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Protein kinases comprise a substantial fractiothefhuman genome and constitute a wide
array of cell signaling pathways that control céesg cellular processes. Improper kinase
regulation has been implicated in a number of gusvdiseases; hence, these enzymes have
become prominent therapeutic targets. The cruxiridde regulation lies in the ability of these
proteins to switch between catalytically active andctive conformations. The latter have
recently gained prominence as drug targets in famteb achieve selectivity in a family of more
than 500 members with very similar active sites.wileer, despite the pharmacological
significance of inactive conformations, neitherithgophysical properties nor their potential
roles in kinase regulation have been thoroughlestigated.

The first two chapters of this work explore theedstinants of a specific inactive kinase
conformation, its potential physiological conseqesy and how it can be used to study

noncatalytic kinase functions. The final chaptearmines how kinase inhibitor potency is



affected by specific architectural motifs withimlses. It is expected that insight gained from

this work will aid kinase drug development and erdeaour knowledge of kinase regulation.
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Introduction

The interior of a living cell teems with activityn order to survive, cells must take
information they receive about their surroundingsl act appropriately. To do so, cells use
complex signaling cascades that involve enzymedfadding proteins, metabolic substrates, and
other molecules. These cascades faithfully coresddrnal stimuli into phenotypic responses.

Protein kinases comprise many of these signalasgades. These enzymes transferythe
phosphate of adenosine-5'-triphosphate (ATP) toraiep substrate, typically on a tyrosine,
serine, threonine, or, more rarely, histidine rasidl). The structural and functional responses
elicited by phosphorylation are highly dependentranidentity of the protein substrate and even
the specific phosphorylation site (2). The candnmatcome of phosphorylation is catalytic
activation; in a signaling context, one kinase banactivated after another, thus amplifying a
signal which is eventually carried to downstreafeebr proteins (3, 4).

More than 500 protein kinases are known to erigtumans, which is a fairly large number
for any single enzyme family (5). The reason behimg abundance is that kinases play roles in
countless signaling pathways: they control, amotigroactivities, cell growth, differentiation,
and death (6); inflammation (7); metabolism (8)¢d awotein synthesis (9). Intraspecies kinase
diversity appears to have increased over time; @ddesaccharomyces cerevisiae has
approximately one-fourth as many total kinaseswasans and no tyrosine kinases at all (10). On
the other hand, the number of kinases encodedei@adbnorhabditis elegans genome is almost
500 (11), rivaling that of humans. Therefore, kmasgnaling pathways have likely evolved
moreso in complexity than simply increased in numbe

Because protein kinases are involved in so matmadellular signaling events, a host of

diseases are known to be caused by misregulategeiactivity. Unchecked kinase activity can



lead to uncontrolled cell growth, which in turn da@come cancerous (12). For example, specific
leukemias, carcinomas, and blastomas are direathger by improper kinase regulation (13).
Hence, these enzymes have become attractive taigethierapeutic development. In fact,
according to one source, “...50-70% of current candceg discovery programmes are focused
on protein kinase inhibitors (14).”

Although kinase drug development is a worthwhideavor, it is impeded by the structural
homogeneity of kinases across the family. Proteimades are well-conserved in tertiary
structure. Their catalytic domains are composed lafger, mainly-helical C-terminal lobe and
a smaller N-terminal lobe composed mainl\Bedtrands (Figure I-1). The active site is located i
a cleft between these two lobes. A flexible polypbpcalled the activation loop resides on the
outer edge of the active site and often containsesethreonine, or tyrosine residues that can be
phosphorylated (4, 15). Activation loop phosphadigia often results in a dramatic increase in a
kinase's catalytic activity (16, 17). The activatitoop also contains a highly-conserved Asp-
Phe-Gly (DFG) motif near its base.

A B

S
Figure I-1. A. General protein kinase structure with N-lobeagdr C-lobe (orange), ATP analogue, and activation
loop (cyan with DFG motif in sticks). B. Kinase i€t site. Coloring is the same as in A.



The first generation of kinase inhibitors (typemgre solely ATP-competitive and occupied
only the adenosine pocket of the active site (T8pse inhibitors are said to target the “active”
conformation since no catalytic residues are peeirupon binding. Additionally, since the
phenylalanine residue of the DFG motif points itiie active site, this conformation is also
called “DFG-in (19).”

The first “inactive” protein kinase conformation svaliscovered in part by serendipity
through the development of an inhibitor for theogme kinase Abl. A specific chromosomal
translocation produces a fusion gene product thatdombination of thiecr andabl genes. The
protein product of this gene fusion (BCR-ABL) ixanstitutively active form of Abl, which is
the cause of almost all cases of chronic myeloikdenia (20). A phenylamino-pyrimidine-
based compound (type Il) was developed that shopaédnt inhibition of Abl (21). This
molecule, which later became the blockbuster dmafinib (Gleevec), had entered clinical trials
when the crystal structure of an analogue of itabto Abl was reported (22).

Surprisingly, imatinib stabilized Abl in a specifinactive conformation that, with the
exception ofapo insulin-receptor kinase (IRK) (23), had not beepseyved before. The
distinguishing feature of this conformation was hasition of its activation loop, which had
translocated several angstroms from its locationthe active conformation. Notably, the
phenylalanine of the DFG motif was flipped out awdy from the active site, which led to this

conformation being named “DFG-out.” The movementlo$ residue revealed a hydrophobic

pocket that became occupied by the methylpiperanioiety of imatinib (Figure 1-2).



stabilized in the DFG-out conformation by imatigi®DB ID: 1IEP). The ligands in both panels are shawgreen,
and the DFG motifs in cyan.

The revelation that imatinib stabilized the DFG-oanformation led to a new hypothesis to
explain the exquisite selectivity of Abl over othdosely-related tyrosine kinases such as Src
(21): the energetics of Abl allow it to sample atilict inactive conformation that is inaccessible
to other kinases (24). This suggestion was attra¢tom a drug development standpoint because
it offered new hope for attaining kinase selecjivit only a subset of the kinome could adopt the
DFG-out conformation, then the selectivity problemmuld become significantly more tractable.

This hypothesis remained unchallenged for yearg feersists even today) until a few critical
discoveries were made. First, a crystal structdr&ro in complex with imatinib revealed the
kinase was stabilized in the DFG-out conformati®h){( thus dispelling the idea that Src could
not adopt this specific conformation. Next, two ype (including the present) reported the
development of type Il inhibitors with equal potgnimwards Abl and Src (26, 27), thereby
demonstrating that no energetic penalty exist$Sforto adopt the DFG-out conformation.

While highly illuminating, these studies furthameplicated the matter of imatinib selectivity

and, more generally, kinase plasticity. Two compuethypotheses now predominate: 1) Given



the development of equipotent Src/Abl inhibitotssireasonable to suggest that all kinases can
adopt the DFG-out conformation given the properadidi and 2) While the DFG-out
conformation is likely more abundant among the &ntamily than previously thought, it is still
determined by fundamental properties of a kinagghitecture and is completely inaccessible to
many other kinases. Insight into this topic wouldlph guide kinase drug development,
specifically if and how the DFG-out conformatiomdae used for potency and selectivity.

The most straightforward approach to study thssiesis through sequence analysis; kinome-
wide inhibitor profiling has been performed for mpdigands, including those that stabilize the
DFG-out conformation (28). Comparing the sequerafekinases that are sensitive to type Il
inhibitors against those that are not would idesdlyeal information on a primary structure level
about the specific determinants of the DFG-out conftion. However, despite extensive
structural homology among kinases, they are dispaaough in sequence to make pinpointing
specific residues very challenging. Therefore, aenmontrolled (albeit less assured) method
would be to find a kinase that is insensitive toltiple type Il ligands and use site-directed
mutagenesis to attempt to confer sensitivity tarth€he dynamics of this kinase pair could then
be studied to determine if they can access the sange of conformations or are fundamentally
different from each other.

Knowledge of the sequence determinants of sperifictive conformations could also be
useful from a chemical genetic standpoint. A veopuydar method for quickly developing a
selective kinase inhibitor involves carving outrexspace in the active site via mutagenesis and
using a general inhibitor that occupies this spdioemp-hole”) (29, 30). It may be possible to
extend this approach by using type Il inhibitorsigrned kinase mutants to study noncatalytic

functions (31), including scaffolding (32), DNA lgimg (33), and binding partner activation



(34). Perhaps stabilizing the DFG-out conformatisrsufficient to disrupt these noncovalent
interactions.

Returning to the tyrosine kinase Abl, much remambe explained regarding its sensitivity
to imatinib. What makes this ligand different frahose that inhibit Src and Abl equipotently?
Can only imatinib discriminate between the two kesf Further, imatinib potency has been
shown to be abrogated by activation loop phosphtion (35) as well as clinically-relevant
mutations in the glycine-rich phosphate-bindingddp-loop) (25, 36). Are these effects specific
to imatinib or do they apply more broadly to otHgyands?

In this work, | explore the determinants, propestiand uses of a specific inactive protein
kinase conformation by using small molecule inlutEt enzymology, mass spectrometry, and x-
ray crystallography. It is my hope that the insiglained from the following experiments and
analyses will benefit kinase drug development amthér improve our understanding of kinase
regulation. Chapter one of this text presents ag@rstrategy for sensitizing kinases to type I
inhibitors. Chapter two follows this work by usiagnsitized kinases to study signaling pathways
and noncatalyic functions. Finally, chapter thrgarmsines how architectural motifs in Abl affect

its potency to different inhibitors.



Chapter 1: Sequence Determinants of a Specific Infiee Protein Kinase Conformation

l. Introduction

Protein kinases represent approximately 2% of athdén genes (5), a testament to the vast
number of kinase-mediated signal transduction paylswimmunity, cell cycle regulation, and
morphogenesis are only a few of the processes allmutrby protein kinases (10). Aberrant
kinase activity can lead to diseases such as camwtrinflammation (12); thus, normal cell
function is reliant on precise kinase regulatidre basis of which lies in the interconversion
between active and inactive catalytic states.

Catalytically active kinase conformations are hyghbnserved, owing to the evolutionary
pressure of functional preservation. Inactive camfations, however, lack this pressure and are
more varied across the kinase family. While thecexamber of discrete inactive conformations
is not known (although believed to be limited (37Pnly a few have been observed
crystallographically in multiple kinases. Small molle kinase inhibitors have played a large
role in determining active site conformational asskility by stabilizing specific active site
conformations. For example, structural charactdgneaof the drug imatinib bound to its target
kinase Abl (21, 22) revealed that this inhibitaatslizes a specific inactive conformation that is
characterized by the unique orientation of the lyiglonserved Asp-Phe-Gly (DFG) motif at the
base of Abl’'s activation loop. In Abl’'s active canmation (DFG-in), the aspartate side chain of

the DFG motif faces into the active site to faaikt catalysis. Additionally, its neighboring

"This chapter is reprinted with permission from Hal, Merritt EA, & Maly DJ (2013) Sequence
determinants of a specific inactive protein kineseformation Chem. Biol. 20(6):806-815.
Copyright © 2013 Elsevier Ltd.



phenylalanine residue occupies a hydrophobic poekigacent to the ATP-binding site. In
contrast, the activation loop of the observed inacform (DFG-out) undergoes a significant
translocation that moves the catalytic aspartateobthe active site and the phenylalanine away
from the hydrophobic pocket. Since the initial alveéion that imatinib stabilizes the DFG-out
conformation of Abl, a number of ATP-competitivgdnds that stabilize this conformation in
other protein kinases have been identified (28, 38)

Although the overall topologies of kinase activiesiare well-conserved across this enzyme
family, less than 10% have been observed in the-D&&onformation (19), and most examples
are tyrosine kinases (22, 39-42) despite seriregtiine (S/T) kinases constituting a majority of
the human kinome (5). Furthermore, the few S/T $@sathat have been shown to adopt this
conformation appear to be outliers in their ownfanohlies. For example, the mitogen-activated
protein kinase (MAPK) p38was one of the first kinases to be characteripethe DFG-out
conformation, and numerous structures of this lkertamund to conformation-specific ligands that
stabilize this inactive form have been reported, @8). However, p38 which is in the same
MAPK subfamily and more than 61% identical in setee (45), is insensitive to ligands that
selectively recognize this conformation (46). Farthore, there is no experimental evidence that
other closely-related MAPKSs, such as extracellgignal-regulated kinase 1/2 (Erk1/2) and c-
Jun N-terminal kinase 3 (Jnk3), possess the alidigdopt the DFG-out conformation (47-49).

Based on the information above, two main questaise. First, can p38adopt the DFG-out
inactive conformation because of only a few seqaatifferences from the other MAPKSs, or is
this ability due to more global determinants in dge tertiary structure? Second, how do
sequence differences contribute to ligand bindimgat is, can all kinases adopt the DFG-out

inactive conformation given the appropriate ligaadd simply the energetics of known ligands



that stabilize the DFG-out conformation cause themprefer p38; or can p38 access a distinct
conformational space that is somehow productiveatds ligand binding? Unfortunately,
structural studies provide no information about dy@amics or plasticity of kinases. To wit, a
reported crystal structure of thpo form of inactive p3& adopts the DFGa conformation (50),
giving no indication of its ability to adopt the BFout conformation. Further confounding is
thatapo forms do exist of other kinases in the DB@-conformation (23, 51).

Here we report the identification of two specifesidues that allow MAPKs to adopt the
DFG-out inactive conformation. We show that mutaggesn at these positions yields kinases that
are sensitive to general ligands that stabilize itctive conformation. Additionally, we provide
structural evidence that an inhibitor-sensitive amitof Erk2 can adopt the DFG-out inactive
conformation. Next, using isotope-coded affinitygdang (ICAT) experiments we show that
these mutations change the dynamics of the segofetfie activation loop next to the DFG
motif. Finally, we extend our observations to thstahtly related yeast sterile (STE) group
kinase apoptosis signal-regulating kinase 1 (AStl)iemonstrate that these two residues are
relevant to S/T kinases outside the MAPK familyisThensitization strategy may be used to
study the effects of inactive conformations in @as noncatalytic roles of protein kinases,

including scaffolding complexes (32) and bindingtpar interactions (31).

Il. Results and Discussion
A. A small molecule probe reveals binding preferereamong MAPKS.

ATP-competitive inhibitors have proven to be inwalle reagents for studying the
conformational accessibility of protein kinase @aetsites. Most of these ligands, known as “type

I” inhibitors, are able to bind to the active foohkinase ATP-binding sites, where all conserved



catalytic residues are in the proper orientation datalysis. However, a growing number of
ligands have been identified that selectively $itadiATP-binding site conformations that are
not compatible with catalysis. These ligands occupyions within the kinase that are only
accessible through the displacement of conserviadiytia residues. For example, inhibitors that
stabilize the helixxC-out inactive conformation induce a rotation ofbheC that disrupts the
catalytically important salt bridge between a ghisie residue on helixC and a lysine residue
on the N-lobe beta sheet (52, 53).

Another, more commonly observed inactive conforomatis the “DFG-out” inactive
conformation described earlier. Ligands that siabilthis conformation (type 1) have
substituents that extend into a hydrophobic po¢kéjure 1-1A) normally occupied by the
conserved phenylalanine of the DFG motif when kiisaare in an active conformation. The
translocation of the phenylalanine residue pertuhss position of the neighboring catalytic
aspartate of the DFG motif. Type Il ligands alsotain a linkage that connects the substituents
that occupy the adenosine and DFG-out pockets,hmmakes two additional hydrogen bonds
with a backbone residue in the DFG motif (Asp) andonserved glutamate residue located in
helix aC. Only in the DFG-out inactive conformation, wHayghe DFG motif phenylalanine is
removed from the DFG-out pocket, can a kinase acsite make the interactions described

above with a type Il inhibitor.
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Figure 1-1.A. General properties of a type Il ligand, whiclasp a kinase active site from beyond the adenosine
pocket through a hydrophobic pocket that would atfige be occupied by the DFG motif phenylalanine. B
Structure of probé&. C. Titration of MAPKSs in the presence of prdbshows the most change in fluorescence for
p38u (blue triangles, K= 15 nM). D. Active site dissociation of probdrom p38x. The slow dissociation rate gt

= 80 min) is indicative of the large conformatioghbnge required to accommodate a type Il inhibEoThe
hydrophobic spines of protein kinase A (C-spindloye N-spine: blue), connected by the gatekeepgart) and
XDFG (green) residues (PDB ID: 1ATP). F. Sequenigmmaents of MAPK hydrophobic spines shows that nods
the residues are conserved within the MAPK famiilye gatekeeper (cyan boxed) and xDFG (green baes@jues
are the only positions with significant variabilitg. Active site dissociation of prolfefrom MAPKs. A
gatekeeper/xDFG double mutant of Erk2 (Q103T/Cl@dack squares) dissociates from prébat a similar rate to
p38&u (blue triangles).

The reasons for the far fewer examples of S/T lkesas the DFG-out inactive conformation,

relative to tyrosine kinases, are not known. We¢ fieat the high sequence homology of the
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MAPKs, and the general availability of diverse hga that stabilize the DFG-out conformation
of p3&, made this kinase group ideal for probing the saga and structural determinants of
ATP-binding site conformational accessibility. Eirave confirmed biophysically that MAPKs
other than p38 are not sensitive to type Il inhibitors, and tlame most likely unable to adopt the
DFG-out inactive conformation, with a fluorescerdtpeled affinity reagenE that we have
previously described (Figure 1-1B) (54). This redgmnsists of a general ligand for the DFG-
out conformation linked to a BODIPY fluorophore. @afpbinding to kinases that are able to
adopt the DFG-out conformation, this probe demaiss$ra significant increase in fluorescence.
Direct measurement of binding affinity rather thamzymatic inhibition allows kinase
conformational accessibility to be determined iretegent of enzyme activity or phosphorylation
state. Because specific phosphorylation events baem shown to affect the conformational
equilibrium of some kinases, this assay simplifil@echemical analysis (25). The binding
affinities of the unphosphorylated forms of the M&P p38&:, p38, Jnk3, and Erk2 were
determined for BODIPY-conjugated prolbe (Figure 1-1C and Table 1-1). Consistent with

previous structural studies and inhibitor screemdy p38: bound tightly (k = 15 nM) to the

probe.
Kinase Pr((;t'z/elz) K DISS(()r?:ia;[)Ne in
p38u wt 15+2 79.6 £0.2
P38 T106Q >1000 nfd
JInk3 wt n/@ n/cf
Jnk3 M146l 10+2 51.8+0.2
Erk2 wt >1000 n/d
Erk2 Q103T n/@ n/df
Erk2 Q103A n/@ n/df
(Eerk(?ST/C164L 40+ 10 331
Erk2 13+7 27.8+x1.0

12



Q103A/C164L
P38 wt >1000 n/d

p3&% M107T 385 26.3+0.4
Table 1-1.%Not determined’Data were not convergent to a plateau and thusicmilbe accurately fit to a curve.

One distinguishing characteristic of type Il inldss is that they display slow association
and dissociation kinetics when interacting with &%P-binding sites of protein kinases (43, 55).
This rate is slower than that of type | inhibitoosying to the significant conformational change
that must occur in order to accommodate type Hrggs. By monitoring the loss of fluorescent
signal of kinase-bounH in the presence of a nonfluorescent competiterdibsociative half-life
(t12) of p3& was determined. Prol#edissociates slowly from the active site of p3&igure 1-
1D and Table 1-1), comparable to studies with otyyee Il ligands (43, 46, 55).

B. Two active site residues affect MAPK sensitivityo type Il inhibitors.

Given that closely-related kinases greatly diffiertheir sensitivities to a general type Il
ligand, we sought to determine the sequence bastbit disparity. We confined our search to a
series of hydrophobic residues that form two spgt@nserved hydrophobic spines in kinases
that are in the active conformation (56-58) (Figlir2E). While almost all of the residues in the
hydrophobic spines of pa8p38&, Jnk3, and Erk2 are identical, one residue thaheots these
spines is more varied (Fig. 1F). This position,wnaas the “gatekeeper” residue, blocks access
to a hydrophobic pocket adjacent to the site of AiRling. The gatekeeper residue has been the
subject of considerable study. A number of drugstasat kinase mutants with altered gatekeeper
residues have been identified in the clinic, inaigdBCR-Abl T315I (59), EGFR T790M (60),
and KIT T670l (61). Furthermore, conversion of thatekeeper from a larger to a smaller
alanine or glycine residue has been used to ca®esitivity to a series of orthogonal kinase
inhibitors (29). Finally, a regulatory role has besuggested for this position based upon the

discovery of gatekeeper mutants of Src, Abl, arkREinases that promote auto-activation (62,
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63).

Gatekeeper mutants of pd8p3&, Jnk3, and Erk2 differ markedly from their wildpiy
counterparts in their affinities for fluorescenvpeF (Table 1-1). Specifically, the p88M107T
and Jnk3 M1461 gatekeeper mutants exhibited lowomatar affinities for the probe.
Conversely, the T106Q gatekeeper mutant ofop@8rogated binding to this probe 41000
nM). Curiously, the Erk2 Q103T and Q103A gatekeapetants showed increased binding to
the fluorescent probe, but not to the extent detnatesl by the p3Bor Jnk3 gatekeeper mutants.
Therefore, we looked for other positions that ditbetween Erk2 and the other MAPKSs tested.
Our attention was drawn to the residue immedigpegceding the DFG motif (xXDFG), which,
like the gatekeeper residue, connects the two Ipyarioic spines. The identity of this residue is
cysteine in Erk2, but leucine in p88p3&®, and Jnk3. Mutating the XDFG position to leucine
(C164L) in Erk2 Q103T and Q103A produced Erk2 wasgQ103T/C164L and Q103A/C164L)
with increased affinities for probe (Kqy = 40 nM and 13 nM, respectively). Further, prdbe
demonstrated slow dissociative half-lives for dlltleese sensitized variants (Figure 1-1G and
Table 1-1). Thus, it appears that the identitiesheftwo residues that connect the hydrophobic
spines of MAPKs determine their sensitivities t@eyll inhibitors and may influence their
abilities to adopt the DFG-out conformation.

Having determined MAPK residues that modulate prielsnding, we were curious to know
whether these positions affected only the pharnfamap of this fluorescent ligand or
corresponded more broadly to other ligands thdiilsta the DFG-out inactive conformation.
Therefore, we tested their enzymatic inhibitiongbgeries of diverse type Il ligands. In order to
do so, it was necessary to activate the MAPKSs wtitir respective MEKs. All MAPK variants

were significantly activated by their upstream MEK®Bd Michaelis constants (KATP]) of the
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activated MAPKs were not dramatically differentweeén wild-type and mutant kinases (Table

1-2).
. Kn(ATP)
Kinase Ki (nM
L1 L2 L3 L4
p38u wt 229 + 16 8.1+0.2 < 80+04 6.4+1.6
p38&: T106Q >1000 3700 +£400 1120+ 20 >10000 55+4
Erk2 wt 120 + 10 >10000 >10000 >10000 >10000
Erk2 Q103T 835 >10000 10.8+0.8 310+ 20 >10000
Erk2
Q103T/C164L 180 + 20 4200 £ 600 4.7 +£0.3 284 +1.7 6600+700
Erk2
Q103A/C164L 137 +6 1490 + 50 <@ 364 1100 + 300
Jnk3 wt 8.3+0.6 1300 £ 300 106 +9 101.6 +1.6 660 =90
Jnk3 M146l| 66 + 3 67 +3 1.65+0.055.9+0.5 155+ 9
p3& wt 91+6 5800 £ 400 >10000 >10000 >10000
p3& M107T 380 + 40 54 +5 3.62+0.18 262 37.5+0.6

Table 1-2.%Assay was performed with 2 nM kinaSBate of reaction maintained linearity as high a30L0M ATP.

A structurally diverse panel of type Il inhibitaisat are potent inhibitors of p@&vith varied
structures but all of the features of a generarid)for the DFG-out conformation (Figure 1-2)
were tested in activity assays: IclusidlL] is an inhibitor of wild-type and drug-resistaotrhs
of the oncogenic tyrosine kinase BCR-AbI (642. is derived from a series of aminoquinazoline
inhibitors that target the Src-family kinase Lcl0)4The ATP-competitive pharmacophots3}
component of fluorescent prolie was also tested. Finally, we included a pyraza&aug4)
inhibitor of p38& that only occupies the hydrophobic binding poaketated by the movement of
the DFG motif to an inactive conformation (65). Bweith the structural diversity of this ligand
set, it is possible that some kinases that are tabdelopt the DFG-out conformation will not be
sensitive to these inhibitors. Consistent with tineding studies using prolde only p3& was
potently inhibited by all of the type Il inhibitotested (Table 1-2). Hence, ligands that stabilize

the DFG-out inactive conformation appear to befewtive towards the other MAPKs despite
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extensive structural and sequence homology. Howekerprobe-sensitized kinase mutants of
p38, Jnk3, and Erk2 were inhibited by low nanomolanaamtrations of virtually all of the
inhibitors in our panel. Thus, the gatekeeper ddBG positions appear to control the sensitivity

of MAPKSs to pharmacophores that stabilize the DRG#Hoactive conformation.
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Figure 1-2.Despite varied structures, all of these inhibitesbilize the DFG-out inactive conformation. Polar
contacts are shown with dotted lines.

It is important to note that alanine, glycine, aadleucine gatekeeper mutants of Jnk3 all
have high affinities for probE (Figure 1-3A). An isoleucine side-chain is largjean threonine
and in fact occupies almost the same volume asiomitle (66); therefore the presence of a
small residue at the gatekeeper position is notda@ny for type Il inhibitor sensitivity.
Nonetheless, both isoleucine and threonine arechegh at theirp-carbon positions, so we
speculated that they may be similar enough to lb@lqgtolerated at the gatekeeper position in
other MAPKSs. Indeed, p38T106I binds equipotently to prolteas the wild-type (Figure 1-3B),
and while p38 M1071 is not as sensitive to inhibitokd-L4 as M107T, it is notably more so
than the wild-type (Figure 1-3C). Positional compans among the few S/T kinases that have

been characterized to adopt the DFG-out conformateveal several gatekeeper residues,
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including a phenylalanine in CDK6 (Figure 1-3D).ig diversity further illustrates that threonine
is not the only gatekeeper residue that permite typnhibitor sensitivity. However, it appears
that methionine and glutamine at this positionrggtg disfavor type Il ligand inhibition, which
Is noteworthy as these two residues combined reptedmost half of all gatekeeper residues in

human kinases (67).
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Figure 1-3.A. Binding affinities of different gatekeeper mutsiof Jnk3 against probe F. Glycine, alanine, and
isoleucine appear to be tolerated. B. Binding #féa of p3&: wild-type and T1061 gatekeeper mutant against @rob
F. The isoleucine gatekeeper mutant binds with lgoptency. C. Inhibition of p3BM1071 by three different

ligands. D. Gatekeeper and xDFG residues for fétirkihases.

C. Structural evidence for DFG-out conformational acessibility.

L1-L4 are conformation-selective inhibitors in that &EP-binding sites of protein kinases
most likely need to adopt the DFG-out conformaiioorder to accommodate these ligands. To
ensure that this is the case, we determined thetadrstructure of Erk2 Q103A/C164L bound to
the type Il ligand_2 (Table 1-3). Consistent with the increased seritsitof this kinase mutant
to type Il inhibitors, the refined structure shotat the phenylalanine residue in the DFG motif
(Phe-166) undergoes a large translocation; dispdgitie catalytic Asp from an orientation that is
competent for catalysis (Figure 1-4A). Also, asextpd,L2 is buried within the ATP-binding

cleft of this Erk2 mutant and makes all of the eleégristic contacts of a type Il inhibitor (Figure
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1-4B). The 2-aminoquinazoline scaffold makes sintilgdrophobic contacts as the adenine ring
of ATP and forms two hydrogen bonds with the hinggion. The 3-trifluoromethylphenyl
moiety of L2 occupies the hydrophobic pocket created by movénoénthe DFG motif
phenylalanine side chain, and the amide linker ®ohydrogen bonds with the backbone of Asp-

165 in the DFG motif and the side chain of Glu-8%elixaC.

Data collectior?

Space group P21

Unit cell dimensions a=b=7724A, ¢c=121.79A
a=p=90°y=120°

Wavelength (A) 1.5418

Resolution (A) 15.46 — 1.90 (2.00 — 1.90)

Unique reflections 33356 (4496)

Rpim 0.032 (0.763)

Mean I6(1) 12.7 (0.8)

Completeness 98.7 (92.8)

Multiplicity 9.0 (3.8)

Refinement

Resolution (A) 1.90

Reflections (working set) 31632

Reflections (test set) 1684

Rwork / Riree 0.218/0.256

Wilson B-factor (X) 31

Protein atoms 2735

Inhibitor atoms 34

Water molecules 134

Other atoms 0

TLS groups 9-76, 77-187, 188-248, 249-268,

269-328, 335-356
RMSD bond length (&)  0.012
RMSD bond angles (°) 1.487
Ramachandran statistics

In prefered regions 95.4%
In allowed regions 4.6%
Outliers 0%

Table 1-3.%values in parentheses are for highest resolutieli.sh
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PHE-166

Figure 1-4.A. Erk2 Q103A/C164L witi.2 (cyan) and Phe-166 (salmon) contoured at.1R@&rt of the N-lobe beta
sheet is hidden for clarity. B. Interaction mag_&fin the active site of Erk2 Q103A/C164L. Map gemedaby
LigPlot™ (68). C. Superimposition d&f2-bound Erk2 Q103A/C164L (green) wiéipo inactive Erk2 (orange,
activation loop shown only) (PDB ID: 1ERK) reveal$arge activation loop translocation. D. Superisifion of
L2-bound Erk2 Q103A/C164L (green) witld-bound p38 (magenta, activation loop shown only) (PDB ID:
2BAJ). No pi-stacking is observed between Phe-1%BTgr-182 in p38.

Most of the activation loop is well-resolved, inding the TEY activation motif.
Superimposition of this structure with that of itiae Erk2 in the DFG-in conformation (49)
shows a dramatic difference in activation loop aunfation (Figure 1-4C), including a
translocation of 9.9 A by the DFG phenylalaninddes. Also of note is the position of the TEY
motif: not only are these residues on oppositessafehe active site from those in the DFG-in
conformation, but Tyr-185 appears to be involvedaimpi-stacking interaction with Phe-166.
Interestingly, p38 bound to pyrazoloured4 in the DFG-out conformation shows no such
interaction(Figure 1-4D), although the similar position of &stivation loop with that of Erk2

Q103A/C164L corroborates the hypothesis made bijv&aolet al. that kinases in the DFG-out
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conformation cannot be activated by their upstré@mases because the position of their TxY
motif renders their activation loops to be inacd#eso MEKs (46).
D. Gatekeeper mutations alter the dynamics of thedivation loop.

Having demonstrated that inhibitor-sensitive Erkancadopt the DFG-out inactive
conformation, we explored how this change affetstslynamic properties. One possibility is that
type Il inhibitor-sensitized kinases can samplegame conformational space as their wild-type
counterparts, and the introduction of gatekeepel xlDFG mutations eliminate unfavorable
interactions that prevent inhibitor binding. Altatively, the introduced mutations could allow
p38d, Jnk3, and Erk2 to access new conformaticiadés that are compatible with favorable
type Il ligand binding. Normally, NMR experimentarcbe used to test hypotheses about protein
dynamics. However, previous reports have shown kinadise activation loops move on an
“intermediate” time scale, rendering them unresbledy NMR due to line broadening (69, 70).
Therefore, we used isotope-coded affinity taggilQA{) footprinting reagents to probe the
active site dynamics of Erk2 Q103T/C164L. This msgsctrometry-based technique measures
the alkylation rates of cysteine residues to deigntheir solvent exposures. ICAT footprinting
is complementary to hydrogen-deuterium exchange) (ld&tprinting because, while it lacks the
ability to measure dynamic changes of the entiegm in a single experiment, it has the
advantage of resolution since it follows specifesidues rather than peptic fragments. We
mutated five individual residues in the active 2feErk2 Q103T/C164L and compared their
alkylation rates to those of the single mutant @1@8igure 1-5A). This mutant was used as a
control instead of wild-type Erk2 to allow a direcomparison of the contribution of the
gatekeeper residue. Erk2 C164L has no measuretiibigyso probeF, making it an appropriate

wild-type substitute (data not shown).
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Figure 1-5.A. Residue positions studied (black, sticks). Thegé region (yellow), activation loop (cyan), DFG
motif (magenta, sticks), and gatekeeper residusefss) are also shown (PDB ID: 1ERK). B. Footpnigti
timecourses. The proximity of position 82 to théeffaeper provides the explanation that a smallexkgeper
residue, as in the case of Erk2 Q103T/C164L, wpulvide greater solvent accessibility and a fastieylation
rate. Position 172, however, is far from the gatglez and still shows altered rates for both Erk J13164L and
Q103A/C164L.

Two of the five positions examined showed alter&gllation rates between Erk2 C164L and
Q103T/C164L (Figure 1-5B). Position 82 is locatémke to the gatekeeper residue, meaning that
the observed rate change is likely due to locaicstfects of the mutated gatekeeper residue.
However, position 172 is on the activation looEok2 and quite distant from the gatekeeper. A
rate change at this position suggests the activdtiop of the type Il ligand-sensitized mutant

(Q103T/C164L) can access different states thamviltetype surrogate (C164L). It also appears
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that this motion is localized to the region arouhd DFG motif, since no rate change was
observed for positions further along the activatmop. To validate this result, we performed the
same experiment on Erk2 Q103A/C164L and found anvatent effect. These results suggest
that the identity of a kinase’'s gatekeeper residiiects the conformational preference of its
activation loop in thepo form.

The rate change in position 172 between wild-typeogate and inhibitor-sensitive Erk2 is
apparent but subtle. Molecular dynamics simulationsboth short and long time-scales have
modeled DFG-out adopting kinases moving fully intee DFG-out conformation within
nanoseconds (71, 72); thus, it might be expectatsiiich a large translocation would produce a
more significant alkylation rate difference. Howevstructural analysis shows that despite the
large translocation of the activation loop betwdenDFG-out and —in conformations, the degree
of solvent exposure of most of the residues (indggosition 172) remains the same. Therefore,
a vastly different rate difference cannot be exge@cbetween residues occupying similar
environments.

It is also important to note that while our datggest that inhibitor-sensitive Erk2 has an
altered activation loop conformational preferenedative to wild-type Erk2, this does not
necessarily mean that the DFG-out conformatiorhefpo form of this enzyme is substantially
populated in the absence of ligand. Such would yntpat ligands that stabilize the DFG-out
conformation bind via a conformational selectioncirenism (73, 74) rather than an induced-fit
mechanism (75). While kinetics and molecular dyrenualculations provide strong supporting
evidence that type Il inhibitors bind to the ATRwing sites of kinases by a conformational
selection mechanism (71), we can only conclude foomdata that our MAPK mutants have an

altered conformational preference that is more ooive to ligand binding than the wild-type.
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In a previous study by Emrick et al., several mate that were predicted to allow increased
movement of a hydrophobic core of residues in ttteve site of Erk2, including the Q103A
gatekeeper mutant, result in increased autophoglaiion (63). HX footprinting of one of these
Erk2 mutants, I84A, showed that a portion of thévation loop had substantially increased
mobility. These observations are consistent withitttreased sensitivity of Erk2 Q103A/C164L
to type Il inhibitors. However, the dynamic difface we observed in position 172 between
wild-type surrogate and inhibitor-sensitive Erkal diot appear in Erk2 I84A from the HX
footprinting experiment. Furthermore, LC/MS datae@ed that unlike the Q103A and Q103T
single mutants, recombinant Erk2 Q103T/C164L an@3I1C164L expressed ig. coli were
not phosphorylated at either residue of the TEYatibn motif (Figure 1-6). These observations
suggest that the dynamic differences observed ificmiprinting experiments are independent of
any autophosphorylation capability and thus neddaaonsistent with the HX study by Emrick
et al. Furthermore, the I84A mutant, previously whoto undergo a high rate of
autophosphorylation (63), showed negligible bindingur fluorescent probe (data not shown),
refuting the possibility that autophosphorylatiompability and DFG-out conformational
accessibility are correlated. Interestingly, the4A8164L mutant showed very little
autophosphorylation, suggesting that position 164aigeneral switch that down-regulates

autophosphorylation.
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Figure 1-6.Extracted ion chromatographs from LC/MS analysesnsf mono-, and diphosphorylated peptides of
wild-type, gatekeeper, and gatekeeper/xDFG doubiamnts. The tryptic peptide analyzed was
VADPDHDHTGFLTEYVATR (phosphorylated residues undieed) (MW: 2144 Da). Adding the C164L mutation
to Erk2 Q103A, Q103T, and I84A significantly redadbe amount of phosphorylation at the TEY actoatnotif.

To our knowledge, the only study to examine the @&DQposition was by Matrtin et. al, who
targeted this residue in the development of neve tipinhibitors for Aurora A kinase (76).
However, the DFG motif itself has been studiedne&dy. The catalytic aspartate of this motif
makes critical polar contacts with type Il inhib#p thus, it is reasonable that a large adjacent

residue may hinder its ability to make these cdstatlowever, in the case of the Erk2
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Q103T/C164L double mutant, leucine is consideredéolarger in size (66) and similar in
hydrophobicity (77) compared to cysteine. Furtheaenave found that mutating the xDFG
position from leucine to cysteine in the inhibigensitive Jnk3 M1461 mutant abolishes binding
to probeF (Figure 1-7A). Therefore, in conjunction with tigatekeeper residue this position

appears to play a role in the DFG-out conformatiacaessibility of protein kinases.
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Figure 1-7. A. Binding affinities of two Jnk3 mutants againsbpe F. Mutating the xXDFG residue to cysteine
abolishes affinity. B. Binding affinity of ASK1 M7ZH against probe F (= 1.3 uM).

E. The gatekeeper and xDFG mutations are general.

In a recent proteomic screen using a type |l irtbrbio identify kinases that can adopt the
DFG-out conformation, we identified the S/T kin&t&10 (LOK) (54). Stk10 resides in the STE
kinase group, whose human members are homologoyesagi Ste20 kinase (78) but share little
sequence similarity to MAPKs (Figure 1-8A). Enrialm of Stk10 with resin-coupleld3 and
nanomolar affinity of purified recombinant kinageBODIPY-conjugated probE corroborated
this result. Furthermore, we found that Stk10 wasssgive to the panel of type Il inhibitors
described above (Figure 1-8C). Finally, a receittjeffort with collaborators resulted in a
crystal structure of Stk10 in the DFG-out inacta@nformation (79) (Figure 1-8B), making it
one of only a handful of S/T kinases outside theRKAamily to be structurally characterized in

this form.
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Stk10 10.0+ 05| 22+1 8+1 210 + 20 30+8 68 + 1
ASK1 wt >10000 [ >10000 >10000 n/d >2000 n/d
ASK1 M754T/S821C 27+2 |7.7+04 116+ 5 n/d 50+ 10 30+1

Figure 1-8.A. Kinome dendrogram with the S/T kinases p88lack) and Stk10 (red) circled illustrates thstant
relationship between the two kinases. Kinome itatibn reproduced courtesy of Cell Signaling Tedbgg, Inc
(www.cellsignal.co B. Stk10 bound t3 (magenta) in the DFG-out conformation with actiwatioop (yellow,
F176 in sticks) highlighted (PDB ID: 4EQU). C. Ibftion data of STE group kinases against inhibitdrs4 and
binding and dissociation data of probe F. The ASldtekeeper/xDFG double mutant (M754T/S821C) isbiitil
at nanomolar levels for all inhibitors tested aimtb to probe F with nanomolar affinity. n/d: n&telrmined.

To test whether our observations for MAPKs are gan&ve turned to another kinase in the
STE group, ASK1. Unlike Stk10, this closely-relatadase showed no measureable binding to
our BODIPY-labeled inhibitor or enzymatic inhibitidoy any of the type Il inhibitors in our
panel (Figure 1-8C). Therefore, ASK1 provided agaidcandidate to test the generality of using
the gatekeeper and xDFG positions to alter DFGeoaformational accessibility. Mutating the
gatekeeper position of ASK1 from a methionine t@timine residue, generated an ASK1 mutant
(M754T) that has a dissociation constant of 1.3 foMprobeF (Figure 1-7B). Encouraged by
this result, we also mutated the xXDFG position fmuohd that the M754T/S821C double mutant
bound to this probe with agkof 50 nM (Figure 1-8C). Enzymatic activity assaysng this
mutant showed that almost all of the small molezuteour type Il panel exhibited nanomolar
inhibition of this kinase. These data strongly sgjghe generality of the gatekeeper and xXDFG

positions as mediators of the DFG-out inactive oomtion.
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l1l. Conclusion

More than ten years after its discovery, the DF&#oactive conformation has appeared in
only a handful of protein kinases. Given the sigaifit pharmacological interest in exploiting the
hydrophobic pocket exposed in this conformationgain a selectivity advantage, it is a
worthwhile endeavor to determine if the DFG-outfoomation is accessible to all kinases given
the proper inhibitor; or the accessibility of tlienformation limited by the dynamic properties
of the kinase itself. However, such studies aréicdit to control due to the often significant
sequence disparity between protein kinases.

We have demonstrated that two residue positiorikaractive site of protein kinases appear
to modulate their sensitivity to inhibitors thatlsilize the DFG-out inactive conformation.
Specifically, we showed that mutations at thesatipos conferred the ability to adopt the DFG-
out conformational state that was disfavored in thid-type kinase. This effect was
demonstrated for the MAPK family as well as thetahtly-related STE kinase family,
suggesting a general trend across many proteisésa

Our footprinting experiments suggest that the dyioarof kinases that can adopt the DFG-
out conformation are different from those than @dniowever, more research is required to
fully discern the dynamic nature of these kinasesncurrently, our strategy may be used to
rapidly sensitize kinases to type Il ligands anddgtconformationally-dependent effects of

scaffolding and other noncatalytic functions.

IV. Experimental

A. Small molecule synthesis

27



i. General information

Unless otherwise noted, all reagents were obtafr@@ commercial suppliers and used
without further purification. NMR spectra were obtd on a Bruker AV-300 or -301 instrument
at room temperature. Chemical shifts are repontedpim and coupling constants in Hz. Mass
spectra were obtained on a Bruker Esquire lon Trrsgoument.

General HPLC Purification Conditions: Samples wanected on a preparatory reverse-
phase C18 column (250 x 21 mm) run over 60 minateés mL/min (Acetonitrile/Water—0.05%
TFA gradient: 1:99 to 100:0). Purified productsrevdetected by UV at the detection frequency
of 254 nm detection.

il. Synthesis of aminoquinazoline inhibitor L2

RUF
0 F
B
o
HN
A 0

[A] 3-(trifluoromethyl)-N-(4-methyl-3-(4,4,5,5-tetramethyl - 1,3, 2-dioxabor ol an-2-

yl)phenyl)benzamide: 5-amino-2-methylphenylboronic acid pinacol es@2{ g, 0.86 mmol), 3-
(trifluoromethyl)benzoic acid (0.21 g, 1.11 mmdiydroxybenzotriazole (0.17 g, 1.11 mmol), 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide  (0.21 , g 1.11 mmol) and N,N-
Diisopropylethylamine (450 pL, 2.58 mmol) were disgd in dimethylformamide (2.5 mL) and
stirred overnight at room temperature. The cruddume was diluted in ethyl acetate and washed
with NH4Cl and NaCQ;. The organic layer was dried overJS&)y, and concentrateish vacuo to
afford 0.33 g of compound (96% vyield).'H NMR (300 MHz, CDC}-d,) 6 8.14 (s, 1H), 8.07
(d,J=6.0 Hz, 1H), 7.98 (d] = 9.0 Hz, 1H), 7.84-7.81 (m, 2H), 7.68 — 7.62 BH), 7.23 (d,) =

9.0 Hz, 1H), 2.55 (s, 3H), 1.37 (s, 12H). Mt (C,1H23BF3NOs) calc’'d = 405.2, observed: M+1
=406.4.
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[B] 6-Bromo-N-cyclopropylquinazolin-2-amine: In a resealable Pyrex tube, 6-Bromo-2-
iodoquinazoline (made as described (40)) (50.0 @b mmol) and cyclopropylamine (55 uL,
0.75 mmol) were taken up in isopropyl alcohol (inlL). N,N-Diisopropylethylamine (40 pL,
0.22 mmol) was added and the tube was sealed.ulpession was stirred for 2 h at 80 °C. The
mixture was cooled to room temperature and conatsdiin vacuo to afford 33.0 mg of
compoundB (85% vyield). The crude compound was used in thet s&p without further
purification.’H NMR (300 MHz, CDC-dh) & 8.89 (s, 1H), 7.78 (d] = 2.2 Hz, 1H), 7.69 (dd]
= 9.0, 2.3 Hz, 1H), 7.49 (d, = 9.0 Hz, 1H), 5.77 (s, 1H), 2.92 - 2.84 (m, 1689 - 0.82 (m,

2H), 0.60 — 0.55 (m, 2H). MBVz (C11H10BrN3) calc’d =263.01, observed: M+1 = 264.1.

O i

N N CF3
/H\ ~ H

HN N

L2

[L2]N-(3-(2-(cyclopropylamino)quinazolin-6-yl)-4-methyl phenyl )-3-

(trifluoromethyl)benzamide: A mixture of A (71.8 mg, 0.18 mmolB (39.0 mg, 0.15 mmol),
tetrakis(triphenylphosphine)palladium (5.2 mg, gmol) and sodium carbonate (34.2 mg, 0.32
mmol) was dissolved in a 3:1 mixture of dimethoxyate/water (0.59 mL). The mixture was
heated overnight at 85 °C. The crude mixture wasletbto room temperature, diluted in
acetonitrile/water mixture and purified using reseephase chromatography (HPLC) to obtain
20.0 mg ofL2 (29% yield)."H NMR (300 MHz, CROD-ds) & 9.47 (s, 1H), 8.28 (s, 1H), 8.22
(d,J = 9.0 Hz, 1H), 8.13 — 7.99 (m, 1H), 7.91 {&& 9.0 Hz, 1H), 7.82 — 7.70 (m, 2H), 7.63 —

7.48 (m, 3H), 7.40 — 7.32 (m, 2H), 5.88 (s, 1HB2= 2.74 (m, 1H), 2.32 — 2.28 (m, 3H), 1.17 —
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1.05 (m, 2H), 0.93 — 0.80 (m, 2H). M&z (C6H21F3N4O) calc’d = 462.17, observed: M+1 =
463.4.
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Figure 1-9.Analytical HPLC trace oE2 (Acetonitrile:water-0.1% CJEO,H gradient)
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B. Cloning

Genes for mouse pa8human ASK1, human Stk10 (S. Knapp) were provitedacterial
expression vectors. Genes for human Jnk3, mouse (E88avis), and rat Erk2 (J. Blenis) were
cloned into Hig vector pMCSG7 (M. Donnelly). Genes for human MARKase (MEK) 6,
human MEK4, human MEK7 (R. Davis), human MEK2 (FhaKari), and human Map3kl1 (G.
Johnson) were cloned into B&ST vector pMCSG10 (M. Donnelly). Mutagenesis was
performed by Quikchange (Agilent). Plasmids weidated from cultures grown from single
colonies and sequenced. Primers used for clonidgraniagenesis are available upon request.
C. Protein expression and purification

Plasmids were transformed into BL21(DE3) competsils (Invitrogen). Single colonies
were grown at 37 °C in 125 ml lysogeny broth (LB)0t4 OQoo and then grown at 20 °C until
0.8 ODygp. Cultures were then induced with 0.5 mM IPTG anolwg overnight at 20 °C. The

harvested pellets were resuspended in lysis b(f@mM HEPES [pH 7.5], 300 mM NacCl, 20
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mM imidazole, protease inhibitor cocktail [Roch@ld sonicated 3 times for 30 s with 2 min
rest on ice. Cleared supernatants were then adwed®3 ul Ni-NTA slurry (Qiagen) and
incubated for 1 h at 4 °C. The resins were washiéu Iysis buffer, and the proteins were eluted
with 500 pL lysis buffer containing 200 mM imidazole. The fhed kinases were then
exchanged into analysis buffer (50 mM HEPES pH 3 mM NaCl, 5 mM DTT) using an
lllustra NAP-5 desalting column (GE Healthcare) audntified by U\go absorbance.
D. Fluorescent probe measurements

These experiments were performed as describe®(%4,
E. Kinase activation and activity assays

ASK1 and Stk10 were catalytically active after fioation. MAPKs were activated as
follows prior to use in activity assays: kinase vimsubated in phosphorylation buffer (50 mM
MOPS [pH 7.4], 10 mM MgG| 1 mM DTT, 0.001% (v/v) Tween 20) with BSA (0.1 mmd),
ATP (1.3 mM), and upstream kinase (MEK6 for p38&nd &, MEK2 for Erk2, and
Map3kl+MEK4+MEK7 for Jnk3) for 1 h at room tempenat.

Activated kinase was incubated with inhibitor (48DMSO, 10 uM starting concentration,
then 3-fold dilutions to 0.5 nM) in kinase reactibaoffer (50 mM HEPES [pH 7.5], 60 mM
MgCl,, 1 mM EGTA) with BSA (50 pg/ml), myelin basic peat (0.2 mg/ml), sodium
orthovanadate (2 mM), cold ATP (13 uM), aptfP ATP (PerkinElmer) (0.2:Ci/well) and
spotted onto a phosphocellulose membrane (Whatneanzyme concentrations and incubation
times varied by kinase based on enzyme linearibe Membrane was washed 4 times with
0.05% phosphoric acid, dried, and exposed overnghtphosphor screen (GE Healthcare). The
screen was then scanned by a phosphor scannespatslwere quantitated using ImageQuant

software. Kvalues were determined by non-linear regressiorgusraphpad Prism software.
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F. Kinetics

Erk2 wild-type, Q103T/C164L, and Q103A/C164L wereexpressed with constitutively
active GST-MEK2 and purified as above to yield\aated, ATP-free kinase. Other kinases were
expressed, purified, and activated as above, laut tkesalted using Zeba spin columns (Pierce)
to remove ATP. Activity assays were performed ascdbed above but with different
concentrations of ATP (typically 1.6 mM cold ATP twi3.2 uCi y*P ATP starting
concentrations, then 2-fold dilutions to 128! cold ATP with 25 nCiy**P ATP). K, values
were determined by non-linear regression using gra@ Prism software.
G. Mass spectrometry

Kinases (75 pmol) were precipitated with 0.02% 8odi deoxycholate and 10%
trichloroacetic acid on ice for 10 min. The mixtwas centrifuged at 4 °C for 15 min, and the
pellet was washed with cold acetone. After ceng@ation, the pellet was resuspended inuB0
200 mM Tris (pH 8.0), 8 M urea, and 2.4 mM iodoaceitle, and incubated in the dark for 30
min. The solution was then diluted with 2&0 200 mM Tris (pH 8.0), 5.7 mM Cagland 1
ug/uL porcine trypsin (TPCK treated, Sigma), and indadaat 37 °C overnight. Sample (0.3
pmol) was injected onto a Thermo Scientific Diongeclaim Pepmapl00 NanoLC capillary
column (Gg, 150 mm length, 1.D. 7pm, 3um particle size) connected inline to a Finnigan LCQ
mass spectrometer. Peptides of interest were fohtby MS/MS data (Sequest), and
corresponding XIC peaks were integrated.
H. ICAT Footprinting

Positions chosen for study were mutated to cystesiey site-directed mutagenesis. Kinases
were purified as described above, but desalted 56tanM Tris pH 8.0, 50 mM KCI, 5 mM

MgCl,, and 0.5 mM TCEP. Heavy labeling reagent was addguotein solutions (gM), and
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aliquots were taken at specified times and quenchitidl excess DTT. Samples were then
prepared and analyzed by mass spectrometry asiltibs@bove, except light labeling reagent
was used instead of iodoacetamide. Alkylation csiwere fit using GraphPad Prism software.
|. Crystallography

Erk2 Q103A/C164L was expressed as described abowwedL scale and purified as above
but then further processed as follows: TEV cleawage performed overnight at 4 °C, followed
by desalting back into lysis buffer (GE HealthcarB)e solution was then incubated with 500
ML Ni-NTA slurry for 1 h at 4 °C and loaded ontpalypropylene column (Bio-Rad). The flow-
through was concentrated (Pall) and further putib@ a Superdex 200 10/300 GL column (GE
Healthcare). The eluent in 10 mM HEPES (pH 7.50 1M NaCl, and 5 mM DTT was
concentrated to 8 mg/ml, aliquotted, and snap-fioze

Kinase was incubated with inhibit&2 (final 1 mM in 5% DMSOQO) for 30 min at room
temperature and centrifuged before setting up alimdtion trials. Sparse-matrix screens
(Emerald Biosciences) were used, followed by antaedscreen (Hampton Research) to find
suitable conditions. Crystals of inhibitor-boundkErQ103A/C164L were grown with 90 mM
sodium citrate pH 5.8, 20% (w/v) PEG 6000, 0.7%uitahol in 96-well sitting-drop plates
(Emerald). Prisms appeared at room-temperaturenmler Diffraction images were collected at
the University of Washington Biomolecular Struct@enter and processed using Mosflm (81)
and the CCP4 program suite (82). The initial strradt model was found by molecular
replacement (83) using PDB entry 3QYW and thenesibgl to alternating rounds of automated
and manual refinement using REFMAC5 (84-86) and tQ@&3J), respectively. The atomic
coordinates and structure factors for inhibitor4baiErk2 Q103A/C164L have been deposited in

the Protein Data Bank under accession code 4I15H.
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Chapter 2: Modulation of Signal Transduction in Mitogen-activated Protein Kinases via a

Specific Inactive Conformation

l. Introduction

Protein kinases constitute a large portion of sghallar signaling cascades (5). As one of the
largest protein families in the human genome, thesgymes play roles in nearly all cellular
functions (10). Therefore, careful regulation afases is essential for normal cell function.

Protein kinases are known to adopt catalyticaltyvacand inactive conformations. Because
of the evolutionary pressure to maintain functiaative kinase conformations are structurally
alike (56). On the other hand, inactive conformagi@re unconfined by such pressure and are
thus more heterogenous. The dynamic nature of ipsotamakes it difficult to quantify the
number of distinct inactive conformations; it isspible that one or many inactive conformations
may be sampled over time (37). Nonetheless, atselecinactive conformations have recurred
in the literature, being seen in multiple kinasgsubing small molecule inhibitors that stabilize
the active site.

One specific inactive conformation that has beemsistently observed in several different
kinases is called the DFG-out inactive conformatidihis conformation is named for the
orientation of the Asp-Phe-Gly (DFG) motif thatagnserved in the protein kinase family (88).
The DFG motif sits on the activation loop, whichenf contains phosphorylatable residues that
increase the kinase’s catalytic activity (4). kaictive conformation, the catalytic DFG aspartate
residue points towards the active site (DFG-in) germit catalysis, and the adjacent
phenylalanine residue resides in a hydrophobic ibqhghocket deep within the ATP-binding
pocket. The activation loop of the specific inaetiform, though, undergoes a marked

translocation in which the aspartate moves awaynfbe active site (DFG-out) and the

34



phenylalanine out of the hydrophobic pocket.

Although the first kinase to be observed in the Bdt® conformation was Insulin Receptor
Kinase (IRK) (23), it was not until ten years latgyon the discovery that the drug imatinib
(Gleevec) stabilized the DFG-out conformation is target Abl that inactive conformations
would generate widespread interest (22). The cudstg selectivity of imatinib for Abl over
closely related kinases led to the hypothesis @atDFG-out conformation was rare and only
accessible to a small subset of the kinome. Howewaltiple kinases have since been found to
adopt this conformation (89).

The mitogen-activated protein (MAP) kinase p3fas the first serine/threonine (S/T) kinase
to be characterized in the DFG-out inactive conftton (Figure 2-1) (43). Subsequently, a
wealth of p38 inhibitors that stabilize this conformation (typl¢ has emerged in pursuit of
targeting the kinase’s downstream pathways invgliirflammation (44, 65). These inhibitors
supplanted type | ligands that stabilize the ac{®&G-in) conformation such as SB203580,

which despite its high potency and selectivity, \@ahandoned due to acute liver toxicity (90).

_/

s

Figure 2-1.Crystal structures of pa8n the DFG-in (left, bound to SB203580, PDB ID:414) and DFG-out
(right, bound to pyrazolourel PDB ID: 2BAJ) conformations. Inhibitors are shoimrwhite, and the DFG maotif in
green.

Despite their novel mechanism of binding, typenhibitors have no inherent selectivity

advantage and block kinase activity in a stand&®RP-competitive fashion. However, we
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believe the DFG-out conformation itself has somgspilogical relevance in cell signaling, a
hypothesis that has largely been unexplored dtieetpotential pharmacological benefits of type
Il inhibitors. Here, we demonstrate that the DFG-wanformation can be used to regulate non-

catalytic functions of MAPKSs.

Il. Results and Discussion
A. Use of the DFG-out conformation to prevent actiation of p38u

Literature reports that use the DFG-out confornmatioways other than enzymatic inhibition
are scarce. Nonetheless, we did find one studydbestribed the role of this conformation in
preventing the activation of p@&46). Normally this kinase, like other MAPKSs, isti#ated by a
specific MAPK kinase (MKK) that phosphorylates ttheeonine and tyrosine residues on the
TXY motif on its activation loop. These phosphotigda events increase the catalytic activity of
p38x by several orders of magnitude (16). The authbthe report found that when p@8vas
stabilized in the DFG-out conformation by typerihibitors, it was unable to be phosphorylated
by its upstream kinase MKK6 (Figure 2-2A). Howevevhen stabilized in the DFG-in

conformation by the type I inhibitor SB203580, ptsosphorylation was uninhibited.
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Figure 2-2.A. Schematic for MKK6 dependent phosphorylauorpﬁ&x based on which conformation is stabilized.
In the DFG-in conformation (unliganded [centerpaund to a type | inhibitor [left]), the kinase dam
phosphorylated by MKK6. When stabilized in the DB®-conformation by a type Il ligand (right),
phosphorylation is inhibited. B. Inhibitors usedtfiis report. Crystal structures of these ligartdbiizing specific

kinase conformations can be found in the ProteitaBank under accession codes 1A9U (SB203580), ZBAJ
4EQU (2), 30XZ (3), and 4I5H (4).
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We sought to explore the generality of this phenuoneby first testing other type Il
inhibitors. To this end, we assembled (in addit@i$B203580 and the pyrazolourda ysed by
Sullivan et al. (46)) three ligands of varied stwre that have been shown by crystallography to
stabilize the DFG-out inactive conformation (Fig@€B): 2, an equipotent Src/Abl inhibitor
(26); 3 (Iclusig), a clinically-approved BCR-AbI inhibitg64); and4, which is based on a series
of Lck inhibitors (40); All five of these ligandofently inhibit the activity of p38 (Table 2-1).
We then tested the abilities of these ligands &v@mt phosphorylation of pa@glike 1, the type
Il inhibitors 2-4 did so at nanomolar levels (Table 2-2). Becausetype | inhibitor SB203580
did not appear to block phosphorylation to any apible extent, we confirmed that this assay

could be used to decouple ATP-competitive actiuityibition and DFG-out conformationally-
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mediated phosphorylation inhibition.

Ki (nM)
1 2 3 4 SB203580
p38&u 6416 8.0x04 8.1+£0.2 <2 287

P38 >10000 >10000 5800 +400 >10000 >10000
Table 2-1.K;s p38&: and p38 against the ligands shown in Figure 2-2B. All dextaept for those for SB203580 are
reproduced from Table 1-2.

ECso (NM)
1 2 3 4 SB302580
p38&u <20 49+14 387 130 + 20 >10000

p3&® 1700 + 300 >10000 350 +20 1200 +200 >10000
Table 2-2.Activation inhibition of p38 and -6 (ECsg) of p38: and pd8 by the inhibitors shown in Figure 2-2B.
The activation of p38is inhibited by ligand4-4 but not SB203580. None of these inhibitors affel.

We then turned to the closely-related MAPK p38/hich is extensively homologous in
sequence and structure to p385); Unlike p38&, though, p38is not enzymatically inhibited by
any of the type Il inhibitors we have tested (TaBl&¢). p3& has a threonine “gatekeeper”
residue in its active site, but since this residumethionine in p38 the additional steric bulk
occludes inhibitor binding (67); However, these tMAPKs are activated by MKK6, and
therefore, as Sullivan et al. noted, p3&uld be used as a control to determine if type Il
inhibitors are enzymatically inhibiting MKK6 or neanzymatically preventing phosphorylation
of p3&: by stabilizing the DFG-out conformation. As exmektinhibitorsl-5 failed to prevent
the phosphorylation of p38near the levels of p88(Table 2-2), further supporting the latter
hypothesis.

B. Phospho-site analysis of p3Bactivation inhibition

The phospho-specific antibodies used for the itiloibiassays described above show that
type Il inhibitors block the dual phosphorylatiohtbe activation loop of p38 However, these
reagents do not provide information on whetherbnbr binding inhibits the phosphorylation of

Thr1l80, Tyrl82, or both of these residues. To prtdbie parameter, we performed similar
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activation inhibition experiments using pB88as shown in Table 2-2 and separated
phosphorylated isoforms of the kinases by PhosTagaamide PAGE (91); From this analysis,
we determined that type Il pyrazolourea inhibitér prevented the formation of any
bisphosphoryated pa8nd allowed very little monophosphorylated prodocmation, whereas
type | inhibitor SB203580 did not inhibit the fortran of either mono- or bisphosphorylated
protein (Figure 2-3). LC/MS analysis confirmed poas literature reports of other MAPKs (92,
93) that phosphorylation of the tyrosine on the Txiotif constituted the primary

monophosphorylated product (Figure 2-4).

MKK6 - + + + + + + +
SB203580 (uM) - - 10 1 05 - - -
1 (UM) - - - - - 10 1 05
<— pp-p38a
Overlay “— Poika
<«— p38a
< pp-p38a
a-pp-p38a
. - - p- o <— pp-p38a
a-His gk« “ ppa
6 g X A—— — ——— | p380

Figure 2-3. Activation inhibition analysis of p38in the presence of inhibitdror SB203580. The samples were run
on a gel cast with 50 uM PhosTag-acrylamide (Waka) 100 pM MnGl and the blot was probed simultaneously
with rabbita-pp-p38x (Cell Signaling) and mouseHisg (Abm).
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Figure 2-4.MS/MS spectrum of monophosphorylated p3&ptic peptide. p38 (3 pM) was activated by MKKG6 in
the presence of inhibitdr (10 uM) for 1 h, then digested with trypsin oveyiitiand analyzed by mass spectrometry.
Monophosphorylation at Tyr182 was found by Matriaddot (www.matrixscience.com) and confirmed maguall
No monophosphorylated Thr180 peptide was found.

C. Type Il inhibitor-sensitive kinase mutants behae like p38ux

Little is known about the physiological importanoé discrete inactive conformations.
Molecular dynamics simulations on pB8uggest the DFG-out inactive conformation is saahpl
rarely and transiently (72), yet the.dof unphosphorylated pads less than 1.2 x 10s* (16),
indicating other inactive state(s) dominate theildgium. Therefore, it remains unclear why
some kinases can adopt the DFG-out inactive cordtom naturally and others cannot.
Activation inhibition via conformation adoption effs an attractive rationale for maintaining the
DFG-out inactive conformation. Kinases that carcklothemselves into this conformation (via a
mechanism yet to be determined) may isolate therasdtom an upstream signal, which could

be especially useful if that signal has more thaa target.
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While p38&: readily adopts the DFG-out inactive conformatiowl & sensitive to many type
Il inhibitors, most MAPKs have very little affinityo conformation-selective pharmacological
agents. Erk2 is no exception, which was inconveanieecause a number of noncatalytic
functions of Erk2 have been discovered (31), andwshed to study these functions using the
DFG-out conformation. However, we recently repottegl identification of two specific residues
that sensitize MAPKs to inhibitors that stabiliZieetDFG-out inactive conformation (94).
Through site-directed mutagenesis, we sensitizedMtAPKs Erk2 and p3Bto several diverse
type Il inhibitors (Figure 2-5A). In addition, bytrscturally characterizing an inhibite¥-Erk2
mutant complex, we showed that the mechanism ofimgn is through the DFG-out

conformation (Figure 2-6).

41



?
8
-
E
<]
s B203580
ke
2
&
p385 Erk2
B
EC,, (M)

1 2 3 4 SB203580
p385 wt 1700 + 300| >10000 | 350 + 20| 1200 + 200] >10000
p386 M107T 18+ 3 >10000| 35+ 2 60 + 30 |7600 + 800
Erk2 wt >10000 | >10000 |1010 + 30] 5000 + 800 >10000
Erk2 Q103T/C164L | 1300 + 300|123 + 18] 157 + 3 42 +4 >10000

C
EGF - + + + + + +
inhibitor - - | AAN— SB
Erk2 £ SEen
WT W w— —— === IB: a-ppErk
E&:ﬁ.————-—— e |B: a-GFP
Erk2 R G (.
Q103T/C164L IB: a-ppErk
BT e o o o e e w5 D
Q103T/C164L . :

Figure 2-5.A. Fold differences in enzymatic inhibition betwesitd-type p3& and Erk2 and their respective
inhibitor-sensitive mutants M107T and Q103T/C164itiwe inhibitors shown in Fig. 1B. Bars with astscabove
them indicate the wild-type;Kvas not measured accurately beyond 10 uM, andftrerthe fold difference may be
greater than represented by the bar. These dataregorted in Table 1-2. B. Phosphorylation infitof p38,
Erk2, and inhibitor-sensitive mutants. Both mutasttew higher levels of inhibition by most of theeyll inhibitors
(1-4), but not by SB203580. C. Cellular MAPK phospHation inhibition. Erk2 wild-type or Q103T/C164kas
transiently transfected into HEK293 cells. Afterwsa-starvation, the cells were incubated with DM@&Des 1 and
2), ligand4 (lanes 3-6 [1000, 500, 300, and 100 nM]), or SE5BIB(lane 7 [1000 nM]). Epidermal growth factor
(EGF) was then added to lanes 2-7 for 5 min, folldvy cell lysis, PAGE separation, and immunobigttiThe
experiment was performed twice, each with threéicafes, and a representative blot is shown.
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Figure 2-6. Crystal structures of wild-type Erk2 (left, PDB:IDERK) in the DFG-in conformation and (right) Erk2
Q103A/C164L (right, PDB ID: 415H) in the DFG-outmf@rmation. The gatekeeper and xXDFG residues anersh
in stick form. The ligand, if present, is shownahite, and the DFG motif in green.

With these new kinase mutants in hand, we first deoed if they would show the same
DFG-out dependent phosphorylation inhibition effdwt was observed in p88Having wild-
type/mutant pairs that differed by only one or twesidues provided exquisite control in
decoupling enzymatic MKK activity inhibition andbona fide DFG-out-mediated
phosphorylation inhibition. Testing p88we found that the inhibitor-sensitive M107T mutan
behaved similarly to p38 three out of four type Il inhibitors appeared poevent its
phosphorylation, but SB203580 had no effect (Figen®B). Erk2 is activated by a different
upstream kinase, MKK2, but the results mimickedséhaf p38: the phosphorylation of
inhibitor-sensitive Q103T/C164L was abrogated tmwich greater extent than that of the wild-
type by inhibitorsl-4 but not SB203580.

Having demonstrated the ability of type Il inhib&o to block activation loop
phosphorylationn vitro, we were interested in whether this effect coddbserved in a cellular
environment. Therefore, we transiently transfec@@P-tagged Erk2 (wild-type or type Il
inhibitor-sensitive Q103T/C164L) into HEK293 celimd added either a type W)(or type |
(SB203580) inhibitor. We then briefly stimulatec tbells with EGF to activate the Erk pathway

(95). Immunoblot analysis showed that additiortgfrevented Erk2 Q103T/C164L from being
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phosphorylated upon stimulation, whereas SB203580 rio effect (Figure 2-5C). Consistent
with the insensitivity of wild-type Erk2 to type ithhibitors, the activation of this kinase was not
affected by the presence of either inhibitor.
D. Prevention of dephosphorylation via the DFG-outonformation

Since activation loop phosphorylation of MAPKs ltbbe prevented by stabilizing them in
the DFG-out inactive conformation, we hypothesitteat their cognatdephosphorylation could
also be prevented by the same mechanism (Figuréd).2-MAPKs are selectively
dephosphorylated at both residues on their TxY imbly dual-specificity phosphatases (DUSPS)
(96). The specificity of DUSPs vary, but DUSP10@dported to target p38 and Jnk MAPKSs (97).
Therefore, we measured the dephosphorylation od p$8USP10 in the presence of the type I
inhibitor 1 or the type I inhibitor SB203580 by following tdecrease of phosphorylated p3&s
determined by ELISA. Similar to its ability to pewt the phosphorylation of p@8we found
that inhibitorl also appeared to limit its dephosphorylation, ialbely up to ~75% at saturating
concentrations (Figure 2-7B). Perhaps more reméek#iough, is that SB2035&Mhanced the
phosphatase activity of DUSP10, resulting in lesesphorylated p38compared to DUSP10
alone. To see if this effect applied to other MAPK& performed the same experiment with
type 1l inhibitor-sensitive Erk2 Q103T/C164L and ispecific phosphatase DUSP6 (98) and

observed similar results (Figure 2-7C).
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Figure 2-7.A. Schematic for MAPK dephosphorylation. B. Effeétigand1 (inhibition) or SB203580
(enhancement) on pa&lephosphorylation. E&s of ligandl and SB203580 were determined to be 25 + 7 and -190
* 40 (conveying enhancement rather than inhibitioe§pectively. The average plateau was 78% fantd and -

43% for SB203580. C. Effect of ligardor SB203580 on Erk2 dephosphorylation. The negatiimbol for Erk2
Q103T/C164L against SB203580 indicates enhancera#rgr than inhibition. The average plateau forErk
Q103T/C164L was 33% for ligartland -24% for SB203580.

First principles dictate that DUSPs would interatbsely with the activation loops of
MAPKSs. Indeed, hydrogen/deuterium exchange masstrgmeetry (HX) experiments show a
decrease in exchange on the Erk2 activation logm wgaddition of DUSP6 (99). Hence, it is
reasonable that stabilizing Erk2 in the DFG-out foomation, which induces an ~10-A
translocation of the activation loop, would hindbe kinase’s dephosphorylation by DUSP6.
Less clear, though, is how the type | inhibitor 8B280 has the opposite effect, especially
considering this ligand does not inhibit phosphatigin.

E. Use of the DFG-out conformation to mediate nondalytic kinase functions

Having shown that p38and inhibitor-sensitive Erk2 behave very similaity functions

related to the DFG-out conformation, we directed eftorts towards studying noncatalytic roles

of Erk2. One readily-accessible phenomenon alsolwed DUSP6; Camps et al. demonstrated
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that Erk2 increases the catalytic activity of DUSBWards small-molecule substrates (Figure 2-
8A and Figure 2-9) (34). Selective disruption dktimteraction by stabilizing Erk2 in the DFG-
out conformation would indicate that binding occarnsor near the activation loop. Accordingly,
we titrated eithed or SB203580 into wild-type and inhibitor-sensitizek2 and measured its
effect on DUSP6 activation. We found thhinhibited the activation of DUSP6 by inhibitor-
sensitive Erk2 Q103T/C164L, but not wild-type Erk2igure 2-8B). The type | inhibitor
SB203580 had no effect for either the wild-typemastant kinase. These results suggested that
Erk2 is interacting with DUSP6 on or close to tleéivaation loop, and stabilizing the kinase in

the DFG-out inactive conformation is sufficientdisrupt this interaction.

A
Rw
Y
Pi+ 4-MU 4-MUP N ) 4-MU  +Pi
B
——EC,, (hM)——
4 SB203580|
Erk2 WT 4100 + 700] >5000
Erk2 Q103T/C164L <100 >5000

Figure 2-8.A. Schematic of Erk2-mediated enhancement of DUSR#Iytic activity as reported by Camps et al
(34). B. Ligand 4 or SB203580 was titrated into logphorylated Erk2 wild-type or inhibitor-sensitive
Q103T/C164L. DUSP6 was then added to the readidiowed by substrate 4-MUP. The phosphatase r@aetias
followed by fluorescence. The data were then fa turve, using zero inhibitor (DMSO) as the minimpossible
level of inhibition and no Erk2 as the maximum. Hi&, values for ligand 4 were calculated using an ay&ra
maximum inhibition level of 72% due to incompletdibition at saturating inhibitor concentrations.
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Figure 2-9.Increase in catalytic activity of DUSP6 upon aduditdf either Erk2 wild-type or Q103T/C164L mutant
(both 1 uM). The substrate used was 4-methylunfbelliphosphate (4-MUP) (1 mM). Background subfiact
was performed using samples without kinase or DUSP6

To gain mechanistic insight into this effect, weeatied either apo or ligand-bound Erk2 into
DUSP6 and followed the consumption of 4-methylurdileeyl phosphate (4-MUP) by
fluorescence (Figure 2-10). We found that bb#mnd, to a lesser extent, SB203580 decreased the
Vmax Of the reaction relative to unbound Erk2, but meitaffected the association of the two
proteins (k). A model by Zhou et. al. based on HX experimentgposes that the substrate-
binding domain of Erk2 is critical for DUSP6 actiMa. The positions of the residues that form
the substrate-binding domain are largely unpertliskieen Erk2 is in the DFG-out conformation
(Figure 2-11), which explains why ligadddoes not change the affinity of Erk2 and DUSP6. We
then performed a similar experiment but titratedP instead of Erk2 (Figure 2-12) and
observed that, while neither inhibitor changedNtiehaelis constant of the reaction{K ligand

1 drastically lowered the M thus revealing its effect on catalytic turnovesq.
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Figure 2-10.Kinetics of the DUSP6/Erk2 Q103T/C164L complex wdifferent inhibitors. K[Erk2] values were
determined to be 37 £ 3 uM, 49 + 7 uM, and 27 #Mifpr the apo, SB203580-bound, atkdbound complexes,
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3 ) A
Figure 2-11.Structural alignment of Erk2 in the DFG-in (gre@B ID: 1ERK) and DFG-out (cyan, PDB ID:
415H) conformations with residues forming the sudtt binding domain shown as sticks in yellow aalthen,
respectively.
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Figure 2-12.Kinetics of the DUSP6/Erk2 Q103T/C164L complex wdifferent inhibitors. K [4-MUP] values
were determined to be 790 + 130 uM, 950 + 160 uid, 200 + 130 uM for the apo, SB302580-bound, and 4-
bound complexes, respectively.

I1l. Conclusion
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We have found novel uses for the DFG-out inactieeformation in signaling cascades as
well as for studying noncatalytic functions. Fivg¢ extended the observation that the activation
of p3&: can be prevented through stabilization of the DiuGconformation by demonstrating
this effect in mutant kinases that were sensititedype Il inhibitors bothin vitro and in a
cellular context. We then showed that tephosphorylation of kinases can also be preveniad vi
the same conformation, and more surprisingly, 8tabilization of the DFG-in conformation
enhances dephosphorylation. Finally, we used the DFG-ouhfoomation to perturb the
noncovalent interaction between Erk2 and its cagpiiosphatase DUSP6. Future work in this
area could involve the study of other noncatalytinctions of Erk2 ostensibly any protein

kinase.

IV. Experimental

A. General Information

Kinases forin vitro experiments were expressed and purified as desdcr(9d). Mass
spectrometry was performed as described (94). SEEDSas purchased from LC Laboratories.
Ligands1 (65), 2 (26), 3 (64), and4 (94) were made as described. All other reagente we
purchased from commercial suppliers and used withwther purification.

B. Cloning and expression

i. eGFP-tagged kinases

The expression vector pcDNA-eGFP (#13031) was obéthithrough Addgene. A cassette
containing an Sspl site, linker, and ligation-ineiegent cloning sites was inserted after the eGFP
gene using site-directed mutagenesis (100). An Sgelfound elsewhere in the vector was

removed by site-directed mutagenesis. The finatoresas nhamed pcEGFP-LIC. Genes coding
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Erk2 wild-type and Erk2 Q103T/C164L were clonedoirthis vector using the ligation-
independent cloning procedure described by Donmtlgt (101).

ii. DUSP6

Human DUSP6 (Addgene) was cloned into pMCSG7 (nriatly) and expressed and purified
with the same protocol used for kinases (94).

iii. DUSP10

Human DUSP10 (Open Biosystems) was cloned into [FEACand expressed using the 1-Step
Humanin Vitro Protein Expression Kit (Pierce) according to thenofacturer’s instructions.

C. Activation inhibition assays

These assays were performed based on the work lb¥aBuet al.(46) Briefly, kinase was
incubated in phosphorylation buffer (50 mM MOPS [gH}], 10 mM MgC}, 1 mM DTT,
0.001% (v/v) Tween 20) and BSA (0.1 mg/mL) with AT®uM) and titrated inhibitor (2% in
DMSO) for 30 min at room temperature. Upstreamage (MKK2 for Erk2, MKK6 for p38)
was then added, and the reactions were incubatewoah temperature. Downstream and
upstream kinase concentrations as well as incubdtices varied by kinase based on substrate
linearity. The reactions were then quenched withm&® EDTA and bound to polystyrene plates
(Costar 96-well EIA/RIA #3590) overnight at 4 °Culequent ELISA was performed using
primary antibodies specific for phosphorylated kegdp38: Cell Signaling #4511; Erk2: Santa
Cruz Biotechnology #16982) and-rabbit HRP-linked secondary antibody (Cell Signgli
#7074). EGes were determined by nonlinear regression usingl@tad Prism software.

D. In-cell activation inhibition

Wild-type or Q103T/C164L mutant kinase genes in @EB-LIC were transfected into low-

passage HEK293 cells using Fugene HD transfecdagant (Roche) and split the next day into
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a 96-well plate. Cells were serum starved for 2drioafter which inhibitor was added (final 1%
DMSO in culture media) and incubated for 1 h at@7Human EGF (Cell Signaling, 50 ng/mL)
was then added to each well and incubated at 3forrG min. Cells were lysed by boiling in
SDS loading buffer, and cleared lysates were stgmhtay SDS-PAGE. Transferred membranes
were immunoblotted with mouseGFP and rabbiti-ppErk (Cell Signaling, #2955 and #4370,
respectively) and imaged with a Licor Odyssey seann

E. Phosphatase inhibition

Phosphorylated kinase (20 nM) was pretitrated withibitor for 30 min in buffer (50 mM
HEPES [pH 7.4], 300 mM NaCl, 5 mM DTT, 0.1 mg-thBSA) before incubation with DUSP
for 1 h. Amount of DUSP added varied by preparatiod was tested for linearity before use.
Reactions were quenched with 8 mM3;M@, and bound to polystyrene plates (Costar 96-well
EIA/RIA #3590) overnight at 4 °C. Subsequent ELI®As performed using primary antibodies
specific for phosphorylated kinase (p38: Cell Slomp#4511; Erk2: Santa Cruz Biotechnology
#16982) ando-rabbit HRP-linked secondary antibody (Cell Signgli#7074). EGs were
determined by nonlinear regression using GraphPiathBoftware.

F. DUSP6 activation

DUSP6 (140 nM) was incubated with either no kin&s&2 wild-type, or Erk2 Q103T/C164L in
buffer (50 mM HEPES [pH 7.4], 300 mM NaCl, 5 mM DTT.1 mg-mL* BSA) for 1 h at room
temperature, after which 4-MUP (1 mM) was addedn@as were read at (Ex:355 nm/Em:460
nm) after 2 h at room temperature. Samples withetiter DUSP6 or Erk2 were used for
background correction.

G. DUSP6 activation inhibition
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Erk2 (100 nM) was preincubated with titrated intobi(1% in DMSO, starting concentration
500 M) in buffer (50 mM HEPES [pH 7.4], 300 mM@Gla5 mM DTT, 0.1 mg-mL BSA) for

30 min. DUSP6 (140 nM) was then added and alloweddubate for 1 h at room temperature,
after which 4-MUP (1 mM) was added. The reactioocpeded for 2 h at room temperature and
then read at (Ex:355 nm/Em:460 nm). sg&Cwere determined by nonlinear regression using
GraphPad Prism software.

H. DUSP6 kinetics (4-MUP)

Erk2 (1 uM) was preincubated with inhibitor (10 u#99.9% bound) for 30 min in buffer (50
mM HEPES [pH 7.4], 300 mM NaCl, 5 mM DTT, 0.05 md-ThBSA), then incubated with
DUSP6 (140 nM) for 1 h before addition of titratdeMUP. Samples were read at (Ex:355
nm/Em:460 nm) after 2 h at room temperature. Duthéoexcessive fluorescence of 4-MUP,
separate wells for each concentration of 4-MUP evithErk2 were prepared for background
correction. Michaelis constants were determinechduylinear regression using GraphPad Prism
software.

|. DUSP6 kinetics (Erk2)

Titrated amounts of Erk2 (starting at 7.2 uM) wpreincubated with inhibitor (10 uM, >99.9%
bound) for 30 min in buffer (50 mM HEPES [pH 7.8§0 mM NaCl, 5 mM DTT, 0.05 mg-mt
BSA), then incubated with DUSP6 (140 nM) for 1 lidoe addition of 4-MUP (1 mM). Samples
were read at (Ex:355 nm/Em:460 nm) after 2 h atr@emperature. Michaelis constants were

determined by nonlinear regression using GraphPiathRoftware.
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Chapter 3. Conformation-selective inhibitors revealan unexpected correlation between the

activation and phosphate-binding loops in the tyrose kinase Abl

l. Introduction

Protein kinases are one of the largest protein lf@esnin the human genome (5). These
enzymes play important roles in signal transductietworks that control countless intracellular
functions, including immunity, morphogenesis, amtl cycle control (10). Precise control over
kinase activity is necessary for proper cellulanction. The phosphotransferase activities of
protein kinases are mainly regulated on a posstational level, which is often achieved by
modulating the conformation of kinase ATP-bindinges Due to the necessity of facilitating
phosphate transfer, the structural topologies divackinase ATP-binding sites are highly
similar, with key catalytic residues optimally aled for catalysis (56). However, freed of the
necessity to catalyze phosphate transfer, a langebar of inactive ATP-binding site
conformations are possible (37). Small moleculeibimbrs that stabilize specific inactive
conformations have greatly aided the biochemicdlstructural characterization of ATP-binding
site conformational accessibility.

A widely observed inactive kinase conformationxemplified by the interaction of imatinib
(Gleevec) with the tyrosine kinase Abl. Like martiier kinases, Abl has an activation loop that
contains one or more residues that increase catalgtivity upon phosphorylation. At the base
of the activation loop is an Asp-Phe-Gly (DFG) rthit is highly conserved across the protein
kinase family (56). The aspartate residue of thatifms critical for catalysis due to its role in
coordinating magnesium. Imatinib is an example diyge 1l kinase inhibitor whereby the

activation loop must undergo a dramatic confornrmatiochange that “flips” the DFG motif
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aspartate residue away from the active site, aag@s the phenylalanine residue into the ATP-
binding site (DFG-out), in order to accommodategdoinding (21, 22). At first, the exceptional
selectivity of imatinib for Abl over other closehglated kinases was thought to be due to Abl's
rare ability to adopt the DFG-out conformation. Hwer, over the last decade a number of
closely related tyrosine kinases have been straltyurcharacterized in the DFG-out
conformation using a host of new type Il inhibit¢28, 27).

The interaction of imatinib with Abl is also one tfe best characterized examples of
activation state-selective inhibition (35). Phosptation of the activation loop residue Tyr412
(pY412) increases the catalytic activity of Abl tgn-fold (102). Since the DFG motif is only
twelve residues upstream from Tyr412, it is belcetieat this phosphorylation event enhances
catalysis by stabilizing the active conformationF@®-in) of the activation loop. It has been
reported that pY412 Abl is more than two ordersr@Egnitude less sensitive to inhibition by
imatinib than the unphosphorylated form (npY412%)(Zr'herefore, it is reasonable to conclude
that a kinase stabilized in the active conformattbrough phosphorylation would pay an
additional energetic penalty in adopting the DF&4aactive conformation. Moreover, imatinib
is not the only type Il inhibitor of Abl that exhib this effect; AST 487 is a >30-fold more
potent inhibitor of unphosphorylated Abl than thegphorylated form (35, 103).

However, the mitogen activated protein kinase (MARKBSx shows no such relationship
between activation loop phosphorylation and typahibitor sensitivity. Like Abl, the catalytic
activity of p38:. is increased when its activation loop is phospladeg. Indeed, dual
phosphorylation of the threonine and tyrosine ngssdon the TGY motif in the activation loop
results in an increase in catalytic activity of st orders of magnitude (16). Also analogous to

Abl, p38: is inhibited by a number of potent type Il ligantdsat stabilize the DFG-out
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conformation (44, 65, 104). For example, the selecttype Il inhibitor BIRB-796
(Doramapimod) binds to pa8with sub-nanomolar affinity (43, 89, 105). Yet [Budn et al.
reported nearly identical affinities of unphospHatgd and activation loop-phosphorylated
forms of p3& to BIRB-796, as well as several other type Il nitars (46). Therefore, for padt
appears that the phosphorylation status of th@atain loop does not affect the conformation of
the DFG motif.

In this chapter, we further explore the relatiopsbetween activation loop phosphorylation
and the conformation of the DFG motif in tyrosinedses. We observe a correlation between
phosphorylation state-dependent inhibition of Al &electivity for this kinase over the closely-
related Src family kinases. We show that small mdke inhibitors that display a preference for
non-phosphorylated over phosphorylated Abl alsdeprAbl to Src. These same inhibitors are
also less potent towards a glycine-rich p-loop mutf Abl, which forms the basis for our
hypotheses that the p-loop is the main source afimi selectivity. Our findings shed critical

insight into imatinib selectivity and phosphorytatistate-dependent inhibition.

Il. Results and Discussion
A. Effect of Src Activation Loop Phosphorylation onType Il Inhibitor Potency

We first attempted to determine whether Abl is ageption rather than the rule for the
activation state-dependence of type Il inhibitotgoay in kinases. Stated another way, is the
apparent energetic coupling between the conformaltipreference of the DFG-motif and the
phosphorylation status of the activation loop ueitm Abl? Since the tyrosine kinase Src (Figure
3-1A), which has been shown to be able to adopDiR&-out inactive conformation (Figure 3-

1B) (26, 27) is closely related to Abl, we askedhifs kinase would behave more like Abl or
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p38: and show phosphorylation state-dependent or —aTtignt sensitivity, respectively, to
type Il inhibitors (Figure 3-1C). To this end, wesambled a diverse panel of inhibitors that have
been confirmed crystallographically to stabilizee tBFG-out inactive conformation of their
kinase targets. Figure 3-1D shows the panel of typigands that were used in this study:
(Rebastinib) an@ (Iclusig) are potent type Il inhibitors of BCR-AlAhd imatinib-resistant BCR-
Abl mutants (64, 106)4 and5 are based on a series of type Il inhibitors of I(4R); the
pyridinyl triazine3 and the pyrazolopyrimidin@ have been structurally characterized to stabilize
the DFG-out conformation of Src (26, 27). Unlikeaitmnib, all of these type Il ligands are potent

inhibitors of both Abl and Src.

Me 2
(Rebastinib) (Iclusig)

Q!
R O o | Ny HoH H/r\i NH
3TTY e
CF3 N=¢ N:)/\/

NN CF3 ~

A 4 &, 01 5 — 6 Imatinib [:]

NH
oA |
Figure 3-1.A-C. Crystal structure of Src in the (A) DFG-in (@ to an ATP analogue [PDB ID: 2SRC]) and (B)
DFG-out (bound to a type Il inhibitor [PDB ID: 3GH&onformations. (C) Tyr416 (purple) is located tesidues
C-terminal to the DFG motif, which is shown in gnder all structures. D. Type Il inhibitors known s$tabilize the
DFG-out conformation despite varied structures.
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For biochemical studies with Src, we utilized aorbinant construct that contains a kinase
domain and the regulatory SH2 and SH3 domains. Tevemt any inhibitory auto-
phosphorylation that could arise during our biocluainstudies, the regulatory tyrosine in Src’s
C-terminal tail (Tyr527) (107, 108) was mutated aonon-phosphorylatable phenylalanine
(Figure 3-2). Co-expression of this Src constriditc(Y527F) with the tyrosine phosphatase
YopH in E. coli, followed by purification, yields homogenous kieathat is completely
dephosphorylated (npY416-Src) (109). In order toegate Src that is phosphorylated at Tyr416
in the activation loop (pY416-Src), the ability bigh concentrations of Src-family kinases to
undergo efficient activation loop auto-phosphorgiatvas exploited (2, 110, 111). Quanatitative
activation loop phosphorylation was confirmed byrionoblot analysis and LC/MS of tryptic

peptides (Figure 3-3).

Wild-type Y527F
Figure 3-2.Phosphorylation of Src at position Tyr527 faciisir binding interaction between the tail of the
catalytic domain and the SH2 domain, causing aedeser in catalytic activity (left). Mutating thisgition to Phe
releases this interaction and restores activigh(ji

57



A

Time = 180 min

Time = 0 min
LIEDNEYTAR
120000 18000
oP A 16000
100000 V
I\ \ 14000
80000 12000
2z I \ \ 10000
G 60000
§ I \ \ 8000
= 40000 [ 6000
20000 l \ I \ / 4000 ot v
___’_____I A\ \_/ 2000 A
% % 205 21 215 22 %% 205 21 215 22
LIEDNEY*TAR
120000 18000
1P 16000 h 4
100000 A
14000 I \
80000 12000 M\
> 10000
2 60000 | \
§ 8000 ’ \
£ 40000 6000 [ \
20000 4000 / L/A\v
———M/MJ‘\— 2000 ’W’AV
0 - . , : . .
20 205 21 215 22 %% 20.5 21 215 22
Timae (min) Time (min)
Hme M HMe miny
Time (min) 0 45 90 180

S S e O-PY416 Src

Figure 3-3.A. Extracted ion chromatographs from LC/MS analysiesyptic digests of Src either alone (left) or
after incubation with ATP for 3 h (right). Only timonophosphorylated peak is obseved after 3 hgatidig
quanititative phosphorylation. B. Timecourse anialysy immunoblot of Src autophosphorylation.

Next, we tested the potencies of the type Il irtbiisi shown in Figure 3-1B for the npY416-

Src and pY416-Src constructs in vitro activity assays. In stark contrast to the reported

preference of imatinib for non-phosphorylated Abéothe activation loop-phosphorylated form,

most of the type Il inhibitors tested demonstrageahinimal preference (< 3-fold) for npY416-

Src. Indeed, only ligand showed notable selectivity (~11-fold) between the Src phospho-
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isoforms (Figure 3-4A). To confirm that the obsehvack of selectivity is not due to the
presence of the Y527F mutation in the C-termindlofanpY416, we tested a subset of the type
Il inhibitors against unphosphorylated, wild-typet Src (Table 3-1). As expected, theskf all

of the inhibitors tested are the same for non-phospated wt and Y527F Src. Additionally, to
rule out the possibility that the lack of obsenmibsphorylation state-dependent inhibition is
due to autophosphorylation of npY416-Src duringdhsvity assay, we verified by immunoblot
that no pY416-Src is formed under the assay canditused (Figure 3-5). Finally, to determine
whether the observed lack of preference is spetifiSrc or more general to the Src-family
kinases (SFKs), we performed equivalent assays Mdth (Table 3-2). Similar to Src, none of
the three inhibitors tested showed a >4-fold pefee for unphosphorylated Hck. Thus, it seems
that SFKs are more similar to the MAPK p3&an to Abl in their sensitivities to type Il

inhibitors.
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Figure 3-4.A. Comparison of i of pY416-Src::npY416-Src for the inhibitors shoinrFig. 1B (excluding
imatinib). With the exception df, the inhibition difference between the two phodphws is three-fold or less. B.
Direct binding (top) and dissociation (bottom) maasnents of pY416-Src (green) and npY416-Src (hlszla
BODIPY-conjugated type Il inhibitor show no appeddie difference between the two phosphoforms.

Ki (nM)
2 3 6
npY416-Src (Y527F) | 52+0.1| 28+0.1 131
NPY416-Src (W) 298+09|31+01|125+1.3

Table 3-1.K;s of npY416-Src (Y527F) and npY416-Src (wt) agatgpe Il inhibitors shows that the two constructs
have similar inhibition profiles.
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Figure 3-5. Autophosphorylation of Src (10 nM) at low concatisns of ATP. The concentrationofP ATP used
in the activity assays was ~2 nM, and the conctatraf Src was at least ten-fold less than whag used for the
immunoblot analysis.

Kji (nM)
2 3 4
npY416-Hck 15+01| 42+0.3 10+1
pY416-Hck 48+03| 7.7+0.20 20+0.3

Table 3-2.K;s of npY416-Hck and pY416-Hck against three ligasigaws little difference between phosphoforms,
similar to that observed for Src.

To confirm that npY416-Src and pY416-Src have thae affinities for DFG-out stabilizing
ligands without using an activity assay, their d@ation constants ({§) for a BODIPY-labeled
version of inhibitor3 were determined. This probe has been used prdyitusissess DFG-out
conformational accessibility for a number of kirgsacluding Src (54). We found the Kf this
probe for npY416- and pY416-Src to be almost idmht(Figure 3-4B). Further, a binding
dissociation experiment demonstrated that both gihmssoforms of Src have similar binding
kinetics (k) for this type Il probe. This information is sifjnant because type Il inhibitors are
known to have slow binding kinetics, primarily dteethe large conformational change of the
activation loop required to accommodate a typegkrid (43). That this rate is both slow and
very similar for npY416- and pY416-Src indicateattthese phospho-isoforms undergo similar
conformational changes in order to accommodate Hyipédibitors.

B. Type Il inhibitor sensitivity to the phosphorylation status of the activation loop of Abl

Having determined that most type Il inhibitors whdtle preference for either phospho-form

of Src, we returned to Abl in order to investigeteether activation state selectivity is specific to
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the kinase or the inhibitor imatinib. First, thengmounds described above were tested for their
abilities to inhibit Abl. Unlike imatinib, all ofite inhibitors tested have similar potencies for
non-phosphorylated Abl and Src (Figure 3-6A). Fotber type Il inhibitors were also tested
against Abl:7 (AST-487), a predicted type Il inhibitor of thenkise FLT3 (112); and four
analogs of3 that have variable hinge region contacts (Figu&B}R Interestingly, these five
additional inhibitors are highly selective for Atwer Src (Figure 3-6C), as much as 600-fold in
the case of AST-487. Next, the phosphorylationestipendence of Abl inhibition by this
assembled compound panel was determined usingaictivioop phosphorylated Abl (pY412-
Abl) that was generated using a previously desdripeocedure (25, 102). Consistent with
previous reports, imatinib and are much more potent against npY412-Abl than pYARR
(Figure 3-6D). In addition, compoun8sl1 are all >50-fold selective for the non-phosphasda
form of Abl. In contrast,2, 3, 5, and 6 show minimal €£5-fold) activation state-dependent
inhibition. One interesting trend that becomes agpafrom analyzing these data is that
inhibitors that are selective for Abl over Src shaetivation state-dependent inhibition of Abl,
while non-selective compounds show little or no ggtm-dependence. Plotting the inhibitory
constants (k) of the inhibitors tested for npY416-Src and p24bl shows a correlation in
potencies (Figure 3-6E). In essence, phosphorylabtdehaves like non-phosphorylated Src in

the presence of type Il inhibitors.
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A K. (nM)
1 2 3 4 5 6

npY412-Abl 0.42 +0.01]0.13 + 0.0140.76 + 0.04]0.12+0.01J0.18 + 0.02| 2.2 + 0.1
npY416-Src 51+02 | 1.0+01 1.6+0.1 ]0.68+0.03]0.11+0.01] 8.2+0.8
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Ki (nM)
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npY412-Abl 0.41+0.03]0.28+0.02] 28+0.1 |]0.39+0.02] 05+0.1 |0.81 +0.03
npY416-Src 87 +1 89+05 530 + 30 19+ 1 23+ 1 > 3300
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Figure 3-6.A. K;s of inhibitors shown in Figure 3-1D against npY4A# and npY416-Src. Since Abl was being
compared directly to Src, only the catalytic dorsaifiboth kinases were used. B. Structures (@ST-487) and
analogues 08. C. K;s of inhibitors shown in B against npY412-Abl anmuivd 16-Src (catalytic domains only). D.
Comparison of phosporylated:unphosphorylated farfsbl and Src. Most of the inhibitors shown in &ig 3-1D
do not appear to discriminate between phospho4ist®f either kinase, but those shown in B grefatpr
npY412-Abl over pY412-Abl. The asterisk indicatbattthe Kfor imatinib for Src could not be measured
accurately. E. Comparison of inhibition profilespf412-Abl and npY416-Src (catalytic domains orihdicates
correlation.

C. Src is as Capable of Adopting the DFG-out confonation as Abl
Based on the correlation between pY412-Abl and ri®¥8rc, we hypothesized that the

mechanism by which certain inhibitors can discriatnbetween Abl activation states is linked
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to their selectivity for Abl over Src. Thereforegwurther investigated differences in type Il
inhibitor sensitivity between these two kinases.sie the overall active site similarities
between Src and Abl, it has been proposed thap®ys a significant energetic penalty to adopt
the DFG-out inactive conformation relative to ABA( 113). Recent molecular dynamics (MD)
simulations have indicated that dissimilaritieshia overall active site flexibilities of Src and IAb
result in different relative stabilities of theirHG-out conformations. In particular, these MD
simulations suggest that one residue differenceShe, Leu31l7, appears to alter the
conformational preference of the DFG motif in tkisase (114). However, the fact that several
of the type Il inhibitors in our panel ¢ 6) are nearly equipotent against Src and Abl inégat
that Src does not likely pay a substantial enetgedinalty for adopting the DFG-out inactive
form. Furthermore, Abl-selective type Il inhibitodsffer from their non-selective analogs in
regions that interact with the adenosine pocket aodthe hydrophobic pocket created by
movement of the DFG motif. Finally, a Src mutardttthat contains the equivalent Abl residue
(Src L3171) (Figure 3-7) does not show increasetis@ity to imatanib or any of the other type
[l inhibitors that were tested (Table 3-3). Therefoa simple DFG motif conformational

preference between Src and Abl cannot accounh®selectivities of imatinib and— 11.
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Figure 3-7.Crystal structure of Src L3171 (PDB ID: 30EZ) bouedmatinib (white). The DFG motif is shown in
green and 1le317 in yellow.

Ki (nM)
2 7 8 9 Imatinib
Src 1.0+0.1 87+1 8.9+0.5 530 + 3( > 3300

Src L3171 | 0.56+ 0.3| 135+ 5 72+ 1§ 1400+ 1p0> 3300

Table 3-3.K;s of five inhibitors against Src kinase domain (Kibid Src KD L3171 demonstrate that this mutation
has little or no effect on inhibitor potency.

D. P-loop Interactions Modulate Potencies of Someype Il inhibitors

Another distinguishing feature of Abl’s interactianth imatinib is the kinked conformation
of its phosphate-binding loop (also referred taheesglycine-rich loop) when bound to this drug.
This highly conserved and flexible loop, which malagitical contacts with the phosphates of
ATP, is located between strangls andp2 of the N-terminal lobe. The kinked orientationtioé
p-loop of Abl in the Abl-imatinib complex allows ®nsive van der Waals contacts and
hydrophobic interactions between the kinase and.dfuco-crystal structure of Src bound to
imatinib shows that the p-loop of this kinase daes make similar contacts (22). Imatinib’s
interactions with Abl’'s flexible p-loop have bedmosvn to be a major determinant of this drug’s
selectivity for Abl over Src (25). Furthermore, sorof the most common clinically-observed
imatinib-resistant mutants occur in the p-loop (3Bhe most notable differences between
activation state-dependent and —independent imgbaccur in regions that would be expected
to project towards the p-loop. Therefore, we furteplored the interactions of this region with
our type Il inhibitor panel by determining theirilgies to inhibit the catalytic activity of Abl
Y253H, which is an imatinib-resistant p-loop mutaftAbl that is frequently observed in the
clinic (Figure 3-8A and B). Consistent with preveoveports, imatinib is a much less potent
inhibitor of the npY412-Abl Y253H than npY412-AbFigure 3-8C). Like imatinib, the

potencies of activation state-dependent inhibitors11are greatly diminished for npY412-Abl
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Y253H. However, activation state-independent irtbilsil — 6 are nearly equipotent against
npY412-Abl and npY412-Abl Y253H. Therefore, therppaars to be a strong correlation

between activation state-dependent inhibition am$iivity to p-loop mutations.
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Figure 3-8.A. Crystal structure of Abl bound to imatinib (PDB: 1IEP). P-loop mutations found in the cliniear
shown in salmon. B. A model for p-loop-mediated d¢iimack of inhibition. The p-loop is shown in reddahe
activation loop is shown in cyan. C;skof inhibitors against Abl wild-type and Y253H denstrate that only
ligands7 — 11 and imatinib interact with the p-loop.
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E. Activation Loop Phosphorylation Affects Type Il Inhibitor Potency Independent of the
P-loop

Knowing that both activation loop phosphorylationdaa p-loop mutation affect the
potencies of compounds— 11, we asked if these two kinase features were dyrénked; that
is, does activation loop phosphorylation abrogakghitor binding differently than the p-loop, or
does it directly affect the conformation of thegoh (Figure 3-9A)? Given that the p-loop
residue Tyr253 is more than 20 A away from thevatiton loop residue Tyr527 (Figure 3-9B),
the hypothesis that a long-range interaction exis$ween these two residues seemed
implausible. However, plotting our inhibitor datarfpY412-Abl and npY412-Abl Y253H
suggested that these two features were at leastlai®d (Figure 3-9C). To further investigate
this matter, we tested pY412-Abl Y253H against salvénhibitors described above. If the
activation loop and p-loop are linked, then thebitlon of pY412-Abl Y253H by these ligands
should be no more potent than those of either pYalil2or npY412-Abl Y253H individually.
However, we observed that the potencie®,03, 7, and imatinib for pY412-Abl Y253H were
greater than both of the individual variants (Feg@r9D), suggesting that the activation loop and
p-loop are independent. We then compared the pYdrt@s of Abl wild-type and Y253H with
their npY412 counterparts to assess the speciictedf activation loop phosphorylation (Figure
3-9E). From this analysis, we found that inhibit@snd 3 are at most 10-fold less potent
towards the pY412 forms, supporting the notion thate ligands are insensitive to activation
loop phosphorylation. In contrast,and imatinib are up to 200-fold less potent towgr412-
Abl, further indicating that the potencies of thefigands are highly influenced by

phosphorylation, and that this effect is indepemndéthe Y253H p-loop mutation.
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Figure 3-9.A. A model for the hypothesis that activation Iquposphorylation disrupts the conformation of the p
loop, which in turn abrogates ligand inhibition.eTp-loop is shown in red, and the activation-laphown in cyan.
B. Crystal structure of Abl (PDB ID: 2GQG) with thkéstance between Tyr253 and Tyr412 (Tyr393 instinecture)
measured to be >20 A. The p-loop is shown in oraage the activation loop is shown in cyan. C. Carigon of
Kis for npY412-Abl Y253H and pY412-Abl. D. Fold difences between pY412-Abl, npY412-Abl Y253H, and
pY412-Abl Y253H; and npY412 Abl. E. Fold differerscbetween phosphorylated and unphosphorylated fofms
Abl and Abl Y253H. The asterices in D and E indécttat no inhibition was observed for pY412-Abl B2b
against imatinib up to 5000 nM, so although 5000wa4 used as the Kkhe actual value is higher.
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Although long-range interactions are known to oceuprotein kinases (63), it is logical
from a first-principles standpoint that the activatand p-loops act independently to abrogate
inhibitor potency. Nonetheless, it cannot be igdatteat a correlation exists between inhibitors
that are sensitive to activation loop phosphorgtatand the Y253H p-loop mutation (Figure 3-
9C), and there is evidence in the literature cénplay between these two regulatory motifs. For
example, Kwarcinski et. al. used the Abl Q252C @plomutant in conjunction with an
irreversible inhibitor to imply that the activati@and p-loops are connected (115). Furthermore,
we found that the rate of activation loop phosplatign of Abl Y253H by Hck is much slower
than for Abl wild-type (Figure 3-10), meaning thaither the p-loop is a critical recognition
element for Hck or that the Y253H mutation is aitgrthe conformation of the activation loop.

More work must be done to generate a model tharpucates all available experimental data.

Abl WT Y253H
Time(min) 0 15 30 60 O 15 30 60

S S S S Aees Gy Geme Sl O-Ab

-_— e o= == a-pY412-Abl

Figure 3-10.Activation loop phosphorylation of Abl wt and A¥P53H (both at 15 pM) by Hck (700 nM) and
ATP (500 pM) at 37 °C. The top and bottom immuntbleere performed separately using the same samptes
same volumes.

F. The P-loop of Abl displays altered dynamics inhe presence of different DFG-out
ligands

Having demonstrated that p-loop interactions cbotg substantially to the potencies of
certain inhibitors to Abl, we were interested inolwing specifically how these inhibitors
affected the conformation of the p-loop. For examphatinib and are sensitive and resistant,
respectively, to p-loop mutations. However, supeosition of Abl in complex with imatinib

and 2 indicates no conformational differences in theopg region (Figure 3-11). On the other
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hand, line broadening in this region has been eksein NMR experiments (116), implying

plasticity that cannot be observed by crystallogragtudies.

N> _ |
Figure 3-11.P-loops of two superimposed structures of Abl bowmninatinib (PDB ID: 1IEP, salmon) arf&dd(PDB
ID: 30XZ, yellow).

We used a mass spectrometry-based footprintingniggé to study the dynamics of Abl’s p-
loop when bound to different inhibitors. This medhases isotope-coded affinity tagging
reagents to ratiometrically determine the alkylatiate of cysteine residues over time (117) and
has been used before to study the dynamics of ptioégin kinases (94, 118). Since the p-loop
of Abl has no cysteines, we performed our studsesgia p-loop mutant (Q252C) that has been
characterized previously (Figure 3-12A) (115). A#ition at this position proceeded at the same
rate forapo and 7-bound Abl, but slower foB-bound Abl (Figure 3-12B). We performed the
same experiment witQ, which, like3, does not interact with the p-loop, and obsertedsame
effect (Figure 3-12C). Therefore, it appears thay anhibitors which danot interact with the p-

loop are able to somehow limit the chemical expesdCys252.
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Figure 3-12.A. Crystal structure of Abl in complex with(PDB ID: 30XZ) (white) with and GIn252 shown in
orange. B. ICAT-based alkylation timecourse of Alaine (black) or bound t&(red) or7 (blue) at engineered
position Cys252. C. Same as B but with lig&n@reen).

In an effort to explain these results, we analy#ddy crystals structures of Abl in the
Protein Data Bank (Table 3-4) and found only modbsgersity in p-loop conformation. The
majority of these structures, including those bouadmatinib, 2, and 3, show a “kinked”

conformation that blankets the adenosine pocketmall subset, though, displays an extended
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conformation which is commonly observed in Src-figrkinases (119, 120). Furthermore, these
few structures are bound to widely disparate ligarihat promote different inactive
conformations such as helic-out, DFG-out, and DFG-in. In light of this infoation and our
ICAT data, we hypothesize that the conformationAbf’s p-loop in crystal structures is not
indicative of its true flexibility, even when boumal small-molecule inhibitors. If so, then ligands

2 and3 could be promoting p-loop conformations that ofjezater shielding of Cys252.

PDB ID  P-loop conformation

30Xz Kinked
2QO0H Kinked
3CS9 Kinked
10PK Kinked
3K5V Kinked
10PJ Kinked
2G2F | Extended/Disordered
2G2I Extended
2G2H Kinked
3DK3 Kinked
3DK6 Kinked
2G1T Extended
2GQG Kinked
2F4J Kinked
1M52 Kinked
2V7A Extended
2E2B Kinked
3MS9 Kinked
1IEP Kinked
3KF4 Kinked
3KFA Kinked
3UE4 Kinked
10PL Kinked
2HZ0 | Extended/Disordered
2HZN Disordered
2HZ4 Disordered
2HZI Kinked
2HIW Kinked
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2FO0 Kinked
3QRK Kinked
3QRI Kinked

Table 3-4.Thirty-one crystal structures of Abl in the Prot&ata Bank classified by p-loop conformation.

l1l. Conclusion

In this work, we have examined how architecturaltifean tyrosine kinases affect small
molecule-inhibitor potency. Based on recent literatreports demonstrating that activation loop
phosphorylation of Abl decreases its potency totimia we asked if the closely-related kinase
Src would show the same effect. However, typegiids that were equipotent towards Abl and
Src showed no difference in inhibition between wyghorylated and activation loop-
phosphorylated forms of Src. We then expanded ocopesto a larger group of inhibitors and
found that those which were selective for Abl o%c were also sensitive to activation loop
phosphorylation of Abl. In contrast, inhibitors whiwere equipotent for Abl and Src showed no
phospho-dependence for Abl.

Interestingly, the inhibitors that were sensitie dctivation loop phosphorylation of Abl
were also sensitive to a clinically relevant muatiin the p-loop. However, despite this
correlation, it appears that the activation anegpbk act independently to abrogate inhibitor
potency. Our results delineate the correlation betwthe activation and p-loops and help
explain the fundamental basis of imatinib selettivi

It is curious that inhibitors which are not sengtio mutations in the p-loop still manage to
alter its conformation, as demonstrated by our IGadtprinting experiments. The dynamics of
this motif and its specific role in inhibitor reaaigjon remain elusive. Further research in this

area is critical for improved kinase therapeuticedlepment.

IV. Experimental
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A. Cloning and mutagenesis

Bacterial expression plasmids containing genes dingoSrc 3D, Hck 3D, and Abl KD were
kindly provided by J. Kuriyan. All mutagenesis wasformed by Quikchange (Agilent).

B. Protein purification

Recombinant proteins were expressed and purifiettssribed (109, 121).

C. Fluorescence measurements

These experiments were performed as describe®(94,

D. Synthetic methods

i. General information

Imatinib was purchased from ChemieTek (Indianapdhy. 1 (106),2 (64), 3 (25),4 (94),6
(27),7 (112), andll (122) were made as described. Unless otherwisal natereagents were
obtained from commercial suppliers and used witHatther purification. NMR spectra were
obtained on a Bruker AV-300 or -301 instrument @m temperature. Chemical shifts are
reported in ppm and coupling constants in Hz. Mamectra were obtained on a Bruker Esquire
lon Trap instrument.

General analytical condition A - GBN/H,0-0.1% CECO,H.

General analytical condition B - GAH/H,0-0.1% CECO,H.

General HPLC Purification Conditions: Samples wiejected on a preparatory reverse-phase
C18 column (250 x 21 mm) run over 60 minutes atl8nmm (Acetonitrile/Water—0.05% TFA
gradient: 1:99 to 100:0). Purified products weetedted by UV at the detection frequency of
254 nm detection.

il. Synthesis of compounds 5 and 8 — 10
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N-(3-(2-(4-(2-aminoethoxy)phenylamino)quinazoling-4-methylphenyl)-3-
(trifluoromethyl)benzamide  (123), 4-(2-chloropyneB-yl)pyrimidine (122), (E)-1-(2-
chloropyridin-3-yl)-3-(dimethylamino)prop-2-en-1-e1{122), and N-(3-amino-4-methylphenyl)-

3-(trifluoromethyl)benzamide (26), were made asdbsd.

O (0]
N N CF3
)‘\ H
_
HN N

(0]

1

NH

0]

[5] N-(3-(2-(4-(2-aminoethoxy)phenylamino)quinazolin-4-methylphenyl)-3-

(trifluoromethyl)benzamide (11.6 mg, 0.02 mmol) vetisred in a mixture of A© (416 uL) and
NEt; (11.6 puL) for 2.5 h at room temperature. The lieactnixture was concentrated vacuo,
diluted with a mixture of acetonitrile/water andrified by reverse phase chromatography
(HPLC) to obtain 10.2 mg of the desired prod&ct(82% vyield). 'H NMR (300 MHz,
Chloroform-d)$ 9.43 (s, 1H), 8.27 (s, 1H), 8.21 (#= 9.0 Hz, 1H), 8.03 — 7.90 (m, 2H), 7.81 —
7.71 (m, 2H), 7.64 — 7.48 (m, 4H), 7.37 — 7.29 8H), 7.16 — 7.08 (m, 2H), 5.80 (s, 1H), 4.13
(t, J = 6.0 Hz, 2H), 3.60 (J = 3.0 Hz, 2H), 2.34 — 2.28 (m, 3H), 2.00 - 1.99 @Hl). MSm/z

(Cs3H28F3Ns03) calc’d = 599.21, observed: M+1 = 600.5
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Figure 3-13.Analytical condition A of ligand
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Figure 3-14.Analytical condition B of ligand
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[8] 4-(2-chloropyridin-3-yl)pyrimidine (14 mg, 0.0#8mol) and N-(3-amino-4-methylphenyl)-

3-(trifluoromethyl)benzamide (50 mg, 0.17 mmol) welissolved in DMSO (30 pL) and a drop
of NEt-TFA salt was added to the reaction mixture. Thactien was stirred for 4 d at 95°C.
The crude material was purified using reverse pligséd chromatography to obtain 6.3 mg of
the desired produ@ (20% vyield).'H NMR (300 MHz, CDC}-d) & 9.37 (s, 1H), 9.06 (s, 1H),

9.02 (d,J = 3 Hz, 1H), 8.51 (d] = 6 Hz, 1H), 8.28 (s, 1H), 8.20-8.16 (m, 2H), 7(85J = 6 Hz,
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1H), 7.80-7.75 (m, 3H), 7.64-7.59 (m, 1H), 7.37 Jd 6 Hz, 1H), 7.09-7.04 (m, 1H), 2.37 (s,

3H). MSm/z (Co4H18F3Ns0) calc’d = 449.15, observed: (M¥H= 450.5
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Figure 3-15.Analytical condition A of ligand
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Figure 3-16.Analytical condition B of ligan@®
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[4-(2-chloropyridin-3-yl)-N-methylpyrimidin-2-amine ] N-methylguanidine (126 mg, 1.15
mmol) and sodium methoxide (50 mg, 0.93 mmol) waepended in methanol (0.2 mL) at
room temperature for 30 min. Then (E)-1-(2-chlonigip-3-yl)-3-(dimethylamino)prop-2-en-1-

one (76 mg, 0.36 mmol) in methanol (1 mL) was adabethe reaction dropwise. The reaction

was refluxed at 50 °C for 23 h. The crude matenat purified by column chromatography
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(50% ethyl acetate in hexanes) to obtain 51 mgeftiesired produ¢64% yield).*H NMR (300
MHz, DMSO-ds) § 8.32 (ddJ = 3 Hz,J = 6 Hz, 1H), 8.23 (dJ = 6 Hz, 1H), 7.84 (broad s, 1H),

7.39-7.35 (m, 1H), 7.10-7.09 (m, 1H), 6.68d; 6 Hz, 1H), 2.63 (dJ = 6 Hz, 3H).

= CF,

[9] 4-(2-chloropyridin-3-yl)-N-methylpyrimidin-2-amin@0 mg, 0.09 mmol) and N-(3-amino-4-
methylphenyl)-3-(trifluoromethyl)benzamide (63 ntg21 mmol) were dissolved in DMSO (75
uL), and a drop of NE{TFA salt was added to the reaction mixture. Tlaetion was stirred for

4 d at 95 °C. The crude material was purified ugiegerse phase liquid chromatography to
obtain 16 mg of the desired prod@cf37% yield)."H NMR (300 MHz, CROD-d,) 5 8.82 (d J

= 6 Hz, 1H), 8.50 (dJ = 6 Hz, 1H), 8.27 (s, 1H), 8.23 (d,= 6 Hz, 1H), 7.98-7.91 (m, 3H),
7.78-7.73 (m, 1H), 7.65 (d,= 9 Hz, 1H), 7.53 (dJ = 6 Hz, 1H), 7.39 (d] = 6 Hz, 1H), 7.15 (t,

J =9 Hz, 1H), 2.98 (s, 3H), 2.34 (s, 3H). Mi$z (C,sH21F3NgO) calc’d = 478.17, observed:

(M+H") = 479.4
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Figure 3-17.Analytical condition A of ligan®
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Figure 3-18.Analytical condition B of ligan®
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[6-chloro-N-methylpyrimidin-4-amine] 4,6-dichloropyrimide (600 mg, 4 mmol), methylamine-

ITIH

HCI salt (570 mg, 8.4 mmol) and NE#480 mg, 4.8 mmol) were suspended in 2-propanol (4
mL) and refluxed at 80 °C for 5 h. The reaction waeen up in ethyl acetate, and the organic
layer was washed with saturategdQOs. The organic layer was collected, dried ovesd@ and
concentratedn vacuo. The crude material was purified by column chrageaphy (30-50%
ethyl acetate in hexanes) to obtain 390 mg of #sred product (68% yieldfH NMR (300
MHz, CDCk-dy) & 8.37 (s, 1H), 6.37 (S, 1H), 2.98 (M= 6 Hz, 3H). MSWz (CsHeCINg) calc'd

= 143.03, observed: (M+Hi= 144.0

NN OF

I
HN = | SN
| %

[6-(2-fluoropyridin-3-yl)-N-methylpyrimidin-4-amine ] 6-chloro-N-methylpyrimidin-4-amine

(170 mg, 1.2 mmol), 2-fluorophenylboronic acid (84mg, 0.62 mmol),
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tetrakis(triphenylphosphine)palladium (36 mg, 0.08nol) and KCO; (170 mg, 1.2 mmol)
were dissolved in 1:1 acetonitrilei® (1.2 mL) in a round bottom flask. The flask watusated
with Ny for 10 minutes, and the reaction was refluxedZdr at 80 °C. The reaction was then
diluted with ethyl acetate, and the organic layesked with HO (3X). The ethyl acetate layer
was collected, dried over BBO, and concentrateish vacuo. The crude material was purified by
column chromatography (60-80% ethyl acetate in hegpto obtain 52 mg of the desired
product(41% yield).*H NMR (300 MHz, CROD-dJ) 5 8.53 -8.46 (m, 2H), 8.30 (s, 1H), 7.51-
7.46 (m, 1H), 6.97 (s, 1H), 2.98 (s, 3H). Mtz (C1gHoFN,) calc’d = 204.08, observed: (M+H

=205.1

H

. Kl

[10] 6-(2-fluoropyridin-3-yl)-N-methylpyrimidin-4-aming(20 mg, 0.099 mmol) and N-(3-
amino-4-methylphenyl)-3-(trifluoromethyl)benzamig@0 mg, 0.24 mmol) were dissolved in
DMSO (80 uL), and a drop of NEETFA salt was added to the reaction mixture. Thetien
was stirred for 3 d at 95 °C. The crude materiak vparrified using reverse phase liquid
chromatography to obtain 7 mg of the desired prodc(14% yield).*H NMR (300 MHz,
CD3;0D-dy) 6 8.84 (broad s, 1H), 8.40 (broad s, 1H), 8.27 &), B.22 (d,J = 6 Hz, 1H), 8.03
(m, 1H), 7.94-7.91 (m, 2H), 7.78 -7.73 (m, 1H),%®&51 (m, 3H), 7.46-7.43 (m, 1H), 7.12-7.06
(m, 2H), 3.05 (s, 3H), 2.34 (s, 3H). M8z (C,sH,1F3NgO) calc’d = 478.17, observed: (M¥H=

479.3
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Figure 3-20.Analytical condition B of ligand.0
E. Activation of Src
Src Y527F (250 nM) was incubated in buffer (50 mMORSS [pH 7.4], 67 mM NaCl, 10 mM
MgCl,, 0.001% (v/v) Tween 20) with ATP (1 mM) at 25 °€ &/ °C for 3 h. Quantitative
phosphorylation was determined by immunoblot usingbodies specific for phospho- and non-
phospho-Src Tyr416 (Cell Signaling) and LC/MS ofptic digests (performed as described
(94)).
F. Activation of Abl
Abl wild-type was activated as described (25). Aa53H (15 puM) was incubated with Hck

Y527F (7.4 pM) in buffer (50 mM HEPES [pH 7.5], &M NaCl, 60 mM MgC4, 1 mM
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EGTA) with ATP (500 uM) for 6 h at 30 °C and usddd@ pM in activity assays. Due to the
high concentration of Hck, a negative control withh Abl was incubated simultaneously and
used as the background correction factor in thieigcassays. However, since the dilution factor
was so large (>5 orders of magnitude) and the mthstised was Abl-specific, the background
was no higher than that observed in other assays.

G. Activity assays

These assays were performed as described (25,926Sihce the amount of’P ATP in the
reactions was equivalent to ~2 nMg$& K. In cases where cold ATP was used to activate the
kinase prior to the assay, the activation mixtues wiluted sufficiently to contribute at most 2
MM to the final reaction.

F. ICAT footprinting

Labeling reagents were made as described (117)e@mmeriments were performed generally as
described (118). Briefly, one 3-uM stock of protgirb0 mM Tris (pH 8.0), 50 mM KCI, 5 mM
MgCl,, and 0.5 TCEP-HCI was divided into aliquots, amkiibitor (10 pM) was added to yield
final solutions containing 1% (v/v) DMSO. Heavy #ding reagent was was added to the protein
solutions, and aliquots were taken at specifiecesirand quenched with excess DTT. Samples
were precipitated with 0.02% (w/v) sodium deoxyeheland 10% (w/v) trichloroacetic acid on
ice for 30 min. The precipitated protein was peltetand washed with cold acetone, then
resuspended in 8 M urea with light labeling reag@fter incubation in the dark for 30 min, the
solutions were diluted with 210 pL Tris pH 8.0, BuM CaC}, and 1 pg porcine trypsin, and
incubated at 37 °C overnight. Samples were analgnesl Thermo Finnigan LTQ mass

spectrometer.
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