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ABSTRACT: G protein-coupled receptor kinase 2 (GRK2) is a well-established
therapeutic target for the treatment of heart failure. Herein we identify the selective
serotonin reuptake inhibitor (SSRI) paroxetine as a selective inhibitor of GRK2
activity both in vitro and in living cells. In the crystal structure of the
GRK2·paroxetine−Gβγ complex, paroxetine binds in the active site of GRK2 and
stabilizes the kinase domain in a novel conformation in which a unique regulatory
loop forms part of the ligand binding site. Isolated cardiomyocytes show increased
isoproterenol-induced shortening and contraction amplitude in the presence of
paroxetine, and pretreatment of mice with paroxetine before isoproterenol
significantly increases left ventricular inotropic reserve in vivo with no significant
effect on heart rate. Neither is observed in the presence of the SSRI fluoxetine. Our
structural and functional results validate a widely available drug as a selective
chemical probe for GRK2 and represent a starting point for the rational design of
more potent and specific GRK2 inhibitors.

The speed and strength of myocardial contraction is
regulated by the sympathetic nervous system via the

catecholamine hormones epinephrine and norepinephrine,
which act on β-adrenergic receptors (βARs) to increase
intracellular adenosine 3′,5′-monophosphate (cAMP).1 Pro-
longed sympathetic stimulation of βARs results in receptor
desensitization and uncoupling from heterotrimeric G proteins,
a process initiated by phosphorylation of activated receptors by
G protein-coupled receptor kinases (GRKs).2 Under normal
physiological conditions this system plays a critical role in
maintaining homeostasis of blood supply, as persistent βAR
signaling is detrimental.3−5

One of the defining characteristics of heart failure is
impairment of the myocardial βAR system.6 In the failing
heart, the loss of cardiac output promotes increased levels of
circulating catecholamines, resulting in severe uncoupling of
βARs and a loss of inotropic reserve.7 This desensitization and
uncoupling coincides with a 2−3-fold increase in GRK2 activity
accompanied by an increase in both protein and mRNA
levels.8,9 Studies in mice overexpressing GRK2 in the heart
show attenuation of isoproterenol-stimulated contractility,
reduced cAMP levels, and impaired cardiac function.10 As
such, it has been hypothesized that inhibition of GRK2 function
would be beneficial during heart failure.11 Indeed, studies in
animal models with the GRK2 inhibitory protein, βARKct, or

with cardiac-specific GRK2 gene deletion have shown that
inhibition of GRK2 or lowering expression improves heart
failure outcome.12−16

Consequently, there has been considerable interest in
developing GRK2-selective small molecule inhibitors. The
natural product balanol inhibits GRK2 in the low nanomolar
range but is a nonselective inhibitor of the protein kinase A, G,
and C family (AGC kinases).17,18 Other inhibitors of GRKs
have also been described, but these have either poor potency,19

low selectivity,20 or non-drug-like properties.21 Takeda
Pharmaceuticals, Inc. has developed potent inhibitors selective
for the GRK2/3 subfamily22 that bind in the active site of the
enzyme,23 but these have not advanced to clinical trials.
Recently, an RNA aptamer (C13) was developed that

selectively inhibits GRK2 activity with nanomolar potency.24

Although RNA aptamers are generally not considered to be
viable therapeutics for oral therapy, they can be used to identify
small molecules with similar properties in aptamer-displace-
ment assays.25 Herein, we describe the development of such an
assay by which we discovered that the Food and Drug
Administration (FDA) approved drug paroxetine (Paxil) as a
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relatively potent inhibitor of GRK2 activity both in vitro and in
living cells that exhibits up to 60-fold selectivity over other
GRKs. Crystallographic analysis demonstrated that paroxetine
stabilizes a unique and atypically well-ordered conformation of
GRK2. Furthermore, we showed that paroxetine, but not the
chemically unrelated SSRI fluoxetine (Prozac), increased
contractility in isolated cardiomyocytes and myocardial βAR
inotropic reserve in living mice, consistent with GRK2
inhibition.

■ RESULTS AND DISCUSSION

Discovery of GRK2 Inhibitors by Aptamer Displace-
ment. The crystal structure of GRK2 in complex with a variant
of C13 (C13.28) showed that the aptamer stabilizes the GRK2
kinase domain in a unique conformation by forming extensive
interfaces both within and outside the active site.26 Thus,
compounds that displace C13.28 from GRK2 may also stabilize
a unique state or bind in a non-canonical manner. To measure
aptamer binding to GRK2, we used a bead-based flow

Figure 1. Identification of paroxetine as an inhibitor of GRK2. (a) Schematic of the GRK2−aptamer interaction used in the flow cytometry bead
binding assay. Biotinylated GRK2 (bGRK2) was immobilized to streptavidin-coated beads and bound by a fluorescein-labeled aptamer (C13.28-
FAM). (b) Representative binding and control isotherms for C13.28-FAM and bGRK2, wherein C13.28-FAM exhibited a dissociation constant (Kd)
of 1.5 ± 0.9 nM (n = 11) for bGRK2. (c) Competitive inhibition of C13.28-FAM binding by a panel of known GRK2 inhibitors. Data shown are
representative mean values ± SEM of three or more experiments, performed in duplicate (see Table 1). (d) Primary screen identifying two small
molecule inhibitors of the GRK2−aptamer interaction. Typical screening Z′ factors were ≥0.90 (0.62 for data shown) with 10 μM C13.28 as the
positive control and DMSO as the negative control. Hits (boxed data points) were defined by their ability to decrease the fluorescence intensity
below 3 σ from the negative (i.e., uninhibited) controls. (e) Structures of primary screening hits from the Prestwick Chemical Library. (f)
Confirmation dose−response titrations of P-851 and P-835 against 2.0 nM C13.28-FAM as measured by the flow cytometry bead binding assay. (g)
Changes in melting temperature (Tm) induced by incubation of 200 μM inhibitor or Mg2+·ATP with GRK2. Data shown are representative of three
or more experiments performed in duplicate (f) or triplicate (g).
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cytometry interaction assay that has been previously used to
study protein−protein interactions with GRK227 as a high-
throughput screen (HTS).28 GRK2 was first biotinylated
(bGRK2) and then immobilized on streptavidin-coated micro-
spheres and incubated with fluorescein-labeled C13.28
(C13.28-FAM) (Figure 1a). Compounds that inhibit aptamer
binding can then be identified by their ability to decrease the
fluorescence of the microspheres as they pass through a flow
cytometer.
We first tested the assay against a panel of known GRK

ligands including unlabeled aptamer, ATP, the adenosine
analogue sangivamycin,29 and the Takeda compound 103A
(Figure 1c). The aptamer and 103A were fully efficacious and
potent inhibitors of C13.28-FAM binding (Table 1). ATP and
sangivamycin, however, were able to compete off only 40−70%
of the aptamer, indicating that these lower affinity compounds
(Km of 28 μM for ATP23 and a half-maximum inhibitory
concentration (IC50) of 70 μM for sangivamycin29) are only
capable of partially displacing the aptamer, resulting in an
apparent loss of affinity between GRK2 and C13.28-FAM.
We next screened ∼40,000 compounds using the aptamer

displacement assay at the University of Michigan Center for
Chemical Genomics. Although this screen identified no strong
leads, the assay exhibited excellent statistics (Z′ of 0.8−0.9
based on the positive and negative controls). We additionally
tested our assay against the 1200 compound Prestwick
Chemical Library (Supplementary Table 1), which primarily
contains FDA-approved drugs, at the University of New Mexico
Center for Molecular Discovery. Two hits, paroxetine hydro-
chloride (P-851) and 4-hydroxy-quinone monohydrate (P-835)
were identified (Figure 1d,e).
Paroxetine Binds Directly to GRK2 and Inhibits Kinase

Activity. The potencies of P-835 and P-851 were determined
by competition against 2 nM C13.28-FAM using the flow
cytometry assay. P-835 competed with aptamer binding with a
−log IC50 (pIC50) of 5.5 ± 0.4 and a Hill slope of −1.6. P-851
only partially inhibited aptamer binding (∼70%) with a pIC50
of 4.5 ± 0.2 and a Hill slope of −0.7 (Figure 1f, Table 1). As a
counter screen, the compounds were tested for their ability to
diminish the fluorescence of bead-bound biotinylated C13.28-
FAM (bC13.28-FAM). However, neither compound signifi-
cantly diminished bead-bound fluorescence in this assay
(Supplementary Figure 1).
In the displacement assay, compounds could inhibit by

binding to either GRK2 or the aptamer. To test for direct
binding to GRK2, we utilized a thermal stability assay that
measures the ability of a ligand to increase the melting
temperature (Tm) of a protein (Figure 1g, Table 1). In buffer
alone, GRK2 exhibited a Tm of 37 °C. Addition of 200 μM

Mg2+·ATP induced a 5 °C increase. In comparison, 10 μM
balanol or Takeda compound 103A increased the Tm by 12−19
°C.23 Addition of 200 μM P-835 increased the thermal stability
by only 1 °C, suggesting that if it binds, it does so only weakly.
However, at the same concentration P-851 increased the
thermal stability of GRK2 by 8 °C, indicating that it not only
binds directly to GRK2 but also stabilizes the enzyme to a
greater extent than ATP.
We next tested the ability of P-835 and P-851 to inhibit

GRK2-mediated phosphorylation of light-activated rhodopsin, a
prototypic and readily available GPCR, in rod outer segment
(ROS) membranes. In the presence of 5 μM ATP, only P-851
was able to inhibit GRK2, doing so with a pIC50 of 4.7 ± 0.04
(n = 4; Figure 2a). DMSO alone had no effect (Supplementary
Figure 2a). Given that P-835 had no effect on inhibiting GRK2
kinase activity and only a small effect on GRK2 thermostability,
it was not further studied. Because GRKs can also be inhibited
by blocking their recruitment to membranes,30 we used the
soluble substrate tubulin to directly probe inhibition of catalytic
activity.31,32 Paroxetine inhibited GRK2 phosphorylation of
tubulin with a pIC50 of 5.6 ± 0.07 (Figure 2b, Table 2).

Paroxetine Is a Selective Inhibitor of GRK2. To
characterize the selectivity of P-851 (henceforth referred to as
paroxetine), we tested its ability to thermostabilize GRK1 and
GRK5, representative members of the two other vertebrate
GRK subfamilies.33 Addition of 200 μM ATP increased the Tm

by 18 and 7 °C, respectively, for GRK1 and GRK5. However,
neither 200 μM paroxetine nor P-835 significantly changed the
thermal stability of GRK1 and GRK5 (Figure 1g, Table 1).
Thus, paroxetine selectively thermostabilizes GRK2. We then
tested the ability of paroxetine to inhibit phosphorylation of
ROS by GRK1 and GRK5, determining pIC50 values of 3.5 ±
0.01 (n = 3) and 3.6 ± 0.3 (n = 3), respectively (Figure 2a,
Table 2). Thus, paroxetine exhibits 16- and 13-fold lower
potency toward GRK1 and GRK5, respectively, in this assay.
When tubulin was used as the substrate, paroxetine inhibited
GRK1 and GRK5 activity with pIC50 values of 3.8 ± 0.05 and
3.9 ± 0.06, corresponding to 60- and 50-fold lower potencies
compared to GRK2, respectively.

Paroxetine Inhibits Phosphorylation of the TRH
Receptor by GRK2. We next examined if paroxetine could
inhibit GRK2 activity in HEK293 cells. The thyrotropin-
releasing hormone (TRH) receptor undergoes rapid (t1/2 = 15
s) and quantitative agonist and GRK2-dependent phosphor-
ylation on its cytoplasmic C-terminus.34 Paroxetine inhibited
the initial rate of TRH-dependent phosphorylation almost
completely with an IC50 of ∼30 μM (Figure 2c). Thus,
paroxetine can cross biological membranes and inhibit GRK2-

Table 1. Summary of Ligand Competition and Thermofluor Dataa

competition (2 nM C13.28-FAM) ΔTm (°C)

pIC50 nH n GRK1 GRK2 GRK5

C13.28 9.3 ± 0.5 −0.9 4 ND ND ND
103A 8.6 ± 0.4 −0.8 6 6.2 ± 0.6b 15.5 ± 0.7b 3.6 ± 0.4b

ATP 4.3 ± 0.3 −0.7 4 18.0 ± 1.5 4.9 ± 1.6 7.2 ± 1.1
sangivamycin 5.0 ± 0.3 −1.0 3 ND ND ND
P-835 5.5 ± 0.4 −1.6 4 −0.14 ± 0.1 1.2 ± 0.8 −0.007 ± 0.3
paroxetine 4.5 ± 0.2 −0.7 4 1.5 ± 1.1 7.8 ± 1.1 −0.4 ± 0.3

aValues represent the mean ± SEM of n experiments, performed in duplicate (flow cytometry bead binding) or triplicate (Thermofluor). ΔTm,
change in melting temperature; nH, Hill slope; ND, not determined. With the exception of 103A, ligands in the Thermofluor assay were added to a
final concentration of 200 μM. bPreviously determined.23
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specific phosphorylation of a GPCR at a functionally relevant
site in living cells.
Paroxetine Reorganizes the Active Site of GRK2. To

understand the molecular basis for paroxetine inhibition of
GRK2, we co-crystallized paroxetine with the GRK2−Gβγ
complex and solved its atomic structure using diffraction data
extending to 2.07 Å spacings (Supplementary Table 2,

Supplementary Figure 3a). Paroxetine binds in the active site
of GRK2 in a manner that overlaps the adenosine and ribose
sub-binding sites of ATP (Figure 3a−c).35 In the adenosine
subsite, one of the dioxole oxygens mimics the N1 atom of the
substrate ATP by forming a hydrogen bond with the amide
backbone nitrogen of Met274 (Figure 3b,c). In the ribose
subsite, the secondary amine on the piperidine moiety of
paroxetine contributes to a network of hydrogen bonds formed
by the carboxylic acid of Asp278, the carbonyl oxygen of
Ala321, the carboxamide of Asn322, and a water molecule
(Figure 3b,d). The binding of paroxetine to GRK2 is further
stabilized by an additional 18 nonpolar interactions, with the
fluorophenyl substituent of paroxetine packing into a cavity
formed between residues in the P-loop and the side chains of
Lys220 and Leu222 (Figure 3b, Supplementary Figure 4).
In the GRK2·paroxetine structure, the relative orientation of

the small and large lobes of the kinase domain changes by 3.5°
relative to apo-GRK2, resulting in a conformation distinct from
that observed in prior GRK2 structures (Supplementary Figure
3b). In addition, residues 475−484 within the so-called active
site tether (AST) of GRK2 become ordered in the paroxetine
complex. The AST is a region within the C-terminal tail found
in AGC kinases that passes between the large and small lobes
and typically becomes ordered when the kinase domain exhibits
a more active conformation. Because it contributes directly to
the active site, it is thought to be a potential locus for regulatory
control.36 Residues 471−477 of the GRK2 AST adopt a
conformation similar to that of the analogous residues of GRK6
(466−472) when in complex with sangivamycin.37 However,
the remaining visible residues of the GRK2 AST (residues
478−484), which diverge in sequence and structure from those
of GRK6, pack between the small and large lobes. Residues
480−482 extend the β-sheet of the small lobe via backbone
hydrogen bonds with Arg199 and pack on top of the central
piperidine ring of paroxetine (Figure 3e). Preceding these
residues, Ala479 seems to make a key anchoring interaction by
packing against Tyr281 in the αD helix and forming a hydrogen
bond with the backbone amide of Asp278, just C-terminal to
the hinge of the kinase domain (Figure 3d).

Analogues of Paroxetine Bind with Predictably Lower
Affinity to GRK2. On the basis of the GRK2·paroxetine−Gβγ
structure, loss of fluorine in defluoro paroxetine was predicted
to reduce the affinity of paroxetine for GRK2 through the loss
of multiple hydrophobic interactions (Figure 3a,b), whereas the
loss of a methylene in desmethylene paroxetine was predicted
to potentially reduce favorable van der Waals interactions in the
adenine subsite (Figure 3b,c; Supplementary Figure 5a). Both
paroxetine derivatives exhibited a significant loss in their ability
to thermostabilize GRK2 and exhibited diminished binding
affinity (Supplementary Figure 5b,c). Defluoro and des-
methylene paroxetine had 5−8-fold and 2.5−3.5-fold decreases
in pIC50, respectively, depending on the substrate (Supple-
mentary Table 3).

Figure 2. Paroxetine inhibits GRK2 activity in vitro and in living cells.
Inhibition of GRK1-, GRK2-, and GRK5-mediated phosphorylation of
(a) 500 nM bovine rod outer segments (ROS) or (b) 500 nM tubulin
in the presence of 5 μM ATP. (c) Inhibition of GRK2-dependent
phosphorylation of the thyrotropin-releasing hormone receptor
(TRHR) by paroxetine. HEK293 cells were incubated for 45 min
with indicated concentration of inhibitor and then stimulated with
TRH for 15 s, and agonist-dependent phosphorylation was evaluated
using a phospho-site-specific antibody.34 Data points are the
representative (panels a and b) or pooled (panel c) mean ± SEM
values from three or more experiments performed in duplicate or
triplicate.

Table 2. Selectivity of Paroxetine for Representative GRK Subfamily Membersa

GRK1 GRK2 GRK5

pIC50 nH n pIC50 nH n pIC50 nH n

ROS 3.5 ± 0.07 −2.0 3 4.7 ± 0.04 −1.0 4 3.6 ± 0.3 −3.6 3
tubulin 3.8 ± 0.05 −3.4 2 5.6 ± 0.07 −1.1 2 3.9 ± 0.06 −1.3 2

aValues represent the average pIC50 ± SEM of n experiments and Hill slopes (nH) for inhibition of GRK-mediated phosphorylation by paroxetine,
performed in duplicate using 5 μM ATP and 500 nM bovine rhodopsin (ROS) or tubulin as substrates.
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Paroxetine Increases Myocardial Contractility.We next
examined whether paroxetine could affect the activity of GRK2
in a physiologically relevant system by testing if paroxetine
could influence isolated adult mouse ventricular myocyte
contractility at baseline and in response to βAR stimulation.
Compared to untreated cells, isoproterenol significantly
enhanced sarcomere shortening and contraction amplitude,
demonstrating a normal response to βAR agonism (Figure
4a,b). Interestingly, pretreatment of the cells with 10 μM
paroxetine for 10 min did not alter baseline myocyte functional
parameters or shape and significantly potentiated the
isoproterenol effects on contractility compared to isoproterenol
alone (Figure 4c, Table 3). These data are consistent with
effects of other GRK2 inhibitors in myocytes, either via βARKct
expression38 or pretreatment with M119, a compound recently
shown to disrupt Gβγ-mediated GRK2 membrane translocation
and activity.39

We then tested the effects of paroxetine on in vivo cardiac
inotropy in wild-type mice (Figure 5a). Using catheter-
mediated hemodynamic measurements we found that IV
injection of 10 mg kg−1 paroxetine to mice produced a small
immediate increase in left ventricular (LV) dP/dt, a measure-
ment of cardiac contractility, but more importantly, a significant
increased response to isoproterenol was evident, shifting the
βAR-mediated inotropy dose−response curve (Figure 5b,c).
Importantly, no significant change in heart rate was seen
(Figure 5d), which has also been observed in vivo with βARKct
expression.10,16 Therefore, application of paroxetine to

myocytes in culture and in vivo can increase βAR-mediated
contractility, consistent with direct GRK2 inhibition.

Fluoxetine Does Not Inhibit GRK2 Activity or Myocyte
Contractility. We next tested if the chemically unrelated SSRI
fluoxetine could elicit the same effects as paroxetine. Fluoxetine
did not inhibit ROS phosphorylation by GRK2 (Supplementary
Figure 2b) and had negligible effects in the cardiomyocyte
contractility assay (Supplementary Table 4). Furthermore,
fluoxetine also had no effect on in vivo βAR-mediated cardiac
contractility when mice were pretreated with the drug
(Supplementary Figure 6). Thus, the enhancement of cardiac
contractility by paroxetine is not likely due to its ability to
inhibit serotonin reuptake.

Discussion. Over the past 20 years, major attention has
been focused on developing highly selective kinase inhibitors,
an area that now accounts for over 25% of all pharmaceutical
drug targets.40 Conventional drug discovery programs have
aimed at developing kinase inhibitors based on enzymatic
reactions, which are prone to discovering non-selective ATP
competitive inhibitors because the assay is designed to target
the highly conserved protein kinase active site.41 The discovery
of a RNA aptamer, which selectively inhibits GRK2 with
nanomolar affinity by stabilizing a unique inactive conforma-
tion,24,26 has allowed us to perform an orthogonal screen in
which we could potentially identify similarly selective
compounds that bind to GRK2 in a non-canonical way or
stabilize unique states incompatible with aptamer binding.
Our preliminary screens identified paroxetine, one of the

most potent SSRIs, as an inhibitor of GRK2, with up to 60-fold

Figure 3. Atomic structure of the GRK2·paroxetine−Gβγ complex. (a) Stereoview of paroxetine bound in the active site of GRK2. Electron density
from an m|Fo| − D|Fc| omit map contoured at 3 σ is shown as a green cage. (b) Schematic of GRK2 interactions with paroxetine. Residues that form
hydrogen bonds (dashed lines) with paroxetine are shown in ball-and-stick representation with the interatomic distances shown in Å. Residues
forming van der Waal interactions with paroxetine are shown as labeled arcs with radial spokes that point toward the ligand atoms they interact with.
(c and d) Interactions of paroxetine with residues forming the adenine and ribose subsites, respectively. (e) Paroxetine binding stabilizes the AST
region of GRK2, which contacts the inhibitor and interacts with the phosphate-binding loop (P-loop). Carbons for GRK2 and paroxetine are shown
in slate and white, respectively. Nitrogens are colored cyan, oxygens red, and sulfur and fluorine yellow.
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selectivity over other GRK subfamilies. Direct binding to GRK2
was verified via shifts in its thermostability and by inhibition of
ROS and tubulin phosphorylation in vitro. Effectiveness in
living cells was demonstrated by the ability of paroxetine to
inhibit GRK2-specific phosphorylation of the TRH receptor
and to enhance contractility in isolated murine cardiomyocytes
as well as in mice. Another SSRI with a different chemical
scaffold, fluoxetine, had no effect in our in vitro kinase assays or
on myocyte contractility ex vivo or in vivo. These data all
indicate that paroxetine is not only a highly potent SSRI but
also an effective inhibitor of GPCR phosphorylation and
desensitization via direct binding to GRK2.

We also determined the crystallographic structure of the
GRK2·paroxetine−Gβγ complex. Paroxetine interacts with the
active site of the kinase in a manner that overlaps with the ATP
binding site and stabilizes a conformation of GRK2 that has not
been previously observed. Despite the fact that the AST of
GRK2 is partially ordered in this structure, it is unlikely to
represent an active configuration of GRK2 because the small
and large lobes, and hence its catalytic machinery, are still
misaligned from what is expected to be their active
configuration.37 This novel conformation of GRK2, in which
nonconserved residues from the AST contribute to the ligand
binding site, is likely responsible for the large observed ΔTm

upon ligand binding compared to other GRKs as well as to its
selectivity. Thus, the structure represents a unique scaffold for
the rational design of selective drugs for GRK2, based on either
the paroxetine scaffold or on other classes of inhibitors that can
stabilize the same state. Notably, paroxetine is a relatively small
drug (329.3 Da) that could readily be modified and still retain
drug-like properties.
Interestingly, paroxetine was an 8-fold more potent inhibitor

of tubulin phosphorylation than of ROS. Previous studies
suggest that activated rhodopsin and other receptors allosteri-
cally activate GRK242 by inducing a conformational change in
the kinase domain that aligns the catalytic machinery.37 Thus,
an explanation for the observed difference in potency could be
that when GRK2 is recruited to the membrane and interacts
with receptors, its conformation is less compatible with
paroxetine binding. In comparison, tubulin is a relatively
inefficient substrate and is not expected to exert the same
allosteric effect on GRK2.32 This hypothesis is consistent with

Figure 4. Paroxetine enhances βAR-mediated cardiomyocyte contractility in vitro. (a) Representative contraction tracings of single adult ventricular
cardiomyocytes showing shortening with a basal twitch and after isoproterenol (Iso) stimulation, and then representative cell shortening basally and
after Iso with paroxetine pretreatment. (b) Quantitation of maximal single myocyte contraction amplitude under corresponding conditions. * P <
0.05 vs baseline; ** P < 0.05 vs Iso alone; n = 18 myocytes in each condition. (c) Paroxetine treatment significantly increased the percent Iso-
mediated change in myocyte contractility. * P < 0.05 paroxetine (plus Iso) vs control (Iso alone).

Table 3. Paroxetine Enhances βAR-Mediated Cardiomyocyte
Contractilitya

control paroxetine P-value

Baseline before Isoproterenol
max contraction amplitude
(% cell length)

4.6 ± 0.4 4.5 ± 0.4 0.988

max shortening velocity
(μm s−1)

−0.81 ± 0.07 −0.77 ± 0.09 0.725

max relengthening velocity
(μm s−1)

0.60 ± 0.07 0.58 ± 0.08 0.834

half-time of relaxation
(ms)

54.1 ± 3.1 65.9 ± 7.3 0.143

After Isoproterenol
max contraction amplitude
(% cell length)

12.3 ± 0.7 15.8 ± 1.3 0.0191

% increase in contraction
amplitude

180.9 ± 13.8 260.2 ± 19.0 0.0018

aValues represent the mean ± SEM for n = 18 cardiomyocytes.
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the observation that the structure of the GRK2·paroxetine
complex does not seem to be catalytically competent.
Paroxetine has been on the market since 1992. Steady state

blood plasma levels of the drug in healthy male adults is
estimated to be 125 nM,43 which is 1−2 log units below the
pIC50 we measure for inhibition of GRK2 activity. However,
only 1% remains in the plasma, and the drug widely distributes
throughout the body, including the CNS, where local
concentrations of the drug could be higher. The use of
paroxetine has not been correlated with large cardiovascular
changes, although there have been reports of increased
cardiovascular defects in newborns whose mothers were taking
paroxetine,44 leading to a black box warning and pregnancy
category D labeling. Indeed, deficiency in GRK2 is well-known
for embryonic lethal cardiovascular defects in mice,45 but the
causal relationship between these two observations is not
known. Studies on improvement in heart function in patients
treated with paroxetine are not obvious from the literature,
except that paroxetine use in depressed patients has not led to
significant cardiotoxic events.46,47 However, our current results
would seem to warrant a clinical study to assess heart failure
outcomes in patients that receive paroxetine for depression,
especially in comparison with heart failure patients treated with
other SSRIs.
In summary, we have used a novel HTS strategy for

identifying a kinase inhibitor in which compounds were
selected for their ability to displace a selective RNA aptamer
from GRK2. This approach has identified paroxetine as a
selective inhibitor of GRK2 that functions both in vitro and in

vivo. Our data indicates that future, more potent variants of
paroxetine, or novel chemicals modeled into the novel
conformation of the GRK2·paroxetine complex, have great
potential as unique chemical probes and, ultimately, as new
therapeutic leads for the treatment of heart failure.

■ METHODS
Purification of Recombinant Proteins. Human GRK2-S670A

and C-terminal hexahistidine tagged bovine GRK1535 and GRK5561
were expressed and purified as previously described.23 Soluble bovine
Gβ1γ2C68S, which lacks the geranylgeranylation site at the C-terminus
of Gγ2, was also expressed and purified as previously described.48

Flow Cytometry Based Bead Binding Assay. The assay was
performed on an Accuri C6 flow cytometer equipped with a HyperCyt
Autosampler as previously described,27 but with modifications as
described in Supplementary Methods.

HTS. High-throughput screening against the GRK2−aptamer
interaction was carried out at the Center for Chemical Genomics
(University of Michigan) and at the University of New Mexico Center
for Molecular Discovery, as previously described.28

Phosphorylation Assays. GRK-mediated phosphorylation of
light-activated bovine rod outer segments (ROS), or cuttlefish Sepia
rhodopsin in cholate insoluble membranes, was performed essentially
as previously described with 10 nM GRK, 100 μM ATP, and 5 μM
ROS or 5 μM ATP and 500 nM ROS in the bovine rhodopsin
reactions and with 50 nM GRK2, 100 μM ATP, and 20 μM rhodopsin
in the Sepia reactions.23 Phosphorylation of tubulin was performed
analogously with 50 nM GRK, 5 μM ATP, and 500 nM tubulin. GRKs
were incubated with increasing concentrations of paroxetine or
paroxetine analogues (from 100 mM stock solutions in 100%

Figure 5. Paroxetine increases βAR-mediated in vivo cardiac contractility but does not affect heart rate. In vivo cardiac hemodynamic function was
determined using Millar catheterization at 1 h after treatment by phospho-buffered saline (PBS) or paroxetine (10 mg kg−1). (a) Representative
original left ventricular (LV) DP/dt data acquired from PBS or paroxetine pretreated groups in response to increasing doses of isoproterenol (0.1−
1.0 ng per mouse) (dotted lines). (b) The mean ± SEM of baseline (B) and isoproterenol dose response (in ng per mouse) of maximal LV +dP/dt
(+DP/dt). * P < 0.05 paroxetine vs PBS (ANOVA), n = 14 and 10 mice per group, respectively. (c) Mean ± SEM of baseline (B) and isoproterenol
dose response of minimal LV −dP/dt (+DP/dt) as a measure of cardiac relaxation. * P < 0.05 Paroxetine vs PBS (ANOVA), n = 6−9 mice per
group. (d) Heart rate (HR) values (mean ± SEM) of mice at baseline (B) and after isoproterenol.
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DMSO) for at least 30 min prior to starting the reaction with ATP.
Data were analyzed as described in the Supplementary Methods.
Crystallization and Structure Determination. Human GRK2

(1.9 mg) and bovine Gβ1γ2C68S (1.5 mg) were gel filtered into 20
mM HEPES pH 8.0, 50 mM NaCl, 5 mM MgCl2, and 2 mM DTT and
then mixed together and concentrated to 8 mg mL−1. Paroxetine was
dissolved in the gel filtration buffer at a concentration of 15 mM and
added to GRK2−Gβ1γ2C68S at final concentration of 1 mM.
GRK2·paroxetine−Gβ1γ2C68S was crystallized by the hanging drop
method at 4 °C. Diffraction data was collected at the Advanced
Photon Source at LS-CAT beamline 21-ID-F. Diffraction data was
observed out to 2.07 Å spacings and was anisotropic (Supplementary
Table 2). The final model includes residues 30−484, 494−568, and
576−668 of GRK2, 2−340 of Gβ1, and 8−64 of Gγ2. The atomic
model and structure factors have been deposited with the Protein Data
Bank as entry 3V5W.
Myocyte Shortening Measurements. Cardiac myocytes were

isolated from LV free wall and septum of C57/Bl6 mice as described.49

All cells were used within 2−8 h of isolation. Myocytes were plated on
laminin-coated coverslips and were bathed in HEPES-buffered (20
mM, pH 7.4) medium 199 containing 1.8 mM extracellular Ca2+.
When recording, coverslips containing myocytes were mounted in the
Dvorak-Stotler chamber and bathed in 0.7 mL of fresh medium. Cells
were paced at 1 Hz and imaged with a variable field-rate camera (Zeiss
IM35, Ionoptix) by both edge detection and sarcomere length. Peak
contraction was measured as the percentage of cell shortening. Cells
were treated with isoproterenol (Iso, 0.2 μM) for 2 min for the
recording of contraction, with pretreatment of either PBS as vehicle or
paroxetine (10 μM) for 10 min.49

In Vivo Hemodynamic Measurements. In vivo cardiac
hemodynamic function in C57/B6 mice was assessed 1 h after
intraperitoneal injection of either phospho-buffered saline (PBS, n =
10) or paroxetine (10 mg kg−1, n = 14). In a separate study, mice
received PBS (n = 4) or fluoxetine (10 mg kg−1, n = 4) 1 h before
catheterization. The physiological operator was blinded to the
pretreatment groups. Mice were anesthetized with 2% Avertin, and
the right common carotid artery was isolated and cannulated with 1.4
French micromanometer (Millar Instruments) as we have described
previously.50 LV pressure, LV end-diastolic pressure (LVEDP), and
heart rate (HR) were measured by this catheter advanced into the LV
cavity, and data were recorded and analyzed on a PowerLab System
(AD Instruments Pty Ltd.). These parameters as well as maximal
values of the instantaneous first derivative of LV pressure (+dP/dtmax,
as a measure of cardiac contractility) and minimum values of the
instantaneous first derivative of LV pressure (−dP/dtmin, as a measure
of cardiac relaxation) were recorded at baseline and after
administration of the βAR agonist, isoproterenol (Iso, 0.1−10 ng) as
described.50 Dose−response curves from the various groups were
statistically analyzed by a repeated measures ANOVA.
Accession Codes. The atomic model and structure factors for

GRK2·paroxetine−Gβ1γ2C68S have been deposited with the Protein
Data Bank as entry 3V5W.
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