33,34heart damage following ischemia-reperfusion injury Clickable inhibitors such as

mk-pa should facilitate determination of the specific roles played by the RSK CTD in

Schemia-reperfusion injury as well as other model systems relevant to human disease.
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Ital

ynthesis

and “C NMR spectra were recorded on a Varian 400 spectrometer at 400

Hz, respectively. Chemical shifts were reported as parts per million (ppm)

om an internal tetramethylsilane standard (8 = 0.0 for "H NMR) or from

rences. Low-resolution electrospray ionization mass spectra (EI’-MS) were

h a Waters Micromass ZQ 4000 spectrometer. LC/MS (MS: EI”) was

in a Waters AllianceHT LC/MS with a flow rate of 0.2 mL/min (monitored at

260 nm) using an Xterra MS C18 column (Waters). High-resolution electron

s spectra (HRMS) were recorded on a Micromass VG70E spectrometer by

jun at the University of California-San Francisco Biomedical Mass

y Center. For air- and water-sensitive reactions, glassware was oven- or

prior to use and reactions were performed under argon. Dichloromethane,

lamide, methanol, tetrahydrofuran, toluene, and diisopropylamine were dried

olvent purification system manufactured by Glass Contour, Inc. (Laguna

All other solvents were of ACS chemical grade (Fisher) and used without

cation unless otherwise indicated. Commercially available starting reagents

■ ithout further purification. 6-((4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-

bropionyl)amino)hexanoic acid, succinimidyl ester (BODIPY FL-NHS) was

om Invitrogen and used without further purification. Many of the pyrrolo[2,3-

Sompounds were sparingly soluble in acetonitrile and concentration from this

yielded a nice solid. Analytical and preparative thin layer chromatography

led with silica gel 60 F2sa glass plates (EM Science). Flash chromatography

ted with 230-400 mesh silica gel (Selecto Scientific). High performance

atography (HPLC) was performed on a Prostar 210 (Varian) with a flow rate
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of 10 mL/min (monitored at 210 nm and 260 nm) using a COMBI-A C18 preparatory

column (Peeke Scientific).

Fmk-BODIPY 3.1 (fmk-BODIPY). To a Solution of 2.14 (20 mg, 0.026 mmol) in CH2Cl2

(0.3 mL) was added TFA (0.3 mL) at 0°C. After slowly warming the reaction mixture to

RT over a period of 2 h, solvent was removed in vacuo. A portion of the crude boc

deprotected product (5.6 mg, 0.0084 mmol) was dissolved in DMF (0.1 mL). BODIPY

FL-NHS (5 mg, 0.01 mmol) was added followed by DIPEA (3.9 mg, 0.03 mmol). After

stirring for 12 h at room temperature, the reaction mixture was concentrated in vacuo.

Purification by preparative thin layer chromatography (10:1 CH2Cl2/MeOH) afforded the

desired 3.1 (fmk-BODIPY) (5 mg, 7.1% yield over 2 steps) as an off-white solid: "H NMR

(400 MHz, CDCl3) & 8.35 (s, 1H), 7.37 (d, J = 8 Hz, 2H), 7.31 (d, J = 8 Hz, 2H), 7.10 (s,

1H), 6.89 (d. 1H), 6.29 (d. 1H), 6.12 (s, 1H), 5.86 (m, 1H), 5.78 (m, 1H), 4.94 (m, 2H),

4.75 (t, J = 6.8 Hz, 2H), 4.62 (d, Jº■ e = 4.7 Hz, 2H), 4.08 (m, 2H), 3.20 (m, 6H), 2.62 (t, J =

7.2 Hz, 2H), 2.55 (s, 2H), 2.48 (s, 3H), 2.26 (s, 3H), 2.13 (m, 4H), 1.59-124 (m, 12H),

LC/MS (LC: gradient 0-100% MeCN (0.1% HCO2H] over 30 min, 0.2 mL/min flow rate,

MS: El"): retention time, 12.42 min; purity, >95%; 844.3 [M+H]".

Mesylate 3.2. To a solution of 2.12 (75 mg, 0.14 mmol) in CH2Cl2 (3 mL) was added

DIPEA (0.057 mL, 0.317 mmol) at 0°C. Methanesulfonyl chloride (1 M in CH2Cl2, 0.17

mL, 0.17 mmol) was added and the reaction mixture was stirred at 0°C. After 30 min,

the reaction mixture was diluted with ethyl acetate and washed with saturated NH2Cl (10

mL) followed by brine (10 mL). The organic fraction was dried over Na2SO4, filtered, and

Concentrated in vacuo to give 82 mg (96% yield) of crude mesylate 3.2, which was used

in the next reaction without purification (>95% pure based on "H NMR): "H NMR (400

MHz, CDCl3) & 8.92 (s, 1H), 7.22 (m, 4H), 4.81 (t, J = 6.8 Hz, 2H), 4.62 (d, Jue = 47 Hz,

2H), 4.31 (t, J = 6.8 Hz, 2H), 2.96 (s, 3H), 2.43 (s, 3H), 2.33 (m, 2H), 1.29 (s, 18H).
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propargylamine 3.3 (fmk-pa). To the Crude mesylate 3.2 (57 mg, 0.092 mmol) was

ld propargylamine (0.5 mL) and the reaction mixture was stirred for 30 h at 40°C.

solvent was removed in vacuo and the crude product was dissolved in CH2Cl2 (1

and TFA (1 mL). After stirring for 2 h at room temperature, the solvent was

ved in vacuo. Purification by preparative HPLC (gradient 0-65% acetonitrile, 0.1%

over 23 min, 10 mL/min flow rate) afforded the desired 3.3 (fmk-pa) (4.4 mg, 35%

: "H NMR (400 MHz, CDCl3) & 11.1 (bris, 1H), 8.31 (s, 1H), 7.44 (d, J = 8 Hz, 2H),

(d, J = 8 Hz, 2H), 5.42 (br s, 2H), 4.76 (t, 2H), 4.67 (d, Jº■ e = 4.7 Hz, 2H), 3.92 (s,

3.24 (m, 2H), 2.58 (s, 1H), 2.50 (s, 3H), 2.41 (m, 2H), LC/MS (LC: gradient 0-100%

W (0.1% HCO2H] over 30 min, 0.2 mL/min flow rate, MS: El"): retention time, 9.28

Yurity, >95%; 380.0 [M+H]".

ins, reagents and antibodies. RSK2 CTD with a hexahistidine tag was

ssed in E. coli and purified by immobilized nickel affinity chromatography as

jusly described”. PMA and LPS were purchased from Sigma. TBTA ■ tris

yltriazolylmethyl)amine], TAMRA-N3 and biotin-Na were synthesized as previously

bed”. Antibodies against RSK1 and RSK2 were purchased from Santa Cruz

:hnology. Antibodies against phospho-Ser386 RSK, phospho-Ser235/236 rpS6,

phospho-Thr389 S6K were purchased from Cell Signaling Technology.

avidin-HRP was purchased from Jackson ImunnoResearch, Anti-mouse HRP and

|bbit HRP secondary antibodies were purchased from Pierce.

>ulture. HEK-293 and MDA-MB-231 cells were cultured in Dulbecco's modified

s medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Primary

2 bone marrow-derived macrophages were kindly provided by Melissa Pak and
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Eric Brown (UCSF) and were maintained in DMEM supplemented with 20 mM Hepes

(pH 74), 10% FBS, and 10% CMG14-12 cell supernatant (source of macrophage-colony

stimulating factor)”.

Western Blotting. Cells were washed with cold PBS and lysed by freezing and thawing

in either PBS lysis buffer (1.5 mM KH2PO4, 8 mM Na2HPO4 (pH 7.4], 137 mM NaCl, 2.7

mM KCI, 0.5 mM MgCl2, 0.9 mM CaCl2, protease inhibitor cocktail [Roche), phosphatase

inhibitor cocktail [Sigma) or hypertonic lysis buffer (20 mM Hepes [pH 7.9], 450 mM

NaCl, 25% glycerol, 3 mM MgCl2, 0.5 mM EDTA, protease inhibitor cocktail [Roche),

phosphatase inhibitor cocktail [Sigma]). Clarified lysates were normalized using the

Bradford assay (BioFad). Laemmli sample buffer was added to samples and proteins

were resolved by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE),

transferred to a nitrocellulose membrane, blocked with 5% (w/v) nonfat milk, probed with

primary and secondary antibodies, and detected by enhanced chemiluminescence

(ECL).

Labeling of RSK2 CTD with frnk-BODIPY, RSK2 CTD (30 nM) in PBS (pH 7.4] was

treated with increasing concentrations of frnk or frnk-pa for 1 h, then with frnk-BODIPY

(3 uM) for 1 h. The labeling reaction was terminated by the addition of Laemmli sample

buffer. Proteins were resolved by 10% SDS-PAGE and detected by in-gel fluorescence

Scanning with a Typhoon 9400 flatbed laser-induced scanner (Amersham Biosciences).

Click Chemistry. Click reactions were performed as previously described”. Briefly,

RSK2 CTD (30 nM) pretreated with the indicated concentrations of frnk-pa, or lysates

from frnk-pa-pretreated cells were incubated with TAMRA-N3 or biotin-N3 (50 um), TCEP
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(1 mM), CuSO4 (1 mM), and TBTA (100 uM) in PBS (pH 7.4] containing 1% SDS for 1 h

at room temperature. Proteins were resolved by 10% SDS-PAGE and detected by in-gel

fluorescence scanning (TAMRA-N3) or were affinity purified with avidin-agarose and

detected by Western blotting (biotin-N3).

PMA-stimulated RSK Ser386 and rpS6 Ser235/236 phosphorylation in HEK-293

cells. Confluent HEK-293 cells in 12-well plates were deprived of serum for 2 h and

subsequently treated with the indicated concentrations of inhibitors for 1 h at 37°C. After

stimulation with PMA (0.1 ug/mL) for 30 min, cells were washed with cold PBS and

harvested in either PBS lysis buffer (Fig. 1c and 2C) or hypertonic lysis buffer (Fig. 3).

Click chemistry was performed with TAMRA-N3 in lysates from cells treated with frnk-pa.

Proteins were analyzed by in-gel fluorescence scanning or Western blotting.

LPS and PMA stimulation of primary mouse macrophages. Confluent macrophages

in 12-well plates were incubated in DMEM supplemented with 20 mM Hepes [pH 7.4]

and 0.5% FBS for 12 h prior to treatment with the indicated concentrations of frnk-pa for

1 h at 37°C. After stimulation with either PMA (0.1 pg/mL) or LPS (1 ug/mL) for 30 min,

Cells were washed with cold PBS and harvested in PBS lysis buffer. Click chemistry was

performed with TAMRA-N3 and proteins were subsequently analyzed by in-gel

fluorescence scanning or Western blotting.

Avidin pulldown from LPS-stimulated primary macrophages. Confluent primary

macrophages in 15 cm plates were incubated in DMEM supplemented with 20 mM

Hepes (pH 7.4] and 0.5% FBS for 12 h prior to treatment with either DMSO or 1 uM frnk

pa for 1 h at 37 °C. Lysates (200 ul, 5 mg/mL) prepared in PBS were subjected to click
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mistry to conjugate biotin-N3 to frnk-pa-modified RSK. After the click reaction,

eins were precipitated using 15% (v/v) tricloroacetic acid (TCA) and pelleted by

trifugation (13,000 rpm, 5 min, 4°C). The supernatant was removed and the protein

at was washed twice with ice-cold acetone (2 x 200 ul). The resulting acetone pellet

solubilized in PBS (40 ul) containing 2% (w/v) SDS by heating and Sonication.

mples were diluted 10-fold in PBS containing 0.5% (v/v) NP40 (400 ul, 0.9 mg/mL).

lin-agarose (30 ul of 50% slurry in PBS) was added and samples were rotated

■ night at 4°C. The post-avidin supernatant was removed and the beads were

hed with PBS containing 0.5% NP40 and 0.1% SDS (2 x 1 mL). Affinity purified

eins were eluted from the beads with 2X Laemmli sample buffer containing 1 mM

n (100 ul), resolved by 10% SDS-PAGE, and detected by Western blotting.
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Chapter 4

Isoform-selective p90 RSK
inhibitors identified by a two-step
competition labeling approach
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Abstract

A small series of electrophilic pyrrolo[2,3-d]pyrimidines containing Michael

acceptors designed to react with a nonconserved cysteine in the ATP binding pocket of

the C-terminal kinase domain (CTD) of RSK1 and RSK2 were synthesized. The potency

and isoform selectivity of these compounds were rapidly evaluated by competition

labeling in living cells with frnk-pa, an alkyne-containing, irreversible RSK CTD inhibitor

that can be conjugated to an azidoalkyl reporter via the click reaction to assess the

extent of covalent RSK CTD modification. Using this strategy, we found that compounds

bearing an electrophile at the C-6 position of the pyrrolo[2,3-d]pyrimidine scaffold were

more RSK1 selective; however, the degree of selectivity varied greatly among the

electrophilic inhibitors. By contrast, the parent scaffold, a reversible inhibitor, was

slightly more selective for RSK2. Together, these results support the hypothesis that

isoform selectivity is achieved by a mechanism involving covalent bond formation with

the cysteine in the CTD. Consistent with this idea, electrophilic pyrrolo[2,3-d]pyrimidines

react much more rapidly with recombinant RSK1 CTD than RSK2 CTD in vitro as

revealed by electrospray mass spectrometry. To our knowledge, this is the first example

demonstrating that isoform selectivity can be achieved by exploiting differences in the

rate of covalent bond formation.
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man enzymes are expressed as isoforms that often have distinct, non

Siological roles. This is especially pertinent to the protein kinase family,

Df its members consist of a subfamily of closely related isoforms". The

les of individual kinase isoforms within a closely related family are often

Od due to the lack of cell-permeable, small molecule inhibitors that can

ween them”. The discovery of isoform selective kinase inhibitors is

rt, by the lack of methods to rapidly screen potential inhibitors against

isoforms simultaneously in a cellular context. Isoform selectivity is most

issed in vitro using kinase activity assays, which can be laborious and

g, requiring the expression and purification of individual isoforms”.

}rt a two-step competition labeling approach to rapidly profile compounds

against two closely related isoforms of the p90 ribosomal S6 kinases

nd RSK2. This strategy led to the identification of several RSK1-selective

:hieve isoform selectivity through covalent bond formation.

tion assays exploiting activity based probes that target several members

/me family have been used to quickly screen irreversible” as well as

hibitors in cell lysates. These activity based probes are composed of

Cted, electrophilic inhibitors and a reporter tag, such as biotin or a

s reporter tags are often quite large and interfere with probe binding,

ethods, such as the [3+2] azide/alkyne cycloaddition reaction (commonly

a click reaction), have been developed to conjugate the reporter tag after

"*. We recently described frnk-pa, a potentation of the protein target

ickable inhibitor of the C-terminal kinase domains (CTD) of RSK1 and

4-1). Frnk-pa is a structurally related variant of frnk, an irreversible

cts specifically with a nonconserved cysteine (Cys436, human RSK2

-/º
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umbering) found in the ATP-binding site of the RSK CTD'". In human epithelial kidney

HEK-293) cells, frnk-pa irreversibly modified endogenous RSK1 and RSK2 and could

e conjugated to a tetramethylrhodamine-azide reporter (TAMRA-N3) via the click

action in cell lysates.

NH2 NH2 NH2
F FN. SITNs N. SPN Nº SPN

U.2 U.2 U.2

HO HO /THŽ H
frnk mk fmk-pa

gure 4-1. Chemical structures of pyrrolo[2,3-d]pyrimidines substituted with an electrophile at the C-6
sition. Fmk is a potent and selective irreversible inhibitor of the CTD of RSK1 and RSK2. The
athylketone (mk) analog of fmk was designed as a reversible covalent RSK CTD inhibitor. Fmk-pa is a
rivative of frnk that can be conjugated to an azidoalkyl reporter via the click reaction to assess covalent
bdification of RSK CTD in cells.

he molecular weight of RSK1 and RSK2 differ enough to enable detection of two

stinct bands by denaturing gel electrophoresis followed by in-gel fluorescence

anning. We demonstrate here that the lower band is RSK1 whereas the upper band is

SK2 as determined by quantitative immunodepletion using specific antibodies (Figure

2). Consequently, using a cellular competition assay followed by click chemistry in

ro, we could determine, in parallel, the potency and isoform selectivity of a small

rary of electrophilic compounds against endogenous RSK1 and RSK2.

: :-
->
Cº
.s

TAMRA

- WB. RSK1

*|WB. RSK2

■ ure 4-2. Two distinct RSK bands are targeted by fmk-pa in intact cells. HEK-293 cells were treated with
K-pa (0.3 um). Cells were harvested and click reactions were performed with TAMRA-N3. Cell lysates
re incubated with either RSK1 or RSK2 antibodies. Proteins were resolved by 10% SDS-PAGE and
ected by in-gel fluorescence scanning, followed by Western blotting.
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Sults and Discussion

sign and synthesis of electrophilic RSK CTD inhibitors

We designed and synthesized a small set of potential RSK CTD inhibitors based

a pyrrolo[2,3-d]pyrimdine chemotype that contain various Michael acceptor

strophiles at the C-6 position according to Schemes 4-1 and 4-2.

NH2 NH2 NH2

N' S a,b Nº S C-e S■ [...} +- U_C■ —N 2 +- XX—N 9
NTN NTN NTN

TBSO TBSO HO

2.3 4.1 R = Me, 4.2

Bz, 4.3|
NH2

Nº Si XCX-N 9
N N

O—

HO

4.4

ame 4-1. Synthesis of Michael acceptor-substituted pyrrolo[2,3-d]pyrimidines I. Reagents and
itions: a, N-bromosuccinimide, DMF (99% yield); b. Methyl acrylate, Pd(OAc)2, tri(ortho-tolyl)phosphine,

DMF (76% yield); c. LiOH, THF, MeOH, H2O (60% yield); d. methylamine (4.2) or benzylamine (4.3),
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI-HCl), DIPEA, DMF, CH2Cl2; e. 1 N HCl,
(21% yield over two steps); f. 1 NHCl, THF (46% yield).

fly, enoate 4.1 was obtained via bromination of scaffold 2.3 with N

mosuccinimide, followed by a palladium-catalyzed Heck coupling with methyl

late. Facile removal of the silyl protecting group with 1 N HCl afforded enoate 4.4.

■ lamides 4.2 and 4.3 were conveniently prepared from 4.1 in three steps involving

Oval of the methyl ester, coupling of the free acid with either methylamine or

zylamine using the standard amino acid coupling reagent, 1-(3-
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dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCl), and removal of the

silyl protecting group.

NH2 NH2 (Boc)2N NH2
O Oa,b c S d S e-g Sas +- Cº-Z --- I - – - I - tº- 'I'-N 9

º TBSO TBSO HO

4.5 4.6 4.7 4.8

h-j

|- N
NH2 NH2

jº–N ÜC■ –N 9
N N CN N N N

22 NC O—
HO HO

4.10 4.9

Scheme 4-2. Synthesis of Michael acceptor-substituted pyrrolo[2,3-d]pyrimidines II. Reagents and
conditions: a, N-bromosuccinimide, DMF (99% yield); b. tributylvinyltin, PCIP(Ph)3]4, toluene (88% yield); c.
OsO4, NaIO4, THF, H2O (86% yield); d. (Boc)2O, DMAP, THF (70% yield); e. 1-triphenyl-phosphoranylidene
2-propanone, CH2Cl2 (95% yield); f. TFA, CH2Cl2; g. 1 N HCl, THF (89% yield over 2 steps); h, methyl
cyanoacetate, 1,8-diazabicyclo[5.4.0)undec-7-ene (DBU), THF (78% yield), i. TFA, CH2Cl2, j. 1 NHCl, THF
(89% yield over 2 steps), k. 1-triphenyl-phosphoranylidene-2-acetonitrile, CH2Cl2 (80% yield); l. TFA,
CH2Cl2 m. 1 NHCl, THF (80% yield over 2 steps)

The other Michael acceptor derivatives used in this study could readily be synthesized

from the aldehyde intermediate 4.7, which was prepared from vinyl 4.5 according to the

Lemieux oxidation protocol. Enone 4.8 and acrylonitrile 4.10 were prepared by the

Wittig reaction with the appropriate phosphoranylidene, followed by removal of the N-boc

and O-silyl protecting groups. Finally, acrylonitrile-enoate 4.9 was synthesized via the

Knoevenagel condensation with methyl cyanoacetate, followed by removal of the N-boc

and O-silyl protecting groups.
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betition profiling reveals isoform selectivity of RSK CTD inhibitors

To determine the cellular potency and isoform selectivity of the Michael acceptor

tuted compounds, we used a two-step Competition labeling approach exploiting our

ble RSK CTD inhibitor, fmk-pa. We also included three other compounds in this

etition analysis: frnk, mk (Figure 4-1), and the parent pyrrolo[2,3-d]pyrimidine

}ld (absent the electrophile at the C-6 position). Human HEK-293 cells were

*d with increasing concentrations of the electrophilic compounds followed by

ating frnk-pa (0.3 u■ /). Cell lysates were subjected to click conjugation with

&A-N3, and labeled RSK1 and RSK2 were separated by denaturing gel

ophoresis and detected by in-gel fluorescence scanning (Figure 4-3). Competition

Juantified by determining the IC50 values against RSK1 and RSK2 (Figure 4-3b and

: 4-1).

a b
b. S $2, $2

Q SS º S $ S as SS nM compound 1001 a
fmk . .

enone 4.8 7 5

enoate 4.4

º -------

: 5 O

s & S & tºSº n>S
C■

SS$º
3° nM compound 2 5

acrylonitrile-enoate 4.9

1OOO 1000010 100§ & &S$
S S’ S

-tº nM compound competitor (nM)cy & C■ . Sº C■ ' S
ºº::- - - - m k

acrylonitrile 4.10= = = f= = --n>
S

benzylacrylamide 4.3

* * * * * * * * methylacrylamide 4.2

scaffold

4-3. Two-step competition labeling as a method to screen RSK1 and RSK2 CTD inhibitors in cells.
mpetition labeling profiles of pyrrolo[2,3-d]pyrimidines derivatives (competitor) against RSK1 and
HEK-293 cells were treated with the indicated concentrations of the competitor for 1 h followed by
frnk-pa for 1 h. Cells were harvested in PBS and click reactions were performed in lysates with

-N3 for 1.h. Proteins were resolved by 10% SDS-PAGE and detected by in-gel fluorescence
g. (b) Representative dose-response curves obtained by quantification of fluorescent bands in (a);
iangles, RSK1/enoate 4.4; gray circles, RSK2/enoate 4.4; red triangles, RSK1/acrylonitrile-enoate
a circles, RSK2/acrylonitrile-enoate.
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ICso (nM)

compound RSK1 RSK2 RSK2/RSK1

frnk 5 97 19
enone 4.8 4 57 14
enoate 4.4 45 577 13
mk 200 1600 8

acrylonitrile 4.10 1000 6000 6
acrylonitrile-enoate 4.9 212 484 2
methylacrylamide 4.2 ~10000 ~10000 ~1
benzylacrylamide 4.3 ~10000 ~10000 ~1
scaffold ~40000 ~20000 ~0.5

Table 4-1. IC50 values of pyrrolo[2,3-d]pyrimidines derivatives against RSK1 and RSK2 in cells (obtained
from quantitative analysis of the two-step competition labeling experiments described in Figure 4-3). The
last column shows the IC50 values against RSK2 divided by the IC50 values against RSK1, which gives the
isoform selectivity for each compound.

The IC50 values shown in Table 4-1 demonstrate that the potency and isoform

Selectivity can vary significantly as a function of the electrophile at the C-6 position of the

pyrrolo[2,3-d]pyrimidine scaffold. Frnk was the most RSK1-selective of the compounds

tested, exhibiting a 19-fold greater potency over RSK2. The fluoride atom is required for

potent inhibition, as the ketone isosteric variant, mk, was 40- and 16-fold weaker than

frmk against RSK1 and RSK2, respectively. Despite the decreased potency of mk

relative to frnk, its greater chemical stability toward proteinogenic nucleophiles, such as

Cysteine, may give it more therapeutic value.

Within the Michael acceptor series, potency and RSK1 selectivity generally

Correlated with the intrinsic reactivity of the electrophile. The predicted order of

reactivity, based on kinetic analysis of the Michael acceptor fragment, for the Michael

acceptor pyrrolo[2,3-d]pyrimidine derivatives toward thiolates" is as follows: enone 4.8 -

acrylonitrile-enoate 4.9 > enoate 4.4 > acrylonitrile 4.10 - methylacrylamide 4.2 =

benzylacrylamide 4.3. Indeed enone 4.8 exhibited the greatest potency against RSK1

* - -
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= 4 nM) and RSK2 (IC50 = 57 nM) and RSK1 selectivity whereas acrylamides 4.2

.3 weakly inhibited both RSK1 and RSK2 (IC50 values of ~10 u■ / against both

and RSK2). Enoate 4.4 was ~10-fold less potent than enone 4.8 against both

and RSK2. On the basis of Michael acceptor reactivity, we expected acrylonitrile

a 4.9 to be more potent than enoate 4.4; however, this compound was ~5-fold less

against RSK1 and equipotent against RSK2, and, moreover, was only 2-fold more

ive for RSK1. The less reactive compound, acrylonitrile 4.10, exhibited IC50 values

low-micromolar range and was 6-fold more selective for RSK1. Intriguingly, the

scaffold, although a weak cellular inhibitor (IC50 - 10 uM for both RSK1 and

), was slightly more selective for RSK2. Together, these results demonstrate that

5philes at the C-6 position of the pyrrolo[2,3-d]pyrimidine chemotype can be

ed to achieve isoform selectivity.

'm selectivity is likely governed by covalent chemistry

We hypothesize that subtle differences in the CTD of RSK1 and RSK2, which are

lentical, can influence the rate of covalent bond formation with Cys436, thus

g the basis for isoform-selective inhibition. To test this notion experimentally, we

out kinetic analyses in vitro of the reaction of frnk with the CTD of RSK1 and

in the presence of 2 mM ATP (physiologically relevant concentration). Irreversible

:TD modification was analyzed by mass spectrometry. Remarkably, complete

ation of RSK1 CTD by fmk occurred in less than 10 min; by contrast, complete

ation of RSK2 CTD required greater than 35 min (Figure 4-4). The apparent

-order rate constants for frnk against RSK1 CTD and RSK2 CTD modification

2 X 10° M'min' and ~2 X 10* M'min' (kops/II]), respectively. The -10-fold higher
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|

º of RSK1 CTD relative to RSK2 CTD is consistent with the idea that
■ ity is governed by covalent bond formation with Cys436.

100
- ºr- RSK1 CTD
-º- RSK2 CTD

|
time (min)

dependent, covalent modification of the CTD of RSK1 and RSK2. human RSK1 CTD (1
SK2 CTD (1 uM) (the CTD of mouse and human RSK2 are 100% identical) were treated
the presence of 2 mM ATP at 0°C for various times. Reactions were quenched by the
acid (0.4% w/v) and analyzed by liquid chromatography/mass spectrometry (LC/MS).

btained by H. Hadjivassiliou in the Taunton laboratory.

mary factors that can influence the rate of covalent bond formation of

Sted, electrophilic inhibitors are the position and reactivity of the targeted

These factors are intimately connected to the local environment that

he nucleophilic residue. In RSK1 and RSK2, Cys436, targeted by fmk”

lectrophilic inhibitors described in this study, is located at the C-terminal

ible glycine-rich loop (Gly-rich loop), which contains a highly conserved

(G-X-G-X-Y/F-G/S)”. This loop is situated at the roof of the active site

‘ibutes to ATP as well as inhibitor binding. Interestingly, sequence

e CTD Gly-rich loop of RSK1 and RSK2 revealed three non-homologous

erences (Figure 4-5). We speculate that isoform selectivity emanates

arences in the Gly-rich loop. Although the residues in this loop do not

t the active site (based on the analysis of multiple kinase crystals

ey could influence the position (proximity to electrophile) and/or

pKa) of Cys436.
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Gly-rich loop

RSK1 ::RSK2 IGVGSY

4-5. Sequence alignment of the Gly-rich loop located in the CTD active site of human RSK1 and
Cys436 (Colored red) is the nucleophile that reacts with the electrophilic inhibitors. The conserved
are highlighted in yellow.

lusion

In this study, we have developed a two-step competition labeling strategy to

irreversible as well as reversible inhibitors in intact cells against endogenous

and RSK2. Using this approach, we profiled the potency and isoform selectivity of

philic pyrrolo[2,3-d]pyrimidine derivatives, including several newly described

:l acceptor-substituted compounds. Intriguingly, we found that these compounds

SK1-selective, and that this selectivity was dependent on the intrinsic reactivity of

ctrophiles. We provide evidence that isoform selectivity is achieved by exploiting

ices in the rate of covalent bond formation with Cys436 at the C-terminal end of

-rich loop in the CTD of RSK1 and RSK2. Future studies will be directed toward

ining the origin of this rate difference.
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ll

thesis

nd "C NMR spectra were recorded on a Varian 400 spectrometer at 400

respectively. Chemical shifts were reported as parts per million (ppm)

n an internal tetramethylsilane standard (8 = 0.0 for "H NMR) or from

hces. Low-resolution electrospray ionization mass spectra (EI-MS) were

a Waters Micromass ZQ 4000 spectrometer. LC/MS (MS: EI”) was

a Waters AllianceHT LC/MS with a flow rate of 0.2 mL/min (monitored at

30 nm) using an Xterra MS C18 column (Waters). High-resolution electron

■ pectra (HRMS) were recorded on a Micromass VG70E spectrometer by

at the University of California-San Francisco Biomedical Mass

Center. For air- and water-sensitive reactions, glassware was oven- or

or to use and reactions were performed under argon. Dichloromethane,

mide, methanol, tetrahydrofuran, toluene, and diisopropylamine were dried

ent purification system manufactured by Glass Contour, Inc. (Laguna

\ll other solvents were of ACS chemical grade (Fisher) and used without

ion unless otherwise indicated. Commercially available starting reagents

hout further purification. Many of the pyrrolo[2,3-d]pyimidine compounds

soluble in acetonitrile and concentration from this solvent often yielded a

alytical and preparative thin layer chromatography were performed with

54 glass plates (EM Science). Flash chromatography was conducted with

silica gel (Selecto Scientific). High performance liquid chromatography

herformed on a Prostar 210 (Varian) with a flow rate of 10 mL/min

*10 nm and 260 nm) using a COMBI-A C18 preparatory column (Peeke

21/
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Enoate-OTBS 4.1. To bromide-OTBS 2.4 (300 mg, 0.63 mmol) in DMF (2 mL) and Et3N

(0.26 mL, 1.90 mmol) was added palladium acetate (42.4 mg, 0.19 mmol). The mixture

was degassed by two cycles of freeze-pump-thaw and tri-o-tolylphosphine (115.4 mg,

0.38 mmol) was added, followed by methyl acrylate (0.206 mL, 2.90 mmol). The mixture

was heated to 100 °C in a sealed-tube reaction vessel. After 4 h, the mixture was

concentrated in vacuo and the crude product was rapidly purified by flash

chromatography (1:1 hexanes/ethyl acetate) to give 231 mg (76% yield) of 4.1 a pale

yellow solid: R, 0.40 (1:1 hexanes/ethyl acetate); ‘H NMR (400 MHz, CDCl3) & 8.27 (s,

1H), 7.59 (d, J = 16.4 Hz, 2H), 7.26 (s, 4H), 6.14 (d, J = 16.4 Hz, 2H), 5.10 (brs, 2H),

4.45 (t, J = 5.6 Hz, 2H), 3.72 (t, J = 5.6 Hz, 2H), 3.69 (s, 3H), 2.40 (s, 3H), 2.10 (m, 2H),

0.88 (s, 9H), 0.05 (s, 6H), “C NMR (100 MHz, CDCl3) & 167.5, 1574, 153.5, 152.0,

138.3, 131.8, 130.6, 130.0, 129.9, 127.9, 120.9, 117.7, 102.0, 60.5, 51.5, 40.2, 33.1,

25.9, 21.3, 18.3.

Methylacrylamide 4.2. Saponification of 4.1: To a solution of 4.1 (78 mg, 0.16 mmol) in

THF (2 mL) was added MeOH (1 mL) and H2O (1 mL). LiOH (0.8 mL of 1 M solution in

H2O) was added and reaction mixture was stirred at room temperature. After 20 h, the

mixture was partitioned between 50% (v/v) aq. acetic acid (10 mL) and CH2Cl2 (10 mL).

The organic fraction was dried over anhydrous Na2SO4, filtered, and concentrated in

Vacuo. Rapid purification by flash column chromatography (1:1 hexanes/ethyl acetate)

gave 52 mg (60% yield) of the acid derivative of 4.1 (acrylic acid-OTBS) as a yellow

Solid: E■ ’-MS 467 [M+H]". This compound exhibited poor solubility in many solvents,

which made purification by flash chromatography problematic. The crude acid could be

Jsed in the next reaction without column purification.

To a heterogeneous suspension of the acrylic acid-OTBS (16 mg, 0.034 mmol) in

JMF (0.5 mL) and CH2Cl2 (0.5 mL) was added diisopropylethylamine (DIPEA) (0.008
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5 mmol), followed by 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide

je (EDCl-HCl) (8.6 mg, 0.045 mmol). Methylamine (0.026 mL of 2 M in THF)

and reaction mixture was stirred in a sealed-tube reaction vessel at room

3. After 18 h, the mixture was diluted with ethyl acetate (10 mL) and washed

w/v) aq. Citrate buffer [pH = 4.0] (10 mL), saturated NaHCO3, and brine

he organic fraction was dried over anhydrous Na2SO4, filtered, and

!d in vacuo. The crude product was dissolved in THF (2 mL) and stirred at

-ICl (0.2 mL) was added and reaction mixture was slowly warmed to room

3 over a period of two hours. Mixture was partitioned between CH2Cl2 (5 mL)

ed NaHCO3 (5 mL). The collected organic fraction was washed with brine (5

over anhydrous Na2SO4, filtered, and concentrated in vacuo. Purification by

HPLC (30-100% MeOH gradient over 15 min; 10 mL/min, retention time, 7.3

ed the desired methylacrylamide 4.2 (op-ma) (2.6 mg, 21% yield) as a white

MR (400 MHz, CDCl3) & 8.30 (s, 1H), 7.60 (d, J = 16.8 Hz, 2H), 7.31 (s, 4H),

15.6 Hz, 2H), 5.3 (bris, 1 H), 5.0 (br s, 2H), 4.50 (m, 2H), 3.45 (m, 2H), 2.86

+z, 2H), 2.44 (s, 3H), 2.0 (m, 2H), LC/MS (LC: gradient 5-100% MeCN (0.1%

ar 35 min, 0.2 mL/min flow rate, MS: El"): retention time, 9.84 min; purity,

1 [M+H]".

amide 4.3. To a suspension of the acrylic acid-OTBS (9 mg, 0.019 mmol) in

mL) was added DIPEA (0.005 mL), followed by EDC (4.8 mg, 0.025 mmol).

on of EDCI-HCl, reaction mixture became homogeneous. Benzylamine

0.025 mmol) was added and reaction mixture was stirred at room

. . After 18 h, the mixture was diluted with ethyl acetate (10 mL) and

| 10% (w/v) aq. Citrate buffer (pH = 4.0] (10 mL), saturated NaHCO3, and

.). The organic fraction was dried over anhydrous Na2SO4, filtered, and
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intrated in vacuo. The crude product was dissolved in THF (2 mL) and stirred at

1 N HCl (0.2 mL) was added and reaction mixture was slowly warmed to room

arature over a period of two hours. Mixture was partitioned between CH2Cl2 (5 mL)

aturated NaHCO3 (5 mL). The collected organic fraction was washed with brine (5

dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. Purification by

arative HPLC (30-100% MeOH gradient over 15 min; 10 mL/min: retention time,

min) afforded the desired benzylacrylamide 4.3 (1.7 mg, 20% yield) as a white

"H NMR (400 MHz, CDCl3) & 8.30 (s, 1H), 7.70 (d, J = 16.8 Hz, 2H), 7.31 (m, 4H),

j, J = 15.6 Hz, 2H), 5.6 (brt, 1 H), 5.0 (bris, 2H), 4.50 (m, 4H), 3.45 (m, 2H), 2.43

H), 2.0 (m, 2H), LC/MS (LC: gradient 5-100% MeCN (0.1% HCO2H] over 35 min, 0.2

\in flow rate, MS: EI*): retention time, 13.59 min; purity, -95%; 442.0 [M+H]".

te 4.4. To a solution of 4.1 (22 mg, 0.046 mmol) in THF (2 mL) at 0 °C was added 1

2 (0.3 mL). After stirring for 1 h 30 min at 0 °C and 1 h at room temperature, the

ion was diluted with ethyl acetate (5 mL) and washed with saturated NaHCO3 (5

and brine (5 mL). The organic fraction was dried over anhydrous Na2SO4, filtered,

concentrated in vacuo. Purification by preparative TLC (10% MeOH/CH2Cl2)

led 7.3 mg (46% yield) of enoate 4.4 as a pale-yellow solid; "H NMR (400 MHz,

3) & 8.29 (s, 1H), 7.61 (d, J = 16.4 Hz, 1H), 7.31 (d, J = 8.0 Hz, 2H), 7.30 (d, J =

|z, 2H), 6.05 (d, J = 16.4 Hz, 1H), 5.2 (brs, 2H), 4.53 (t, J = 5.6 Hz, 2H), 3.73 (s,

3.46 (m, 2H), 2.45 (s, 3H), 2.01 (m, 2H), LC/MS (LC: gradient 5-100% MeCN (0.1%

;H] over 35 min, 0.2 mL/min flow rate, MS: El"): retention time, 12.7 min; purity,

; 367.1 [M+H]".

OTBS 4.5. To a solution of bromide-OTBS 2.4 (350 mg, 0.74 mmol) in toluene (16

as added tributyl(vinyl)tin (0.260 mL, 0.89 mmol). Argon gas was bubbled through
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the solution for 5 min. Tetrakis(triphenylphosphine)palladium (60 mg, 0.052 mmol) was

quickly added and the mixture was refluxed for 10 h. The solvent was removed in vacuo

and the crude product was purified by flash chromatography (2:1 ethyl acetate/hexanes)

to give vinyl-OTBS 4.5 (271 mg, 88% yield): R, 0.45 (100% ethyl acetate); ‘H NMR (400

MHz, CDCl3) 88.28 (s, 1H), 7.31 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 8.0 Hz, 2H), 6.65 (dd,

18 Hz, 12 Hz, 1H), 5.44 (dd, J = 18 Hz, 1.2 Hz, 1H), 5.24 (dd, J = 12 Hz, 1.2 Hz, 1H),

4.89 (brs, 2H), 4.43 (t, J = 7.6 Hz, 2H), 3.72 (t, J = 6.0 Hz, 2H), 2.42 (s, 3H), 2.05 (m,

2H), 0.89 (s, 9H), 0.05 (s, 6H); "C NMR (100 MHz, CDCl3) & 156.7, 1520, 1374, 131.8.

130.9, 130.4, 129.6, 124.9, 118.1, 11.4.4, 102.3, 60.3, 39.8, 33.2, 25.9, 21.2, 18.2; EI'-

MS 423.1 [M+H]".

Aldehyde-OTBS 4.6. To a solution of vinyl-OTBS 4.5 (50 mg, 0.12 mmol) in 3:1

THF/H2O (1 mL) was added OsO4 (2.5 wt.% in t-butanol, 0.030 mL, 0.0024 mmol). The

mixture was stirred for 10 min at room temperature, during which time the solution

turned dark brown. NaIO4 (45 mg, 0.21 mmol) in H2O (0.20 mL) was added dropwise

Over a period of 10 min, during which time the solution turned yellow and a white

precipitate formed. After 1 h, the reaction mixture was diluted with ethyl acetate (10 mL)

and washed with sat. Na2SO3 (10 mL). The organic fraction was dried over Na2SO4,

filtered, and concentrated in vacuo. Purification by flash chromatography (2:1 ethyl

acetate/hexanes) gave 43 mg (86% yield) of aldehyde 4.6: R, 0.51 (100% ethyl acetate);

"H NMR (400 MHz, CDCl3) 69.62 (s, 1H), 8.39 (s, 1H), 7.38 (d, J = 8 Hz, 2H), 7.33 (d. J

= 8 Hz, 2H), 5.1 (bris, 2H), 4.72 (t, J = 7.6 Hz, 2H), 3.73 (t, J = 6.0 Hz, 2H), 2.45 (s, 3H),

2.04 (m, 2H), 0.89 (s, 9H), 0.05 (s, 6H); "C NMR (100 MHz, CDCl3) & 1820, 159.1,

155.8, 151.0, 138.9, 130.6, 130.3, 129.8, 129.7, 128.8, 128.3, 101.7, 60.9, 41.0, 33.6,

--
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, 21.2, 18.2; LC/MS (LC: gradient 5-100% MeCN [0.1% HCO2H] over 35 min, 0.2

min flow rate, MS: E!'): retention time, 23.4 min; purity, >95%; 425.1 [M+H]".

boc aldehyde-OTBS 4.7. To a solution of aldehyde-OTBS 4.6 (135 mg, 0.32 mmol)

HF (3 mL) was added (Boc)2O (207 mg, 0.95 mmol). DMAP (8 mg, 0.064 mmol)

quickly added and the mixture was stirred for 2 h at room temperature. The

tion mixture was diluted with ethyl acetate (10 mL) and washed with 0.5 N HCl (10

follwed by brine (10 mL). The organic fraction was dried over Na2SO4, filtered, and

entrated in vacuo. Purification by flash chromatography (1:6 ethyl acetate/hexanes)

ded the desired N-diboc aldehyde-OTBS 4.7 (140 mg, 70% yield): R, 0.75 (1:1 ethyl

ate/hexanes); "H NMR (400 MHz, CDCl3) 69.84 (s, 1H), 8.96 (s, 1H), 7.34 (d, J = 8

2H), 7.26 (d, J = 8 Hz, 2H), 4.82 (t, J = 7.6 Hz, 2H), 3.74 (t, J = 6.0 Hz, 2H), 2.44 (s,

2.05 (m, 2H), 1.31 (s, 18H), 0.92 (s, 9H), 0.06 (s, 6H); "C NMR (100 MHz, CDCl3)

|, 156.2, 155.4, 155.1, 150.3, 131.7, 130.3, 128.7, 113.3, 94.6, 83.6, 60.9, 41.8,

28.8, 28.2, 28.1, 27.9, 27.2, 26.3, 25.9, LC/MS (LC: gradient 5-100% MeCN (0.1%

2H] over 35 min, 0.2 mL/min flow rate, MS: EI’): retention time, 34 min; purity,

3, 625.1 [M+H]".

e 4.8. To a solution of N-diboc-aldehyde-OTBS 4.7 (75 mg, 0.12 mmol) in CH2Cl2

-) was added 1-triphenyl-phosphoranylidene-2-propanone (153 mg, 0.48 mmol) and

lixture was stirred at room temperature. Reaction mixture turned bright yellow after

|. After 12 h, the solvent was removed in vacuo and the crude product was purified

sh chromatography (1:5 ethyl acetate/hexanes) to give the desired N-diboc enone

S (76 mg, 95% yield): R, 0.40 (1:4 ethyl acetate/hexanes); "H NMR (400 MHz,

3) 68.84 (s, 1H), 7.53 (d, J = 16.4 Hz, 1H), 7.23 (m, 4H), 6.51 (d, J = 16.4 Hz, 1H),

(t, J = 7.6 Hz, 2H), 3.77 (t, J = 6.0 Hz, 2H), 2.42 (s, 3H), 2.23 (s, 3H), 2.0 (m, 2H),
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, 0.93 (s, 9H), 0.05 (s, 6H); "C NMR (100 MHz, CDCl3) & 1972, 1542,

, 150.3, 137.6, 132.3, 130.2, 129.9, 129.8, 129.3, 129.2, 119.8, 1144, 83.1,

3.0, 28.1, 27.8, 25.9, 21.3, 18.4.

solution of the diboc enone-OTBS (21 mg, 0.03 mmol) in CH2Cl2 (0.25 mL)

TFA (0.25 mL). After stirring for 2 h at room temperature, the solvent was

vacuo and the crude product was dissolved in THF (1 mL) and 1 N HCl (0.3

3 h, the reaction mixture was diluted with CH2Cl2 (5 mL) and washed with

aHCO3 (5 mL) followed by brine (5 mL). The organic fraction was dried over

*red, and concentrated in vacuo. Purification by flash chromatography (1:20

>|2) gave enone 4.8 (9.6 mg, 89% yield) as a yellow solid: R, 0.20 (1:20

>|2); "H NMR (400 MHz, CDCl3) 68.29 (s, 1H), 7.41 (d, J = 16 Hz, 1H), 7.33

, 2H), 7.29 (d, J = 8 Hz, 2H), 6.38 (d, J = 16 Hz, 1H), 5.20 (bris, 2H), 4.53 (t.

2H), 3.48 (t, J = 5.6 Hz, 2H), 2.45 (s, 3H), 2.20 (s, 3H), 2.01 (m, 2H), LC/MS

it 5-100% MeCN (0.1% HCO2H] over 35 min, 0.2 mL/min flow rate, MS: EI’):

e, 11.4 min; purity, >95%; 351.1 [M+H]".

tenoate 4.9. To a solution of N-diboc-aldehyde-OTBS 4.7 (23 mg, 0.037

HF (0.5 mL) was added methyl cyanoacetate (0.037 mL of 1 M in THF),

DBU (0.04 mL of 1 M in THF). Reaction mixture turned bright yellow after 5

h, the solvent was removed in vacuo and the Crude product was purified by

tography (1:3 ethyl acetate/hexanes) to give the desired N-diboc vinylnitrile

a-OTBS (20.3 mg, 78% yield): R. 0.50 (2:3 ethyl acetate/hexanes); ‘H NMR

DCl3) & 8.86 (s, 1H), 8.27 (s, 1H), 7.18 (s, 4H), 4.55 (t, J = 7.6 Hz, 2H), 3.85

(t, J = 6.0 Hz, 2H), 2.37 (s, 3H), 1.27 (s, 18H), 0.89 (s, 9H), 0.05 (s, 6H).

solution of the N-diboc acrylonitrile-enoate-OTBS (20 mg, 0.028 mmol) in

mL) was added TFA (0.25 mL). After stirring for 2 h at room temperature,

*
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e Solvent was removed in vacuo and the crude product was dissolved in THF (1 mL)

id 1N HCl (0.3 mL). After 3 h, the reaction mixture was diluted with CH2Cl2 (5 mL) and

ashed with saturated NaHCO3 (5 mL) followed by brine (5 mL). The organic fraction

is dried over Na2SO4, filtered, and concentrated in vacuo, Purification by flash

romatography (1:20 MeOH/CH2Cl2) gave acrylonitrile-enoate 4.9 (9.6 mg, 89% yield)

a yellow solid: R, 0.20 (1:20 MeOH/CH2Cl2); "H NMR (400 MHz, CDCl3) 68.36 (s,

|), 8.30 (s, 1H), 7.24 (d, J = 8.0 Hz, 2H), 7.27 (d, J = 8.0 Hz, 2H), 4.5 (t, J = 6.0 Hz,

), 3.87 (s, 3H), 3.4 (m, 2H), 2.43 (s, 3H), 1.95 (m, 2H), LC/MS (LC: gradient 5-100%

!CN (0.1% HCO2H] over 35 min, 0.2 mL/min flow rate, MS: EI”): retention time, 11.8

h; purity, >95%; 392.0 [M+H]".

ylonitrile 4.10. To a solution of N-diboc-aldehyde-OTBS 4.7 (10 mg, 0.016 mmol) in

2Cl2 0.5 mL) was added 1-triphenyl-phosphoranylidene-2-acetonitrile (19 mg, 0.064

lol). After 12 h, the solvent was removed in vacuo and the crude product was purified

flash chromatography (1:5 ethyl acetate/hexanes) to give N-diboc vinylnitrile-OTBS

isomer, 8 mg, 80%): R. 0.50 (1:4 ethyl acetate/hexanes); ‘H NMR (400 MHz, CDCl3)

86 (s, 1H), 7.39 (d, J = 17.2 Hz, 1H), 7.23 (m, 4H), 5.79 (d, J = 17.2 Hz, 1H), 4.56 (t.

7.6 Hz, 2H), 3.75 (t, J = 6.0 Hz, 2H), 2.44 (s, 3H), 2.0 (m, 2H), 1.3 (s, 18H), 0.93 (s,

, 0.05 (s, 6H).

To a solution of the acrylonitrile-OTBS (8 mg, 0.012 mmol) in CH2Cl2 (0.25 mL)

; added TFA (0.25 mL). After stirring for 2 h at room temperature, the solvent was

oved in vacuo and the crude product was dissolved in THF (1 mL) and 1 N HCl (0.3

. After 3 h, the reaction mixture was diluted with CH2Cl2 (5 mL) and washed with

Irated NaHCO3 (5 mL) followed by brine (5 mL). The organic fraction was dried over

SO4, filtered, and concentrated in vacuo. Purification by flash chromatography (1:20

DH/CH2Cl2) gave acrylonitrile 4.10 (3.2 mg, 80% yield) as a white solid: R, 0.20 (1:20

º
º

.
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H2Cl2); "H NMR (400 MHz, CDCl3) & 8.31 (s, 1H), 7.35 (d, J = 7.6 Hz, 2H), 7.28

'.6 Hz, 2H), 7.25 (d, J = 17.2 Hz, 1H), 5.42 (d, J = 17.2 Hz, 1H), 5.0 (brs, 2H),

| = 6.0 Hz, 2H), 3.49 (m, 2H), 2.46 (s, 3H), 1.97 (m, 2H), LC/MS (LC: gradient 5

eCN (0.1% HCO2H] over 35 min, 0.2 mL/min flow rate, MS: EI”) retention time,

; purity, >95%; 334.1 [M+H]".

, reagents and antibodies. The CTD of human RSK1 (aa-319-744) and mouse

a414-7.40) with a C-terminal hexahistidine tag was expressed in E. coli and

y immobilized nickel affinity chromatography as previously described”. PMA

S were purchased from Sigma. TBTA ■ tris-(benzyltriazolylmethyl)amine],

N3 were synthesized as previously described”. Antibodies against RSK1 and

re purchased from Santa Cruz Biotechnology. Anti-mouse HRP and anti-rabbit

2ndary antibodies were purchased from Pierce.

ure. HEK-293 cells were cultured in Dulbecco's modified Eagle's medium

supplemented with 10% fetal bovine serum (FBS).

‘eparation and western blotting. Cells were washed with cold PBS and lysed

g and thawing in either PBS lysis buffer (1.5 mM KH2PO4, 8 mM Na2HPO4 (pH

mM NaCl, 2.7 mM KCI, 0.5 mM MgCl2, 0.9 mM CaCl2, protease inhibitor

&Oche]). Clarified lysates were normalized using the Bradford assay (BioFad).

;ample buffer was added to samples and proteins were resolved by 7.5% SDS

amide gel electrophoresis (SDS-PAGE), transferred to a nitrocellulose

2, blocked with 5% (w/v) nonfat milk, probed with primary and secondary

, and detected by enhanced chemiluminescence (ECL).
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Two-step competition labeling assay. Confluent HEK-293 cells in 12-well plates were

treated with the indicated concentrations of the electrophilic pyrrolo[2,3-d]pyrimidines

(competitors) for 1 h at 37°C, followed by fmk-pa (0.3 uM) for 1 h at 37°C. Cells were

washed with cold PBS and harvested in PBS lysis buffer as described above. Click

reactions were performed as previously described. Briefly, HEK-293 cell lysates (~1

mg/mL) from competitor and fmk-pa-pretreated cells (0.3 uM) were incubated with

TAMRA-N3 (50 uM), TCEP ■ tris(carboxyethyl)phosphine) (1 mM), CuSO4 (1 mM), and

TBTA (100 um) in PBS [ph 7.4] containing 1% SDS for 1 h at room temperature.

Laemmli sample buffer was added and proteins were resolved by 7.5% SDS-PAGE and

detected by in-gel fluorescence scanning with a Typhoon 9400 flatbed laser-induced

Scanner (Amersham Biosciences). TAMRA-labeled RSK1 and RSK2 bands were

quantified (Image.J). Data were fit using Prism 4.0 to obtain IC50 values.

Immunodepletion of TAMRA-labeled proteins with monospecific antibodies

against RSK1 and RSK2. A HEK-293 cell lysate (5 mg/mL, 400 ul) from frnk-pa

treated cells was incubated with TAMRA-N3 under the click reaction conditions for 1 h.

10 ul was removed for the input lane and diluted with 40 ul PBS lysis buffer (containing

1% NP-40 and 0.1% SDS) and 50 uL 2X Laemmli sample buffer. The remaining lysate

was diluted with 4 mL PBS containing 1% NP-40. The diluted lysate (1.5 mL each) was

incubated with 4 ug (20 ul) of either a RSK2 monoclonal antibody or affinity purified

RSK1 polyclonal antibodies for 2 hours at 4°C, followed by incubation with 50 ul Protein

G/Sepharose (Amersham) overnight at 4°C. The immune complexes were washed three

times with PBS lysis buffer (containing 0.1 %SDS and 1% NP-40), resuspended in 50 ul

of PBS lysis buffer (containing 0.1 % SDS and 1% NP-40) and 100 ul 2X Laemmli

Sample buffer, and boiled for 10 min. To 50 ul of the supernatants from each condition
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was added 50 ul of Laemmlisample buffer. Proteins were subsequently analyzed by in

gel fluorescence scanning or Western blotting.

Determination of the rate of reaction offmk with RSK1 CTD and RSK2 CTD using

mass spectrometry. Human RSK1 CTD (1 u■ /) or mouse RSK2 CTD (1 u■ /) in 12.5

mM Tris (pH 8], 100 mM NaCl, and 1 mM DTT was incubated with 2 mM ATP at room

emperature for 10 min. Proteins were then transferred to a 96-well plate on ice and

ncubated with frnk (3 um) for various times and the reaction was quenched by the

ddition of ice cold aqueous formic acid (0.4% v■ v). The reactions were diluted 1:10 in

queous formic acid and analyzed by mass spectrometry using a CIT Analytics

utosampler and a QStar Electrospray mass spectrometer (Applied Biosystems).

'ercent modification was quantified by dividing the intensity of the fmk-modified peak by

he unmodified peak. Determination of the apparent second-order rate constants

(obs/[I]): kobs was determined by plotting ln(Eo/E) vs. preincubation time (where Eo = %

nk-modification at time 0 and E = % frnk-modification at time t).
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Chapter 5

Third-generation p90 RSK
inhibitors
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hapter describes efforts to identify more potent inhibitors of the CTD of

SK2. We synthesized variants of our previously described inhibitor, frnk,

diverse substituents at the N-7 position of the pyrrolo[2,3-d]pyrimidine

placement of hydroxyl group emanating from the substituent at the N-7

nk with secondary amines led to improved cellular potency. By contrast,

r piperidinyl N-7 derivatives exhibited reduced potency. We also explored

e hydrophobic pocket occupied by the C-5 p-tolyl group of frnk. A small

cturally related, reversible pyrazolo[3,4-d]pyrimidines with diverse aromatic

at a position analogous to the C-5 position of frnk were screened against

sing a competition labeling assay in vitro. The results of this experiment

aromatic substituents at the C-5 position larger than the tolyl group will

sed affinity relative to frnk.
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ntroduction

p90 ribosomal protein S6 kinases (RSK) are serine/threonine kinases that are

ctivated by signaling inputs from extracellular regulated kinase (ERK)” and

)”. In humans there are four RSK isoformshosphoinositide-dependent kinase 1 (PDK1

RSK1-4) and they all contain two, non-identical kinase domains: a regulatory C

arminal kinase domain (CTD) and an N-terminal kinase domain (NTD), which

hosphorylates all downstream RSK targets”. The CTD is thought to be essential for

ctivation of the N-terminal kinase domain (NTD) by autophosphorylation of Ser386

human RSK2 numbering). Previous work in our laboratory led to the rational design of

mk (Figure 4-1), an irreversible inhibitor of the CTD of RSK1 and RSK2 that exploits

wo selectivity filters in the ATP-binding site of the RSK CTD; a non-conserved cysteine

Dys436, human RSK2 numbering), which is covalently modified by the electrophile of

nk, and a semi-conserved threonine (Thr493, known at the gatekeeper residue) in the

TP binding site”. We recently designed a second-generation RSK CTD inhibitor,

amed frnk-pa (Figure 4-1), a propargylamine variant that not only can be conjugated to

n azidoalkyl reporter via click chemistry to monitor covalent CTD modification in cells,

ut also has a 5-fold greater cellular potency than frnk against the CTD of RSK2. Both

hibitors have been integral for probing the requirement of the CTD for endogenous

SK signaling and identifying new, physiologically relevant RSK substrates.

In an effort to identify alternative electrophilic inhibitors with improved potency,

e recently synthesized a series of Michael acceptor-substituted pyrrolo[2,3-

pyrimidines. From this set, we identified enone 4.8 (refer to Scheme 4-2), which was

Ore potent than frnk against RSK2 in cells; however, because of the intrinsically greater

emical reactivity of the enone electrophile relative to the fluoromethylketone offmk, we

*re Concerned that enone 4.8 would exhibit less proteome-wide, kinetic selectivity.

jeed, in HEK-293 cells, a fluorophore-conjugated derivative of enone 4.8, enone
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DIPY (Scheme 5-1, synthesized using a similar route to frnk-BODIPY), demonstrated

re extensive off-target modification compared to frnk-BODIPY at the same

centrations (Figure 5-1).

Oc)2N O (Boc)2N O NH2 O

Nºr-S / * - Nºr■ 4 bes YSPS _/-(
U.2 U.2 U.2NTN NTN NTN O

HO
cº- º

Nº º
5.1 5.2 5.3 (enone-BODIPY)

eme 5-1. Synthesis of enome-BODIPY. Reagents and conditions: a carbonyldiimidazole, DIPEA,
Cl2, then N-Boc-1,4-diaminobutane; b. TFA, CH2Cl2; c. BODIPY FL-NHS, DIPEA, DMF.

frnk-BODIPY enone-BODIPY

O 1 3 1 3 1.0 . 1 3 1 3 0

Ire 5-1. Fmk-BODIPY is more kinetically selectivity than enome-BODIPY in intact cells. HEK-293 cells
2 treated with the indicated concentrations of frnk-BODIPY or enome-BODIPY for 1 h. Cells were
'ested in PBS and proteins were resolved by 7.5% SDS-PAGE and detected by in-gel fluorescence
ining.

(uM)

=

BODIPY fluorescence

‘eover, enone 4.8 was 6-fold more potent than frnk against the Thr-gatekeeper

ise, Src (IC50 of 0.2 g M and 1.2 g M, respectively), which is a potential reversible off

et of our designed electrophilic compounds since it is potently inhibited by related

olo[2,3-dipyridines. We therefore chose not to pursue the synthesis of electrophilic

olo[2,3-d]pyrimidines that incorporated the enone electrophile. Instead, we turned

efforts toward the synthesis of frnk variants with improved cellular potency. We
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in particular, on preparing third-generation frnk analogs with variations at the N

".

and Discussion

is and evaluation offmk variants with various N-7 substituents

!ased on the unanticipated result that fmk-pa is more potent than frnk in cells,

ared a small set of frnk analogs that contain secondary or tertiary amines in

the hydroxyl group at the N-7 substituent (Scheme 5-2). Our strategy rapidly

*d the amine derivatives from the common mesylate intermediate 3.2 via a

■ o-step sequence involving SN2 displacement with primary or secondary amines,

by removal of the Boc protecting group.

compound X

oc)2N NH2
--

|
F F

-Nº S a,b Nº S 5.4 (fmk-dma) NSU.I.: —- LIS
N N O N N O |2 5.5 (fmk-mpa) NJº

MSO X

3.2 5.6 (fmk-mor) N O
\–/

.7
-5.7 (fmk-aa) HNs-s

5.8 (mºmea) | HNTS”S

-2. Synthesis of secondary amine derivatives of frnk. Reagents and Conditions: a. amine (neat or
); b. TFA, CH2Cl2 (30-100% yield over 2 steps).

synthesized two other frnk analogs that contained cyclopenty or piperidinyl

t the N-7 position (Schemes 5-2 and 5-3, similar to route used to prepare frnk).

inspired by studies from Abbott that showed that 7-cycloalkyl substituents on

yrrolo[2,3-d]pyrimidine inhibitors of the Src family tyrosine kinase, Lck,
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improved their potency relative to their lead compound that contained a t

at the N-7 position”.

z \
- NC NH2 NH2

a,b S d S

—t- H2NTSN / \ —- {j Y —- i.
NTN NH| o

5.9 5.10 5.11

NH2 NH2 NH2

S f, S 9 h-i S O

| N Br -*-- i N +- º
e NSN2 N N” N N N F

5.12 5.13 5.14 (fmk-cp)

synthesis offmk-cp. Reagents and conditions: a triethylorthoformate; b. 7 N NH3, MeOH; c.
H (60% yield over 2 steps); d. NaH, cyclopenty bromide, DMF (61 % yield); e. N
■ ide, DMF (60% yield); f. cº-(ethoxyvinyl)tributyl tin, Pd(P(Ph)3]4, toluene; g. 1 N HCl, THF
bver 2 steps); h. (Boc)2O, DMAP, THF (80% yield); i. LDA, THF, then N
ulfonimide, j. TFA, CH2Cl2.

NH2 NH2 NH2 NH2

S b Nº S C,C S 9 e-g NºS O
U _ N -> U. e Y—Br —- e –º- U e W

N N N N N N N F

B H

N
N

Ö Ö
OC Oc Boc

5.15 5.16 5.17 5.18 (fmk-pip)

º

N
B

nthesis offmk-pip. Reagents and conditions: a K2CO3, 18 crown-6-ether, N-boc 4-tosylate
F (38% yield); b. N-bromosuccinimide, DMF (50% yield); c. a-(ethoxyvinyl)tributyl tin,
ene (72% yield); d. 1 NHCl, THF (86% yield); e. (Boc)2O, DMAP, THF (79% yield); f. LDA,
brobenzenesulfonimide; g. TFA, CH2Cl2.

º

N

—
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ested some of the N-7 frnk derivatives, at a concentration of 1 um, for

CTD cellular activity by monitoring PMA-induced autophosphorylation of

º,T-

|

in HEK-293 cells (Figure 5-2). The dimethyl amine derivative, fmk-dma,

more potent than frnk in this experiment; however, a more careful dose

alysis demonstrated that they are equipotent. Interestingly, the morpholino

nk-mor, was significantly less active than frnk-dna, demonstrating that only

oups attached to the amine are tolerated. Frnk-pip weakly inhibited Ser386

tion, whereas frnk-cp had no effect. This dramatically reduced potency

|k could be the result of an altered conformation of the electrophile, making

Stible to nucleophilic attack by Cys436. Indeed, molecular modeling studies

the conformation of the electrophile is different in frnk-cp and fmk-pip than

lot shown).

a Ø —&

N- sº
- $ $ $ $ $ compound (1 um)

- + + + + + + PMA (100 ng/mL)
WB. pS386

|-WB Rskº

b

100

# 75
Ox

3
& 50
(■ )
Cl

Sº
25

&
-0 & §’ & sº &

cts of N-7 frnk derivatives on PMA-stimulated RSK Ser386 phosphorylation. (a) HEK-293
ed of serum for 2 h and subsequently treated with 1 uM compound for 90 min. Cells were

PMA (100 ng/mL) for 30 min and harvested in RSK lysis buffer. Proteins were resolved by
and detected by Western blotting with antibodies to phospho-Ser386 RSK and RSK2. (b)

Western blot data in (a).

B

º
º
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The cellular activities of the secondary amine derivatives, fmk-aa and fmk-mea,

were directly compared to frnk-pa. Both frnk-aa and fmk-mea potently inhibited PMA

stimulated RSK Ser386 phosphorylation, achieving complete inactivation at a

Concentration of 100 nM (Figure 5-3). These compounds are our most potent RSK CTD

nhibitors to date. Future studies will involve the synthesis of a library of secondary

amine variants to develop the structure activity relationship (SAR) of this region offmk.

fnk-pa frnk-aa fnk-mea

- + + + + + + + + + + PMA (0.1 pg/mL)
0 0 .01 .1 1 01 - 1 1 01 1 1 inhibitor (uN)

- - - - - - - pS386 RSK

*igure 5-3. Secondary amine frnk variants exhibit remarkable cellular potency. HEK-293 cells were
leprived of serum for 2 h and subsequently treated with the indicated concentrations of the compounds for
}0 min. Cells were stimulated with PMA (100 ng/mL) for 30 min and harvested in RSK lysis buffer. Proteins
were resolved by 10% SDS-PAGE and detected by Western blotting with antibodies to phospho-Ser386
&SK.

The N-methyl propargylamine derivative, frnk-mpa, was originally synthesized as

a potential clickable probe of the RSK CTD. The extent and selectivity of covalent RSK

CTD modification by fmk-mpa was compared to fmk-pa. In contrast to frnk-pa (3 uM),

modification of endogenous RSK1 and RSK2 by fmk-mpa (3 um) was undetectable

ollowing click chemistry (Figure 5-4). Future experiments are required to understand

Why this compound did not work as a clickable probe. In particular, its effects on PMA

timulated Ser386 phosphorylation need to be evaluated. If fmk-mpa exhibits similar

otency to frnk-pa, then it is possible that the N-methyl group adversely affects the click

Baction.
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<-mpa is not an effective clickable probe of the CTD of RSK1 and RSK2, HEK-293 cells were
1M of either frnk-mpa or frnk-pa for 1.h. Cells were harvested in PBS and lysates were
k conjugation with TAMRA-N3. Proteins were resolved by 10% SDS-PAGE and detected by
ce scanning (left) and Coomassie blue staining (right).

size of the gatekeeper pocket with a small library of reversible

'd]pyrimidines

bly substituent at the C-5 position of frnk is hypothesized to occupy a

pocket that is defined by Thr493, which is referred to as the gatekeeper

2 Chapter 1). Among the Thr gatekeeper kinases (~25% of the human

ne), there are considerable differences in the size and character of this

ially in the autoinhibited states". In fact, various inhibitors have been

exploit these differences to achieve remarkable selectivity, even among

i kinases. Since no crystal structures of the CTD of RSK are available, the

acter of this pocket are unknown. Therefore, we screened a small panel of

ble (from the Shokat laboratory at UCSF) pyrazolo[3,4-d]pyrimidines with

atic substituents at the C-5 position to map the Thr gatekeeper pocket in

'igure 5-5a). The pyrazolo[3,4-d]pyrimidine scaffold is essentially identical

o[2,3-d]pyrimidine scaffold of frnk, the only differences being the

ºf the substituted-carbon at C-2 with a nitrogen and the hydroxypropyl at N

| group. To facilitate the rapid analysis of the pyrazolo[3,4-d]pyrimidine C
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c variants against RSK2 CTD, we used a competition labeling assay with frnk

** as wellCompetition labeling assays have been used to screen irreversible

|ble" covalent inhibitors, but to our knowledge have not been used to screen
rsible inhibitors. Nevertheless, we reasoned that under conditions of

modification of RSK2 CTD by frnk-BODIPY, reversible inhibitors, similar to

covalent inhibitors but perhaps to a lesser extent, should effectively compete

therefore performed a time course of RSK2 CTD (50 nM) labeling by 1 um

PY (Figure 5-5b). Based on this experiment, we decided that 30 min would

jtimal time for the competition labeling reaction. To determine if these

could be used to effectively measure the affinity of a reversible inhibitor, we

SK2 CTD with increasing concentrations of PP1, a pyrazolo[3,4-d]pyrimidine

/l group at C-5. A dose dependent decrease in RSK2 CTD labeling was

upon PP1 pretreatment (Figure 5-5c). Quantification of the labeled bands

n IC50 of ~3 u M for PP1. Next, we screened 10 other pyrazolo[3,4-

les with various aromatic groups at the C-5 position at a concentration of 3

5pointingly, none of the tested compounds were more potent than PP1. Only

bund, c284, was equipotent to PP1. This compound contains a m-hydroxyl

stituted phenyl ring at C-5, which has previously been suggested to form a

yond to the threonine gatekeeper side chain in the Src-family kinases. The m

tive (c302) and the acetal-protected catechol derivative (C215) blocked

~50%. The benzyl derivative (c299) was less potent than PP1, blocking

~30%. Replacement of the p- or m-methyl group of the tolyl substituent with

nitro, t-butyl, or phenylether, led to a substantial loss in activity (< 25% block

Together our results demonstrate that the Thr gatekeeper pocket in the
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CTD of RSK2 cannot accommodate aromatic groups much larger than the original toly

group, although more inhibitors need to be tested and IC50 values determined.

º :-(−)-wn, an

X i-K)+ a.

HQ-5 a.
-Q

c220

■ mk-BODIPY (1 um)

-Q
c224

|-Q
c284

; c299TC)
-Q

c302

frnk-BODIPY (1 um)
10 30 60 120 min 0 01 03 .1 .3 1 3 10 30 PP1 (um)5

[TEBoofy B- - - - - - - Bobº

;
1

257O O5O5O ----
Figure 5-5. Exploring the size threonine gatekeeper pocket of RSK2 CTD using a competition labeling
assay. (a) Panel of pyrazolo[3,4-d]pyrimidines with various aromatic groups at the C-5 position. (b) Time
course of RSK2 CTD labeling by frnk-BODIPY. RSK2 CTD (50 nM) was treated with 1 um frnk-BODIPY for
the indicated times and reaction was quenched by the addition of Laemmli sample buffer. Proteins were
resolved by 10% SDS-PAGE and detected by in-gel fluorescence scanning. (c) PP1 inhibits the labeling of
RSK2 CTD in a concentration-dependent manner. RSK2 CTD (50 nM) was treated with increasing
concentrations of PP1 followed by 1 um frnk-BODIPY for 30 min. Analyzed as described in (b) (d)
Screening of compounds shown in (a). RSK2 CTD (50 nM) was treated with 3 uM of the indicated inhibitors,
followed by 1 uM frnk-BODIPY for 30 min. Analyzed as described in (b).
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imental

cal synthesis

al. "H and “C NMR spectra were recorded on a Varian 400 spectrometer at 400

10 MHz, respectively. Chemical shifts were reported as parts per million (ppm)

eld from an internal tetramethylsilane standard (8 = 0.0 for "H NMR) or from

t references. Low-resolution electrospray ionization mass spectra (EI'-MS) were

ed on a Waters Micromass ZQ 4000 spectrometer. LC/MS (MS: EI”) was

ned on a Waters AllianceHT LC/MS with a flow rate of 0.2 mL/min (monitored at

n and 260 nm) using an Xterra MS C18 column (Waters). High-resolution electron

mass spectra (HRMS) were recorded on a Micromass VG70E spectrometer by

an Sun at the University of California-San Francisco Biomedical Mass

ometry Center. For air- and water-sensitive reactions, glassware was oven- or

Jried prior to use and reactions were performed under argon. Dichloromethane,

y|formamide, methanol, tetrahydrofuran, toluene, and diisopropylamine were dried

the solvent purification system manufactured by Glass Contour, Inc. (Laguna

CA). All other solvents were of ACS chemical grade (Fisher) and used without

purification unless otherwise indicated. Commercially available starting reagents

sed without further purification. Many of the pyrrolo[2,3-d]pyimidine compounds

baringly soluble in acetonitrile and concentration from this solvent often yielded a

lid. Analytical and preparative thin layer chromatography were performed with

el 60 F2sa glass plates (EM Science). Flash chromatography was conducted with

0 mesh silica gel (Selecto Scientific). High performance liquid chromatography

was performed on a Prostar 210 (Varian) with a flow rate of 10 mL/min

red at 210 nm and 260 nm) using a COMBI-A C18 preparatory column (Peeke

c). s
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Diboc enone 5.1. Diboc enome-OTBS (76 mg, 0.11 mmol) was dissolved in THF (3 mL)

and stirred at 0°C. 1 N HCl (1 mL) was added and reaction mixture was slowly warmed

to room temperature over a period of two hours. Mixture was partitioned between

CH2Cl2 (10 mL) and saturated NaHCO3 (10 mL). The collected organic fraction was

washed with brine (10 mL), dried over anhydrous Na2SO4, filtered, and concentrated in

vacuo. Purification by flash chromatography (100% ethyl acetate) gave diboc enome 5.1

(55 mg, 92% yield) as a yellow film; "H NMR (400 MHz, CDCl3) 88.85 (s, 1H), 7.53 (d, J

= 16.8 Hz, 1H), 7.24 (m, 4H), 6.49 (d, J = 16.4 Hz, 1H), 4.62 (t, J = 6.0 Hz, 2H), 4.02 (t.

2H), 3.54 (m, 2H), 2.43 (s, 3H), 2.23 (s, 3H), 2.01 (m, 2H), “C NMR (100 MHz, CDCl3)

ð 1980, 152.5, 150.2, 137.9, 1326, 130.1, 129.9, 129.5, 129.4, 83.3, 57.7, 39.2, 32.7,

28.2, 27.8, 21.3.

Enone carbamate 5.2. To a solution of 5.1 (15 mg, 0.027 mmol) in CH2Cl2 (0.25 mL) was

added DIPEA (0.045 mL of 1 M in CH2Cl2), followed by carbonyldiimidazole (5.3 mg,

0.033 mmol). After stirring for 2 h at room temperature, N-Boc-1,4-diaminobutane (26

mg, 0.14 mmol) was added. After 3 h, additional N-Boc-1,4-diaminobutane (12 mg,

0.065 mmol) was added and the reaction was stirred for 2 h at room temperature. The

reaction mixture was diluted with ethyl acetate (10 mL) and washed with 0.5 NHCI (10

mL) followed by brine (10 mL). The organic fraction was dried over Na2SO4, filtered, and

Concentrated in vacuo. Purification by flash chromatography (3:2 ethy acetate/hexanes)

gave 13.1 mg (65% yield) of enone carbamate 5.2; ‘H NMR (400 MHz, CDCl3) & 8.86 (s,

1H), 7.56 (d, J = 16.8 Hz, 1H), 7.26 (m, 4H), 6.74 (d, J = 16.8 Hz, 1H), 4.62 (t, J = 7.6

Hz, 2H), 4.18 (t, J = 5.2 Hz, 2H), 3.16 (m, 4H), 2.45 (s, 3H), 2.0 (s, 3H), 2.0 (m. 2H), 1.42

(S, 9H), 1.30 (s, 18H), 1.28 (m, 4H).
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Enone-BODIPY 5.3. To a solution of 5.2 (13 mg, 0.017 mmol) in CH2Cl2 (0.8 mL) at 0°C

was added TFA (0.7 mL). After warming to room temperature and stirring for 3 h,

solvents were removed in vacuo to yield the boc deprotected product, which was used in

the next reaction without further purification.

To a solution of the crude enone amine in DMF (0.1 mL) at room temperature

was added BODIPY FL-NHS (5 mg, 0.009 mmol), followed by DIPEA (0.003 mL, 0.016

mmol). After 24 h in the dark, the solvents were removed in vacuo and the mixture was

purified by flash chromatography (10:1 CH2Cl2/MeOH) to give 5.3 (enone-BODIPY) as a

red solid in quantitative yield: 'H NMR (400 MHz, CDCl3) & 8.22 (s, 1H), 8.00 (s, 1H),

7.50 (d, J = 16.8 Hz, 2H), 7.35 (d, J = 8 Hz, 2H), 7.30 (d, J = 8.4 Hz, 2H), 7.1 (s, 1H),

6.86 (d, J = 3.6 Hz, 1H), 6.65 (d, J = 16.8 Hz, 2H), 6.21 (d, J = 3.6 Hz, 1H), 6.0 (s, 1H),

5.80 (m, 2H), 4.45 (t, 2H), 4.04 (m, 2H), 3.25-3.06 (m, 6H), 2.60 (t, 2H), 2.48 (s, 3H),

2.39 (s, 3H), 2.18 (s, 3H), 2.11 (s, 3H), 2.0 (t, 2H), 146-137 (m, 10H).

Fmk-dimethylamine 5.4 (fmk-dma). To a solution of mesylate 3.2 (7.5 mg, 0.012 mmol)

in THF (0.1 mL) was added dimethylamine (0.5 mL of 2 M in THF) and the reaction was

stirred for 50 h at room temperature. The reaction mixture was diluted with ethyl acetate

(10 mL) and washed with H2O (10 mL). The organic fraction was dried over Na2SO4.

filtered, and concentrated in vacuo. The crude amine was dissolved in CH2Cl2 (1 mL)

and cooled to 0°C. After 5 min, TFA (1 mL) was then added and reaction mixture was

Slowly warmed to room temperature. After 3 h, solvents were removed in vacuo and the

mixture was purified by preparative layer chromatography (5% MeOH, 1% TEA in

CH2Cl2) to give 4.3 mg (100% yield) of 5.4 (fmk-dma): R. 0.3 (5% MeOH, 1% TEA in

CH2Cl2), "H NMR (400 MHz, CDCl3) & 8.34 (s, 1H), 7.39 (d, J = 8 Hz, 2H), 7.36 (d, J =

8.4 Hz, 2H), 4.71 (t, J = 8 Hz, 2H), 4.65 (d, Jºe = 47 Hz, 2H), 3.1 (m, 2H), 2.80 (s, 6H),

2.49 (s, 3H), 2.35 (m, 2H).
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Fmk-N-methylpropargylamine 5.5 (fmk-mpa). To a solution of mesylate 3.2 (20 mg,

0.032 mmol) in THF (0.5 mL) was added N-methylpropargylamine (0.5 mL of 4 M in

THF) and the reaction was stirred for 50 h at room temperature, and 9 h at 45°C. The

reaction mixture was diluted with ethyl acetate (10 mL) and washed with H2O (10 mL),

followed by brine (10 mL). The organic fraction was dried over Na2SO4, filtered, and

concentrated in vacuo. Purification by preparative layer chromatography (2:1 ethyl

acetate/hexanes) afforded the desired diboc frnk-N-methylpropargylamine (fmk-mpa) (5

mg, 30% yield): R. 0.5 (100% ethyl acetate); "H NMR (400 MHz, CDCl3) & 8.96 (s, 1H),

7.25 (m, 4H), 4.72 (t, J = 8 Hz, 2H), 4.65 (d, Jº■ e = 4.7 Hz, 2H), 3.37 (s, 2H), 2.52 (t, J = 8

Hz, 2H), 2.45 (s, 3H), 2.3 (s, 3H), 2.02 (m, 2H), 1.3 (s, 18H).

To a solution of N-diboc frnk-mpa (5 mg, 0.084 mmol) in CH2Cl2 (1 mL) was

added TFA (1 mL) and reaction was stirred at room temperature. After 2.5 h, the

solvents were removed in vacuo to give 4.3 mg (82% yield) of 5.5 (fmk-mor), "H NMR

(400 MHz, CDCl3) & 8.26 (s, 1H), 7.43 (d, J = 8 Hz, 2H), 7.35 (d, J = 8 Hz, 2H), 5.38 (br

s, 2H), 4.76 (m, 2H), 4.69 (d, Jº■ e = 46 Hz, 2H), 3.99 (br s, 2H), 3.26 (m, 2H), 2.89 (s,

3H), 2.69 (s, 1H), 2.51 (s, 3H), 2.35 (m, 2H), desired compound was found to be > 99%

pure by analytical HPLC (0-100% MeCN gradient (0.1% TFA) over 15 min; 1 mL/min

flow rate; retention time for 5.5 was 7.17 min).

Fmk-morpholine 5.6 (fmk-mor). To a solution of mesylate 3.2 (7.5 mg, 0.01.2 mmol) in

THF (0.1 mL) was added morpholine (0.5 mL of 2 M in THF) and the reaction was stirred

for 50 h at room temperature. The reaction mixture was diluted with ethyl acetate (10

mL) and washed with H2O (10 mL). The organic fraction was dried over Na2SO4, filtered,

and concentrated in vacuo. The crude amine was dissolved in CH2Cl2 (1 mL) and

Cooled to 0°C. After 5 min, TFA (1 mL) was then added and reaction mixture was slowly
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purified by preparative layer Chromatography (5% MeOH, 1% TEA in

MR (400 MHz, CDCl3) & 8.34 (s, 1H), 7.39 (d, J = 8 Hz, 2H), 7.34 (d. J = 3

(t, J = 8 Hz, 2H), 4.65 (d, Jºe = 47 Hz, 2H), 3.81 (m, 2H), 2.71 (m, 4H).

allylamine or methoxyethylamine) and the reaction was stirred at 40°C.

e solvent was removed in vacuo. "H NMR analysis indicated that both N

■ ere removed under these reaction conditions. Purification by preparative

ant 10-65% acetonitrile (0.1 % TFA) over 23 min, 5 mL/min flow rate)

desired amine derivatives. Preparation of the HCl salt and removal of

Sphilic plasticizers: the purified product was dissolved in 0.01 M HCl (10

acted against ether (2 x 10 mL). The aqueous layer was concentrated in

ad vigorously under high vacuum.

e 5.7 (fmk-aa). "H NMR (400 MHz, -3:1 CDCl3/MeOD) [TFA salt] § 8.34 (s,

J = 8 Hz, 2H), 7.37 (d, J = 8 Hz, 2H), 5.9 (m, 1H), 5.52 (m, 2H), 4.72 (m,

Jºe = 4.7 Hz, 2H), 3.62 (d, J = 7 Hz, 2H), 3.36 (m, 2H), 3.05 (t, J = 8 Hz,

3H), 2.32 (M, 2H). LC/MS (LC: gradient 0-100% MeCN (0.1% HCO2H] over

nL/min flow rate, MS: EI*): retention time, 9.44 min; purity, >95%; 382.1
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Fmk-methyoxyethylamine 5.8 (fmk-mea). "H NMR (400 MHz, -3.1 CDCl3/MeOD) ITFA

salt] § 8.34 (s, 1H), 7.46 (d, J = 8 Hz, 2H), 7.37 (d, J = 8 Hz, 2H), 4.71 (t, J = 8 Hz, 2H),

4.66 (d, JHF = 47 Hz, 2H), 3.68 (t, J = 4 Hz, 2H), 3.44 (s, 3H), 3.36 (m, 2H), 3.18 (t, J = 8

Hz, 2H), 3.06 (t, J = 8 Hz, 2H), 2.52 (s, 3H), 2.36 (m, 2H). LC/MS (LC: gradient 0-100%

MeCN (0.1% HCO2H] over 30 min, 0.2 mL/min flow rate, MS: El"): retention time, 9.22

min; purity, >95%; 400.1 [M+H]".

Formamidine 5.9. A solution of pyrrole 2.1 (61 g, 0.31 mol) in triethyl orthoformate (300

mL) was refluxed for 1 h. After cooling to room temperature, the solvent was removed in

vacuo. The crude pyrrole iminoether, which was pure by "H NMR, was azeotropically

dried with toluene (2 x 10 mL) and carried on directly to the next step, 'H NMR (400

MHz, CDCl3) & 8.38 (s, 1H), 7.49 (d, J = 8 Hz, 2H), 7.18 (d, J = 8 Hz, 2H), 5.1 (s, 1H),

4.28 (q, J = 7 Hz, 2H), 2.29 (s, 3H), 1.32 (t, J = 7 Hz, 3H).

The crude pyrrole iminoether was dissolved in 7 N NH3 in MeOH (1000 mL) and

the reaction was stirred at room temperature for 4 h. The solvent was removed in vacuo

and the desired formamidine 5.9, which was pure by "H NMR, was carried on directly to

the next step; "H NMR (400 MHz, CDCl3) & 8.0 (t, J = 9 Hz, 1H), 7.47 (d, J = 8 Hz, 2H),

7.15 (d, J = 8 Hz, 2H), 6.76 (s, 1H), 2.28 (s, 3H).

Pyrrolo[2,3-dipyrimidine-7-H 5.10. To a suspension of 5.9 (78 g, 0.35 mol) in MeOH

(1000 mL) was added sodium methoxide (40 mL, 25 wt.% in MeOH). Reaction mixture

was brought to reflux, upon which the reaction became homogenous. After stirring at

reflux for 30 min, a brown solid precipitated. The reaction was cooled to room

temperature and the solid was collected by filtration and vigorously dried under vacuum

over P2Os to yield 39.2 g (57% yield) of 5.10 as a tan solid; "H NMR (400 MHz, CDCl3) 8
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8.09 (s, 1H), 7.35 (d, J = 8 Hz, 2H), 7.26 (d, J = 8 Hz, 2H), 7.17 (s, 1H),

.34 (s, 3H).

(20 mL) at 0°C was added NaH (103 mg, 4.3 mmol, 95 wt % as an oil

iltered, and concentrated in vacuo. Purification by flash chromatography

CH2Cl2) afforded 550 mg (61% yield) of 5.11: R, 0.8 (10% MeOH in

MR (400 MHz, CDCl3) & 8.29 (s, 1H), 7.36 (d, J = 8 Hz, 2H), 7.24 (d, J = 8

s, 1H), 541 (brs, 2H), 5.10 (m, 1H), 2.39 (s, 3H), 2.25 (m, 2H), 1.87 (n,

*H); "C NMR (100 MHz, CDCl3) & 1574, 1519, 137, 132.3, 129.9, 128.9,

5.1, 33.1, 24.3, 21.3.

openty 5.12. To a solution of 5.10 (376 mg, 1.28 mmol) in DMF (10 mL)

bromosuccinimide (250 mg, 1.4 mmol) and the mixture stirred for 15 h

light. The reaction was diluted with ethyl acetate (100 mL) and washed

Na2SO4 (200 mL) followed by brine (200 mL). The organic layer was dried

s Na2SO4, filtered, and concentrated in vacuo. Purification by flash

y (2:1 hexanes/ethyl acetate) afforded 282 mg (60% yield) of 5.12: Ri

is/ethyl acetate); *H NMR (400 MHz, CDCl3) & 8.25 (s, 1H), 7.36 (d, J = 8

j, J = 8 Hz, 2H), 5.27 (brs, 2H), 5.24 (m, 1H), 2.51 (m, 2H), 243 (s, 3H),

|B
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º
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2.09 (m, 4H), 1.73 (m, 2H), “C NMR (100 MHz, CDCl3) & 155.9, 1514, 150.2, 1376,

130.5, 130.1, 129.4, 115.2, 109.4, 102.5, 57.4, 30.4, 24.8, 21.2, 14.1.

Methylketone-7-cyclopenty 5.13. To a solution of 5.12 (141 mg, 0.38 mmol) in toluene (5

mL) was added o-(ethoxyvinyl)tin (0.167 mL, 0.49 mmol). Argon gas was bubbled

through the solution for 10 min. Tetrakis(triphenylphosphine)palladium (44 mg, 0.038

mmol) was quickly added and mixture was refluxed for 4 h. The solvent was removed in

vacuo and the crude product was dissolved in THF (10 mL) and 1N HCl (3 mL). After

stirring for 12 h at room temperature, the reaction mixture was diluted with ethyl acetate

(50 mL) and washed with saturated NaHCO3 (200 mL). The organic layer was dried

over Na2SO4, filtered, and concentrated in vacuo. Purification by flash chromatography

(1:1 hexanes/ethyl acetate) afforded 57 mg (45% yield) of 5.13; "H NMR (400 MHz,

CDCl3) & 8.31 (s, 1H), 7.31 (m, 4H), 5.45 (m, 1H), 5.0 (brs, 2H), 2.44 (s, 3H), 2.44 (m,

2H), 2.07 (m, 4H), 2.0 (s, 3H), 1.68 (m, 2H).

Fluoromethylketone-7-cyclopenty 5.14 (fmk-cp). To a solution of 5.13 (57 mg, 0.17

mmol) in THF (2 mL) was added (Boc)2O (111 mg, 0.51 mmol). DMAP (4.15 mg, 0.34

mmol) was quickly added and the mixture was stirred for 12 h at room temperature. The

reaction mixture was diluted with ethyl acetate (50 mL) and washed with 0.5 N HCl (50

mL) followed by brine (50 mL). The organic fraction was dried over Na2SO4, filtered, and

Concentrated in vacuo. Purification by flash chromatography (1:7 ethyl acetate/hexanes)

gave 71 mg (79% yield) of N-diboc methylketone: R, 0.60 (1:1 hexanes/ethyl acetate); "H

NMR (400 MHz, CDCl3) & 8.91 (s, 1H), 7.24 (d, J = 8 Hz, 2H), 7.20 (d, J = 8 Hz, 2H),

5.25 (m, 1H), 2.48 (m, 2H), 2.42 (s, 3H), 2.06 (m, 4H), 2.06 (s, 3H), 1.70 (m, 2H), 1.3 (s.

18H).
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To a solution of N-diboc methylketone (71 mg, 0.13 mmol) in THF at 0°C was

added LDA (0.095 mL, 2 M in THF). After 30 min, the reaction mixture was cooled to

–78°C. N-fluorobenzenesulfonimide (0.127 mL, 1.67 M in THF) was added dropwise and

the reaction mixture was warmed to room temperature. After 25 min, saturated NH4CI (1

mL) was added and the reaction mixture was poured into saturated NH4C (50 mL) and

extracted with ethyl acetate (50 mL). The organic fraction was dried over Na2SO4,

filtered, and concentrated in vacuo. The crude product was dissolved in CH2Cl2 (1 mL)

and cooled to 0°C. After 5 min, TFA (1 mL) was then added and reaction mixture was

slowly warmed to room temperature. After 3 h, solvents were removed in vacuo.

Purification by preparative HPLC (gradient 50-100% methanol over 15 min, 10 mL/min

flow rate) gave 5.14 (fmk-cp) as a white solid; "H NMR (400 MHz, CDCl3) & 8.34 (s, 1H),

7.35 (d, J = 8 Hz, 2H), 7.32 (d, J = 8 Hz, 2H), 5.53 (m, 1H), 4.92 (brs, 2H), 4.6 (d, Jºe =

47 Hz, 2H), 2.47 (s, 3H), 2.45 (m, 2H), 2.09 (m, 4H), 1.70 (m, 2H).

Pyrrolo[2,3-dipyrimidine-7-N-boc-piperdine 5.15. To a Solution of 5.10 (750 mg, 3.35

mmol) in DMF (7 mL) was added 18 crown-6-ether (885 mg, 3.35 mmol) and K2CO3

(926 mg, 6.7 mmol). The heterogenous mixture was heated to 70°C, upon which the

reaction became homogenous. After 30 min, N-boc-4-tosylate-piperidine (1.31 g, 3.68

mmol) was added and reaction was stirred for 36 h. The reaction was diluted with ethyl

acetate (100 mL) and washed with H2O (300 mL), followed by brine (300 mL). The

Organic layer was dried over Na2SO4 and concentrated in vacuo. Purification by flash

chromatography (2% MeOH in CH2Cl2) afforded 489 mg (36% yield) of 5.15; "H NMR

(400 MHz, CDCl3) & 8.28 (s, 1H), 7.36 (d, J = 8 Hz, 2H), 7.25 (d, J = 8 Hz, 2H), 5.8 (br's,

2H), 4.9 (m, 2H), 44 (brs, 2H), 3.0 (m, 2H), 2.4 (s, 3H), 2.05 (m, 2H), 1.9 (m, 2H), 1.4

(s, 9H); "C NMR (100 MHz, CDCl3) & 1572, 1544, 151.5, 149.9, 136.7, 1316, 129.7,

129.5, 128.5, 118.9, 116.5, 101, 79.7, 67.1, 51.2, 34.1, 32.2, 28.2, 20.9.
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Bromide-7-N-boc-piperdine 5.16. To a solution of 5.15 (45 mg, 0.11 mmol) in DMF (2

mL) was added N-bromosuccinimide (21 mg, 0.12 mmol) and NaHCO3 (14 mg, 0.165

mmol), and the mixture stirred for 15 h protected from light. The reaction was diluted

with ethyl acetate (50 mL) and washed with saturated Na2SO3 (100 mL) followed by

brine (200 mL). The organic layer was dried over anhydrous Na2SO4, filtered, and

concentrated in vacuo. Purification by flash chromatography (1:1 hexanes/ethyl acetate)

afforded 26.3 mg (50% yield) of 5.16 (also contained some amount of N-boc-4-hydroxy

piperidine so yield may not be accurate: R, 0.4 (1:2 hexanes/ethyl acetate); ‘H NMR

(400 MHz, CDCl3) & 8.24 (s, 1H), 7.34 (d, J = 8 Hz, 2H), 7.27 (d, J = 8 Hz, 2H), 5.24 (br

s, 1H), 4.33 (br's, 2H), 3.85 (m, 2H), 2.87 (n, 2H), 2.42 (s, 3H), 1.83 (brs, 2H), 1.51 (s,

9H).

Methylketone-7-N-boc-piperdine 5.17. To a solution of 5.16 (60 mg, 0.12 mmol) in

toluene (3 mL) was added o-(ethoxyvinyl)tin (0.054 mL, 0.49 mmol). Argon gas was

bubbled through the solution for 10 min. Tetrakis(triphenylphosphine)palladium (14 mg.

0.012 mmol) was quickly added and mixture was refluxed for 4 h. The reaction mixture

was diluted with ethyl acetate (50 mL) and washed with saturated NaHCO3 (50 mL),

followed by brine (50 mL). The organic layer was dried over Na2SO4, filtered, and

Concentrated in vacuo. Purification by flash chromatography (2:3 hexanes/ethyl acetate)

afforded 42 mg (72% yield) of the enol ether derivative, which was carried on directly to

the next step.

The enol ether derivative was dissolved in THF (2 mL) and 1 NHCl (1 mL). After

stirring at room temperature for 3 h, the reaction was portioned between ethyl acetate

(50 mL) and saturated NaHCO3 (50 mL). The organic layer was collected and dried over

Na2SO4, filtered, and concentrated in vacuo to give 34 mg (86% yield) of 5.17; "H NMR
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(400 MHz, CDCl3) & 8.29 (s, 1H), 7.31 (s, 4H), 5.1 (m, 1H), 4.9 (brs, 2H), 4.3 (m, 2H),

2.9 (m, 2H), 2.45 (s, 3H), 2.0 (s, 3H), 1.9 (d, 2H), 1.51 (s, 9H).

Flouromethylketone-7-N-boc-piperdine 5.18 (fmk-pip). To a solution of 5.17 (34 mg,

0.08 mmol) in THF (1 mL) was added (Boc)2O (0.2 mL, 1.14 M in THF). DMAP (0.064

mL, 0.23 M in THF) was quickly added and the mixture was stirred for 12 h at room

temperature. The reaction mixture was diluted with ethyl acetate (50 mL) and washed

with 0.5 N HCl (50 mL) followed by brine (50 mL). The organic fraction was dried over

Na2SO4, filtered, and concentrated in vacuo. Purification by flash chromatography (1:7

ethyl acetate/hexanes) gave 31 mg (63% yield) of N-diboc methylketone: R, 0.40 (1:1

hexanes/ethyl acetate); ‘H NMR (400 MHz, CDCl3) & 8.87 (s, 3H), 7.22 (m, 4H), 4.9 (m,

1H), 4.3 (bris, 2H), 2.9 (m, 4H), 2.43 (s, 3H), 2.0 (s, 3H), 1.9 (d, 2H), 1.52 (s, 9H), 1.34

(s, 18H), 1.26 (m, 2H).

To a solution of N-diboc methylketone (31 mg, 0.08 mmol) in THF at 0°C was

added LDA (0.035 mL, 2 M in THF). After 30 min, the reaction mixture was cooled to

–78°C. N-fluorobenzenesulfonimide (0.050 mL, 1.67 M in THF) was added dropwise and

the reaction mixture was warmed to room temperature. After 25 min, saturated NH4CI (1

mL) was added and the reaction mixture was poured into saturated NHAC (50 mL) and

extracted with ethyl acetate (50 mL). The organic fraction was dried over Na2SO4,

filtered, and concentrated in vacuo. The crude product was dissolved in CH2Cl2 (1 mL)

and cooled to 0°C. After 5 min, TFA (1 mL) was then added and reaction mixture was

Slowly warmed to room temperature. After 3 h, solvents were removed in vacuo.

Purification by preparative HPLC (gradient 28-35% methanol (0.1% TFA) over 15 min,

10 mL/min flow rate) gave 5.18 (fmk-pip) as a clear film; "H NMR (400 MHz, CDCl3) 8

9.9 (brs, 1H), 9.0 (brs, 1H), 8.2 (brs, 1H), 742 (d, J = 8 Hz, 2H), 7.31 (d, J = 8 Hz, 2H),
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2H), 4.66 (d. JHF = 46 Hz, 2H), 3.7 (br's, 2H), 3.4-3.0 (m, 4H), 2.50 (s, 3H), 24
).

ns, reagents and antibodies. Refer to Chapters 2-4.
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Chapter 6

Conclusions and future directions
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Protein kinases are essential enzymes involved in nearly all aspects of cell

biology. In humans there are ~500 kinases and the development of selective inhibitors

for every member promises to contribute greatly to our understanding of their roles in

myriad cellular processes'. As most kinase inhibitors target the highly similar ATP

binding site, they are often nonselective, incapable of distinguishing between family

members. The identification of selective, ATP competitive inhibitors has predominately

relied on intense medicinal chemistry and high-throughput screening by the

pharmaceutical industry. While these efforts have generated a few incredibly potent and

selective inhibitors (e.g. quinazoline-based EGFR inhibitors by Parke-Davis"), we sought

a more rational approach that would combine structural and mutagenesis studies

defining the pharmacophore of several inhibitors with structure-based sequence

alignments. Toward this aim, we developed a structural bioinformatics approach to

guide the rational design of selective, irreversible kinase inhibitors’. We were

particularly interested in identifying nonconserved cysteine residues that could be

exploited by electrophilic inhibitors as means to not only achieve potency, but also

Selectivity. This strategy led to the development of frnk, the first inhibitor of the CTD of

RSK1 and RSK2. Frnk exploit two selectivity filters, a nucleophilic cysteine (found in 11

kinases) at the C-terminal end of the Gly-rich loop and a threonine gatekeeper (found in

~20% of kinases), which together are found only in the CTD of RSK1, RSK2, and RSK4.

This work is a significant advance to the field of chemistry and chemical biology because

it provides a potentially general strategy for the rational design of selective kinase

inhibitors, traditionally a daunting challenge.

Fmk has allowed us to directly probe the role of the CTD in endogenous RSK

signaling in ways not possible with NTD inhibitors and genetic techniques such as RNA

interference. To extend the utility of frnk as a cellular probe of RSK CTD-dependent

signaling, we developed frnk-pa, a propargylamine analog that not only exhibits
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increased cellular potency, but can also be coupled to a reporter tag via the click

reaction to assess covalent CTD modification in cells. These improved properties offmk

pa were exploited to demonstrate that RSK CTD is required for S6K-independent rpS6

phosphorylation. We also used frnk-pa to show that Ser386 in the hydrophobic motif

(HM) of endogenous RSK1 and RSK2 could be phosphorylated by a CTD-independent

mechanism. This result led us to propose that another kinase could bypass the CTD

under certain conditions, although thus far we have not able to identify this alternative

RSK HM kinase. Pharmacological studies ruled out p38 MAPK (inhibited by SB203580),

MK-2 (inhibited by SB203580, and mTOR/rapator (inhibited by rapamycin) as LPS

stimulated RSK HM kinases. Recent work from the Sabatini laboratory demonstrated

that phosphorylation of Ser473 in the HM of protein kinase B is mediated by mTOR/rictor

(insensitive to inhibition by rapamycin)". Based on this result, it is possible that

mTOR/rictor is the relevant, LPS-stimulated RSK HM kinase. This hypothesis could be

tested by inhibition of mTOR/rictor using either RNA interference" or a small molecule

inhibitor of mTOR kinase activity, which has recently been reported”.

In a subsequent study, we exploited the ability of frnk-pa to report the

modification of RSK1 and RSK2 simultaneously in cells to rapidly screen a small set of

pyrrolo[2,3-d]pyrimidine-based inhibitors using two-step competition labeling assays.

Intriguingly, we found that compounds bearing an electrophile at the C-6 position of the

pyrrolo[2,3-d]pyrimidine scaffold were more selective for RSK1, although to varying

degrees. By contrast, the parent scaffold, a reversible inhibitor, was slightly more

Selective for RSK2. Together, these results support the hypothesis that isoform

Selectivity is achieved by a mechanism involving covalent bond formation with the

cysteine in the CTD. Consistent with this idea, frnk reacted much more rapidly with

recombinant RSK1 CTD than RSK2 CTD in vitro as revealed by electrospray mass

spectrometry. To our knowledge, this is the first demonstration that isoform selectivity
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can be achieved by exploiting differences in the rate of covalent bond formation. The

development of irreversible inhibitors that exhibit even greater RSK1-selectivity than frnk

is worth pursuing since these compounds can be used to evaluate the specific cellular

functions of RSK1.

Lastly, we pursued the identification of third-generation RSK CTD inhibitors with

improved potency. Although only a limited set of compounds was synthesized, we were

able to identify secondary amine derivatives of frnk (including frnk-pa) that exhibit

remarkable cellular potency. One of these inhibitors, frnk-mea, ranks among the most

potent and selective kinase inhibitors reported to date. Future studies will involve using

this compound to explore the consequences of RSK CTD inhibition in cell-based and

mouse models.

Developing electrophilic inhibitors for other cysteine containing kinases

How do we design inhibitors against the other 8 other kinases (Figure 2-2) that

contain a cysteine corresponding to the cysteine in RSK1, RSK2, and RSK4? The latter

three are the only kinases with a threonine selectivity filter in the gatekeeper position,

which allows access to the hydrophobic pocket by the C-5 tolyl substituent offmk. The

Other kinases have larger gatekeepers (methionine, leucine, and isoleucine) that

obstruct access to this lipophilic cavity. We therefore searched for kinase inhibitors that

do not extend into the gatekeeper pocket and could be easily appended with

electrophiles. A class of inhibitors that meets these criteria is the oxindoles, for which

there are numerous examples that target serine/threonine and tyrosine kinases that

have large side chains at the gatekeeper position. Analysis of crystal structures of

oxindole-based inhibitors bound to their kinase target suggested that electrophiles

emanating from C-5 would be near the target cysteines. Dr. Sehat Nauli, a previous
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Scholar in our laboratory, synthesized a small set of electrophilic oxindoles

One of these inhibitors, B93, which contains a chloromethylketone at the

of the oxindole scaffold, potently inhibited the / \

O

- - - -
Electrophilic oxindole

Figure 6-1. Designed oxindole
- - -

based electrophilic inhibitor

mode (i.e. covalently modified many off-target proteins in cell lysates).

replace the chloromethylketone with the inherently less-reactive reactive

lketone resulted in a substantial loss in activity. This is likely because of the

sible affinity of the oxindole scaffold for NEK2 and MEKK1 (an oxindole

itor with an ethyl group in place of the chloromethylketone exhibits an ICso

uM). Attempts to increase the potency of B93 by replacing the pyrrole

with various heterocyles have led to inhibitors with slightly increased potency

K2 (Jeffrey Henise, unpublished results); however, these compounds still

Shloromethylketone to attain nanomolar inhibition.

do we achieve potent, irreversible inhibition exploiting weak electrophiles?

to begin with an inhibitor scaffold that binds with higher affinity than the

If we consider frnk as the paradigm of our rational design strategy, then an

1 um for the starting scaffold is required. Therefore I propose that a panel

Kinase inhibitors be screened against the remaining 8 cysteine kinases

) to identify scaffolds that adhere to this criterion. Ideally, the binding mode

ied inhibitors will be known to guide attachment of the electrophiles.
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