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Summary
Signal transduction through G protein-coupled receptors (GPCRs) is regulated by receptor
desensitization and internalization that follow agonist stimulation. Nitric oxide (NO) can influence
these processes, but the cellular source of NO bioactivity and the effects of NO on GPCR-mediated
signal transduction are incompletely understood. Here we show in cells and mice that β-arrestin 2,
a central element in GPCR trafficking, interacts with and is S-nitrosylated at a single cysteine by
endothelial NO synthase (eNOS) and that S-nitrosylation of β-arrestin 2 is promoted by endogenous
S-nitrosogluthathione. S-nitrosylation following agonist stimulation of the β-adrenergic receptor, a
prototypical GPCR, dissociates eNOS from β-arrestin 2 and promotes binding of β-arrestin 2 to
clathrin heavy chain/β-adaptin, thereby accelerating receptor internalization. The agonist-and NO-
dependent shift in the affiliations of β-arrestin 2 is followed by denitrosylation. Thus, β-arrestin
subserves functional coupling of eNOS and GPCRs, and dynamic S-nitrosylation/denitrosylation of
β-arrestin 2 regulates stimulus-induced GPCR trafficking.

Introduction
G protein-coupled receptors (GPCRs), characterized structurally by seven transmembrane
spans, comprise the largest family of ligand-activated plasma membrane receptors and
transduce a broad range of cellular signals, in large part through the activation of heterotrimeric
guanosine triphosphate-binding proteins (G-proteins) (Drake et al., 2006; Pierce et al., 2002;
Reiter and Lefkowitz, 2006). Transduction through most or all GPCRs is regulated by agonist-
induced desensitization, in which receptors are functionally uncoupled from G-protein
activation, and by internalization, in which receptors undergo endocytosis followed by
recycling or degradation (Drake et al., 2006; Reiter and Lefkowitz, 2006). The scaffolding
protein β-arrestin (β-arrestin 1 and β-arrestin 2) serves as an essential element in those
processes. β-arrestin is recruited to and binds the activated conformation of GPCRs, where it
sterically inhibits coupling of GPCRs and G-proteins, and serves as an adaptor to link GPCRs
to nascent clathrin-based endocytotic vesicles (Drake et al., 2006; Reiter and Lefkowitz,
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2006), whose scission from the plasma membrane is controlled by the large GTPase dynamin
(Sweitzer and Hinshaw, 1998).

The ligand-induced association of β-arrestin and the β-adrenergic receptor (β-AR), a prototypic
GPCR, is dependent upon receptor phosphorylation by the G protein-coupled receptor kinases
(GRKs) (Drake et al., 2006; Reiter and Lefkowitz, 2006), and GPCR desensitization and
internalization are also regulated by additional post-translational modifications of both GPCRs
and β-arrestin, including ubiquitination (Shenoy et al., 2001) and phosphorylation (Lin et al.,
2002; Lin et al., 1997; Lin et al., 1999). It is important to note, however, that whereas regulation
of the interaction between β-arrestin and GPCR by agonist-stimulated posttranslational
modification has been relatively well-characterized, far less is known about regulation of the
interaction of β-arrestin with the molecular constituents of the endocytotic machinery (in
particular, clathrin and AP2).

It is well-established that numerous GPCRs are coupled functionally to endothelial nitric oxide
(NO) synthase (eNOS, NOS3) (Dudzinski et al., 2006), and accumulating evidence (Adam et
al., 1999; Kokkola et al., 2005; Leclerc et al., 2006; Nozik-Grayck et al., 2006; Wang et al.,
2006) suggests that NO may provide a newly appreciated regulatory influence on
desensitization and internalization by modulating the function of GPCR-related proteins
through S-nitrosylation (Hess et al., 2005). In particular, it has been shown recently that
activation of the β-AR results in dynamic S-nitrosylation of both GRK2 (Whalen et al.,
2007) and dynamin (Wang et al., 2006), with consequent effects on receptor internalization. It
is of note, however, that the effects of S-nitrosylation on proximal (GRK2) and distal (dynamin)
elements of the internalization pathway are antipathetic, and mechanisms by which eNOS or
NO might coordinately regulate internalization are not known. Moreover, β-arrestin-regulated
GPCR trafficking, as exemplified in the case of the β-AR, is directed primarily through clathrin-
mediated rather than caveolar-based pathways (Drake et al., 2006; Reiter and Lefkowitz,
2006), whereas eNOS is thought to reside primarily in caveolae through association with the
scaffolding protein caveolin (Dudzinski et al., 2006). It is unclear, therefore, how NO might
precisely target functionally related elements to regulate GPCR internalization (Whalen et al.,
2007). Here we demonstrate that an important locus of action of NO in the control of clathrin-
based receptor trafficking is in fact β-arrestin itself.

Results
S-nitrosylation of β-arrestin 2 by S-nitroso-cysteine and by eNOS

Following treatment of human embryonic kidney (HEK) cells transiently overexpressing
rodent β-arrestin 2 with S-nitroso-cysteine (SNO-Cys), a cell permeable S-nitrosylating
compound (and a precursor of intracellular S-nitroso-glutathione (GSNO))(Sandmann et al.,
2005), S-nitrosylated β-arrestin 2 (SNO-β-arrestin 2) was detected in cell lysates with the
biotin-switch assay (Jaffrey and Snyder, 2001) (Fig. 1A). We then asked whether β-arrestin 2
can be S-nitrosylated by endogenously generated NO and whether β-arrestin 1 is also
susceptible to S-nitrosylation. In HEK cells stably overexpressing eNOS (HEK-eNOS) and
transiently overexpressing β-arrestin 2 or β-arrestin 1, substantial S-nitrosylation of β-arrestin
2 was detected, which could be augmented modestly (~2-fold) by the addition of exogenous
SNO-Cys (Suppl Fig. 1A, B), whereas modification of β-arrestin 1 was negligible (SNO-β-
arrestin 1 levels are ~6% of SNO-β-arrestin 2 levels) (Fig 1B).

We next carried out a mutational analysis to localize the site(s) of S-nitrosylation within β-
arrestin 2. Rodent β-arrestin 2 possesses ten Cys residues, three of which are not shared in the
sequence of β-arrestin 1: Cys17 (numbering according to the rat sequence), Cys405 and Cys410
(C-terminal). In β-arrestin 1 the phosphorylation state of a C-terminus Ser residue (not present
in β-arrestin 2) influences GPCR internalization (Lin et al., 2002; Lin et al., 1997; Lin et al.,
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1999); Cys410 is similarly placed in β-arrestin 2. Moreover, Cys410 (Cys409 in the human
sequence) but not Cys405 is conserved in mammalian β-arrestin 2. C405A and C410A mutants
of rat β-arrestin 2 were generated and expressed in HEK-eNOS cells. The C410A mutation
virtually eliminated S-nitrosylation by eNOS, whereas S-nitrosylation of the C405A form was
indistinguishable from wild-type (Fig. 1C, D). In addition, stimulation of HEK-eNOS cells
with the β2-AR agonist isoproterenol resulted in marked denitrosylation of β-arrestin 2 by 20
min (Fig. 1E, F), which could be blocked with the β-antagonist, propranolol, or the inverse
agonist ICI 118,551 (Fig. 1G, H), whereas high basal levels of S-nitrosylation were unchanged
by isoproterenol, antagonist or inverse agonist at earlier time points (Suppl. Fig. 2A–D). These
data suggest that eNOS-dependent S-nitrosylation of C410 can be regulated by GPCR
stimulation.

We next examined whether β-arrestin 2 is S-nitrosylated in a more physiological context.
Exposure of human umbilical vein endothelial cells (HUVECs) and HEK cells transiently over-
expressing eNOS to isoproterenol resulted in the S-nitrosylation of endogenous β-arrestin 2
(Fig. 1I–L). Robust S-nitrosylation after 10 min of stimulation declined to very low, basal levels
by 20 min, even in the maintained presence of isoproterenol (Fig. 1I-L). Therefore, in both
endothelial cells, and HEK cells transiently overexpressing eNOS (i.e. cells exhibiting low
basal levels of β-arrestin S-nitrosylation), we observed agonist-induced S-nitrosylation of β-
arrestin 2, followed by denitrosylation.

Interaction of β-arrestin 2 and eNOS
The substrate specificity of protein S-nitrosylation is thought to be conferred in part by protein-
protein interactions that place NOSs in close contiguity with target proteins (Hess et al.,
2005). eNOS and β-arrestin 2 co-immunoprecipitated from extracts of HEK-eNOS cells
transiently overexpressing β-arrestin 2 (Fig. 2A, B), and in vitro binding assays using purified
β-arrestin 2 and recombinant eNOS confirmed an interaction (Fig. 2C–G); binding isotherms
revealed apparent Kd’s of 50–100nM (Fig. 2D–G), with an eNOS: β-arrestin 2 stoichiometry
of 1:1 at saturation (Fig. 2F, G), suggesting a direct interaction.

To map the eNOS-binding region of β-arrestin 2, several truncated forms of β-arrestin 2 were
generated and transfected into HEK-eNOS cells (Fig. 2H–J). The truncated forms of β-arrestin
2 containing the C-terminal amino acids 160–410 or 320–410 interacted with eNOS with
efficiency equal to or slightly greater than wild-type β-arrestin 2 by co-immunoprecipitation,
whereas the interaction of eNOS with the N-terminal (1–180) residues or N-terminus (1–80)
was substantially greater than wild type (Fig. 2H–J). It is of note that the N-and C-terminal
domains of β-arrestin 2 are in juxtaposition within the resting protein conformation (Xiao et
al., 2004). Collectively, these and the above results support the likelihood that eNOS interacts
with the N-terminus of β-arrestin 2, but that the C-terminal domain may also be involved.

One mechanism through which S-nitrosylation modulates or mediates cellular signal
transduction is the regulation of protein-protein interactions (Hara et al., 2005; Hess et al.,
2005; Matsumoto et al., 2003; Rizzo and Piston, 2003). We examined the role of S-nitrosylation
in regulating the interaction of β-arrestin 2 and eNOS. As illustrated in Fig. 3, the extent of co-
immunoprecipitation of β-arrestin 2 and eNOS from extracts of HEK-eNOS cells transfected
with β-arrestin 2 (as in Fig. 2A, B) was decreased significantly by prior treatment of intact cells
with SNO-Cys (Fig. 3A, B), under conditions that result in S-nitrosylation of β-arrestin 2 (as
in Fig. 1A and Suppl. Fig. 1A, B). Further, inhibiting NO production by eNOS with L-nitro-
arginine methyl ester (L-NAME) significantly increased the efficacy of co-
immunoprecipitation (whereas the inactive isomer D-NAME had no effect) (Fig. 3A, B).
Conversely, activation of β-ARs by isoproterenol significantly decreased the extent of
interaction between β-arrestin 2 and eNOS, and this decrease was inhibited with L-NAME
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(Fig. 3A, B). Taken together, these results indicate that S-nitrosylation of β-arrestin 2
consequent upon β 2AR stimulation inhibits the interaction of β-arrestin 2 and eNOS.

Subcellular fractionation (HEK-eNOS cells and HUVECs) verified the predicted predominant
cellular localizations of β-arrestin 2 (cytosol) and eNOS (membrane) (Suppl. Fig. 3A, B), but
showed further that each protein co-immunoprecipitated with the other from either fraction
(Suppl. Fig. 3A, B). Thus, eNOS and β-arrestin 2 evidently can interact at both membranes
and cytosol under basal conditions.

S-nitrosylation of β-arrestin 2 coordinately regulates protein-protein interactions
The routing of GPCRs into the clathrin-based endocytotic pathway is mediated by direct
interactions of receptor-bound β-arrestin 2 with the clathrin heavy chain (HC) (Goodman et
al., 1996) and with the clathrin-interacting β2 subunit of the heterotetrameric AP2 adaptor
protein (β-adaptin) (Laporte et al., 1999). Therefore, we examined the effects of eNOS-derived
NO on the interaction of β-arrestin 2 with endogenous clathrin HC and β-adaptin in HEK-
eNOS cells and in wild-type HEK cells. Wild type HEK cells are known to express lower levels
of NOS ((Lin et al., 2004) and Suppl. Fig. 4A, B) and are thus more amenable to eNOS
knockdown with siRNA.

In HEK-eNOS cells, each form of β-arrestin 2 (wild type, C405A and C410A) co-
immunoprecipitated with both clathrin HC and β-adaptin (Fig. 4A). L-NAME greatly reduced
the extent of interaction between clathrin HC/β-adaptin and both wild-type and C405A β-
arrestin 2, but had no effect on the interaction with C410A β-arrestin 2 (Fig. 4A, B). Consistent
with these results, silencing of eNOS with siRNA in wild-type HEK cells significantly reduced
the extent of interaction of clathrin/AP-2 with wild-type β-arrestin 2, but had no effect on the
interaction of clathrin/AP-2 with C410A β-arrestin 2 (Fig. 4C, D and Suppl. Fig. 4B). These
results indicate that S-nitrosylation of Cys410 potentiates the interaction of β-arrestin 2 with
clathrin HC/β-adaptin, in striking contrast to the inhibitory effect of S-nitrosylation on the
interaction between β-arrestin 2 and eNOS.

Clathrin HC and β-adaptin can interact directly (Shih et al., 1995), and our results do not
distinguish between the possibilities that S-nitrosylation of β-arrestin 2 alters its binding to
clathrin HC, β-adaptin or both. To further address this question, we performed in vitro binding
assays using purified forms of β-arrestin 2 and recombinant clathrin, which showed the
interaction to be both direct and potentiated by NO (Fig. 4E, F and Suppl. Fig. 6). In contrast,
NO had no effect on the interaction of C410A or C410S mutant arrestins with clathrin (Fig.
4E, F). Similar studies with β-adaptin were inconclusive (not shown). We observed consistently
that, even in the absence of NO (following L-NAME treatment of HEK-eNOS cells or
following eNOS knockdown with siRNA in wild-type HEK cells), basal binding of the C410A
β-arrestin 2 mutant to clathrin HC/β-adaptin was more efficient than binding by either wild-
type β-arrestin 2 or the C405A mutant (Fig. 4A–D). Furthermore, although isoproterenol
potentiated binding of all three forms of β-arrestin 2 (WT, C405A and C410A) to clathrin HC/
β-adaptin in L-NAME-treated HEK-eNOS cells or following eNOS knock-down in wild-type
HEK cells, binding of C410A β-arrestin 2 remained notably more robust (Fig. 4B–D). These
observations point to a significant role for the Cys410 sulfhydryl side chain in determining the
properties of the β-arrestin 2 binding interface, consistent with the regulation of protein-protein
interactions by S-nitrosylation of Cys410.

These findings were confirmed and extended by comparing the binding of wild-type, C410A
and C410S β-arrestin 2 to both clathrin HC/β-adaptin (Fig. 4G, H) and eNOS (Fig. 4I, J). In
HEK cells overexpressing β-arrestin 2, transient transfection with eNOS resulted in an
enhancement of clathrin HC and β-adaptin binding to wild-type β-arrestin 2 (Fig. 4G, H). In
contrast, eNOS had no effect on the binding of clathrin HC and β-adaptin to C410S or C410A
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β-arrestin 2, strongly supporting the critical role of Cys410 in mediating the effects of S-
nitrosylation on β-arrestin 2 (Fig. 4G, H). It was also appreciated that C410A (and to a lesser
extent C410S) β-arrestin 2 bound more clathrin HC/β-adaptin than wild-type β-arrestin 2, in
the presence or absence of eNOS (Fig. 4G, H). Conversely, in HEK-eNOS cells, binding of
eNOS by β-arrestin 2 (which is inhibited by S-nitrosylation of β-arrestin 2) was substantially
less efficient for both C410S and C410A β-arrestin 2 vs. wild-type β-arrestin 2 (Fig. 4I, J).
Thus, C410S and C410A mutations enhance to differing extents the binding of β-arrestin 2 to
clathrin/AP-2 and suppress the binding of β-arrestin 2 to eNOS, as does S-nitrosylation of
Cys410. Further, both the Cys410A and C410S mutations markedly inhibited the NO-
dependent shift in the affiliations of β-arrestin 2 with both clathrin/AP2 and eNOS.

Comparative analysis of the effects of an additional series of Cys410 mutations on basal
binding of clathrin/AP-2 confirmed the role of Cys410 in regulating β-arrestin 2 protein-protein
interactions: all mutations examined enhanced basal binding (Fig. 4K, L). It is of note, however,
that the degree of enhancement was substantially greater with mutations, including C410A,
which increased side-chain hydrophobicity, whereas C410 S and C410 N had only a small
effect (acidic C410 substitutions did not express). Because S-nitrosylation will increase local
hydrophobicity, substitution with relatively hydrophobic residues may exert a SNO-mimetic
effect, consistent with previous reports in which Cys→Ala mutation replicated effects of S-
nitrosylation on the function and/or protein-protein interactions of hemoglobin (Mawjood et
al., 2000; McMahon et al., 2000; Nagai et al., 1985), N-ethylmaleimide sensitive factor (Huang
et al., 2005) and glyceraldehyde-3-phosphate dehydrogenase (Hara et al., 2003).

S-nitrosylation of β-arrestin 2 regulates β2-AR internalization
To assess the functional significance of β-arrestin 2 S-nitrosylation, we examined β2AR
internalization induced by isoproterenol stimulation of HEK cells stably expressing the β2-AR
(HEK-β2AR) and transiently overexpressing wild-type, C410S or C410A β-arrestin 2 (Fig. 5)
as well as C410N or C410R β-arrestin 2 (Suppl. Fig. 7 A–C).

Consistent with enhanced clathrin HC/β-adaptin binding, C410A and to lesser extent C410S,
C410N and C410R β-arrestin 2 (Fig. 4K, L), accelerated β2AR internalization: internalization
reached plateau values by 15 min following agonist stimulation in cells expressing wild-type
β-arrestin 2 but was complete by 10 min in cells expressing the mutant forms (Fig. 5A, B). In
addition, the proportion of β2AR internalized was significantly greater at all time points in cells
expressing the C410A mutant (Fig. 5A), consistent with the significantly enhanced binding to
clathrin HC/β-adaptin of that mutant form in comparison to either wild-type or C410S β-
arrestin 2 (Fig. 4K, L). Co-expression of eNOS with wild-type β-arrestin 2 resulted in a two-
to three-fold enhancement of isoproterenol-induced β2AR internalization (Fig. 5C, D and
Suppl. Fig. 7 A, B), whereas co-expression of eNOS with mutant forms of β-arrestin 2 reduced
markedly the NO-mediated enhancement of internalization (Fig. 5E and Suppl. Fig. 7C). More
specifically, although co-expression of eNOS with C410 mutant β-arrestins enhanced β2AR
internalization (consistent with known enhancing effects of eNOS exerted downstream of β-
arrestin 2 (Wang et al., 2006)), enhancement by eNOS was much less pronounced than with
wild-type β-arrestin 2 (Fig. 5C–E and Suppl. Fig. 7 A–C). Conversely, eNOS inhibition with
L-NAME, but not D-NAME, decreased β2AR internalization in wild-type but not C410A or
C410S transfected HEK-β2AR cells (Fig. 5F–H). Moreover, siRNA-mediated silencing of
eNOS had a very similar effect (Fig. 5I–K).

Confirmatory results were obtained using HEK cells stably overexpressing the class B AT1A
angiotensin receptor (AT1AR), in which eNOS enhanced angiotensin-induced AT1AR
internalization in cells expressing wild-type β-arrestin 2, but not the C410S or C410A mutants
(Suppl. Fig. 8A–C). In addition, the facilitation of β2AR internalization by eNOS in cells
expressing wild-type β-arrestin 2, but not C410S or C410A β-arrestin 2, decreased significantly
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by 15 min following agonist stimulation (Fig. 5E), and thus followed a time course consistent
with agonist-induced S-nitrosylation/denitrosylation of β-arrestin 2 (Fig. 1I–L).

S-nitrosylation regulates protein-protein interactions of β-arrestin 2 in vivo
To verify that the regulation of β-arrestin 2 by S-nitrosylation we observed in cultured cells
would also be exerted in situ, we utilized transgenic mice with specific alterations in the
enzymatic mechanisms of NO production or processing. We examined the co-
immunoprecipitation of β-arrestin 2 with clathrin HC/β-adaptin in tissue extracts from wild-
type mice and from mice lacking eNOS (eNOS−/−) or GSNO reductase (GSNOR−/−). Genetic
elimination of GSNOR is coupled to an increase in SNO-protein that is mediated by GSNO
(Liu et al., 2004).

Analysis by biotin-switch revealed the presence of S-nitrosylated β-arrestin 2 in extracts of
both liver (not shown) and spleen of wild-type mice (Fig. 6A), and demonstrated that the level
of SNO-β-arrestin 2 was significantly decreased in extracts of spleen from eNOS−/− animals
and significantly increased in extracts of GSNOR−/− spleen (Fig. 6A, B). The remaining SNO-
β-arrestin 2 observed in the eNOS−/− mice was most likely generated by other NOS isoforms.
Co-immunoprecipitation showed that β-arrestin 2 associated with eNOS and with clathrin HC/
β-adaptin in spleen extracts from wild-type mice (Fig. 6C), and that these associations were
significantly enhanced in extracts from GSNOR−/− spleen and significantly suppressed in
samples from eNOS−/− animals (Fig. 6D, E). Thus, the basal association of β-arrestin 2 and
HC/β-adaptin was commensurate with endogenous levels of S-nitrosothiols in these mice.
These data show clearly that endogenous enzymatic activities governing protein S-nitrosylation
regulate the protein affiliations and function of β-arrestin 2 in situ.

We further examined the effect of β-AR stimulation with isoproterenol on the association AP-2
and β-arrestin 2 in spleen extracts from wild-type, eNOS−/− and GSNOR−/− mice (Fig. 6F, G).
Consistent with the results in Fig. 6A (and similar to the results in Fig. 6D, E), eNOS−/− mice
showed little to no basal association between AP-2 and β-arrestin 2 (vs. wild-type), whereas
the GSNOR−/− mice showed increased association of these proteins. Stimulation with high
pharmacological doses of isoproterenol (IP injection) leads to a significant increase in the
association between AP-2 and β-arrestin 2 in the eNOS−/− and wild-type mice, but did not
increase the association of these proteins in the GSNOR−/− mice, suggesting that maximum
association had been achieved (Fig. 6F, G). These data indicate that GSNO, derived from eNOS
and regulated by GSNOR (Liu et al., 2004), serves as a principal source of NO groups in the
S-nitrosylation of β-arrestin 2 (Fig. 6G), and strongly support an agonist-and SNO-dependent
shift in the protein affiliations of β-arrestin 2 in vivo.

Discussion
The findings reported here demonstrate that S-nitrosylation of β-arrestin 2 regulates protein-
protein interactions that mediate agonist-induced trafficking of the β2-AR (Fig. 7A), and it
seems likely that S-nitrosylation will play a similar role in regulating the β-arrestin-dependent
trafficking of numerous GPCRs (including the AT1AR (Suppl. Fig. 7A–C)) that are
functionally coupled to eNOS (Dudzinski et al., 2006). It is generally held that the functional
association of GPCRs with eNOS reflects principally the direct interaction between caveolin
and eNOS that co-localizes GPCRs and eNOS to caveolar membrane specializations
(Dudzinski et al., 2006), and that receptor-mediated eNOS activation serves principally to
generate NO-based signals that are conveyed to relatively distal downstream effectors (e.g.
guanylate cyclase, to elicit vasodilation). While our findings in no way diminish the importance
of the caveolar/eNOS connection, they substantially enlarge this conceptual scheme by
demonstrating that β-arrestin 2 serves as a previously undescribed scaffold for eNOS:
functional coupling of eNOS and GPCRs (through β-arrestin 2) enables S-nitrosylation of
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GPCR-associated elements following receptor activation (Fig. 7A). Accordingly, GPCR-
mediated, NO-dependent responses may reflect either agonist-induced signaling by NO
(classical NO paradigm) or, alternatively, the regulation by NO/SNO of GPCR-elicited
signaling that is independent of NO as a second messenger.

S-nitrosylation is the only known facilitatory modification of β-arrestins (phosphorylation of
β-arrestin 1 or β-arrestin 2 inhibits clathrin-mediated β2AR internalization (Lin et al., 2002;
Lin et al., 1997; Lin et al., 1999)), and the selective S-nitrosylation of β-arrestin 2 vs. β-arrestin
1 provides for differential regulation of these widely-distributed isoforms. It is of note that
stimulus-coupled dephosphorylation of Ser412 in β-arrestin 1 is prerequisite for clathrin
binding and receptor endocytosis (Lin et al., 1997; Lin et al., 1999); β-arrestin 2 does not contain
an equivalent C-terminal Ser, but does contain a highly conserved Cys residue at position 410.
The dephosphorylation of Ser412 of β-arrestin 1 promotes clathrin binding, and this effect is
recapitulated by S-nitrosylation (or Cys→Ser mutation) of Cys410 within β-arrestin 2. These
data, as well as other recent work (see Fig. 7B (Whalen et al., 2007) and Fig 7C (Wang et al.,
2006)), support the emerging concept that S-nitrosylation may operate together with
phosphorylation to regulate GPCR function.

Ligand-induced S-nitrosylation inhibits binding of β-arrestin 2 to eNOS and conjointly
facilitates binding to clathrin HC/β-adaptin, and β-arrestin 2 is subsequently denitrosylated
(Fig. 7A). The β2AR is a member of the class A-family of GPCRs, defined in part by the fact
that β-arrestin 2 dissociates from complexed clathrin HC/β-adaptin/GPCR prior to the
formation of endocytotic vesicles (Lefkowitz and Shenoy, 2005). Thus, to the extent that
denitrosylation precedes internalization, it may facilitate this step as well as re-association with
eNOS, and thus β-arrestin 2 cycling (Fig. 7A). In contrast, class B-family of GPCRs, such as
AT1AR, internalize together with clathrin/β-arrestin 2 and recycle very slowly. Although β-
arrestin 2 S-nitrosylation facilitates internalization of AT1AR, one anticipates a smaller role
for dentirosylation in receptor recycling. It will be interesting to determine if S-nitrosylation/
denitrosylation may influence the class characteristics of receptors by altering their affinity for
β-arrestin 2, and whether S-nitrosylation differentially regulates signaling that is differentially
dependent upon β-arrestin isotypes (Lefkowitz et al., 2006), exemplified by the specific role
of β-arrestin 2 in G-protein-independent activation of ERK following angiotensin II stimulation
(Lefkowitz and Shenoy, 2005;Rajagopal et al., 2005).

Other recent findings indicate that S-nitrosylation regulates the function of both dynamin
(Kang-Decker et al., 2007; Wang et al., 2006) and GRK2 (Whalen et al., 2007), which serve
as additional, critical components of GPCR trafficking. S-nitrosylation of dynamin enhances
self-assembly, relocation to the plasma membrane and GTPase activity (Wang et al., 2006) (all
of which are required for scission of clathrin-coated, endocytotic vesicles), whereas S-
nitrosylation of GRK2 inhibits kinase function and thus the phosphorylation-dependent
interaction of β-arrestin and GPCR that routes receptors into clathrin-based endocytosis
(Whalen et al., 2007). These disparate effects appear to be mediated by discrete pools of eNOS,
which associate with both dynamin and β-arrestin but require the participation of additional
elements to target GRK2 (Liu et al., 2005; Wang et al., 2006; Whalen et al., 2007). It is further
suggested by our data that, although the influence of these various pools of eNOS/SNOs may
vary with different receptors (Fig. 5E vs. Suppl. Fig. 7C), β-AR stimulation clearly results in
coordinate regulation by eNOS of all three elements (GRK, β-arrestin and dynamin), which
thereby facilitates both G protein signaling (Whalen et al., 2007) and receptor trafficking
((Wang et al., 2006) and this work). Taken together, these findings provide strong instantiation
of the concept that co-ordinated changes in the S-nitrosylation of multiple, functionally
interrelated components subserves dynamic regulation by NO of cellular signal transduction
(Hess et al., 2005)(Fig. 7).
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The possibility of NO/SNO regulating signal transduction through GPCRs provides a point of
departure to assess dysregulated S-nitrosylation as a potential factor in multiple
pathophysiologies that involve altered GPCR trafficking and function, including hypertension
(Spieker et al., 2006), heart failure (Saraiva and Hare, 2006), diabetes (Rask-Madsen and King,
2007), and asthma (Gaston et al., 2006). Recent evidence in support of this connection can be
found in both animal models ((Murphy and Steenbergen, 2007) (Que et al., 2005; Whalen et
al., 2007)) and human studies (Chaudhry et al., 2007).

Experimental Procedures
Additional information regarding experimental materials, plasmids, mutants, cell culture,
transfection methods, siRNA, immunoprecipitation and statistics can be found in Supplemental
Materials.

In vitro binding
Recombinant bovine eNOS was prepared as in (Martasek et al., 1996). β-arrestin 2 (wild type,
C410A and C410S) was purified from wild-type HEK cells overexpressing β-arrestin 2
possessing a FLAG tag using anti-FLAG agarose beads. Purified bovine clathrin was purchased
from Sigma. Binding of eNOS to β-arrestin 2 was detected using an in vitro binding assay with
some modifications (Cao et al., 2001). In brief, recombinant eNOS (150 nM) was incubated
for 2 hours at 4°C with increasing concentrations of β-arrestin 2 (0–300 nM) in binding buffer
(50mM Tris-HCl, 0. 1 mM EGTA, 0. 1 mM EDTA and protease inhibitor cocktail), and vice
versa (i. e. 150 nM of purified β-arrestin 2 was incubated with increasing concentrations of
eNOS). Binding between clathrin and wild-type or mutant β-arrestin 2 was detected using
purified β-arrestin 2 (wild-type, C410A and C410S)(300 nM) incubated (overnight at 4°C)
with purified clathrin (300 nM) in the presence and absence of 50 µM DETA NONOate
(Cayman Chemical). Co-immunoprecipitation was performed using anti-eNOS, anti-β-arrestin
2 or anti-clathrin antibodies, and proteins were detected by immunoblotting.

Biotin-switch assay
S-nitrosylated β-arrestin 2 was detected using the biotin-switch assay (Jaffrey and Snyder,
2001) with some modifications. Briefly, lysates (250 µl diluted with 750 µl of HEN buffer
containing 250 mM Hepes, 1mM EDTA, 0. 1 mM neocuproine, pH 7. 7) were incubated with
SDS (1% final concentration) and methyl methanethiosulfonate (Sigma-Aldrich; St. Louis,
MO) at 50°C for 20 min. Proteins were precipitated with acetone, washed 3 times and mixed
with 0.2 mM biotin-HPDP (Pierce; Rockford, IL) with or without 2.5 mM ascorbate at ambient
temperature for 1 h. Biotinylated proteins were purified using streptavidin-agarose beads
(Sigma-Aldrich, St. Louis, MO), separated by SDS-PAGE and immunoblotted. (Note: HEK
cells plated in 10 cm dishes were lysed 48 hr. following transfections with eNOS (5 µg), β-
arrestin 1 (5 µg) or β-arrestin (2 µg)).

Cell fractionation
HEK-eNOS cells or HUVECs were separtated into cytosolic and membrane fractions using
Qproteome Cell Compartment Kit (Qiagen, CA) according to manufacturer’s instructions.

Receptor internalization
Agonist-induced internalization of Flag-β2AR was assessed by flow cytometry. HEK-β2AR
cells were transiently transfected with 5 µg of eNOS and/or 10 µg of β-arrestin 2 (wild type or
mutants as indicated). Twelve hours after transfection, cells were detached using trypsin and
seeded in 6-well dishes. At 48 hr, cells were washed once with PBS, incubated with Dulbecco's
modified Eagle's medium containing 0.1% bovine serum albumin (BSA) for 2 hours, and
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stimulated with freshly prepared 10 µM isoproterenol. All subsequent steps were performed
on ice. Following two washes with ice-cold PBS, cells were incubated with M2 anti-Flag
antibody (1:1000) for 1 h, washed, and then incubated with FITC-conjugated anti-mouse
antibody (1:400) for 1 h. Receptor internalization was defined as the fraction of total cell surface
receptors that were removed from the plasma membrane following agonist treatment (and thus
not accessible to extracellular antibody). For internalization assays using L-NAME and D-
NAME, HEK-β2AR cells were transiently transfected with 10 µg of β-arrestin 2 and
preincubated with 3mM L-NAME or D-NAME for 24 hours.

Mice
eNOS−/− mice were obtained from Jackson laboratory (Bar Harbor, ME). GSNOR−/− mice
were generated previously (Liu et al., 2004). Extracts of liver and spleen were prepared from
male C57BL/6 (wild-type) and mutant mice of 7–10 weeks of age. Specifically, control animals
and animals receiving a single injection of isoproterenol (5 mg/kg i. p. were sacrificed (10 min
post i.p. injection), and liver and spleen were removed. Organs were disrupted using a Dounce
homogenizer, homogenates were clarified via centrifugation and the supernatant was subject
to protein determination. Lysates were then subject to biotin switch, immunoprecipitation and
immunoblot analysis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cellular S-nitrosylation of β-arrestin 2
(A) HEK cells transfected with FLAG-tagged β-arrestin 2 were treated with Cys-NO (50 µM),
and lysates were analyzed by the biotin-switch assay, in which ascorbate-dependent labeling
demonstrates the presence of S-nitrosylated Cys residues. (B) HEK-eNOS cells were
transfected with FLAG-tagged β-arrestin 1 or 2, and lysates were analyzed by biotin-switch.
(C) Lysates derived from HEK-eNOS cells overexpressing FLAG-tagged wild-type, C405A
or C410A β-arrestin 2 were analyzed by biotin-switch. (D) The quantity of S-nitrosylated
mutant β-arrestin 2 (C405A or C410A), as measured by scanning densitometry, is expressed
as a percentage of wild type β-arrestin 2, normalized with respect to total β-arrestin 2. Data are
means ± SE (n = 4); *P < 0. 01 re. control. (E) HEK-eNOS cells transiently transfected with
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FLAG-tagged β-arrestin 2 were treated with the β2AR agonist isoproterenol (ISO; 10 µM) for
the indicated times and lysates were analyzed by biotinswitch. (F) The quantity of S-
nitrosylated β-arrestin 2 (assessed by scanning densitometry) is expressed as a percentage of
control values (0 min), normalized with respect to total β-arrestin 2. (G) HEK-eNOS cells
transfected with FLAG-tagged β-arrestin 2 were treated with propranolol (10 µM) or ICI
118,551 (10 µM) for 10 min and stimulated with ISO (10 µM) for 20 min, and lysates were
analyzed by biotin-switch. (H) A histogram shows the results of semiquantitative analysis as
in (F). Data are means ± SE (n = 3); *P < 0. 01 re. control. (I) Human umbilical vein endothelial
cells (HUVECs) were treated with ISO (10 µM) for the indicated times and lysates were
analyzed by biotin-switch (endogenous β-arrestin 2 was 2 detected using a specific rabbit
polyclonal 32 antibody (A2CT)). (J) A histogram shows the results of semiquantitative analysis
as in (F). (K) Wild-type HEK cells transiently transfected with eNOS and FLAG-tagged β-
arrestin 2 were treated with ISO (10 µM) for the indicated times and lysates were analyzed by
biotin-switch. (L) A histogram shows the results of semiquantitative analysis as in (F). For (F),
(I) and (L) data are means ± SE (n = 4); *P < 0. 05 re. control.
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Figure 2. Interaction of β-arrestin 2 and eNOS in situ and in vitro
(A, B) HEK-eNOS cells were transfected with empty vector or FLAG-tagged β-arrestin 2, and
lysates were immunoprecipitated with (A) anti-eNOS antibody or (B) anti-FLAG antibody
(either agarose-coupled anti-FLAG antibody (β-Arr 2(1)) or uncoupled anti-FLAG antibody
followed by protein-G agarose (β-Arr 2(2)). Immunoprecipitates (IPs) were immunoblotted
with anti-eNOS or anti-FLAG antibody. Mock = empty vector. (C) Purified eNOS and FLAG-
tagged β-arrestin 2 were incubated at 4°C for 3 hr, then immunoprecipitated with anti-FLAG
or anti-eNOS antibody. IPs were immunoblotted with anti-eNOS or anti-FLAG antibody (β-
Arr2). (D) FLAG-tagged β-arrestin 2 (150 nM) and increasing concentrations of purified eNOS
were incubated at 4°C for 3 hr, then immunoprecipitated with anti-FLAG antibody. IPs were
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immunoblotted with anti-eNOS. (E) Purified eNOS (150 nM) and increasing concentrations
of FLAG-tagged β-arrestin 2 were incubated at 4°C for 3 hr, then immunoprecipitated with
anti-eNOS antibody. IPs were immunoblotted with anti-FLAG antibody. (F) and (G) Graphs
show the results of semiquantitative analysis in which the quantity of eNOS bound to β-arrestin
2 (F) and β-arrestin 2 bound to eNOS (G) are expressed as a percentage of input (n=3 in F and
G). Data were fitted by sigmoidal functions; r2= 0.996 and 0.956 for F and G respectively. (H)
HEK-eNOS cells were transfected with FLAG-tagged wild-type (full-length) β-arrestin 2
(wt: amino acids 1–410 of rat β-arrestin 2 open reading frame) or truncated β-arrestin 2 (amino
acids 1–180, 320–410 or 160–410), and lysates were immunoprecipitated with anti-eNOS
antibody. IPs and lysates were immunoblotted with anti-FLAG (β-Arr2) or anti-eNOS
antibody. Molecular mass (kDa) is indicated at the left. (I) and (J) HEK-eNOS cells were
transfected with FLAG-tagged wild-type β-arrestin 2 or truncated β-arrestin 2 (amino acids 1–
80 or 80–410 (I), or 163–410 (J)), and lysates were immunoprecipitated with anti-FLAG
antibody (β-Arr2). IPs and lysates were immunoblotted with anti-FLAG (β-Arr2) or anti-eNOS
antibody.
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Figure 3. S-nitrosylation inhibits the interaction of β-arrestin 2 and eNOS
(A) HEK-eNOS cells transfected with FLAG-tagged β-arrestin 2 were exposed to L-NAME
(3mM) or D-NAME (3mM) for 48 h or untreated, and L-NAME-treated and untreated cells
were exposed to isoproterenol (ISO; 10 µM) for 10 min or to Cys-NO (50 µM) for 20 min.
Lysates were immunoprecipitated with anti-eNOS or anti-FLAG antibody, and IPs and lysates
were immunoblotted with anti-FLAG antibody (β-Arr2) or anti-eNOS antibody. (B) The
amounts of β-arrestin 2 bound to eNOS and eNOS bound to β-arrestin 2 are represented as
percentages of control values, normalized with respect to the immunoprecipitated levels of
eNOS and β-arrestin 2 respectively. Data are means ± SE (n = 3); *P < 0. 01 re. control.
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Figure 4. S-nitrosylation facilitates the interaction of β-arrestin 2 and clathrin/AP-2
Expression controls for A–C, G and I are shown in Suppl. Fig. 5. (A, B) HEK-eNOS cells
overexpressing FLAG-tagged wild-type, C405A or C410A β-arrestin 2 were untreated or
exposed to L-NAME (3 mM) for 48 h (A, B), and subsequently untreated or treated with
isoproterenol (ISO; 10 µM) for 10 min (B). Lysates were immunoprecipitated with anti-FLAG
antibody (β-Arr2) and IPs and lysates were immunoblotted with anti-clathrin HC (Clathrin),
anti-β-adaptin (AP-2) or anti-FLAG antibody (β-Arr2). Note increased efficacy of clathrin and
β-adaptin binding by the C410A mutant form. (C) HEK cells were transfected with control or
eNOS siRNA (50 µM), clathrin, β-adaptin (AP-2) and FLAG-tagged wild-type or C410A β-
arrestin 2, and subsequently left untreated or treated with isoproterenol (ISO; 10 µM) for 10
min. Lysates were immunoprecipitated with the anti-FLAG antibody, and IPs were
immunoblotted with anti-clathrin HC (Clathrin), anti-β-adaptin (AP-2) or anti-FLAG (β-Arr2).
(D) Amounts of clathrin HC/β-adaptin co-immunoprecipitating with wild-type or C410A β-
arrestin 2 are expressed relative to the amounts co-imunoprecipitating with wild-type β-arrestin
2 in cells transfected with control siRNA. Data are means ± SE (n = 3); *P < 0. 05, eNOS
siRNA vs. control siRNA. (E) Effect of the NO-donor DETA-NONOate (50 µM) on in vitro
binding (4° C for 12 hr) of clathrin and β-arrestin 2 (wild type, C410A and C410S).
Immunoprecipitation was with anti-β-arrestin 2 or anti-clathrin antibodies, and
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immunoprecipitates were immunoblotted using anti-clathrin or anti-β-arrestin antibody,
respectively. (F) Amounts of clathrin bound to β-arrestin 2 (at left), or β-arrestin 2 bound to
clathrin (at right), are represented as percentage of input. Data are means ± SE (n = 3); *P <
0. 01 re. – DETA-NONOate vs. + DETA-NONOate. (G) Lysates from HEK cells
overexpressing FLAG-tagged wild-type, C410A or C410S β-arrestin and transiently
transfected with eNOS or with empty control vector were immunoprecipitated with anti-FLAG
antibody, and IPs were immunoblotted with antibodies to clathrin HC (Clathrin), β-adaptin
(AP-2) or FLAG (β-Arr2). (H) Amounts of clathrin HC/β-adaptin co-immunoprecipitating
with the various forms of β-arrestin 2 in the presence or absence of eNOS are expressed relative
to the amounts co-imunoprecipitating with wild-type β-arrestin 2 in the presence of eNOS.
Data are means ± SE (n = 3); *P < 0. 01 re. wild-type + eNOS. (I) Lysates of HEK-eNOS cells
overexpressing wild-type, C410A or C410S β-arrestin 2 were immunoprecipitated with anti-
eNOS antibody, and IPs were immunoblotted with antibodies to FLAG (β-Arr2) and eNOS.
(J) Amounts of the different forms of β-arrestin 2 bound to eNOS are shown as a percentage
of the amount associated with wild-type β-arrestin 2, normalized with respect to the levels of
eNOS and β-arrestin 2 in the lysates. Data are means ± SE (n = 3); *P < 0. 01 re. wild-type.
(K) Lysates from HEK cells overexpressing FLAG-tagged wild-type β-arrestin 2 or C410
mutants (C→N, S, R, P, M, A or F) were immunoprecipitated with anti-FLAG antibody and
IPs were immunoblotted with anti-clathrin HC (Clathrin) or anti-β-adaptin (AP-2) antibodies.
(L) Amounts of clathrin HC/β-adaptin co-immunoprecipitating with wild-type or mutant β-
arrestins are expressed relative to the amounts co-imunoprecipitating with wild-type β-arrestin
2. Data are means ± SE (n = 3).
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Figure 5. S-nitrosylation facilitates ligand-induced β2AR internalization
(A) HEK cells overexpressing the β2-AR (HEK-β2AR cells) were transfected with wild-type,
C410A or C410S β-arrestin 2 and internalization of β2AR was quantified by flow cytometry
following stimulation by isoproterenol (ISO, 10 µM) for the indicated times. Data are means
± SE (n = 6); *P < 0. 05 re. wild-type at each time point. (B) Western blot of wild-type, C410A
or C410S β-arrestin 2, showing comparable expression of each form. (C) HEK-β2AR cells
were transfected with wild-type, C410A or C410S β-arrestin 2 and internalization of β2AR
was quantified by flow cytometry following stimulation by isoproterenol (ISO, 10 µM) for the
indicated times in the presence or absence of transiently overexpressed eNOS. Data are means
± SE (n = 6); *P < 0. 05 re. wild-type and # indicates P < 0. 01 re. −eNOS vs. +eNOS at each
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time point. (D) Western blot of wild-type, C410A or C410S β-arrestin 2, and of eNOS, showing
comparable expression across groups. (E) A histogram summarizing the results shown in (C).
Data are means ± SE (n = 6); *P < 0. 05 re. wild-type and # indicates P < 0. 01 re. 5 min. (F)
HEK-β2AR cells were transfected with wild-type, C410A or C410S β-arrestin 2 and
internalization of β2AR was quantified by flow cytometry following stimulation by
isoproterenol (ISO, 10 µM) for 10 minutes in the presence or absence of L-NAME or D-NAME
(3mM, 48hr pretreatment). (G) Western blot of wild-type, C410A or C410S β-arrestin 2,
showing comparable expression of each form. (H) A histogram summarizing the results shown
in (F). Data are means ± SE (n = 8); *P < 0. 05 re. wild-type. (I) HEK-β2AR cells were
transfected with wild-type, C410A or C410S β-arrestin 2 and either control or eNOS siRNA,
and β2AR internalization was quantified by flow cytometry following stimulation by
isoproterenol (ISO, 10 µM) for 10 minutes. (J) Western blot of eNOS and β-arrestin 2, showing
effective siRNA-mediated silencing of eNOS expression, and comparable expression of wild-
type, C410A or C410S β-arrestin 2. (K) A histogram summarizing the results shown in (I).
Data are means ± SE (n = 8); *P < 0. 05 re. wild-type.
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Figure 6. S-nitrosylation regulates protein-protein interactions of β-arrestin 2 in vivo
(A) Extracts of spleen from wild-type (C57BL/6), GSNOR−/− or eNOS−/− mice were assayed
by biotin-switch for SNO-β-arrestin 2 (ascorbate-dependent labeling). (B) Amount of SNO-
β-arrestin 2 is represented as a percentage of SNO-β-arrestin 2 in wild-type spleen and
normalized with respect to the level of total β-arrestin 2. Data are means ± SE (n = 3); *P < 0.
05 re. wild-type. (C) Extracts of spleen from wild-type mice were immunoprecipitated with
antibodies to eNOS, clathrin HC (Clathrin), β-adaptin (AP-2) or non-specific IgG. IPs and
extracts were immunoblotted with antibodies to β-arrestin 2, eNOS, clathrin HC (Clathrin) or
β-adaptin (AP-2). (D) Extracts of spleen from wild-type, GSNOR−/− or eNOS−/− mice were
immunoprecipitated with zantibodies to clathrin HC (Clathrin) or β-adaptin (AP-2), and IPs
and extracts were immunoblotted with antibodies to β-arrestin 2, clathrin HC or β-adaptin. The
immunoblot for β-Arr2 following IP for clathrin is shown at two different film exposure times
to document coimmunoprecipitation in both wild-type and GSNOR−/− mice. (E) Amount of
β-arrestin 2 bound to clathrin HC/β-adaptin in samples derived from GSNOR−/− or eNOS−/−

mice is represented relative to wild-type mice and normalized with respect to the levels of
clathrin HC/β-adaptin in the IPs or β-arrestin 2 in extracts. Data are means ± SE (n = 3 in each
group); *P < 0. 05 re. wild-type. (F) Extracts of spleen from wild-type, GSNOR−/− eNOS−/−

treated with isoproterenol (5 mg/kg i.p., 10 min.) or untreated were immunoprecipitated with
anti-β-adaptin antibody, and IPs and extracts were immunoblotted with antibodies to β-arrestin
2 or β-adaptin (AP-2). (G) Amount of β-arrestin 2 bound to β-adaptin in samples derived from
wild-type, GSNOR−/− eNOS−/− with and without isoproterenol treatment is represented
relative to untreated wildt-ype mice and normalized with respect to the levels of β-arrestin 2
in extracts. Data are means ± SE (n = 4 in each group); *P < 0. 05 re. untreated wild-type.
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Figure 7. A schematic summary of the regulation of agonist-induced β2-AR trafficking by S-
nitrosylation/denitrosylation of β-arrestin 2, GRK2 and dynamin
(A) β-arrestin 2 (β-Arr 2) serves as a scaffold to functionally co-localize eNOS and β-ARs (as
well as other G-protein-coupled receptors, GPCRs). Ligand (isoproterenol) stimulation results
in activation of eNOS and S-nitrosylation of β-arrestin 2. S-nitrosylation of β-arrestin 2
promotes its dissociation from eNOS and association with clathrin HC/β-adaptin, which
facilitates routing of the β2-AR into the clathrin-based endocytotic pathway, and β-arrestin 2
is subsequently denitrosylated. (B) Ligand-coupled inhibition of GPCR kinase 2 (GRK2) by
S-nitrosylation suppresses agonist-stimulated β-AR phosphorylation, β-arrestin recruitment,
and receptor desensitization and down-regulation. (C) Following GPCR activation, eNOS-
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mediated S-nitrosylation of dynamin promotes multimerization and GTPase activity, which
facilitates scission of endocytotic vesicles and receptor internalization.
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