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Abstract
G protein-coupled receptors (GPCRs) are the most numerous and diverse type of cell surface
receptors, accounting for about 1% of the entire human genome and relaying signals from a
variety of extracellular stimuli that range from lipid and peptide growth factors to ions and sensory
inputs. Activated GPCRs regulate a multitude of target cell functions, including intermediary
metabolism, growth and differentiation, and migration and invasion. The GPCRs contain a
characteristic 7-transmembrane domain topology and their activation promotes complex formation
with a variety of intracellular partner proteins, which form basis for initiation of distinct signaling
networks as well as dictate fate of the receptor itself. Both termination of active GPCR signaling
and removal from the plasma membrane are controlled by protein post-translational modifications
of the receptor itself and its interacting partners. Phosphorylation, acylation and ubiquitination are
the most studied post-translational modifications involved in GPCR signal transduction,
subcellular trafficking and overall expression. Emerging evidence demonstrates that protein S-
nitrosylation, the covalent attachment of a nitric oxide moiety to specified cysteine thiol groups, of
GPCRs and/or their associated effectors also participates in the fine-tuning of receptor signaling
and expression. This newly appreciated mode of GPCR system modification adds another set of
controls to more precisely regulate the many cellular functions elicited by this large group of
receptors.
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Introduction
G protein-coupled receptors (GPCRs) are the founding members of the large family of 7-
transmembrane (7TM) receptors, which constitute the most abundant type of cell surface
receptors in mammals. The 7TM receptor superfamily, which comprises approximately 800
members in humans, is divided into six subgroups on the basis of sequence homology and
ligand identity. The GPCRs form the largest portion of 7TM receptors and they regulate a
wide spectrum of cellular functions that are elicited by multiple extracellular factors,
including neurotransmitters, hormones, and sensory stimuli [1]. Activated GPCRs control
essential cellular processes, including metabolic homeostasis, cell cycle progression, and
cell migration and invasion, and serve as targets for majority of therapeutic drugs [2, 3].
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Classical signaling unit of a GPCR consists of ligand-bound receptor, heterotrimeric αβγ G
proteins, and plasma membrane-expressed effector [4]. Signal initiation by GPCRs
commences with ligand agonist binding that promotes conformational change in the receptor
[5], thereby allowing it to function as a guanine nucleotide exchange factor (GEF) to
catalyze the replacement of GDP for GTP on the α subunit of the heterotrimeric G proteins
[1–3]. The Gα-GTP and Gβγ subunits independently, but coordinately activate downstream
effectors to produce specific cellular responses (Figure 1). Signaling by the Gα-GTP and
Gβγ subunits is terminated upon the hydrolysis of GTP to GDP via intrinsic GTPase
activity of the specific Gα subunit, which is promoted by interaction with Gα subtype-
specific regulator of G protein signaling (RGS) proteins that exert GTPase activating protein
(GAP) function [6]. The resultant Gα-GDP reassembles with available Gβγ subunits
leading to the re-formation of inactive Gαβγ complex and signal termination.

Ligand binding to GPCRs causes rearrangement of their transmembrane domains. In the
case of the canonical GPCR β2 adrenergic receptor (β2AR), agonist binding induces
rearrangement of helix 3 and 6 that engenders conformational changes in the intracellular
domains with the consequent coupling to appropriate G proteins and controlled activation of
downstream effectors [7, 8]. Evidence is accumulating that stimulated GPCRs do not
necessarily activate their effectors to the same extent; distinct ligands (i.e. agonist or
antagonist) may exhibit collateral efficacies [9]. An explanation for this phenomenon may
lie in the various conformations that a ligand-occupied GPCR may adopt. A GPCR may
have conformations that favor coupling to different subsets of G proteins, or other binding
partners such as βArrestin (βArrestin1 and βArrestin2) proteins [10]. As a result, the binding
of a specific ligand can induce the G protein signaling, the βArrestin signaling, or the
blockade of one pathway and activation of the other. For example, the βAR ligand
carvedilol functions as an inverse agonist for G protein-mediated adenylyl cyclase
activation, but as an agonist for βArrestin-mediated ERK phosphorylation [11].

Heterotrimeric G proteins are typically divided into four groups based on sequence
homology of the Gα subunit: Gαs, Gαi, Gαq and Gα12 [2, 3, 6]. The Gαs proteins (Gαs
and olfactory Gαolf) stimulate adenylyl cyclases while Gαi proteins (Gαi, Gαo, Gαz,
transducin and gustducin) are generally sensitive to pertussis toxin and are often inhibitors
of adenylyl cyclases. Activated adenylyl cyclases produce cyclic adenosine monophosphate
(cAMP), which activates protein kinase A (PKA). The Gαq (Gαq, Gα11, Gα14) proteins
regulate the activity of phosphatidylinositol-specific phospholipases, thereby generating the
second messengers inositol 1,4,5 trisphosphate and diacylglycerol. These two molecules
increase levels of intracellular Ca+2 and subsequently cause the activation of protein kinase
C (PKC). The remaining Gα12 (Gα12, Gα13) family members regulate activity of low
molecular weight GTPase Rho through interaction with specific RhoGEFs [6, 12, 13]. In
addition to the 16 characterized Gα subunits, there are 5 known Gβ and 12 Gγ subunits.
Regulatory mechanisms controlling complex formation between Gα and specific
combinations of Gβγ subunits, or preference of specific Gβγ isoforms to effectors, remain
largely unexplored. Nonetheless, Gβγ subunits have been demonstrated to transduce
signals, independent of Gα, to regulate the activity of several classical effector molecules,
including adenylyl cyclases and phospholipase C.

Duration of the ligand agonist-activated GPCR signal is regulated principally by two groups
of proteins (Figure 1): the GPCR kinases (GRKs) and βArrestins [1, 10]. The seven GRKs
belong to the AGC (PKA, PKG and PKC) group of kinases [14] and can be categorized into
three groups based on sequence homology and function [3, 15]. The visual GRKs include
GRK1 and GRK7 and are strictly expressed in the retina. The GRK2 group (a.k.a. βARKs)
contains ubiquitously expressed GRK2 and GRK3. Finally, the GRK4 group contains
GRK4, GRK5 and GRK6 with GRK5 and GRK6 being ubiquitously expressed and GRK4
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being expressed mainly in the testes, cerebellum and kidney [3, 4]. The GRKs share a
common general structure that encompasses an amino-terminal domain with similarity to
RGS proteins, a conserved central kinase domain and a variable regulatory membrane-
targeting carboxyl-terminal domain [16]. Unlike majority of the AGC family kinases that are
activated by phosphorylation of the activation motif, the GRKs are activated by
conformational rearrangement as a result of interaction with appropriate activated GPCR
[17]. Remarkably, GRKs seem to possess poor specificity for substrate GPCRs, and once
activated by a receptor, they appear relatively promiscuous in the site(s) they phosphorylate
[3].

Visual GRKs are stabilized on the plasma membrane as a result of post-translational
modification of their carboxyl-terminal CAAX motif by prenylation, with GRK1 being
farnesylated and GRK7 geranylated. GRK1 is regulated by Ca+2 through association with
the Ca+2-binding protein recoverin, which inhibits kinase activity [18]. Partition of the
GRK2 (and GRK3) to the plasma membrane is facilitated by their interaction, through a
carboxyl-terminal pleckstrin-homology (PH) domain, with free Gβγ subunits and inositol
phospholipids [19–21]. Binding to these partners increases the kinase activity of GRK2 to
phosphorylate activated receptors [19, 20]. The transient GRK2 association with the plasma
membrane is also facilitated through its RGS-like (RH) domain interaction with
palmitoylated, plasma membrane-anchored Gαq-GTP protein (Figure 1). The GRK2 RH
domain does not possess a GAP activity. Rather, the binding of GRK2 to Gαq-GTP inhibits
the activated Gαq signaling most likely by sequestering it away from its effectors. Targeting
of GRK5 to the plasma membrane is accomplished through a combination of an amino-
terminal phospholipid binding domain and a carboxyl-terminal amphipathic helix
membrane-binding domain [22]. Constitutive expression of GRK4 and GRK6 on the plasma
membrane is accomplished through a post-translational palmitoylation modification of
carboxyl-terminal cysteine residues [23, 24]. Palmitoylation of GRK6 was reported to
increase its kinase activity [25, 26]. Like other GRKs, activation of GRK4 members is
regulated by protein-protein interactions and phosphorylation. For example, GRK5 is
activated by interaction with substrate GPCRs, but inhibited by binding to Ca+2-calmodulin,
actin, or α-actinin [27]. GRK5 is also a substrate for PKC, and PKC phosphorylation
inhibits the GRK5 kinase activity [28].

Rapid termination of GPCR signaling is brought about by binding of cytosolic βArrestin
proteins to ligand agonist-occupied and GRK-phosphorylated receptors. The binding of
βArrestin to receptors uncouples the receptor from its cognate G protein (Figure 1), resulting
in a decreased responsiveness of the signaling system to agonist, termed desensitization [1,
29]. There are four βArrestin-like proteins. Arrestin1 and 4, like GRK1 and GRK7, are
strictly expressed in the retinal rods and cones, and Arrestin2 and 3 (a.k.a. βArrestin1 and
βArrestin2, respectively) are ubiquitously expressed in mammalian cells [1, 3, 4]. All four
Arrestin proteins bind GRK-phosphorylated GPCRs leading to blockade of receptor-G
protein coupling (Figure 1). The βArrestin1 and 2 proteins exhibit 78% identity in their
amino acid sequences and they structurally differ mainly in their carboxyl termini. In
distinction from Arrestin1 and 4, the βArrestin proteins form complexes with components of
the vesicle trafficking machinery and, therefore, regulate the processes of GPCR
endocytosis, intracellular trafficking, resensitization and downregulation [30]. Emerging
evidence demonstrates that in addition to their classical roles as terminators of GPCR/G
protein signaling, the βArrestins may function as bona fide adaptors and signal transducers
from a variety of activated receptor types [31, 32]. Mainly, the βArrestins have been
demonstrated to serve as scaffolds to transduce signals involved in mitogenesis, including
the activation of JNK and ERK MAP kinases.
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GPCR systems are subject to regulatory events involving post-translational modifications,
such as phosphorylation, acylation and ubiquitination [33, 34]. These modifications regulate
all facets of receptor biology, including receptor signaling, subcellular trafficking and
expression. For instance, GRK-mediated phosphorylation of agonist-occupied GPCR
converts the receptor to high affinity binding site for βArrestins that, in turn, begin the
process of uncoupling the receptor from the G protein and targeting it to clathrin-coated pits
for internalization [1, 2, 4, 10]. Likewise, both GRK and βArrestin proteins are subject to
post-translational modifications that regulate their activities (vide infra). In this minireview,
we will highlight recent discoveries of S-nitrosylation-dependent post-translational
modifications of GPCR systems, and their emerging impact on target receptor signaling and
expression. Exemplar GRK2, βArrestin2 and dynamin are highlighted as substrates of S-
nitrosylated GPCR signaling intermediates.

Protein S-nitrosylation
The production of nitric oxide (NO) is catalyzed by NO synthase (NOS) family of enzymes,
which utilize NADPH as an electron donor to oxidize one molecule of L-arginine at the
guanidine nitrogen, producing the Nω-OH-L-arginine intermediate that is subsequently
oxidized to yield L-citrulline and one molecule of NO [35, 36]. Currently, three distinct
NOS isoforms have been cloned and characterized, and they are: nNOS (neuronal NOS or
NOS1), iNOS (inducible NOS or NOS2), and eNOS (endothelial NOS or NOS3). In general,
eNOS functions as a myristoylated membrane-bound enzyme whereas iNOS and nNOS are
soluble proteins [35]. The eNOS and nNOS behave as Ca+2-dependent, constitutively
expressed NOS enzymes that generate rapid, but brief, increases in NO synthesis. The Ca+2-
independent iNOS is detectable (albeit at very low levels) in resting-states, and its
expression can be induced by stimuli such as inflammatory cytokines and bacteria, leading
to sustained but delayed increases in NO production. In addition to NOSs, NO may be
generated from endogenous higher nitrogen oxides [37] as well as low-molecular weight
nitrosothiols (such as S-nitrosoglutathione; GSNO).

In the classical paradigm, NO binds heme iron domain of soluble guanylate cyclase, leading
to the synthesis of cyclic guanosine monophosphate (cGMP) that activates downstream
mediators such as ion channels, phosphodiesterases and protein kinases [38]. Hence, at
physiological concentrations, NO is a vital intracellular signaling molecule. However,
prolonged NO overproduction is associated with pathogenesis of a variety of diseases,
including inflammation and cancer [39]. Although NO has a relatively short half life
(millisec to sec) and is thought to be highly reactive, recent results demonstrate it regulates
target cells by cGMP-independent mechanisms. The reaction of NO with superoxide anion
to form reactive peroxynitrite, or other NO metabolites, is presumed to also mediate some
NO effects in target cells.

Compelling evidence demonstrates that NO participates in S-nitrosylation of cysteine
residues in target proteins (to regulate the cellular response) independent of cGMP signaling.
NO reversibly modifies the thiol (-SH) group of cysteine residues to nitrosothiols (S-NO)
[35, 40, 41]. The precise mechanism of protein S-nitrosylation remains elusive. For
example, it is not clear whether direct association with NOS is required for S-nitrosylation,
or whether NOS or another enzyme catalyzes the nitrosylation reaction, similar to the
actions of protein kinases. Nevertheless, it is well established now that S-nitrosylation
occurs as a result of NOS-mediated generation of NO [35, 40, 41]. Evidence linking NOS
activity to S-nitrosylation was first demonstrated by Stamler who showed that eNOS-
dependent S-nitrosylation endowed proteins with vasodilatory activity [42]. Follow-up work
from the same group evidenced the S-nitrosylation of hemoglobin by eNOS [43], ryanodine
receptor by nNOS [44], and caspase by iNOS [45]. The Snyder group showed in vivo S-

Daaka Page 4

Biochim Biophys Acta. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



nitrosylation of neuronal proteins, which co-localize with nNOS, was abolished in nNOS−/−

mice [46]. Hence, NOS-driven S-nitrosylation seems to be a critical redox-based method of
protein post-translational modification, analogous to phosphorylation.

S-nitrosylation reactions are specific, i.e. not every cysteine-containing protein is S-
nitrosylated and not every cysteine residue in a protein becomes S-nitrosylated. For
example, the ryanodine receptor tetramer contains 84 cysteine residues, but only 12 (i.e. 3
per subunit) are subject to reversible S-nitrosylation [44]. An S-nitrosylation consensus
sequence, a sequential 4 amino acid motif consisting of a polar amino acid, an acidic or
basic amino acid, a cysteine and an acidic amino acid, has been proposed [42]. A second
motif containing adjacent hydrophobic side chains has been suggested in the catalysis of S-
nitrosylation reaction [40]. Nonetheless, more work is needed to better establish identity of
S-nitrosylation protein motifs. Protein S-nitrosylation may affect various cellular functions,
such as enzymatic activity, protein-protein interactions and subcellular localization [35, 40,
41]. Some proteins are activated by physiological S-nitrosylation, including dynamin [47],
ryanodine receptor [48], βArrestin2 [49] and small GTPase Ras [50]. Examples of protein
functions that are inhibited by physiological S-nitrosylation include eNOS [51] and GRK2
[52].

To date, about a 1000 proteins have been demonstrated to undergo S-nitrosylation
modification. However, unlike the case of protein phosphorylation that is carried out by
100s of protein kinases, there exist only three NOSs, casting doubt that the NOSs
themselves mediate the overwhelming number of substrate S-nitrosylation reactions.
Emerging evidence indicates NO groups may be transferred, in multi-protein complex
situations, from a donor S-nitrosylated protein to an acceptor S-nitrosylation substrate [53,
54]. This new finding may explain temporal and spatial requirements of protein S-
nitrosylation as participants (and transducers) of signaling networks, and it suggests that
protein S-nitrosylation may be carried out not only by the mere 3 characterized NOSs and
nitrosothiols, but also by the 100s of S-nitrosylated proteins. Removal of NO from thiol
groups (i.e. denitrosylation) is mainly catalyzed by two enzymatic systems: the S-
nitrosoglutathione reductase (GSNOR) and the thioredoxin (Trx)/Trx reductase systems (for
review see [37]).

GPCR-induced NO production
Under physiologic conditions, NO is produced by eNOS and is maximally activated
following the binding to calmodulin. The binding of eNOS to calmodulin serves two
functions: to disrupt the inhibitory association with caveolin and to facilitate transfer of
electrons between the reductase and oxygenase domains of the enzyme [35]. Several
signaling networks converge on Ca+2 release from intracellular stores, thereby providing
rapid and regulated mechanisms to activate eNOS through calmodulin. Stimulation of a
large number of GPCRs that couple mainly to Gq increases levels of intracellular Ca+2 and
consequent eNOS activation. For example, stimulation with angiotensin, thrombin, or
bradykinin promotes the Gq-dependent increase in intracellular Ca+2 levels, eNOS
activation and NO production.

In addition to calmodulin, eNOS is activated by phosphorylation, and several kinases have
been demonstrated to use eNOS as a substrate. Both activating and inactivating eNOS
phosphorylation reactions have been demonstrated: phosphorylation of Ser-1177, Ser-635
and Ser-617 residues stimulate while phosphorylation of Thr-495 and Ser-116 inhibit the
eNOS activity [55]. In the case of Ser-1177, it may be phosphorylated by several kinases
including PKA, Akt and Ca+2/calmodulin-dependent kinase II (CaM kinase II; [56–58]). As
we discussed, Gs- and Gq-coupled receptors can activate PKA and CaM kinase II via
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increased accumulation of intracellular cAMP and Ca+2, respectively. GPCRs can also
transduce signals to activate Akt, and it has been reported that Gs-, Gq- and Gi-coupled
receptors can activate the phosphatidylinositol 3-OH kinase (PI3K)/Akt module through
transactivated receptor tyrosine kinases [2], principally the epidermal growth factor receptor
(EGFR). In this pathway, stimulation of the GPCR leads to the release of Gα-GTP and Gβγ
subunits, which through incomplete intermediaries induce the tyrosine phosphorylation of
EGFR. Subsequent to EGFR phosphorylation, the steps involved in GPCR-mediated and
EGFR-mediated Akt activation are indistinguishable. Activated EGFR recruits PI3K leading
to its phosphorylation-dependent activation. Other studies have shown that free Gβγ
subunits directly bind to PI3Kγ and activate it [59]. Hence, GPCRs may transduce the
multiple signaling networks to activate eNOS leading to the production of NO that mediates
protein S-nitrosylation.

GPCR S-nitrosylation
One prominent feature of GPCRs signaling is their ability to instantiate feedback loops to
inhibit the signal that initiated the original process. For instance, in addition to being
phosphorylated by GRKs, GPCRs may be phosphorylated by second messenger-activated
protein kinases, such as PKA or PKC [1, 29]. Once activated, these kinases phosphorylate
GPCRs regardless of their agonist occupancy status, resulting in a so-called heterologous
desensitization. In addition to receptor desensitization, phosphorylation of GPCRs by second
messenger-dependent PKA/PKC may lead to a switch in the coupling preference of the
GPCR to a different heterotrimeric G protein, thereby altering the multitude of signaling
networks initiated by the single agonist-receptor pair. For example, phosphorylation of
β2AR by PKA decreases the receptor coupling to Gs (thereby reducing cAMP production)
and simultaneously enhances the receptor coupling to Gi that actively inhibits the Gs-
mediated adenylyl cyclase signal [60]. The regulated coupling of β2AR to Gi also initiates
new signaling networks, such as βArrestin-mediated ERK activation [61].

Chemical NO-donors, including endogenous GSNO, have also been demonstrated to control
GPCR activity, albeit the mechanisms of NO action appear to vary depending upon receptor
subtype. For example, in situ treatment with NO-donor nitrosothiols disrupted the M2
muscarinic [62] and bradykinin [63] receptor coupling to target G proteins. The treatment
with nitrosothiols decreased β2AR-mediated cAMP accumulation, albeit by inhibiting
receptor palmitoylation and consequent Gs-coupling [64]. In the case of α1-adrenergic
receptor, treatment with GSNO inhibited the catecholamine-induced lung vessel
vasoconstriction as a result of decreased ligand binding and increased receptor S-
nitrosylation [65]. Likewise, treatment with NO-donor sodium nitroprusside decreased
binding affinity of angiotensin II to its AT1 receptor by S-nitrosylation of the receptor on a
single Cys-289 residue [66]. In animals, the knockout of GSNOR resulted in increased
expression of β2AR in lung and heart tissues, consistent with the observation that GSNO
inhibits agonist-induced receptor downregulation [52]. Hence, in parallel to GPCR signal
regulation by feedback loops as a result of receptor phosphorylation, NO, which can be
produced in response to multiple GPCRs activation, may initiate regulatory feedback loops
to control the GPCR signal as a result of receptor S-nitrosylation and inhibition of coupling
to effector G proteins.

GRK2 S-nitrosylation
Agonist binding to GPCRs is followed by recruitment of GRKs into close proximity to the
activated receptor and, for example, GRK2 is catalytically activated by interaction with
activated GPCRs [3, 4, 16]. GRK2 translocation from the cytosol to the plasma membrane is
accomplished through binding to activated receptor, acidic inositol phospholipid groups,
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prenylated Gβγ and palmitoylated Gαq subunits (Figure 2). The GRK2 phosphorylates
specific Serine and Threonine residues in the third intracellular loop and carboxyl terminus
of agonist-occupied receptor. GRK2 phosphorylation exerts little impact on receptor-G
protein coupling, but substantially increases the receptor’s affinity to cytosolic βArrestins
that, in turn, interdict the receptor-mediated activation of G proteins [1, 4]. In addition to
regulation of its function by subcellular distribution, the activation of GRK2 is also
regulated by protein-protein interactions and phosphorylation. For instance, GRK2 activity
is reduced by interaction with Ca+2-bound calmodulin [67, 68], caveolin [69], or α-actinin
[27]. Phosphorylation of GRK2 by PKC or tyrosine kinase c-Src increases its activity, whilst
phosphorylation of GRK2 by ERK decreases the GRK2 kinase activity and promotes its
redistribution from the plasma membrane to the cytosol.

Being mindful that only a handful of GRKs regulate activity of 100s of GPCR and non-
GPCR substrates, it is highly likely that multiple regulatory mechanisms exist to control the
GRKs subcellular distribution and activity. While it is well accepted that GRKs activity is
also regulated by interaction with protein and lipid partners as well as through feedback
regulatory phosphorylation modifications, a recent report demonstrated that GRK2 kinase
activity is also regulated by β2AR agonist-induced S-nitrosylation [52]. Previous work
demonstrated eNOS activation following stimulation of β2AR with isoproterenol through
Ca+2 influx- [70, 71] and PKA- and Akt-dependent mechanisms [70]. Isoproterenol induced
the eNOS-mediated GRK2 S-nitrosylation, mainly on a single Cys-340 residue [52]. The
GRK2 S-nitrosylation inhibited kinase activity as measured by a reduction of agonist-
induced β2AR phosphorylation, thereby preventing receptor desensitization and
downregulation (Figure 2). It is noteworthy mentioning that Cys-340 is also present in
GRK3 but not in other GRKs or related AGC kinases. The Cys-340 is located on a β-sheet
that borders the activation loop of the GRK2 catalytic domain and, in member AGC kinases,
the loop contains a phosphorylated threonine residue that is required for kinase activity [17,
72]. S-nitrosylation may, therefore, perturb the structure of the GRK2 activation loop
resulting in inhibition of kinase activity. By inhibiting β2AR phosphorylation (Figure 2) and
consequent downregulation, GRK2 S-nitrosylation may restore receptor function that is
dysregulated in many disease states, including cardiovascular and asthma. Notably, levels of
S-nitrosylated GRK2 are increased in GSNOR knockout mice [52].

βArrestin S-nitrosylation
Cytosolic βArrestin proteins are enriched on the plasma membrane by binding to ligand-
occupied and GRK-phosphorylated GPCR (Figure 3). The βArrestins were functionally
characterized based on their ability to sterically hinder activated GPCR interaction with
effector G protein, hence instantiating signal termination [1, 29]. Emerging evidence shows
additional βArrestin functions (Figure 3). For example, termination of cAMP signal, which
is initiated following activation of Gs-coupled receptors, is mediated by its degradation
through the phosphodiesterase (PDE) enzymes, and it was recently shown that βArrestins
form a complex with PDE4Ds in the cytosol and co-translocate with PDE4Ds to the plasma
membrane upon activation of β2AR [73]. Hence, βArrestins can limit cAMP-dependent
signals through active degradation of already synthesized cAMP. In the case of Gq-coupled
M1 muscarinic receptor, the βArrestins bind to and recruit diacylglycerol kinase (DGK) to
the plasma membrane. The DGK uses diacylglycerol as a substrate to generate phosphatidic
acid, thereby turning off signaling through diacylglycerol, such as activation of PKC [74].
Lastly, activated D2 dopaminergic receptor recruits βArrestin2 that forms a complex with
Akt and the phosphatase PP2A [75]. Dephosphorylation of Akt by PP2A results in the D2
receptor-mediated inactivation of Akt that contributes to the locomoter activity of
dopaminergic neurotransmission. These recent observations provide new ways wherein
βArrestins limit second messenger-dependent signals not only by interdicting receptor-G
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protein coupling, but also through active degradation of already synthesized second
messengers (Figure 3).

Evidence that βArrestins directly impact signal transduction (other than to affect receptor
desensitization) came, unexpectedly, from studies aimed at determining the cellular response
to modulating vesicle trafficking [76–78]. Pharmacologic inhibitors of vesicle fission [77] or
forced over-expression of dominant negative forms of βArrestin1 [76, 78] resulted in
diminished receptor-mediated activation of the ERK MAP kinases. Support for the idea that
βArrestins play a role in GPCR-mediated ERK activation came with the observation that
βArrestin1 served as a binding partner for activated c-Src [61], and mutations in βArrestin1
that prevent its interaction with receptor or c-Src inhibited β2AR stimulation of ERK
(Figure 3). Soon thereafter, activation of the neurokinin1 receptor with substance P was
shown to attenuate cell apoptosis in a mechanism that depended on βArrestin-mediated
recruitment of c-Src [79]. These studies provided confidence that βArrestins initiate a
‘second-wave’ signaling from the same receptors that they desensitize. DeFea and
colleagues demonstrated that agonist stimulation resulted in formation of a complex
containing activated PAR2, βArrestin1, Raf-1, and phosphorylated ERK [80], and the
Lefkowitz group showed that stimulation with angiotensin II induced the βArrestin2, Raf-1,
MEK1, and phosphorylated ERK complex formation [81]. Collectively, these studies
identified the additional function of βArrestins to act as scaffolds bringing into close
proximity activated receptors and (ERK MAP kinase) signaling intermediates.

A cardinal requirement for GPCR signal initiation is ligand binding-induced conformation
changes in the receptor structure [5] that allows it to couple to target G proteins and to exert
a GEF function. Likewise, the binding of βArrestin to receptor promotes conformational
changes in βArrestin, permitting its interaction with downstream effectors [82]. Choice of
binding partner may be controlled by nuanced changes in βArrestin structure that may result
from binding to activated GPCR, or undergoing post-translational modifications. Indeed,
βArrestins have been demonstrated to undergo the regulated phosphorylation [83, 84],
ubiquitination [85] and more recently S-nitrosylation [49]. For example, βArrestin1 is
phosphorylated on Ser-412 by ERK and βArrestin2 is phosphorylated mainly on Thr-383 by
casein kinase II [83, 84, 86]. Phosphorylation of βArrestins selectively regulates their
function: while the binding of βArrestins to GPCRs and consequent GPCR desensitization is
not affected, their binding to clathrin and subsequent receptor internalization requires
dephosphorylation, albeit by as yet unidentified phosphatase(s). The βArrestins also serve as
substrates for ubiquitination [85], the addition of a 76 amino acid polypeptide ubiquitin.
Upon receptor activation by agonist, βArrestins are polyubiquitinated by RING finger E3
ligase MDM2 that, in turn, regulates GPCR internalization and trafficking. For example,
activation of β2AR, which dissociates from βArrestin before internalization, results in
transient ubiquitination of the βArrestin. On the other hand, activation of V2 vasopressin
receptor, which internalizes together with βArrestin, induces prolonged ubiquitination of the
βArrestin [87], suggesting that the ubiquitination status of βArrestin determines stability of
the receptor-βArrestin complex and the trafficking pattern of the receptor. The enzyme
ubiquitin-specific protease 33 was recently shown to catalyze the deubiquitination of
βArrestin [88], establishing feedback regulatory mechanisms to control the βArrestin
function. In addition to serving as substrates for ubiquitination, the βArrestins also serve as
adaptors that bring the E3 ligase into close proximity to target GPCRs, leading to receptor
ubiquitination that regulates the receptors’ endocytic trafficking and lysosomal targeting.

Recently, βArrestin2, but not βArrestin1, was shown to be S-nitrosylated on Cys-410 that
provided an additional regulatory step in the life cycle of GPCR [49]. The βArrestin2 was
shown to form a complex with eNOS, and stimulation of β2AR, which activates eNOS,
promoted the dynamic βArrestin2-eNOS complex formation and βArrestin2 S-nitrosylation
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(Figure 3). Active β2AR-induced S-nitrosylation of βArrestin2 resulted in the dissociation
of βArrestin2 from eNOS and association with the endocytic machinery components clathrin
and AP-2, thereby facilitating an increase in the rate of β2AR trafficking from the plasma
membrane. The βArrestin2 also forms a complex with iNOS leading to increased NO
production [89]. Here, stimulation of bradykinin receptor 1 (B1R) initiates a βArrestin2 (but
not βArrestin1) →ERK → iNOS signal that promotes the iNOS phosphorylation and
consequent NO synthesis [89]. Of note, EGF-induced activation of ERK was shown to be
insufficient to activate iNOS, suggesting pools of βArrestin- and EGF-activated ERK are
distinct, or βArrestin2 recruits additional mediators involved in the B1R-regulated iNOS
activation.

Functionally, it appears that dephosphorylation of βArrestin1 on Ser-412 exerts similar
effects as S-nitrosylation of Cys-410 on βArrestin2 (as assayed with binding to clathrin/
AP-2 and β2AR internalization), and it is interesting to note that Ser-412 (in βArrestin1) and
Cys-410 (in βArrestin2) are not conserved in βArrestin2 and βArrestin1, respectively.
Hence, βArrestin2 S-nitrosylation mirrors βArrestin1 dephosphoryation in the context of
β2AR internalization, supporting the idea that S-nitrosylation and phosphorylation reactions
may operate in unison to regulate GPCR trafficking. Remarkably, comprehensive proteomic
analyses revealed βArrestin2 interacts with over 250 partner proteins [90] that are involved
in cellular signaling, cytoskeletal organization, and nucleic acid binding. However, the
functional consequence of S-nitrosylation on these interactions awaits further investigation,
and it will not be surprising if some of these interactions are dictated by βArrestin2 S-
nitrosylation status.

Dynamin S-nitrosylation
GPCRs undergo constitutive and agonist-stimulated endocytosis and the internalized
receptors can recycle back to the plasma membrane for reuse, or can be targeted to
lysosomes for degradation. Internalization of GPCRs, in particular, and cell surface
receptors, in general, is typically mediated by invaginations of the plasma membrane regions
that are coated with clathrin (i.e. clathrin coated pits), or enriched in caveolin (i.e. caveolae)
proteins [91]. Notably, late-stage “pinching off” and internalization of either clathrin-coated
pits or caveolae are dependent upon large GTPase dynamin that facilitates fission of these
endocytic vesicles from the plasma membrane [92]. Unlike classical small GTPases and α
subunits of heterotrimeric G proteins, dynamin has a relatively low affinity for GTP binding
(Km, 10–100 μM), high intrinsic rate of GTP hydrolysis (Kcat, 2–100 min−1), and its
GTPase activity is increased (5–10 fold over basal) as a result of self assembly [93, 94]. In
the native state, dynamin exists as homotetramer [92, 95]. When diluted into low ionic
strength conditions in vitro, dynamin tetramers can spontaneously self assemble into a
supermolecular structure consisting of spiral stacks of rings (Figure 4), similar to the
structure observed in vivo in which dynamin appears as an electron dense collar around the
necks of endocytic pits [96, 97]. Upon GTP binding, dynamin self-assembles into spiral
collars at the necks of invaginations, which is thought to stimulate its GTPase activity,
thereby allowing it to mediate scission of budding vesicles from the plasma membrane [92].

Three distinct mammalian dynamin genes have been recognized: neuronal dynamin1,
ubiquitously expressed dynamin2, and dynamin3, which is detected only in brain, testis and
lung [92]. All three genes encode at least four alternatively spliced variants that could result
in expression of at least twelve different isoforms. All dynamin isoforms consist of four
distinct structural domains: a highly conserved N-terminal GTPase domain represents the
catalytic workhorse of dynamin; mutations within this domain (i.e. K44A) result in
abolishment of GTP binding and hydrolysis, leading to the inhibition of vesicle detachment
from the plasma membrane. A central PH domain binds phosphoinositides and other
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proteins and is thought to mediate dynamin’s recruitment to the plasma membrane [93]. A
GTPase effector domain (GED) encodes for GAP activity, which interacts with the GTPase
domain of the same protein monomer, or of neighboring dynamin monomers [94]. Finally, a
C-terminal proline-arginine rich domain (PRD) is thought to bind other proteins, such as the
tyrosine kinase c-Src, and we demonstrated that dynamin1 is a c-Src substrate [98] and that
c-Src-mediated phosphorylation regulates the dynamin1 function in receptor endocytosis
[99]. Follow-up reports demonstrated the c-Src-mediated tyrosine phosphorylation of
dynamin2 and its requirement to mediate the vesicle fission [100, 101].

Dynamin GTPase activity is controlled by self oligomerization that is regulated by dynamin
membrane recruitment to coated pits, and PH domain of dynamin interacts with membrane
lipids [92]. However, the affinity of the PH domain to membrane lipids is low (1 mM for
inositol-1,4,5-trisphosphate), suggesting that dynamin may employ alternate mechanisms to
translocate to membranes. Indeed, βγ subunits of heterotrimeric G proteins have been
implicated in the recruitment of dynamin to the plasma membrane following GPCR
activation [102]. Dynamin membrane recruitment may also occur via interaction of its PRD
with SH3-domain containing proteins, such as amphiphysin. Another PRD-interacting
protein that may control dynamin membrane recruitment is eNOS (Figure 4). Accordingly,
dynamin and eNOS colocalize within membrane compartments and immunoprecipitation of
eNOS from endothelial cells coprecipitates dynamin [103]. In vitro, dynamin binds directly
to eNOS with high affinity (Kd ~ 30 nM) and overexpression of dynamin2 increases the
eNOS activity [104].

The binding of eNOS to dynamin exerts a reciprocal activation of dynamin [47] and related
protein Drp1 [105] through a mechanism that involves S-nitrosylation (Figure 4). In vitro
and in situ studies show that dynamin1 [47], dynamin2 [106] and Drp1 [105] are subject to
S-nitrosylation modifications. Dynamin1 is S-nitrosylated on Cys-607 [47], dynamin2 on
Cys-86 and Cys-607 [106], and Drp1 on Cys-644 [105]. In all cases, S-nitrosylation appears
to be required for optimal dynamin function. Forced overexpression of dynamin1 C607A,
for example, reduces rate of agonist-induced β2AR internalization [47]. Similarly,
overexpression of dynamin2 C86/607A decreases the bacteria invasion of bladder epithelial
cells [107]. Drp1 S-nitrosylation triggers mitochondrial fission, synaptic loss, and neuronal
damage that are key mediators of Alzheimer’s disease [105]. The S-nitrosylation promotes
dynamin self-assembly and increases GTPase activity (Figure 4), thus accelerating the
process of vesicle fission from the plasma membrane (for dynamin1 and dynamin2) and
mitochondrial fragmentation (for Drp1). Hence, the binding of dynamin to eNOS may serve
as an anchor for dynamin, thereby stabilizing dynamin at the plasma membrane (Figure 4).
The S-nitrosylation-dependent interactions between dynamin and eNOS may regulate
subcellular localization as well as multimerization of dynamin and its assembly-linked
activities.

Conclusions and perspectives
Protein modification by S-nitrosylation, like phosphorylation, is now recognized as a
regulatory mechanism involved in propagating as well as fine-tuning signaling networks
from a variety of receptor types (including G protein-coupled, tyrosine kinase and nuclear
receptors). It is evident that GPCR systems undergo multiple specific modifications during
their life cycle, and it will be important to elucidate effects of these modifications in
combination and not in isolation. Integrative post-translational modifications approach of
GPCR systems that incorporate S-nitrosylation may provide a more comprehensive
understanding of mechanisms controlling receptor expression and function. Also important
is the establishment of possible existence of cross-talk between the different types of post-
translational modifications, which is predicted to control the temporal and spatial GPCR
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signaling networks. Future studies on the molecular mechanisms by which GPCR system S-
nitrosylation modifications regulate various cellular processes will likely improve our
understanding of some human diseases and may provide rationale for discovery of effective
drugs to improve their clinical outcomes.
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Figure 1. Classical signaling by G protein-coupled receptors
A, Binding of ligand agonist promotes coupling of the receptor to heterotrimeric G protein
leading to the exchange of GDP for GTP on the α subunit. Both Gα-GTP and Gβγ subunits
transduce signals affecting expression of soluble second messengers that, in turn, impact the
cellular response. B, Phosphorylation of agonist-occupied GPCR by GRK. Free Gβγ
subunits mediate recruitment of GRK2 to the plasma membrane into close proximity to
activated receptor, prompting the receptor phosphorylation. In addition to Gβγ subunits,
GRK2 also binds to plasma membrane-anchored Gαq-GTP and prevents its signaling by
sequestration. C, Agonist-bound and GRK-phosphorylated GPCR forms high affinity
binding site for βArrestins. The binding of βArrestin to receptor prevents further activation
of G proteins and initiates the process of receptor internalization.
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Figure 2. S-nitrosylation of GRK2 by eNOS
Stimulation of β2 adrenergic receptor with isoproterenol (ISO) promotes the GRK2 S-
nitrosylation by eNOS on a single cysteine residue leading to the inhibition of kinase
activity. As a result, the receptor escapes phosphorylation and consequent desensitization
and down-regulation.
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Figure 3. βArrestin-mediated signaling
A, Stimulation of a GPCR with ligand agonist promotes the GRK-mediated receptor
phosphorylation and consequent recruitment of cytosolic βArrestin. Depending upon the
nature of ligand-receptor pair and post-translational modification of βArrestin itself, the
βArrestin can adopt a specific conformation that allows it to select an interacting partner(s)
that, in turn, dictate the cellular response. B, S-nitrosylation of βArrestin2 by eNOS
following β2 adrenergic receptor stimulation with isoproterenol (ISO). The S-nitrosylated
βArrestin2 favors interaction with endocytic machinery components clathrin and AP-2,
leading to receptor internalization through clathrin-coated endocytic portals.
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Figure 4. Dynamin S-nitrosylation promotes the G protein-coupled receptor internalization
In the absence of agonist, dynamin tetramers may be bound to eNOS and present in the
cytosol. Upon stimulation with agonist, eNOS induces the S-nitrosylation of dynamin that,
in turn, promotes the dynamin recruitment to the neck of invaginated pits on the plasma
membrane. The S-nitrosylation also increases dynamin self-assembly and its GTPase
activity, thereby enhancing rate of vesicle scission from the plasma membrane and
internalization of activated receptor.
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