then divided by the mass (mg) of GRK used in each reaction to give the specific
activity. For determining ATP K, values, the data was fit to the Michaelis-Menten
equation using Prism v5.0c. For calculating ICsy values, the data was fit to log

(inhibitor) vs. response with either a fixed or variable slope (Prism v5.0).

Thermofluor Assays

Measurement of protein stability was determined by calculating melting
temperatures (T,) of GRK2 (and other variants) in the presence and absence of
ligands. Melting temperatures were determined by monitoring the fluorescence
change of 1-anilinonaphthalene-8-sulfonic acid (ANS, Sigma) binding to the
hydrophobic interior of the proteins as they denature (7188). GRK2 or GRK-
variants (0.5 mg/mL - 0.2 mg/mL) were incubated at saturating ligand
concentrations and 100 uM ANS in a total volume of 10 ulL in triplicate, using
ABgene 384-well PCR microtiter plates (Thermo-Fisher). Fluorescence was
measured at increasing temperatures (4-85°C) in 1°C intervals using a
ThermoFluor 384-well plate reader (Johnson and Johnson). The fluorescence
data was analyzed using ThermoFluor Acquire 3.0 software (default settings) and

replotted in Prism.

103



RESULTS

Structures of Native and CMPD1/2-Bound Bovine GRK2-Ggy

CMPD1 and CMPD2 were co-crystallized with the GRK2-GBy complex under
similar crystallization and harvesting conditions. The native GRK2-Gfy complex
was co-crystallized with ATP under similar conditions as the inhibitor bound
complexes. However, the omit map density for ATP revealed only weak density
in the active site, as it was in the original GRK2-Gpy structure (774), and hence it
is referred to as the “ligand free” structure, or apoGRK2. The apoGRK2 structure
was solved with diffraction data out to 2.67 A, and the inhibitor bound structures
were solved with diffraction data out to 2.50 A. The diffraction data for all three
structures is anisotropic along the ¢ axis of the crystals contributing to the poor
crystallographic data and refinement statistics for the highest resolution data

shells (Table 1).

The apoGRK2 structure superimposes well onto the 1OMW structure with a root
mead square deviation (rmsd) of 0.35 A for 614 Ca positions. The binding of
both CMPD1 and CMD2 induce conformation changes in the active site of GRK2
with an rmsd of 0.6 A and 0.5 A (for 290 Ca. positions in the kinase domain) for
CMPD1 and CMPD2, respectively (Table 3). Qualitatively, CMPD’s 1 and 2
induce conformational changes that are nearly identical to that of balanol (Table
3). For CMPD’s 1 and 2, subtle conformational changes are observed in the P-
loop and aB-aC helices, in which individual atoms move up to 0.8 A and 0.9 A,

respectively (Figure 33A-D). The binding of CMPD1 and CMPD2 also cause a
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slight closure of the large lobe relative to the small lobe of 3.6° and 2.4°,

respectively.

Table 2: Crystallographic data and refinement statistics

Ligand: apoGRK2 CMPD1 CMPD2
X-ray Source: APS 21-ID-G APS 21-ID-G APS 21-ID-G
Wavelength (A) 0.9786 0.97856 0.97856
Drmin (A) 2.67 (2.76-2.67) 2.5(2.59-2.5) 2.5(2.59-2.5)
Space Group Cc2 C2 Cc2
b=73.2 b=74.3 b=735
c=122.8 c=123.3 c=122.0
B=115.4° B=115.7° B=115.1°
Unique reflections 43,102 (4,259) 50,352 (5,303) 51,786 (5,149)
Average redundancy 4.0 (4.0) 3.8 (3.8) 6.4 (6.5)
Rsym (%)* 7.3 (58.8) 7.2 (>100) 8.5 (>100)
Completeness (%) 99.6 (99.8) 94.2 (100) 99.1 (98.6)
<I>/<op> 15.7 (2.6) 20.45 (1.16) 16.4 (0.9)

Refinement resolution

Total refelctions used

30-2.67 (2.74-2.67)
40,908 (2,955)

30-2.49 (2.56-2.49)
47,727 (3,539)

30.0-2.48 (2.54-2.48)
49,091 (2,573)

Protein atoms 8,117 8,085 8,072
Non-protein atoms 16 80 62

RMSD bond lengths 0.001 0.009 0.014
RMSD bond angles 1.2 1.1 1.1

Est. coordinate error 0.6 0.3 04
Ramachandran most

favored, disallowed (%) 89.8,0.0 89.4,0.0 90.0, 0.0
Ruwork” 22.2 (32.0) 23.7 (36.7) 22.6 (37.2)
Riree’ 25.7 (42.2) 28.5 (41.7) 27.4 (33.8)
PDB Entry TBD TBD TBD

®Reym = ZniZi [I(hK1)i - I(hK1)] / ZnaZi I(hkI), where I(hKI) is the mean intensity of i reflections after
rejections. Rsym values for CMPD1 and CMPD?2 in the highest resolution shell are greater than 100%
due to anisotropic diffraction.

®Ruork = Zhidl|Fobs(hK!)| = [Feaie(hkD||/ Zni|Fobs(hkl)|; For CMPD2 the high resolution shell Rwork > Riree
suggesting the data in the shell is under refined, again due to anisotropic data.

°5% of the truncated data set was excluded from refinement to calculate Riee.
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JA.. small lobe small lobe

Figure 33: Crystal structures of inhibitor bound GRK2. All ligands are
shown as a ball and stick model with carbons colored pink, nitrogens blue,
oxygens red, phosphates orange, and fluorines white. Electron density (green) is
shown for the |F,| - |Fc| omit map contoured at the 3o level. A) An active site
view of the apoGRK2-Gfy. ApoGRK2 is shown in slate blue with ATP modeled
from the GRK1 structure (PDB: 3C4W), electron density is that of CMPD1 and

shows significant overlap for the binding sites of the two compounds. B) CMPD1
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and C) CMPD2 bound in the active site of GRK2. Like Balanol, CMPD1 and 2
are active site, competitive inhibitors. D) Comparative Ca trace of the apoGRK2
(blue) structure with the Coa traces of CMPD1 (green) and CMPD2 (cyan).
Significant changes are observed in the P-loop and in the aB-aC loop. The

entire GRK2 sequence was used for the superpositions in this figure.

Table 3: Conformational changes of ligand bound GRK2. The binding of
CMPD1/2 induce similar conformational changes in the kinase domain as seen in
the balanol structure.

Ligand: Balanol @ CMPD1° CMPD2P
residues: rmsd (R)
Small lobe 186-272 0.5 0.4 0.5
Large lobe 273-475 0.3 0.4 0.4
Kinase domain 186-475 0.6 0.6 0.5
P-loop 191-211 0.5 0.3 0.4
aB-aC helices 224-246 0.5 0.3 0.4
Large lobe closure © 4.0° 3.6° 2.4°

“Balanol (PDB: 3KRW) was superimposed against human GRK2-Gpy (PDB: 3CIK).
®PCMPD1 and CMPD2 were superimposed against apoGRK2.
‘Domain closure of the large lobe was calculated relative to the small lobe.

Compound Binding

Like balanol in the hGRK2-balanol-G@y structure, CMPD1/2 binds deep in the
active site of GRK2, overlapping the binding site for ATP (Figure 33A-C). The
ATP binding site is composed of several binding-pockets including the adenine,
ribose, triphosphate, and hydrophobic subsites. The adenine subsite is relatively
hydrophobic in nature, and the N1 atom of adenine (from ATP) forms a hydrogen
bond with the backbone nitrogen and the N6 atom forms a hydrogen bond with

the backbone carbonyl oxygen of residues in the hinge (Met274 and Asp272,
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respectively, in GRK2). In our structures, the A ring of CMPD’s 1 and 2 occupy
the adenine subsite with the N4 atom forming a weak hydrogen bond with the

backbone amide hydrogen of Met274 at a distance of 3.7 A apart (Figure 34A).

Figure 34: Structural analysis of the ATP subsites. All ligands are shown as
sticks with nitrogens colored blue, oxygens red, fluorines white, phosphates

orange, sulfur yellow and the carbons from ATP yellow, CMPD1 white, and
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CMPD2 slate. ATP is modeled from PDB: 3C4W. Some regions of the structure
are not shown for clarity. All distances shown are in units of Angstroms. A). The
adenine subsite. The adenine-binding site is generally characterized by two
hydrogen bonds to the hinge region. CMPD1/2 are in position to form a
hydrogen bond with the backbone nitrogen of Met274. B) The ribose subsite.
The N11 atom on ring B of CMPD1/2 forms a hydrogen bond with Lys202. There
is also a van der Waals contact between Ser334 and the triazole ring of
CMPD1/2. C) The triphosphate subsite. Numerous interactions are observed in
the triphosphate subsite including both the P-loop and the activation loop. D)
The hydrophobic subsite. Ring D of CMPD1/2 bind in the hydrophobic subsite
which is a pocket formed by the aC helix and the activation loop. Type Il kinase

inhibitors that target inactive kinase conformations utilize this subsite (789).

The ribose subsite in our structures is partially occupied by the 1,2,4-triazole
moiety (ring B; Figure 34B). The triazole structure sits farther back into the
binding site than ribose, and forms a hydrogen bond to Lys220. Nonpolar
interactions between the substituted triazole and GRK2 include residues 1le197,

Val205, Leu271, and Ser335.

The C ring of CMPDs 1/2 is positioned in the triphosphate subsite with the amino
group (N13) occupying the site of the a-phosphate and the benzamide oxygen
(O20) positioning itself under the P-loop (Figure 34C). The amino group (N13)

forms a hydrogen bond with both Asp335 and Lys220. There is chain of
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hydrogen bond interactions between Lys220, Glu239, Asp335, and Gly337. The
carbonyl oxygen (020) is also positioned under the P-loop and is within hydrogen
bond distance to three-backbone amide nitrogens from residues Gly201,
Phe202, and Gly203 (Figure 34C). This P-loop interaction is very similar to that
of the benzophenone ring C of balanol, which forms several hydrogen bonds with

backbone atoms of the P-loop (790).

The D ring of CMPDs 1/2 binds in the hydrophobic subsite (also referred to as an
allosteric site) that is formed by residues in the P-loop, aB-aC helices, and the
activation loop. This pocket has become a major target for creating selective
kinase inhibitors, as compounds that bind in this site seem to stabilize a unique
inactive kinase conformation (examples include: imatinib, BIRB796, and

sorafenib (789)).

Determination of CMPD1/2 Selectivity Against GRK1, GRK2, and GRK5

The Takeda patent (776) reported that CMPDs 1/2 are selective inhibitors for
GRK2 versus PKC, PKA, and ROK. However, they lacked data on the selectivity
of between members of the GRK family. As a control, we first tested the activity
of balanol against GRK1, GRK2, and GRK5. Balanol had an ICsy of ~40 nM for
GRK2, similar to previously reported values (7175). Surprisingly, balanol showed
moderate selectivity towards GRK5 and GRK1, with I1Csy values of ~400 nM and
~4 uM, respectively (Figure 35A, Table 4). These ICsy values differ from the

previously reported values (775) of 160 nM (GRKS5) and 340 nM (GRK1),
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possibly due to different assay conditions (e.g. receptor substrate and/or ATP
concentrations). We then tested CMPDs 1/2 against GRK2 yielding ICsy values
of ~50 nM and ~200 nM, respectively (Figure 35B, Table 4), similar to the values
reported in the patent. Next we tested CMPDs 1/2 against GRK1 and GRKS5.
Both CMPDs show no activity towards inhibiting GRK1 and GRK5 at the
concentrations tested (up to 125 uM). Thus, CMPD1 and 2 are specific for GRK2

under these conditions.
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Figure 35: Inhibition of rhodopsin phosphorylation by small molecules. A)
Inhibition of GRK1, GRK2, and GRK5 activity by balanol. [Csy values of
approximately 40 nM, 400 nM, and 4 uM (n=3, in duplicate) were determined for
GRK2, GRKS5, and GRK1, respectively. Inhibition of (B) GRK2, (C) GRKS5, and
(D) GRK1 activity by CMPD1 or, as a control, DMSO. The ICsy of CMPD1

against GRK2 is approximately 50 nM. CMPD1 and 2 do not inhibit GRKS or
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GRK1 activity at the tested concentrations (125 yM CMPD; 0.5 mM ATP).
Additional curves for CMPD1/2 against GRK2 can be found in Figure 39C-F.
The results show mean + SEM values, run in duplicate, from a representative

experiment.

Analysis of the GRK2 Inhibitor Binding Site

The binding of balanol, CMPD1, and CMPD2 appear to induce very similar
conformational changes in the active site of GRK2. However, our previous data
strongly indicates that CMPDs 1/2 are significantly more selective towards GRK2
than balanol (Figure 35). In general, residues around the inhibitor/ATP-binding
site are very well conserved among AGC kinases. Based on our crystal
structures and homology modeling (Figure 36) we identified five amino acids
around the inhibitor-binding site that may contribute to the inhibitor selectivity by

making unique contacts to the Takeda compounds.

Previous work by Breitenlechner et al. showed that PKA to PKB amino acid
exchanges in the active site could confer inhibitor selectivity among balanol-like
derivatives (797). Specifically, the PKA to PKB mutations F187L and Q48E
(corresponding to residues Leu338 and Gly232 of GRK2, (Figure 34D) which
help form the hydrophobic subsite) enabled them to generate PKB selective
inhibitors. In GRKs the analogous two residues Leu338 and Gly232 are invarient
(Figure 36). However, the adjacent residue Leu235 is a glycine in GRK1, and a

methionine in GRK4, -5, -6, and -7. Furthermore, in our inhibitor-bound
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structures (Figure 37B) Leu235 adopts a different rotamer conformation to
accommodate the binding of the D ring. Hence, Leu235 was selected for
mutagenesis studies on the basis that it could form selective interactions with the

D ring of CMPDs 1/2.

I197L Y2068 L235G

oB

GRK2_bovin  -------- MNDFSVHRIIGRGGFGEVYGCRKADTGKMYAMKCLDKKRIKMKQGETLALNERIMLSLVSTGDCPFIVCMSYAFHTP 77 (264)
GRK2_human - MNDFSVHRIIGRGGFGEVYGCRKRDTGKMYAMKCLDKKRIKMKQGETLALNERIMLSLVSTGDCPFIVCMSYAFHTP 77
GRK3_human - -MNEFSVHRIIGRGGFGEVYGCRKADTGKMYAMKCLDKKRIKMKQGETLALNERIMLSLVSTGDCPFIVCMTYAFHTP 77
GRK1 bovin - -EDWFLDFRVLGRGGFGEVFACQMKATGKLYACKKLNKKRLKKRKGYQGAMVEKKILAKVHS - - -RFIVSLAYAFETK 77
GRK1_human --------EDWFLDFRVLGKGGFGEVSACQMKATGKLYACKKLNKKRLKKRKGYQGAMVEKKILMKVHS - - -RFIVSLAYAFETK 77

GRK7_human ~  -------- DKYFTEFRVLGKGGFGEVCAVQVKNTGKMYACKKLDKKRLKKKGGEKMALLEKEILEKVSS - - - PFIVSLAYAFESK 77
GRK5_human ~  -------- KNTFRQYRVLGKGGFGEVCACQVRATGKMYACKRLEKKRIKKRKGESMALNEKQILEKVNS - - -QFVVNLAYAYETK 77
GRK5 bovin ~  -------- KNTFRQYRVLGKGGFGEVCACQVRATGKMYACKRLEKKRIKKRKGESMALNEKQILEKVNS - - -RFVVNLAYAYETK 77
GRK4 human ----------- FRHYRVLGKGGFGEVCACQVRATGKMYACKKLQKKRIKKRKGEAMALNEKRILEKVQS - - -RFVVSLAYAYETK 74
GRK6_human = ----------- FRQYRVLGKGGFGEVCACQVRATGKMYACKKLEKKRIKKRKGEAMALNEKQILEKVNS - - -RFVVSLAYAYETK 74
PKA bovin =~ -------- LDQFERIKTLGTGSFGRVMLVKHMETGNHYAMKILDKQKVVKLKQIEHTLNEKRILQAVNF - - - PFLVKLEFSFKDN 116
* Tosk ok k% : KRy Kk ok kokogg EEE L ek oz ozz:
L271M
6D eE e
GRK2_bovin DKLSFILDLMNGGDLHYHLSQHG- - - -VFSEADMRFYAAEIILGLEHMHNRFVVYRDLKPANILLDEHGHVRISDLGLACDFSKK 158 (345)
GRK2_human DKLSFILDLMNGGDLHYHLSQHG- - - -VFSEADMRFYAAEIILGLEHMHNRFVVYRDLKPANILLDEHGHVRISDLGLACDFSKK 158
GRK3_human DKLCFILDLMNGGDLHYHLSQHG- - - -VFSEKEMRFYATEIILGLEHVHNRFVVYRDLKPANILLDEHGHARISDLGLACDFSKK 158
GRK1_bovin TDLCLVMTIMNGGDIRYHIYNVDEDNPGFQEPRAIFYTAQIVSGLEHLHQRNIIYRDLKPENVLLDDDGNVRISDLGLAVELKAG 159
GRK1_human ADLCLVMTIMNGGDIRYHIYNVNEENPGFPEPRALFYTAQIICGLEHLHQRRIVYRDLKPENVLLDNDGNVRISDLGLAVELLDG 159
GRK7_human THLCLVMSLMNGGDLKFHIYNVG- - TRGLDMSRVIFYSAQIACGMLHLHELGIVYRDMKPENVLLDDLGNCRLSDLGLAVEMKGG 157
GRK5_human DALCLVLTIMNGGDLKFHIYNMG- -NPGFEEERALFYAAEILCGLEDLHRENTVYRDLKPENILLDDYGHIRISDLGLAVKIPEG 157
GRK5_bovin DALCLVLTIMNGGDLKFHIYNMG- -NPGFEEERALFYAAEILCGLEDLHHENIVYRDLKPENILLDDYGHIRISDLGLAVKIPEG 157
GRK4_human DALCLVLTIMNGGDLKFHIYNLG- -NPGFDEQRAVFYAAELCCGLEDLQRERIVYRDLKPENILLDDRGHIRISDLGLATEIPEG 154
GRK6_human DALCLVLTLMNGGDLKFHIYHMG- -QAGFPEARAVFYAAEICCGLEDLHRERIVYRDLKPENILLDDHGHIRISDLGLAVHVPEG 154
PKA bovin SNLYMVMEYVPGGEMFSHLRRIG- - - -RFSEPHARFYAAQIVLTFEYLHSLDLIYRDLKPENLLIDQQGYIQVTDFGFAKRVKGR 194
* sz s KRk kL : *ksoa: R shkkokdk kokokg Kk cgokokok

Figure 36: Sequence alignment of the GRK subfamily kinase domain. The
kinase domain of human GRK1-7, bovine GRK1-7, and bovine PKA were aligned
using the ClustalW server (residues 189-345 shown, GRK2). Residues colored
purple correspond to positions in either PKA or PKB that have been previously
mutated to assess mechanisms of selectivity. Residues colored yellow and red

were selected for our mutagenesis studies of GRK2.

In other work, researchers investigated the molecular basis for selectivity in
inhibitors that bind to PKA mutants of Rho-kinase (792). Non-conserved
residues in the P-loop, hinge region, and activation loop were selected for

mutagenesis, and two Rho-kinase residues Ala183 and lle49 were shown
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(corresponding to residues Ser334 and 1le197 in GRK2) to be determinants of

Rho-kinase inhibitor binding specificity.

Sequence alignment (Figure 36) between the various GRK isoforms revealed
non-conserved residues in close proximity to the inhibitor-binding site. Some of
these residues are found in the P-loop, including lle197, which is at the
analogous position to the PKA-L49l mutation. Furthermore, non-conserved
positions in the P-loop (1196, 1197, and Y206) undergo the most significant
conformational changes in our inhibitor bound structures compared to apoGRK2
(Figure 37A). Thus, the following mutations were hypothesized to decrease the
affinity of the inhibitors for GRK2 by converting them to their equivalents in
GRK1: 1196V, I1197L, and Y206S. Additionally, the so-called “gatekeeper
residue”, which sits at the back of the adenine subsite has been shown to be a
major determinant for kinase inhibitor specificity (772), and is non-conserved
between GRK2 and GRK1/GRK7 (Figure 36). Thus the L271M mutant was

additionally selected.

114



- NS »
/A. 0
y '
AT

»>

APV
A\

Figure 37: Conformational changes in the P-loop and aB-aC helices.
Electron density is shown for a |F,|-|F; omit map of GRK2-CMPD1-Gpy
contoured at the 30 level with positive density shown in green and negative in
red. The labeled residues correspond to bovine GRK2 with the analogous
human GRK1 residue indicated in red. A) Non-conserved residues in the P-loop
and hinge region selected for mutagenesis. B) Displacement of residue Leu235
upon compound binding. Residues from the apoGRK2 structure are colored

slate, and residues from the GRK2-CMPD1-Gpy structure are colored green.

Determination of Inhibitor Selectivity via GRK2 Mutations

The GRK2 mutations 1197L, Y206S, L235G, and L271M were made in the
background of the bovine GRK2-S670A-Hes construct and protein was purified to
homogeneity from baculovirus-infected insect cells. The 1196V mutant would not

stably express and was not further studied. For comparison of inhibitor
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selectivity against the other GRK subfamilies, bovine GRK1s35-Hs (GRK1) and
bovine GRK5s561-Hs (GRK5) were used. To test the ability of our inhibitors to
inhibit the kinase activity of our GRK constructs, we performed phosphorylation
assays using bovine rod outer segments (bROS) as the receptor substrate and
ATP at saturating concentrations (0.5 mM). Assays were performed with a single
time point within the linear range of enzymatic activity (Figure 32). Dose-
response curves were fit to both a three-parameter (fixed hill slope) or four-
parameter (variable hill slope) dose-response curve using Prism 5.0c. In
general, the three-parameter model fit the data well, however, some curves

required a four-parameter fit.

Prior to testing the activity of our inhibitors against the GRK2 mutants, we
determined the ATP K., values for GRK1, 2, 5, and for each mutant. We did not
expect the mutated residues to alter the Ky, values as all GRKs are optimized to
use ATP, and hence the substitutions are not anticipated to change ATP binding
or hydrolysis. Indeed, our K, values for ATP were similar to previously reported
values for GRK1, GRK2, and GRK5 (Figure 38). The GRK2 mutants had similar
Km values to GRK2, allowing us to directly compare ICsq values for the various
GRK2 mutants. It should be noted that GRK1 and GRK5 have slightly differing
Km values for ATP, resulting in K; values for balanol of approximately 2 nM,
30 nM, and 100 nM for GRK2, GRKS5, and GRK1, respectively. Thus, balanol is
indeed selective. However, it is still a relatively potent inhibitor for all three GRK

subfamilies.
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Figure 38: GRK K, values for ATP. A) K,, values for ATP were determined by
measuring phosphorylation of bROS. Data is fit to the Michaelis-Menten
equation using Prism 5.0c to determine K, values. Data for GRK1 is not shown.
B) Summary of K, values for each GRK protein. The K, values among the
GRK2 mutants are not significantly different. The results shown are mean =

SEM values, run in duplicate, from a representative experiment (n=3).

Next, we tested the ability of balanol to inhibit the GRK2 mutants (Figure 39A,B).
The 1Cso values for balanol showed little difference between wild-type GRK2 and
the 1197L, Y206S, and L235G mutations (Table 4). Surprisingly, the gatekeeper
mutation L271M increased the potency of balanol by 10-fold, further supporting
the importance of the gatekeeper residue in modulating inhibitor binding. It is
structurally unclear as to why this mutation would increase the potency of
balanol, but it could be due to reordering of amino acids around the hinge region

that create more favorable hydrophobic contacts with the A ring.

As for balanol, the P-loop mutations 1197L and Y206S have no net affect on

CMPD1 or 2 binding to GRK2 (Figure 39C-F). This is contrast to the previous
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PKA-L49l mutation, which substantially (~180 fold) decreased the affinity of the
staurosporine like inhibitor KT5720 (792). The lack of an affect of the [197L
mutant could impart be do to the lack of the neighboring 1196V mutation, which

together could significantly alter the binding-site.

The L235G mutation in the aB-aC loop caused a 2-3 fold decrease in the
potency of CMPDs 1/2, indicating that the hydrophobic subsite in GRKs may play
a role in contributing compound selectivity. Indeed, previous studies with PKA
and PKB showed that differing residues around the “benzophenone pocket” of
balanol could be used to design selective inhibitors (197). While a two-to-three
fold shift in potency is not enough to fully explain the degree of selectivity
achieved by CMPDs 1/2, it does suggest that further investigation of substitutions
in the aB-aC helices could be warranted. For example, the L235M mutation
would be interesting due to the possibility of a steric collision with the inhibitor

due to the slightly longer side chain of methionine.

The L271M mutation appeared to slightly increase the potency of CMPD1 and
decrease the potency of CMPD2 (Figure 39D,F). Although neither result is
statistically significant, it is interesting that the A ring of CMPD1 is a pyrimidine
ring, in which the N2 atom could be involved in a favorable electrostatic
interaction with the sulfur atom on the methionine residue. Regardless, the
gatekeeper residue appears to have little influence on the affinity of GRK2 for

CMPDs 1/2.
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Table 4: IC5, values of GRK inhibitors against bROS phosphorylation. All
experiments were performed with 5-20 uM bROS, 50 nM GRK, and 0.5 mM ATP
at a 5-10 minute time point at ~25°C. Values shown represent means = S.E.
from three to five experiments run in duplicate.

GRK Balanol CMPD1 CMPD2
(nM) (nM) (nM)

GRK2 39+9 45+ 15 200 + 92

-1197L 31+16 78 17 323 £ 42

-Y206S 22+5 57 +13 251 +43

-L235G 29+ 14 129 + 30 471 + 49

-L271M 43+ 1 21+3 368 + 55
GRKS 380 + 110 ND? ND?
GRK1 44+0.7uM ND? ND?

@ND, not detectable. No inhibition was observed at
the concentrations tested.
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39: Inhibition of active site mutants of GRK2.

Inhibition of GRK2

activity towards rhodopsin for A-B) balanol, C-D), CMPD1, and E-F) CMPD2.

Dose-response curves were fit to either a 3-parameter or 4 four-parameter model

to determine ICs values. Experiments were performed in duplicate with n=3

separate experiments for each mutant and inhibitor. Column’s labeled with # are

statistically significant (p<0.05) as determined by one-way ANOVA with a

Dunnett post-test compared to GRK2.
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Determination of Ligand Induced Protein Stability

We were interested in comparing the results from our inhibition data (Table 4)
with the ability of our inhibitors to thermally stabilize GRK2, GRK2-mutants,
GRK1, and GRKS5 to determine if the increase in GRK1 activity due to CMPDs1/2
(Figure 35) could be due to thermal stabilization. The binding of a ligand to a
protein only occurs if there is a release of free energy as described by the Gibbs
free energy equation AG° = RTInKy. Thus, a protein-ligand complex is more
stable than free protein. Thermal denaturation of a protein can be determined by
measuring the fluorescence change of a fluorophore that preferentially binds to
the denatured state of the protein. Ligand binding to the native-protein state will
cause a stabilization of the protein that depends on the binding energy of the
complex, and can be described as a rightward shift in a thermal denaturation

curve (ATqy) (193).

Native GRK2 has a melting temperature (Tn,) of approximately 37°C, and the
addition of 500 uM ATP results in a 5 °C increase in its T, indicating that the
binding of ATP stabilizes GRK2, as expected. 20 uM balanol, 100 uM CMPD1,
and 100 uM CMPD2 further increase the stability of GRK2 with AT, values of
19°C, 16.0°C, and 12°C, respectively (Figure 40). These AT, values are
identical to the rank order of the compounds potency for inhibiting kinase activity,
suggesting that the thermal stability assay can give valid comparisons of ligand

affinity and, possibly, selectivity.
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We next tested the thermal stability of GRK1 and GRK5 (Figure 40). Both GRK1
and GRKS5 have significantly lower melting temperatures of 27°C and 29°C,
respectively (Figure 41E,F). When bound to ATP, GRK1 is stabilized by an
additional 15°C which is significantly more than the ~6°C stabilization for GRK2.
The T, of GRK5 is increased by ~8°C, similar to GRK2. These results correlates
well with both the lower ATP K, values for GRK1 versus GRK2 and the similar

ATP K, values exhibited by GRK5 and GRK2 (Figure 40).

Surprisingly, balanol is less affective than ATP in thermostabilizing GRK1 and
GRKS5 with Ty, shifts of only ~10°C and ~6°C. Furthermore, CMPDs 1/2 are even
less affective than balanol with AT, values of approximately 6°C and 3°C for
GRK1, and 3°C and 2°C for GRKS, respectively. Thus, CMPDs 1/2 do appear to
bind and slightly stabilize both GRK1 and GRKS. In our phosphorylation assays,
it was observed that CMPDs 1/2 actually increase the catalytic activity of GRK1,
although higher concentrations do negate the effect (Figure 35C,D). This can be
explained by the thermal stability of GRK1, which has a T, close to room
temperature. Upon CMPD1 binding, the T, is shifted to 33°C stabilizing the
protein and consequently the kinase activity before the assay is started with the
addition of ATP and light. Overall, the thermal stability data indicates that the
selectivity achieved by balanol, CMPD1, and CMPD2 is the result of greater
thermostabilization of the kinase domain for GRK2 than for GRK1 or GRKS,
which reflects less temperature-dependent fluctuations in GRK2 complexes and

a better fit to the inhibitor.
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Figure 40: Comparison of thermal stability changes for GRK isoforms. The
change in melting temperature (AT,) was calculated by subtracting the unbound
Tm from the ligand bound T,.. The concentration of ATP in this assay is 500 uM
for all samples. Balanol is at 20 uM for GRK2 and 200 uM for GRK1 and GRKS5.
CMPD1 and 2 are 100 uM for all GRKs. Data is representative of two to three

independent experiments performed in triplicate.

We next asked if the GRK2 mutations had an affect on the ability of CMPD1/2 to
stabilize GRK2. Of particular interest were the L235G and L271M mutations,
which had the greatest effect on inhibitor potency. The T, for the P-loop
mutations [197L and Y206S were approximately 37°C and 30°C, respectively
(Figure 41B; Table 5). Thus, Y206S appears to be less stable than GRK2, yet
when bound by ligand both [197L and Y206S have final T, values similar to that
of GRK2. Like the Y206S mutant, both the L235G and L271M mutations appear
to be less stable with lower melting temperatures of approximately 30°C and

32°C, respectively (Figure 41C,D; Table 5).). Both mutations also show
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qualitatively similar ligand induced shifts in thermal stability. Notably, the AT,
values for the GRK2 mutants are actually greater than the observed shifts for
wild-type GRK2. However, these larger shifts are likely due to the mutations
being less stable than wild type GRK2. Thus, the thermal stability data indicate
that mutations around the active site of GRK2 can lead to a loss of protein

stability, however, the resulting complexes have similar thermostability.

Table 5: Melting temperature changes (ATm) for inhibitor bound GRK
proteins. Data is representative of one to three separate experiments run in
triplicate. AT, is calculated by subtracting the native T, from the inhibitor bound

Tm. All values listed have units of °C.

GRK Buffer? ATP Balanol CMPD1 CMPD2
(0.1 mg/mL) (500 uM) (20 uM)® (100 uM) (100 uM)
GRK2 36.7 57 19.1 16.0 12.0
-1197L° 37.2 18.3 14.8 12.8
-Y206S 30.7 7.4 24.7 21.0 18.4
-L235G 295 7.3 23.2 20.1 17.8
-L271M 31.8 5.3 22.3 19.1 15.8
GRK1 27.2 15.4 10.1° 5.6 3.3
GRK5 29.4 7.8 5.5° 3.3 1.7

#The values shown for buffer alone represent the native Ty, for each protein.
200 uM Balanol was used for GRK1 and GRK5

°For GRK2-1197L the data is for n=1, with no data for ATP due to lack of
additional protein.
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Figure 41: Thermal denaturation of GRK proteins.

Temperature (°C)

Representative thermal

denaturation curves for A) GRK2, B) GRK2-Y206S, C) GRK2-L235G, D) GRK2-

L271M, E) GRK1, and F) GRK. Thermal stability experiments were performed in

triplicate, and T, values were calculated using ThermoFluor Acquire 3.0 using

the default settings of the software.
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Structural Comparison against GRK1 and GRK6

So far our data suggests that individual amino acids surrounding the inhibitor-
binding site do not strongly contribute to inhibitor selectivity within the GRK
family. Instead it is likely that CMPDs 1/2 are stabilizing an inactive conformation
of the kinase domain that is optimal for GRK2 (and probably GRK3), but not the
other GRK family members. The kinase domains within the GRK family are
generally well conserved with an amino acid sequence identity of ~43-49%
between GRK2 and GRK1,-4,-5,-6, and -7, and ~33% between GRK2 and PKA.
A common trend among the previous structures (excluding a GRK6-
sangivamycin in which the kinase adopts a closed state (7194)) is that in the
absence of receptor substrate the kinase domains are in a relatively open,
inactive confirmation, when compared to nucleotide-bound form of other AGC
kinases. Moreover, the observed inactive states for GRK1, GRK2 and GRK6 are
significantly different from each other (786), which would be consistent with the
inhibitor data. We modeled CMPD1 and balanol in open kinase conformations to
determine how well the inhibitor fits into the active site of these other GRKs, and

to see if we could elucidate why balanol is less selective among GRKs.

The GRK2:CMPD1 and GRK2<Balanol structures have very similar inhibitor-
binding sites (Figure 42A,B); however, one major distinction is the orientation of
Asp335, which points towards the amino group linking the B and C rings of
CMPD1, and towards a C ring hydroxyl group on balanol. This reorientation

allows Asp335 to form favorable binding interactions with atoms that link the B

126



and C rings of CMPD1 and balanol. Docking of CMPD1 and balanol in the GRK1
and GRKG6 structures (Figure 42C,D) show potential clashes between the C ring
of CMPD1/balanol and the P-loop. For CMPD1 these clashes likely contribute to
loss of affinity by forcing the residues in the P-loop to properly reorder
themselves to accommodate binding. Whereas for balanol, this is a lesser
problem, as balanol has substantially more hydrogen bond donors and acceptors

in position to directly interact with the P-loop than CMPD1 (four versus one).

We also modeled CMPD1 into a closed conformation of GRK2 (based off the
activated PKA structure) and GRK6 (from the GRKG6+sangivamycin structure) to
test if these compounds might also stabilize the closed kinase conformation
(Figure 42E,F). The models clearly show that inhibitor binding is incompatible
with the closed conformation. Overall, it seems that selectivity for CMPDs 1/2
among the GRKs is achieved by a complementary fit to the unique inactive
kinase conformation of GRK2. This conformation is likely mandated by many
different structural elements in GRK2, perhaps including the adjacent RH

domain, which plays a scaffolding role for the kinase domain.
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Figure 42: Comparison of various GRK active sites docked with structurally
characterized inhibitors. Surface representation of the crystal structures for A)
apoGRK2 and B) GRK2-CMPD1 with balanol modeled from PDB:3KRW.
CMPD1 and balanol are represented as ball and stick models. CMPD1 is shown
with carbons colored white, nitrogens blue, oxygens red, and fluorines yellow.
Balanol is shown with carbons colored orange. CMPD1 and balanol modeled
into the C) GRK1-ATP (3C4W) and D) GRK6:AMPPnP (2ACX) structures.
CMPD1 docked with E) GRK2 and F) GRK6 kinase domains in closed kinase
conformations. All structures were superimposed using the small lobe of the
GRK2:CMPD1 structure. The red surface coloring represents atoms that are
with 3.5 A of CMPD1 are not involved in obvious hydrogen bond interactions.
The closed kinase conformation for GRK2 was modeled after the activated
structure of PKA (1L3R), and the GRK6 closed conformation is that of the

GRK6-sangivamycin structure (3NYN).

CONCLUSIONS
Crystal structures of protein kinases have provided valuable insights for the
rational design of selective kinase inhibitors. Numerous mechanisms for
achieving inhibitor selectivity have been discovered including the stabilization of
a unique inactive conformation (Gleevec) or targeting a less conserved
hydrophobic pocket (such as the one guarded by the “gatekeeper” residue). Our
crystal structures of GRK2 bound to CMPD1 and CMPD2 reveal that these

inhibitors bind in the active site of GRK2 in its open conformation, much like the
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non-selective AGC kinase inhibitor balanol. All of these inhibitors induce a
similar slight closure of the kinase domain. The binding of balanol to GRK2
induces a 4.0° domain closure, whereas CMPD1 and 2 induce 3.6° and 2.4°
closures, respectively. Interestingly, the degree of domain closure correlates to
the potencies of the inhibitors, suggesting that the affinity is derived from
stabilizing a binding-mode that is related to the degree of domain closure.
Furthermore, selectivity among the GRK family is likely due to different degrees
of domain closure in the inactive, open state of the various GRKs. It would
certainly being interesting to test fragments of CMPDs 1/2 in both
phosphorylation assays and crystallization trials to determine if a particular
pharmacophore could be developed that could be utilized, with additional
structure activity relationships, to develop inhibitors with selectivity more towards

GRK4 subfamilies.
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Chapter 5
Development of a Novel Aptamer Displacement Assay
Targeting the Inactive Conformation of GRK2

BACKGROUND AND PROJECT GOALS

The G protein-Coupled Receptor Kinase (GRK) Family.

GPCR desensitization is initiated by G protein-coupled receptor kinases (GRKSs),
which catalyze the phosphorylation of serine and threonine residues in the
cytoplasmic tails and loops of most, if not all activated GPCRs (75, 195, 196).
These phosphorylated receptors are then bound by molecules of arrestin, which
uncouple the GPCRs from G proteins (7197-199), target the receptors to clathrin-
coated pits for endocytosis (75, 200), and serve as adaptors for other signaling
pathways such as those of the MAP kinases (2071, 202). For example, in visual
phototransduction, the uncoupling of rhodopsin occurs within 80 ms such that
only ~20 G proteins become activated after a single photon is absorbed (203).
GRKs are found in all metazoans and classified into three subfamilies based on
their gene structure and homology. The GRK1 subfamily is vertebrate specific
and consists of GRK1 (rhodopsin kinase) and 7, which are expressed in the rod
and cone cells of the retina. The GRK2 subfamily, consisting of GRK2 and
GRKa3, are ubiquitously expressed. The GRK4 subfamily consists of GRK4, 5

and 6. GRKS5 and 6 are ubiquitously expressed, while GRK4 is found primarily in
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testes and kidneys. All metazoans contain at least one member representing

both the GRK2 and GRK4 subfamilies.

The central, catalytic domain of GRKs is a serine/threonine kinase domain that is
~32% identical in sequence to the catalytic subunit of protein kinase A (PKA) and
is a member of the PKA, PKG and PKC (AGC) family of kinases (204, 205). The
kinase domain consists of two lobes, termed the small (or N) and large (or C)
lobes. ATP binds at the interface of these lobes, adjacent to a shallow canyon
formed primarily by the large lobe where polypeptide substrates bind. The ATP
binding site is highly conserved among all protein kinases, and is the binding site

for all reported inhibitors of GRKs.

Regulatory Role for GRK2 in the Cardiovascular System.

There is ample evidence that GRK2 regulates cardiac p-adrenergic receptors
(BARs). Activation of cardiac pARs causes the opening of calcium channels,
which strengthens and increases the rate of contractions. Removal of GRK2
phosphorylation sites at the carboxyl terminus of the receptor abrogates
desensitization (206), whereas co-expression of $2AR with wild-type GRK2 (207),
but not a kinase-deficient mutant (K220R) of GRK2, enhances desensitization
(208). Furthermore, overexpression of GRK2 in cardiac myocytes leads to
attenuated catecholamine-induced BAR signaling, whereas overexpression of the
C-terminal domain of GRK2 (GRK2ct), which inhibits GRK2 through a dominant

negative mechanism, has the opposite phenotype (7123).
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During congestive heart failure (CHF), uncoupling of BARs from downstream
effectors is observed at early stages, coinciding with increased activity and
expression of GRK2. This event precedes modifications in the expression and
maintenance of 31ARs, G proteins or adenylyl cyclases (209-213). Furthermore,
cardiac-restricted expression of GRK2ct in mouse models of cardiomyopathy
reduces heart failure in these animals (274, 215). For these reasons, GRK2 is
considered an important drug target for the treatment of CHF. Cardiac pARs are
not the only important targets of GRK2. A class of drugs known as f-blockers
(BAR antagonists) is among the most widely prescribed to treat heart disease.
The fact that p-blockers are protective, while overexpression of GRK2, an
endogenous PAR inhibitor, is maladaptive, suggests that GRK2 also broadly
regulates the activity of other important receptor groups in the heart, including o-
adrenergic and angiotensin receptors. GRK2 may also be responsible for
modulating additional pathways that ultimately lead to cardiac failure (2716), such
as stimulating the release of excess catecholamines from adrenal cells (217,

218), which is detrimental to the failing heart.

Known Inhibitors of GRK2

The Uninteresting Inhibifors of GRK2

Benovic et al. reported the first inhibitors of GRK2 in 1989 (219, 220). These
inhibitors were polyanions and included compounds such as heparin, dextran

sulphate, suramin, and even Zn?*, which for obvious reasons represent poor drug
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leads. Numerous non-selective pan-kinase inhibitors are known to inhibit GRK2,
such as staurosporine, tamoxifen, and sangivamycin with ICsy’s ranging from 20
uM to 250 uM (221).. Moderately potent peptide inhibitors of GRKs have also
been described, but these have poor solution properties, low membrane

permeability, and little selectivity among GRKs (222, 223).

Balano/

Balanol is very potent natural product kinase inhibitor that is isolated from the
fungus Verticillium balanoides (224). Balanol inhibits GRK2 with the greatest
potency (Ki ~2 nM), but is a relatively non-selective inhibitor of AGC kinases
(775). Balanol has been the subject of extensive crystallographic studies and
structure activity relationships (SAR) to develop selective inhibitors between PKA

and PKC (177, 190, 225, 226).

The Takeaa Compournds

In 2007, several small molecule inhibitors were described by Takeda
Pharmaceuticals that are both potent and selective against GRK2 (176).
According to the patent, these compounds are cell permeable, and when applied
to isolated perfused heart samples increase left ventricular pressure. Further
experiments in rats revealed that these compounds acutely improve contractive
force and have little effect on heart rate. These compounds thus represent the
first cardiotonic drug that consists of a GRK inhibitor. However, these

compounds are believed to suffer from poor drug properties and were apparently
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dropped from further development. We have solved the crystal structure of two
of these compounds bound in the active site of GRK2, and their structural basis
for selectivity primarily appears to be the stabilization of a distinct inactive kinase

conformation (see Chapter 4).

The C13 RNA Aptarner

Aptamers are oligonucleotides that are selectively amplified from a pool of
randomized sequences based on their ability to bind a specific target. The
resulting affinities and specificities can be similar to monoclonal antibodies (227).
Using this approach, a 51-nucleotide RNA aptamer (C13) that inhibits GRK2
kinase activity with a Kq of 100 nM was reported in 2008 (228). The C13
aptamer showed remarkable specificity for GRK2, exhibiting a ~20-fold higher
ICs0 for GRK5 in activity-based assays, and does not appreciably inhibit other
closely related kinases. Our lab has recently solved a 3.5 A crystal structure of a
slightly modified aptamer bound to the kinase domain of GRK2 (V. Tesmer,
personal communication), which adopts a conformation similar to that seen in
both the balanol and Takeda compound complexes with GRK2 (see Chapter 4).
However, the aptamer also appears to induce rearrangements in the large lobe

of the kinase domain.

A New Approach to Identify Selective Inhibitors of GRK2.
Traditional kinase screening methods are mainly focused on enzyme activity

assays. Because the active site of kinases are typically well conserved this
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creates an assay bias for discovering inhibitors that generally lack selectivity
(229, 230). As Noble et al. (170) so eloquently paraphrased from Anna
Karenina, “all active kinases are alike, but an inactive kinase is inactive after its
own fashion.” Thus, targeting an inactive kinase conformation represents a
greater potential for achieving drug selectivity. Indeed, the crystal structure of
Gleevec bound to the Abl kinase domain revealed that Gleevec locked the kinase
domain into an inactive conformation that even closely related kinases were
unable to adopt (231, 232). Our crystal structure of the C13 aptamer bound to
GRK2 suggests that the aptamer also stabilizes a unique inactive conformation.
Small molecules have been indentified via aptamer displacement assays that
exhibit similar properties as the bound aptamer (232). We hypothesized that
small molecules that can displace the binding of the C13 aptamer could likewise

be selective and lead to a new generation of useful GRK2 inhibitors.

Project Goals

The initial goal of this project is to discover a small set of small molecule probes
that can later be developed into a more potent, selective, and drug-like inhibitor
of GRK2. We anticipate discovering compounds that fall into one of four different
classes or types (7189, 230). Type | inhibitors bind in the active site and occupy
the ATP binding site. Type | inhibitors are generally less selective, but inhibitors
with a potency of 100 nM or better could still be used as SAR leads. Type Il
inhibitors are similar in structure/function to the Takeda compounds and span

both the active site and an additional hydrophobic pocket outside of the active
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site. Type Il inhibitors tend to display greater selectivity profiles and are of
immediate interest if they also display good potency. Type lll inhibitors do not
bind in the active, and are generally less potent than type I/l inhibitors.
However, like type Il inhibitors they tend to have superior selectivity profiles. In
our case, we also define Type IV inhibitors (also referred to as class 2
compounds) which bind to other aptamer binding sites that are not important for
receptor phosphorylation. Assuming these compounds specifically inhibit the
aptamer-GRK2 interaction, they could represent novel leads with additional SAR
and crystallographic studies. We are primarily interested in discovering type Il/IlI
inhibitors, and we believe the RNA aptamer displacement assay will serve as a
novel tool to identify such inhibitors. Overall, the identification of new GRK2
inhibitors, coupled with structure activity relationships and crystal structures of
there compounds in complex with GRK2 will enable a powerful rational drug
design process that will hopefully lead to the generation of a new therapeutic for

the treatment of heart disease.

METHODS

Purification of GRK2
Bovine and human GRK2-S670A was purified as described before (700). The
S670A mutation removes a MAP kinase phosphorylation site, which has no

influence on in vitro kinase activity.
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Preparation of Screening Reagents

RNA Aptamer

The original 51-nucleotide RNA aptamer (C13.51) was truncated at the stem to
create a smaller 28-nucleotide construct (C13.28) with the following RNA
sequence 5-GGCAGACCAUACGGGAGAGAAACUUGCC-3'. The RNA was
fluorescently labeled on the 3’ end with 6-carboxyfluorescein (FAM) and is
referred to as C13.28-FAM. An additional RNA construct consisting of 5’ biotin
label on C13.28-FAM was used as a counter-screen probe and is referred to as
biotin-C13.28-FAM. All RNA reagents were synthesized and purchased from

Integrated DNA Technologies.

FCPIA and High-Through Screening.

Biotinylated GRK2 (bGRK2) was synthesized as described in Chapter 3. FCPIA
and HTS were performed as previously described for Goa,-GRK2 with
modifications. In brief, bGRK2 (5 nM, final concentration) was immobilized onto
streptavidin beads and resuspended in assay buffer consisting of 20 mM HEPES
pH=7.0, 50 mM NaCl, 5 mM MgClz, 1 mM CHAPS, 0.2% lubrol, and 2 mM DTT.
Test compounds were spotted in 0.2 uL of DMSO into individual wells of 384-well
plate that contained 10 uL of assay buffer in each well. Subsequently, 5 uL of
bead bound bGRK2 was added to each well, except for columns 23/24, which
contained blank beads and served as the positive control. Test compounds were
allowed to incubate for at least 15 minutes with bGRK2. We then added 5 uL of

C13.28-FAM to each well at final concentration of 5 nM. Minor modifications
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were made to the HTS protocol for screening against the Chembridge 100k
collection and the MLSCN collection at the University of New Mexico, including
the use of 10 mM NaCl instead of 50 mM NaCl in the assay buffer. Streptavidin
beads were also labeled with 25-50 nM bGRK2 (final concentration), and the final
concentration of C13.28-FAM was 2.0 nM. For the MLSCN screen 100 nM

unlabeled aptamer was used as the positive control.

Phosphorylation Assays

Inhibition of phosphorylation of bovine rod outer segments (bROS; rhodopsin) by
GRK2 was performed as described in Chapter 4 with changes to the ATP
concentration used. In brief, reactions were carried out in a 96-well PCR plate
with 2.0 uM bROS, 25 nM GRK2, varying concentrations of compounds, 3-25 uM
ATP+[y32P-ATP], and quenched at a time point of ~20 min. Phosphorylation of

rhodopsin was analyzed by SDS-PAGE and phosphor-imaging.

RESULTS

FCPIA Measurements of the Aptamer-GRK2 Interaction

Initial measurements of aptamer binding to GRK2 were done via fluorescence
polarization (FP) using a fluorescently labeled 28-nucleotide version of the C13
aptamer (C13.28-FAM), which has a K4 of 2.0 nM (Figure 43A). However, the
signal-to-noise ratio (S/N) using FP was less than 2, which proved to not be

amenable for HTS. Thus, we optimized FCPIA for use with the aptamer, with
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only minor modifications to our original FCPIA protocol. Using FCPIA, we
measured a Ky identical to that determined by FP (Figure 43B). More
importantly, we observed a dramatic increase in the S/N (>10), which allowed us
to use low concentrations of aptamer (2—-5 nM) and produce Z-factors that were

consistently over 0.8.
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Figure 43: Binding of C13.28-FAM to GRK2. A) The binding of RNA aptamer
to GRK2 as measured by FP B) and FCPIA. Both techniques give a K4 value of
2.0 nM. The S/N ratio (at the Kq) for FP and FCPIA is <2 and >10, respectively.
The data shown is mean + SEM values, run in duplicate and representative of

n=3 experiments.

The intent of our high-throughput screen is to discover small molecule inhibitors
that have selectivity profiles similar to the aptamer. The Takeda inhibitors
(CMPD 1 and CMPD 2) represent good examples of compounds we would like to
discover. We tested both of these compounds, along with balanol, in dose-

response titrations against C13.28-GRK2 to ensure that our assay is working as
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intended. Our previous results from phosphorylation assays showed that in
terms of potency balanol > CMPD 1 > CMPD 2. These results qualitatively
matched the results from dose-response titrations against the aptamer (Figure
44). Therefore, our assay is functional in indentifying selective inhibitors of
GRK2 activity. Althoughj, this data also indicates that we will not be able to

directly determine inhibitor selectivity using this assay.
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Figure 44: Inhibition of aptamer binding by known GRK2 inhibitors. Dose-
response titrations of CMPD 1, CMPD 2, balanol, and unlabeled aptamer against
2.0 nM C13.28-FAM. The ICsy values range from 30 nM for CMPD 2 to 0.2 nM

for balanol (n=4, in duplicate).

Primary Screening Results for Aptamer-GRK2
Our initial high-throughput screen tested ~47,000 compounds for activity against
C13.28-GRK2. The Z-factors over the course of the screen were between 0.7

and 0.9 per plate. We triaged the data in collaboration with the CCG and
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MCCSL using hit criteria similar to the Ga,-GRK2 screen. Overall, the triage
resulted in 1,153 compounds being selected for follow-up activity. We tested the
primary screen hits in a confirmation screen that consisted of testing each
compound at 10 uM, in triplicate, and were able to confirm activity for 110
compounds. We then proceeded to test them for activity in follow-up dose-

response titrations and phosphorylation assays.

Elimination of False Positive Primary Screen Hits

We tested our 110 confirmed primary screen hits in dose-response titrations with
a concentration range of 30 nM to 100 uM. Out of the 110 compounds, 86
compounds tested positive for activity with 1Csy values ranging from 2 nM to 5
mM. We also tested all 110 compounds in a single point phosphorylation assay
using 10 uM bROS, 25 nM GRK2, 25 uM ATP, and a compound dose of 50 uM.
Data was normalized to controls consisting of 1% DMSO and 10 uM balanol. Of
the 86 compounds tested, 29 compounds inhibited GRK2 by more than 15%.
We subsequently ranked the 29 compounds by their 1Csy value, percent
inhibition, and vendor availability. Twenty compounds were purchased and came

from either the Maybridge or ChemDiv collections.

Specificity of CCG Compounds on Inhibiting C13.28-FAM/bGRK2.
Ordered compounds were tested for activity in dose-response titrations against
C13.28-FAM/bGRK2 (Figure 45A), Ga43-LARG (data not shown), and biotin-

C13.28-FAM (Figure 45B). Compounds that lacked activity against aptamer-
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GRK2, or displayed activity against either Gay3-LARG or biotin-C13.28-FAM
were eliminated from further consideration. These criteria resulted in 7
compounds that appear to specifically inhibit formation of the aptamer-GRK2
complex (Figure 46). Unfortunately, all of our nanomolar inhibitors that made it to

this point were also active in our counter-screen assay (Ga3-LARG or biotin-

C13.28-FAM).
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Figure 45: CCG compounds specifically active against aptamer-GRK2. A)
Dose-response titrations against 2 nM C13.28-FAM bound to bGRK2. B)
Fluorescent counter-screen using biotin-C13.28-FAM immobilized on beads.
Data is normalized to the positive (blank beads) controls and negative controls
(DMSO), and fit to a four-parameter dose-response curve using Prism 5.0c. ICsg
values and hill-slopes are reported in Table 6. Data shown is mean + SEM

values and is representative of n=3 experiments run in duplicate.
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Figure 46: Chemical structures of active CCG compounds from the
aptamer-GRK2 screen. Compounds labeled in red are listed as red flags in the
Mscreen database, indicating that they contain highly reactive or toxic motifs that

may lead to aberrant results.

Initial Characterization of the Inhibitory Effect of Seven CCG Compounds.

Three compounds (CCG# 46730, 45886, and 41002) were tested in full dose-
response titrations for their ability to inhibit the phosphorylation of rhodopsin
(bROS) by GRK2 (Figure 47). Only CCG-46730 displayed significant activity
with an ICso value of 21 uM (n=3). CCG-41002 only inhibited GRK2 at high

concentrations (500 uM) at which compound solubility and aggregation are more
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likely to be the basis for inhibition (233). It was initially surprising that CCG-
45886 did not inhibit GRK2 activity. However, the compound was also found as
active in a DNA-binding screen run in the CCG indicating that the compound is
likely to be a DNA/RNA intercalater. We recently tested four additional CCG
compounds in a phosphorylation assay against both GRK2 and GRK1 (Table 6).
Although the results are still preliminary, CCG-30825 appears to inhibit both
GRK2 and GRK1 with an ICsg value under 25 uM. The other compounds could
possibly be binding to other aptamer binding sites that are not important for
receptor phosphorylation, and will be tested in an intercalator displacement to

determine if they bind to the RNA aptamer.
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Figure 47: Inhibition of GRK2 activity by CCG-46730. Phosphorylation assay
was carried out with 2 uM bROS, 25 nM GRK2, 3 uM ATP with a 20 minute time
point. The ICsp value for CCG-46730 is ~ 21 uM (n=3). The ICsy for CCG-41002
is well over 200 uM is likely a non-specific inhibitor. The results shown are mean

+ SEM values for one experiment run in duplicate.
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Table 6. Summary of results for CCG compounds that are specifically
active against aptamer-GRK2. NA, not active; ID, indeterminate.

Compound C13.28-GRK2* GRK2 Activity®
CCG# ICso (nM) Hillslope ICso (M)
46730 4.9 -0.7 21
45886 25 -0.6 NA
41002 47 -0.8 > 150 uM
30825 3.4 -0.7 < 25°¢
29224 >100 -0.5 > 25¢
40706 3.8 -1.2 ID®
18318 28 -1.4 NA®

ACompetition FCPIA using 2.0 nM C13.28-FAM. BInhibition of
bROS phosphorylation by GRK2. “Compounds were tested at
concentrations of 25 uM and 250 uM (n=1) against both
GRK2 and GRK1.

Additional HTS Campaigns Against Aptamer-GRK2.

We have recently performed two additional screens against the Aptamer-GRK2
interaction. The first was ~320k compound screen run in collaboration with the
MLSCN at The University of New Mexico. The screen resulted in ~1,700 hits
(0.6% hit rate) using three standard deviations as the cut-off. These compounds
are currently being tested in dose-response titrations. We have also recently
finished screening the 100k ChemDiv collection at the CCG, and are set to test
412 compounds in dose-response titrations (0.4% hit rate after confirmation with

a 20% cutoff).
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DISCUSSION
It is estimated that over 25% of all pharmaceutical drug targets are protein
kinases making them the second largest class of drug targets behind GPCRs
(234). Conventional kinase assays rely on enzymatic reactions were inhibition of
substrate phosphorylation is used a means for target identification. This type of
assay has a bias for indentifying what is described as type | inhibitors (229, 230),
which bind to the ATP binding site and usually target the active state of the
kinase. Selectivity for type | inhibitors is usually low due to the high conservation
of amino acids in the active site. Type Il kinase inhibitors bind in the ATP binding
site, but also extend into a hydrophobic pocket that is created by the inactive
conformation of the kinase (DFG-out). Lower affinity type Ill inhibitors have also
been identified that bind only in the allosteric site (170, 171, 189, 229, 230, 235).
Structural analysis of type Il inhibitors bound to their targets have revealed three
key interactions: 1) a hydrogen bond to the conserved glutamic acid in the aC
helix, 2) a hydrogen bond to the backbone amide of the aspartic acid in the DFG
motif, and 3) a hydrophobic moiety that forms van der Waals interactions with the
allosteric site (789). Our crystal structures of the Takeda compounds (CMPDs
1/2) bound to GRK2 identified these compounds as type Il inhibitors. These
inhibitors display exquisite selectivity towards GRK2, and replicated results from
previous studies showing that inhibition of GRK2 increases contractility of the
heart (776). Overall, the Takeda inhibitors serve as very important proof-of-

concept that a GRK2 inhibitor is a useful cardiotonic drug, however, the inhibitors
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appear to lack properties that will turn it into a useful drug because the patent

seems to be dropped.

To address the needs for a new GRK2 inhibitor, we developed a kinase assay
using FCPIA that utilizes a new discovered RNA aptamer that selectivity inhibits
GRK2 in mechanism that appears analogous to the Takeda compounds. We
believe that displacement of the RNA aptamer by small molecules could lead to
the discovery of a series of novel GRK2 selective inhibitors with type /1l
properties (not excluding the rare possibility of finding a selective type | inhibitor).
We showed in competition assays that known type | (Staurosporine, data not
shown) and type Il inhibitors are capable of displacing the aptamer with ICs
values similar to those derived from phosphorylation assays. Thus, displacement
of the aptamer is valid approach for the detection of kinase inhibitors. The
FCPIA format is well documented for its HTS performance as described in
Chapter 3 and elsewhere (102, 151, 154). The resulting aptamer displacement
assay produces an HTS method that does not rely on an enzymatically active
kinase, and will lead to an enrichment of hits that bind to the inactive kinase

conformation, thereby increasing our odds of finding a selective inhibitor.

To date we have screened almost 500,000 compounds against aptamer-GRK2
with observed Z-factors of ~0.9 demonstrating that our assay is well engineered
for HTS. However, as seen with the Go,-GRK2 screen our HTS campaign

against aptamer-GRK2 using FCPIA is certainly not without problems, most

148



notably a high false positive hit rate. Our initial ~47,000 compound screen
resulted in 1,153 primary screen hits, although it should be noted that defining a
hit rate at this step is somewhat trivial as we adjusted our triage criteria to
produce as many hits as we felt comfortable testing (i.e. 1,200). Out of the 1,153
primary screen hits we had 110 compounds reconfirm activity with 86 having
activity in subsequent dose-response titrations. Out of the 86 compounds only
29 had activity in phosphorylation assays (with a modest cut-off of 15%), and
upon reordering our 20 best hits, only seven compounds specifically inhibit the
aptamer-GRK2 interaction via FCPIA. We are currently following up the activity
of these seven compounds in phosphorylation assays against GRK2 and GRK1.
Currently, CCG-46730 and CCG-30825 represent our best leads with 1Cso values
of less than 25 uM for inhibition of GRK2. The potency of these compounds is
only modest, but they could serve as the starting point for future selectivity
assays, structure activity relationships, and crystallization efforts that could lead
to a more potent inhibitor. Immediate future directions will be primarily focused
on increasing the workflow of our secondary assays and development of a cell-

based tertiary assay.

Overall, the combination of an aptamer displacement assay with FCPIA provides
a simple and reliable approach that can be used to screen for selective small
molecule inhibitors of GRK2 that stabilize the inactive kinase conformation. To

our knowledge the FCPIA aptamer displacement assay is one of only two
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methods (230) currently available that are capable of discovering type Il/IlI

inhibitors in a HTS format.

FUTURE DIRECTIONS
The aptamer-GRK2 project is currently at a stage were we are awaiting the
results for ~2,100 compounds being testing in dose-response titrations against
both C13.28-FAM/bGRK2 and biotin-C13.28-FAM (as a counterscreen). Based
on previous results, we would expect around 10% of the compounds to follow-up
with specific activity. The obvious secondary assay for testing the activity of
subsequent hits is by directly testing them for their ability to inhibit the
phosphorylation of a receptor target (bROS) by GRK2. However, our current
technique is rather tedious (as it is a radiometric assay) when applied to a high-
throughput scale and is limited to testing 4 compounds per day when using full
dose-response curve in duplicate. We plan to optimize the ADP-Glo Kinase
Assay (Promega) for use with GRK2 and GRK1. The ADP-Glo assay is currently
in use at the CCG is very amenable to HTS in a 384-well format. Furthermore,
the assay is already available for over 48 different kinases and will thus be very
useful for kinase profiling. With this assay we could expect to easily test up to 20

compounds per day against 5 different kinases with full dose-response titrations.

We also intend to develop an in vivo assay to test the ability of future inhibitors to
inhibit GRK2 in cells. Kenski et al. utilized a fluorescence flow-cytometry assay

that measures the internalization of an epitope tagged u-opioid receptor in
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HEK293 cells that overexpress GRK2 (236). They show in a very specific
manner that inhibition of GRK2 leads to a significant decrease in the percent
internalization in response to treatment of cells with morphine. Given that the
primary strength of our collaborators in flow cytometry, this assay should prove

quite feasible.

Prepare 20 mg bGRK2 and optimize assay conditions.

Year 1
Year 2
Future Directions
1 1
Begin primary screening process. Optimize multiplex counterscreen, and
Initial cut-off will be 3 standard begin optimization of secondary assays.
deviations from negative controls.

Multiplex counterscreen in a dose-) Begin development and optimization of
response titration format. Follow-up hit p-arrestin recruitment assays.

criteria will be compounds with ICsg
values under 50 uM.

J
( Class 2/3 Compounds: )
Perform fluorescent intercalator
Perform in vitro phosphorylation assays displacement assay. Compounds that
to divide compounds into 2 pools. show activity will be labeled as Class 3
compounds and not further considered.
\. J
4 Class 1 Compounds: A f, N
Begin testing compounds to determine aCrI:!Sf: 2;2::;p°r:ng; v:tlhcb’;:s;d": i’:‘}:
selectivity, mechanism of action, and biolo li’gal acti%/it; P
Lcell-based activity. ) L 9 :

SAR studies on most likely leads.

Active and cell-permeable compounds will
Crystallographic analysis. be tested in animal models of heart failure.

Figure 48: A minimal path flow chart for aptamer-GRK2 project. Class 1
compounds represent compounds that are active in phosphorylation assays, will
then be tested for their ability to bind in the nucleotide binding pocket using an

ADP displacement FP assay. Compounds that bind in the nucleotide binding
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pocket will be termed subclass 1 hits and have a lower priority over compounds
that bind outside the active site (subclass 2). Compounds that do not show
activity in phosphorylation assays will be tested in an intercalator displacement
assay to test for binding against the aptamer. Compounds with activity in the
intercalator assay will be dropped (class 3), and non-active compounds (class 2)

will undergo SAR to try and improve biological activity.
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Chapter 6
Conclusions and Future Studies

Transmembrane signaling through Gag-coupled receptors is linked to
physiological processes such as cardiovascular development, platelet activation,
and smooth muscle function. The classic activity of Gog is activation of the
inositol lipid signaling pathway through PLCB. However, Gag has also been
shown to interact with various downstream signaling proteins including RGS
proteins (RGS2 and RGS4), p63RhoGEF, and GRK2. There is ample evidence
linking RGS2, RGS4, p63RhoGEF, and GRK2 to distinct signaling roles in the
cardiovasculature. For example, RGS2 knockout mice have hypertensive
phenotypes, whereas p63RhoGEF has been implicated in actin cytoskeleton
reorganization in cardiomyocytes. The Gagq-GRK2 interaction is of particular
interest in that GRK2 binds Gagq like an effector protein, suggesting that GRK2
can initiate its own signaling cascade. Furthermore, GRK2 is strongly linked to

heart failure and is considered a major pharmaceutical target.

Overall, this thesis can be divided into two sections, with GRK2 playing a major
role in each. The first half (Chapters 2 and 3) is an investigation of the functional
importance of the protein-protein interactions involved in the Gog signaling
pathway, with emphasis on the Go4-GRK2 interaction. The second half

(Chapters 4 and 5) is aimed at drug discovery towards GRK2 with an emphasis
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on determining the mechanism of selectivity for a family of GRK2 inhibitors, and

development of a novel assay for screening for new inhibitors of GRK2.

Protein-Protein Interactions of the Go4 Signaling Pathway

The Gagq subunit is capable of forming numerous protein interactions with targets
including: the G@y subunit, GPCRs, RGS proteins, PLCf, p63RhoGEF, and
GRK2. Each of these interactions is important in controlling the diverse range
physiological responses mediated by the activity of Gagy. In Chapter 2, we have
shown that ternary complexes can form between Gagy, RGS2/4, and either GRK2
or p63RhoGEF. The formation of these complexes exhibits significant allostery,
similar to the behavior observed in a ternary complex between Goi, PDEy, and
RGS9. The allosteric modulation derived from the formation of these ternary
complexes provides a mechanism where the level of signaling through the Ga

subunit is more finely tuned.

We have also shown that the Gog interaction with GRK2 and p63RhoGEF is
allosterically modulated by RGS2 and RGS4. This data corroborates the
hypothesis that GRK2 is a bona fide effector of Gagy. From this, we hypothesize
that RGS proteins can regulate receptor phosphorylation mediated by GRK2.
This type of novel regulation is interesting in that upregulation of RGS proteins
would discourage GPCR uncoupling and downregulation, and at the same time

suppress Goq signaling. Thus, RGS accelerated GTP hydrolysis would prevent
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Goyq signaling while preserving receptor number and function by inhibiting GRK2

function.

In addition to the phosphorylation of activated GPCRs, GRK2 has been shown to
phosphorylate IRS-1, p38 MAP kinase, and ezrin in response to activation of
Gog-coupled receptors. To date, no signaling pathway has been explicitly linked
to Gog directly activating GRK2. Indeed, both Goay and GRK2 are strongly
implicated in the development of cardiac disease and hypertension. However, it
is unclear if the roles of Goq and GRK2 in cardiovascular pathophysiology are
linked. For example, inhibition of GRK2 produces a beneficial effect towards the
treatment of heart failure. This beneficial effect is quite paradoxical when
considering the protective effect of interrupting B-AR signaling with B-AR
antagonists, suggesting that regulation of other receptors in the heart, such as
the Gag-coupled a-adrenergic and angiotension receptors, by GRK2 could play a
role heart disease. Thus, our goal of Chapter 3 was to run a high-throughput
screen against formation of the Ga-GRK2 complex to try and develop a small
molecule inhibitor against the PPI. Overall, we were largely unsuccessful in
finding a specific small molecule inhibitor of the Gay-GRK2 interaction, further
highlighting the extreme difficulties associated with inhibiting PPIs with small
molecule inhibitors. Whereas further studies could be aimed at screening larger
chemical libraries or perhaps libraries better suited towards inhibiting PPls,
alternative strategies for inhibiting PPIs could prove more fruitful such as the

design of miniature proteins or functional oligonucleotides.
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Nevertheless, investigation of the functional importance of PPls involved in
GPCR signaling pathways remains an exciting area of research, and it will be
critical to gaining a complete understanding of the complex physiology that is
often associated with these pathways. Furthermore, given the regulatory impact
of many of these interactions, the development of small molecule inhibitors that
defeat these interactions could lead to unique and more selective types of

therapeutic intervention.

The Inactive Kinase Conformation of GRK2

Crystal structures of protein kinases have provided valuable insight into the
rational design of selective kinase inhibitors. In Chapter 4, we co-crystallized two
selective kinase inhibitors bound to GRK2. Our crystal structures reveal that
these inhibitors stabilize distinct inactive conformations of the GRK2 kinase
domain that are not accessible to other GRK subfamilies. These unique inactive
states are suggested by prior crystal structures of GRK1 and GRKG6, and likely
result from sequence differences within the kinase domain as well as in the
adjacent RH domain, which plays a scaffolding role in these enzymes. Based on
our crystal structures and homology modeling we identified five amino acids
surrounding the inhibitor-binding site that we hypothesized could also contribute
to inhibitor selectivity. Our biochemical results, however, indicate that these
individual amino acids are not major determinants for inhibitor selectivity among

GRK family members. This is in direct contrast to previous studies, in other AGC
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kinases, that suggest that individual residues of the binding site can play major
roles in dictating selectivity of kinase inhibitor interactions (792). Future studies
aimed at determining crystal structures across the GRK subfamily with different
ligand complexes and crystallization conditions will provide a better molecular
understanding of kinase flexibility and provide the molecular basis for how

selectivity is achieved among the GRK subfamily.

Recently, an RNA aptamer has been discovered that is capable of selectively
inhibiting GRK2 with nanomolar affinity. Preliminary crystallographic data
indicates that the aptamer stabilizes a distinct inactive conformation of the kinase
domain similar to that recognized by the Takeda compounds. In Chapter 5, we
have developed a displacement assay using a related aptamer in the format of a
FCPIA that is currently in use to screen for small molecule inhibitors that bind to
the inactive kinase conformation. Based on the selectivity profiles of the aptamer
and that of the Takeda compounds, we expect to potentially discover GRK2
inhibitors that have similar selectivity profiles. Pending the success of this
screen, the use of enigineered RNA aptamers could become a common tool for

developing selective kinase inhibitors.
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