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B-Arrestins are multifunctional adaptors that mediate the desen-
sitization, internalization, and some signaling functions of seven-
transmembrane receptors (7TMRs). Agonist-stimulated ubiquitina-
tion of B-arrestin2 mediated by the E3 ubiquitin ligase Mdm2 is
critical for rapid pBz-adrenergic receptor (B.AR) internalization.
We now report the discovery that the deubiquitinating enzyme
ubiquitin-specific protease 33 (USP33) binds B-arrestin2 and leads
to the deubiquitination of B-arrestins. USP33 and Mdm2 function
reciprocally and favor respectively the stability or lability of the
receptor B-arrestin complex, thus regulating the longevity and
subcellular localization of receptor signalosomes. Receptors such
as the B2AR, previously shown to form loose complexes with
B-arrestin (“class A’") promote a $-arrestin conformation conducive
for binding to the deubiquitinase, whereas the vasopressin V2R,
which forms tight B-arrestin complexes (“class B’’), promotes a
distinct B-arrestin conformation that favors dissociation of the
enzyme. Thus, USP33-g-arrestin interaction is a key regulatory step
in 7TMR trafficking and signal transmission from the activated
receptors to downstream effectors.

endocytosis | G protein-coupled receptors | ubiquitination |
phosphorylation | ERK1/2

he trafficking of seven-transmembrane receptors (7TMRs),
also known as G protein-coupled receptors (GPCRs), is a
tightly regulated process that modulates cell signaling and de-
fines various physiological responses (1). Two homologous mam-
malian proteins, B-arrestinl and B-arrestin2, have been estab-
lished as primary endocytic and signaling adaptors for a large
number of 7TMRs as well as other types of cell surface receptors
(2). Agonist-stimulated 7TMRs first couple to and activate the
heterotrimeric G proteins, but they are immediately phosphor-
ylated by specialized serine-threonine kinases called G protein-
coupled receptor kinases (GRKs) (2). This phosphorylation is an
important determinant for the efficient plasma-membrane re-
cruitment of the B-arrestin proteins to the receptor cytoplasmic
domains and desensitization of G protein signaling.
Phosphorylation of a serine triplet on the carboxyl tail of
receptors, such as the vasopressin V2 receptor (V2R), engenders
their tight interaction with B-arrestins, facilitating cotrafficking
and localization of receptor—arrestin complexes to endocytic
vesicles (3). These stable B-arrestin-binders, also known as “class
B” receptors, are differentiated from other 7TMRs, such as the
Br-adrenergic receptors (B2AR) that are transient pB-arrestin-
binders (also known as “class A” receptors), which form a loose
complex with translocated arrestins only at the plasma mem-
brane (3). In addition to receptor phosphorylation, agonist-
stimulated ubiquitination occurring on B-arrestins also governs the
stability of receptor—B-arrestin interactions (4—6). B-Arrestin ubig-
uitination is crucial for both its endocytic and signaling functions
(7, 8), and the kinetics of B-arrestin deubiquitination correlates
with the dissociation of B-arrestins from activated receptors,
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suggesting that ubiquitin-specific protease(s) [USP(s)] might
play specific regulatory roles in 7TMR endocytosis and signal
transduction. These observations encouraged us to seek deubig-
uitinating enzyme(s) that might bind B-arrestin and regulate its
functions.

Results

In a yeast 2-hybrid screen using B-arrestinl as the bait, we obtained
a truncated portion of ubiquitin-specific protease 33 (USP33) as a
potential B-arrestin partner. This interaction was confirmed in
mammalian cells by coimmunoprecipitation assays using HA-
USP33 (ATCC clone, IMAGE:3491447) and B-arrestinl and 2
isoforms (Fig. 14, and Fig. S14). Because USP33 binds both
isoforms of B-arrestin equally, and B-arrestin2 ubiquitination has
been extensively documented, we focused on the effects of
USP33-B-arrestin? interaction. HA-USP33 binds to both the N
and C domains of B-arrestin2, and increased binding was ob-
served with either domain alone compared to the WT (Fig. S1
B and C), suggesting that disrupting B-arrestin’s basal confor-
mation facilitates USP33 binding.

Next, we purified HA-USP33 from transfected COS-7 cells by
using HA-affinity beads (Fig. S24) and determined if it had the
predicted deubiquitinating enzymatic activity. Incubation of the
commonly used active site probe of deubiquitinases (DUBs),
ubiquitin-vinyl sulfone (Ub-VS) (9) causes an expected mobility
shift of HA-USP33 corresponding to formation of the HA-
USP33-Ub-VS adduct (Fig. 1B). Additionally, when increasing
amounts of USP33 (0.1-1 ug) are incubated with Lys-63-linked
polyubiquitin chains, we find a corresponding increase in the
appearance of monoubiquitin due to the depolymerizing activity
of USP33, which is similar to that of a generic DUB, Isopeptidase
T (USP5) (Fig. 1C). USP33 also depolymerizes Lys-48-linked
polyubiquitin chains (Fig. S2B). Because there is no accumula-
tion of diubiquitin in these assays, USP33 likely deubiquitinates
monoubiquitinated proteins as well.

Detection of B-arrestin ubiquitination requires prior inhibi-
tion of DUBs (e.g., with 10 mM N-ethylmaleimide), therefore an
effect of coexpression of USP33 on B-arrestin ubiquitination
could not be assessed by previously used cellular immunopre-
cipitation assays (4). We therefore tested the DUB activity of
HA-USP33 on ubiquitinated B-arrestin in an in vitro set-up. We
transfected HEK-293 or COS-7 cells with vector or Flag-pB-
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Fig. 1. Identification of USP33 as a p-arrestin-binding deubiquitinase. (A)
HA-USP33 transiently expressed in COS-7 cells along with B-arrestin1-Flag, -
arrestin2-Flag, or vector was immunoprecipitated (IP) with anti-hemagglutinin
epitope (HA)-agarose conjugate, and the amount of bound g-arrestin1 and -2
was assessed by probing with an anti-g-arrestin antibody (Upper). 1B, immuno-
blot. Expression levels of USP33 and B-arrestins in cell extracts are also displayed
(Lower). Data shown are from 1 of 4 independent experiments. (B) The bands
displayed represent purified USP33 that is either unmodified or covalently linked
to ubiquitin-vinyl sulfone (Ub-VS), separated on an SDS/polyacrylamide gel (6%),
and detected by Sypro ruby red staining. (C) Lys-63-linked polyubiquitin chains,
which lack monoubiquitin, were incubated with buffer (lane 1), Isopeptidase
T (lane 2), or increasing amounts of purified USP33 (lanes 3-5). The appearance
of a monoubiquitin band corresponds to the depolymerizing activity of USPs.
Datadisplayed in Band Care representative of 3 or 4 experiments performed with
3 separate USP33 purifications.

arrestin2, immunoprecipitated B-arrestin with or without agonist
stimulation, removed N-ethylmaleimide during wash steps, and
treated the isolated sample with purified HA-USP33 (Fig. 24).
USP33 efficiently deubiquitinates B-arrestin2 as evidenced by
the disappearance of ubiquitination signals only in the USP33-
containing lanes (Fig. 2A4).

To test if USP33-mediated accelerated deubiquitination could
affect the stability of receptor—B-arrestin complexes (5), we
overexpressed USP33 in HEK-293 cells along with the V2R and
B-arrestin-2-GFP and examined the distribution of each protein
by confocal microscopy. The subcellular distribution of GFP-
USP33 or HA-USP33 when immunostained alone (see Methods)
is shown in Fig. S34. USP33 is localized throughout the mem-
brane network including vesicles and is abundant in the perinu-
clear compartments (10). In cells expressing HA-V2R and
B-arrestin2-GFP along with USP33 (Fig. S3B) or RFP-USP33
(Fig. 2B, lower HEK cell), we do not observe endosomal
recruitment of B-arrestin upon agonist stimulation. In these
transiently transfected cells, most cells coexpress both B-arrestin
and USP33. However, some cells contain only B-arrestin2-GFP,
and here we observe normal endosomal localization of B-arrestin2
(Fig. 2B, upper HEK cell). DUBs are cysteine proteases in which
a cysteine, a histidine, and an aspartate constitute the catalytic
triad and are essential for enzymatic activity (11). The inhibitory
effect of USP33 on trafficking requires its enzymatic activity
because overexpression of a catalytic site mutant, USP33CysHis,
does lead to endosomal recruitment of B-arrestin2 upon V2R
stimulation (Fig. 2C). As expected, this mutant does not depo-
lymerize either ubiquitinated B-arrestin or polyubiquitin chains
in vitro. USP33 coexpression does not alter B-arrestin recruitment
to the plasma membrane upon either V2R or 3,AR activation (Fig. 2B
and Fig. S3B). Additionally, B-arrestin2-V2R trafficking is unaf-
fected when another DUB, GFP-USP4 (12), is coexpressed (Fig.
S4). Earlier studies on the temporal aspects of 7TMR-stimulated
ERK signaling have indicated that the late-ERK component is
B-arrestin dependent, whereas early transient ERK activity is due
to G protein-dependent mechanisms (2). When we compared the
time course of phospho-ERK1/2 (p-ERK) stimulated by vasopres-
sin in vector- versus HA-USP33-transfected cells, we observed a
marked diminution in p-ERK signals after 5-min agonist stimula-
tion (Fig. 2 D and E) in the USP33-transfected cells. These findings
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Fig. 2.  USP33 inhibits vasopressin-stimulated p-arrestin ubiquitination, en-
dosomal trafficking, and ERK activation. (A) Flag immunoprecipitates isolated
before or after 1 uM [Arg]vasopressin (AVP) stimulation from HEK-293 cells
that transiently express the V2R with either pcDNA3 or B-arrestin2-Flag were
treated with a mock purification (first4 lanes in each gel) or purified HA-USP33
(last 4 lanes in each gel). After incubation, samples were subjected to Western
analyses with an anti-ubiquitin antibody (Left) and reprobed with an anti-Flag
antibody (Right). (B) HEK-293 cells with stable HA-V2R expression were tran-
siently transfected with B-arrestin2-GFP and RFP-USP33 and stimulated with 1
M AVP for 20 min. Two cells are shown, one with no detectable RFP-USP33
that has the expected endosomal recruitment of B-arrestin2, the other that
expresses USP33 in which B-arrestin recruitment to the endosomesisinhibited.
(C) Confocal micrographs show endosomal distribution of B-arrestin2-GFP
upon AVP stimulation in cells overexpressing USP33%sHis, (D) HEK-293 cells
transiently expressing HA-V2R with either vector or USP33 were stimulated
with 1 uM AVP for the indicated times and cell lysates were analyzed for ERK
and phosphorylated ERK (p-ERK) by immunoblotting. (E) The graph represents
quantification of p-ERK stimulated by a time course of AVP in HEK-293
transiently transfected with HA-V2R along with vector or USP33 from 4
independent experiments. *, P < 0.01 by 2-way ANOVA, n = 4.

suggest that an increase in USP33 activity prevents sustained
ubiquitination of B-arrestin2, thereby destabilizing V2R-B-arrestin
interaction and diminishing B-arrestin-dependent ERK signaling.

The above effects of a DUB prompted us to investigate the
consequences of augmenting the reverse process (i.e., B-arrestin
ubiquitination) by overexpressing an E3 ubiquitin ligase. Mdm?2
is a B-arrestin-binding partner that specifically ubiquitinates
B-arrestin2 upon B,AR stimulation (4). However, its role in
B2AR-stimulated B-arrestin-dependent signaling and trafficking
was not known. Upon coexpression of Mdm?2 in HEK-293 cells,
activated B,AR and B-arrestin2-GFP formed stable complexes
that predominantly localized on endosomes (Fig. 34, middle
row). This pattern of endosomal cotrafficking of B,AR-f-
arrestin complexes suggests that the presence of excess Mdm2
promotes sustained ubiquitination of B-arrestin and stabilizes
receptor—B-arrestin interaction. In cells with endogenous levels
of Mdm?2 (end.), we detected only membrane recruitment of
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Fig.3. Mdm2 promotes B-arrestin recruitment to endosomes and enhances
signaling. (A) HEK-293 cells transiently expressing HA-B,AR and Mdm2 with-
out stimulation (NS, Top) or with 20-min isoproterenol (Iso, Middle) stimula-
tion are fixed and immunostained to detect the receptor (anti-8,AR, H-20)
shown in red and Mdm2 (Ab-1) displayed in blue. Distribution of B-arrestin2-
GFP is shown in green. In Bottom, confocal pictures of agonist-stimulated
HEK-293 cells expressing HA-B,AR, but with endogenous (end.) Mdm2 are
shown. (Scale bars, 10 um.) (B) Bar graph showing quantification (n = 3) of
p-ERK in whole-cell extracts in HEK-293 cells with or without exogenous
Mdm2 expression in response to isoproterenol stimulation for indicated times.
*, P<0.05, 2-way ANOVA. (C) (Top) HEK-293 cells were transiently transfected
with HA-B,AR and B-arrestin2-Flag along with siRNA that targets nothing
(control, CTL) or Mdm2; 48-60 hr posttransfection, g-arrestin2 was immuno-
precipitated after agonist treatment for the indicated times and the immu-
noprecipitate was probed with an anti-ubiquitin antibody. (Middle) The
amount of B-arrestin in the immunoprecipitate. (Lower) The levels of Mdm2
in cell extracts. (D) HEK-293 cells with or without either Mdm2 or B-arrestin2
depletion are analyzed for isoproterenol-stimulated p-ERK and ERK. (E) Graph
represents quantification of time course of p-ERK from 4 independent exper-
iments = SEM. Two-way ANOVA, *#*, P < 0.01; *, P < 0.05, CTL versus Mdm2,
and CTL versus B-arr2, 5- and 20-min signals, respectively.

B-arrestins due to the transient nature of both B-arrestin ubiq-
uitination and B-arrestin-receptor interaction (Fig. 34, bottom
row). Immunostaining of Mdm2-transfected cells suggests only
a modest enhancement in Mdm?2 levels compared with vector-
transfected cells (compare the third column across Fig. 34).
However, Western blot analyses of cell lysates revealed an 8-fold
overexpression above endogenous levels of Mdm?2. Overexpres-
sion of Mdm?2 also leads to an increase in p-ERK detected in
whole-cell lysates upon isoproterenol stimulation of HEK-293
cells for more than 5 min (Fig. 3B). The p-ERK response in
whole-cell lysates at 5 min of isoproterenol stimulation is com-
posed of both G protein- and B-arrestin-dependent signals (2),

6652 | www.pnas.org/cgi/doi/10.1073/pnas.0901083106

and not surprisingly an Mdm2 effect is not apparent in these
assays. In contrast, there is a marked Mdm?2-dependent enhance-
ment of ERK activity in B,AR-B-arrestin immunoprecipitates
isolated at 5 min of agonist treatment (Fig. S5). In addition, the
binding of p-ERK is significantly reduced upon coexpression of
an Mdm?2 deletion mutant (Mdm2'-4%) that lacks the RING E3
ligase domain (Fig. S5). Mdm?2 coexpression also prevents rapid
deubiquitination of B-arrestin2 in response to 32AR stimulation,
whereas coexpression of Mdm2!-4% prevents B-arrestin ubig-
uitination (4). Thus, an increase in Mdm?2 activity promotes
robust B-arrestin ubiquitination, stabilizes B,AR-B-arrestin
binding, and extends the longevity of signalosomes, allowing
their localization in endosomal compartments.

We next evaluated the effects of Mdm2 knockdown on
B-arrestin ubiquitination and its influence on endocytosis and
signaling. Transfection of HEK-293 cells with Mdm2 siRNA
leads to >98% knockdown of Mdm?2 protein (Fig. 3C Bottom).
Under these conditions, there is complete elimination of the
1-min B-arrestin ubiquitination induced by isoproterenol, which
is observed as a robust signal in cells transfected with control
siRNA (Fig. 3C). Because B-arrestin functions as a pleiotropic
adaptor and because we are isolating the entire cellular pool of
B-arrestin, we also detect basal signals unaffected by Mdm?2
depletion, which are likely from B-arrestin modification by other
E3 ligases independent of B,AR activation. Mdm2 depletion also
dramatically reduces the isoproterenol-stimulated p-ERK induced
at 5- and 20-min time points (Fig. 3 D and E). ERK activities at these
time points are also sensitive to B-arrestin2 depletion (Fig. 3E) (2).
Notably, ERK activation at the 2-min time point that is B-arrestin
independent is unaffected by Mdm?2 depletion (Fig. 3E). These
data indicate that Mdm2 and its mediation of B-arrestin ubiq-
uitination are required for B-arrestin-dependent signaling stim-
ulated by the B,AR.

In contrast to Mdm?2 knockdown, depletion of USP33 led to
a complete inhibition of B-arrestin deubiquitination that nor-
mally occurs at 10-min stimulation (Fig. 44). This sustained
B-arrestin ubiquitination in USP33-depleted cells correlates with
an accentuated stability of B-arrestin—-8,AR interaction promot-
ing their colocalization on endosomes as displayed in the con-
focal micrographs (Fig. 4B Upper). The plasma membrane
recruitment of B-arrestin observed with endogenous USP33
levels is shown in Fig. 4B Lower. Moreover, USP33 depletion
prolonged ERK activity upon isoproterenol stimulation (Fig. 4
C and D). Three separate siRNAs that knock down USP33 with
equivalent efficiency (Fig. 4E) produced identical effects on
B-arrestin ubiquitination and trafficking and on isoproterenol-
induced ERK activation. Thus USP33 specifically deubiquiti-
nates B-arrestin, prevents its cointernalization with the B,ARs,
curtails B-arrestin-dependent signaling, and acts as an endoge-
nous molecular “antagonist” for the B-arrestin pathway.

To address the question of why USP33 rapidly deubiquitinates
B-arrestin2 upon B,AR stimulation, but not during V2R stim-
ulation, we analyzed the kinetics of B-arrestin—-USP33 interac-
tion in response to agonist stimulation of both these receptors.
Flag-B-arrestin2 immunoprecipitates isolated from COS-7 cells
(Fig. 54 and Fig. S64) or HEK-293 cells (Fig. S6 B and C)
transfected with HA-B,AR contain a small amount of bound
endogenous USP33 in the absence of agonist activation. How-
ever, within 1-5 min of isoproterenol stimulation, the binding
increased by at least 2-fold and a robust interaction was observed
up to 20 min (Fig. 54, Fig. S6 A-C). In sharp contrast, stimu-
lation of V2R-transfected cells leads to an agonist-promoted
decrease in B-arrestin-USP33 interaction within 1 min of stim-
ulation (Fig. 54, Fig. S6 A-C).

To define the basis for these marked differences in response
to B2AR and V2R stimulation, we performed in vitro binding
experiments using purified B-arrestin2, HA-USP33, and either
phosphorylated or nonphosphorylated receptor peptides corre-
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USP33 knockdown prevents B-arrestin deubiquitination, promotes endosomal trafficking, and prolongs ERK signaling. (A) HEK-293 cells were

transfected with HA-B,AR, B-arrestin2-Flag, and either control or USP33 siRNA. Flag immunoprecipitates were isolated after isoproterenol stimulation for the
indicated times and probed with an anti-ubiquitin antibody (Upper). (Lower) USP33 levels in control and USP-knockdown samples. (B) Confocal micrographs show
distribution of Flag-B,AR (red) and B-arrestin2-GFP (green) in USP33-depleted cells (Upper) and control (Lower) cells in agonist-stimulated HEK-293 cells. (Scale
bars, 10 um.) (C) Western blots of p-ERK and ERK in response to a time course of isoproterenol (100 nM) activation, detected in HEK-293 cells with stable ;AR
expression (2 pmol/mg of protein) and with indicated siRNA transfections. (D) Quantification of p-ERK signals from 3 independent experiments. **, P < 0.01,
control versus USP33, 2-way ANOVA. (E) A representative blot for USP33 levels showing Western analysis of 25 ug of lysate protein from each siRNA transfection.

sponding to the C termini of B,AR and V2R. Phosphorylated
V2R peptides have been previously shown to induce an active
conformation of B-arrestins (13, 14). In the absence of any
receptor peptide, B-arrestin2 specifically binds to HA-USP33
(Fig. S6C). This binding is unaffected by the addition of B,AR-
nonphosphopeptide or V2R phospho/nonphosphopeptides.
However, a phosphorylated form of the B,AR peptide dramat-
ically increases the interaction (Fig. 5B, Fig. S6C).

Interestingly, binding of these different phosphopeptides,
which mimic the phosphorylated C termini of V2R and B,AR,
induced different limited tryptic proteolysis patterns of B-arrestin2,
suggesting that different phosphorylation patterns on different
receptors may induce distinct conformational changes in the
B-arrestin molecule (Fig. 5C). The tryptic digestion pattern of
B-arrestin2 in the presence of nonphosphorylated peptides of
V2R (Fig. 5C) (14) and B,AR are identical. The proteolysis
patterns in the presence of a V2R phosphopeptide (Fig. 5C) (14)
and B,AR phosphopeptide (Fig. 5C) are markedly different,
indicating distinct conformational changes induced by different
phosphopeptides mimicking the phosphorylated C termini of
different receptors. These data suggest a model in which phos-
phorylation on distinct sites at the C termini of different 7TMRs
may function as a “code” that translates to specific “active
conformations” in recruited B-arrestins (Fig. 6). The conforma-
tionally active B-arrestin associated with a particular receptor is
presumably modified with ubiquitin moieties/chains at distinct
sites, which then promote or prevent recruitment of USP33.
Thus 7TMR-induced conformations in B-arrestin2 would dictate
the subsequent timing of its deubiquitination by regulating the
pattern of recruitment of deubiquitinating enzymes. By dictating
the formation of labile or stable receptor signalosomes, the
nature of B-arrestin ubiquitination would act as a code (Fig. 6)
to provide spatial and temporal resolution as well as specificity
in 7TMR signal transduction.

Discussion

We report the discovery of a molecular mechanism that controls
the rate of B-arrestin deubiquitination and delineates the recip-
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rocal roles of ubiquitination and deubiquitination of B-arrestin2
in regulating trafficking of B-arrestin/7TMR complexes and
signaling. Stimulation of the B,AR (class A or transient -
arrestin-binder) induces transient ubiquitination of B-arrestin2
and subsequently promotes association of B-arrestin with the
DUB USP33. This interaction facilitates the deubiquitination of
B-arrestin, leading to its dissociation from the B,AR. In contrast,
stable B-arrestin-binders, such as the V2R (class B), promote a
B-arrestin conformation that does not favor the association of
USP33 with B-arrestin. By curtailing B-arrestin ubiquitination,
USP33 destabilizes B,AR-B-arrestin binding, decreases the ex-
tent of ERK activation via the B-arrestin-dependent pathway,
and thus functions to inhibit or desensitize B-arrestin-dependent
signaling in response to B,AR activation. In contrast, ubiquiti-
nation of B-arrestin by Mdm2 promotes reciprocal events (i.e.,
stabilization of receptor—arrestin complexes and augmentation
of B-arrestin-dependent ERK activation).

Posttranslational modification by ubiquitin is now appreciated
for its noncanonical roles in regulating pathways other than those
leading to protein degradation (15-17). In general, proteins
modified with Lys-48-linked ubiquitin chains are directed to the
26S proteasomes, whereas the Lys-63 chains are suggested to
play a role in endocytosis (18, 19). However, as with phosphor-
ylation and other posttranslational modifications, ubiquitination
is reversible, and the functional diversity and regulatory roles of
various DUBs are just beginning to be appreciated (11). The
human genome contains about 80 DUBs divided into 5 subfam-
ilies based on their catalytic domains, of which the USP subclass
includes the majority of the DUBs (11). Although several DUBs
display a preferential activity in cleaving specific ubiquitin chain
linkages (11), USP33 depolymerizes both Lys-48 and Lys-63
linkages and might function to deubiquitinate substrate proteins
in both endocytic and proteasomal pathways analogous to the
role played by Doa4 in yeast (20). Unlike other proteases, DUBs
do not exist as precursors, and their cellular activity and sub-
strate specificity are thought to be regulated by subcellular
localization and protein interactions (11). Although earlier
studies indicate that B-arrestins serve as crucial adaptors for
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Fig. 5. B-Arrestin-USP33 interaction displays different kinetics upon stimu-
lation of different 7TMRs and is dependent on distinct conformational
changes. (A) COS-7 cells transiently expressing either HA-B,AR or HA-V2R
along with B-arrestin2-Flag were stimulated with respective agonists for the
indicated times, B-arrestins were immunoprecipitated, and the immunopre-
cipitate was probed with USP33 antisera. The graphs show the quantification
of USP33 bound to isolated B-arrestin obtained from 4 independent experi-
ments. The 4 time points within each binding curve are analyzed by 1-way
ANOVA. In each case, stimulated samples are significantly different from
unstimulated samples; *, P < 0.05; **, P < 0.01; ***, P < 0.001. (B) Purified
HA-USP33 was incubated alone or with B-arrestin2-Hisg without or with
indicated receptor peptides (see Methods). USP33 binding from 4 separate
experiments is quantified and normalized to B-arrestin levels and plotted as
bar graphs; #, P < 0.05, B,AR-PP versus BAR-NP; **, P < 0.01, B,AR-PP versus
all other samples, 1-way ANOVA, Bonferoni comparison. (C) SDS/PAGE anal-
yses of the limited tryptic proteolytic products of p-arrestin2 with indicated
receptor peptides (see Methods). Red arrows indicate the significant differ-
ences in the limited proteolysis patterns.

escorting E3 ubiquitin ligase activity in various systems (2, 21,
22), this study further expands their scope to function as adaptors
for DUBEs, thus allowing substrate recognition and specificity.

Upon USP33 overexpression, the pattern of B-arrestin recruit-
ment to the V2R and the extent of ERK signaling mimic those
of receptors that transiently interact with B-arrestins and induce
only transient B-arrestin ubiquitination, such as the B,ARs.
Because of the increased activity of USP33, B-arrestins are
prevented from being stably ubiquitinated upon V2R activation.
On the other hand, depletion of USP33 prolongs the interaction
between B-arrestin and a class A receptor allowing sustained
signaling. This implies that during B,AR signaling, USP33 plays
aregulatory role by dissolving the receptor—arrestin signalosome
by promoting deubiquitination and dissociation of B-arrestin2. In
this context, USP33 functions much like an “antagonist” to
inhibit B-arrestin-dependent ERK activation and regulates the
extent of downstream signaling.

Why is the class A system susceptible to USP33-dependent
regulation, but not the class B? This results from differences in
the receptor-induced conformational changes in the B-arrestin
molecule, which subsequently tune the interaction between
“activated” B-arrestin and the DUB. Previous studies using
various biochemical and mutagenesis approaches have demon-
strated that B-arrestins undergo conformational changes in
response to 7TMR activation (23, 24); herein we show that
distinct conformational changes in B-arrestins may be induced by
different receptors. Our findings suggest an interesting form of
cross-talk between different posttranslational modifications (25)
on different proteins along the 7TMR signaling pathway. Thus
the “phosphorylation code” on the receptor carboxyl tail pro-
duces distinct conformational changes in the bound B-arrestins.
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Fig. 6. Schematic showing the effects of posttranslational modifications in
7TMRssignaling. Step 1, B-arrestin2 resides in a basal state in the cytoplasm and
is recruited to the plasma membrane and binds phosphorylated C termini of
7TMRs. The sites of phosphorylation differ among the 2 representative recep-
tors shown. Step 2, upon binding to each receptor, B-arrestin2 undergoes a
distinct conformational reorientation, thus allowing distinct regions to be-
come modified by ubiquitination. Step 3, the BAR-induced conformation
promotes B-arrestin2-USP33 interaction. Step 4, USP33 deubiquitinates -
arrestin, leading to the dissociation of p-arrestin from the B,AR. Step 5,
B2AR-B-arrestin2 signalosomes are short-lived and promote transient ERK
activity that is predominantly nonendosomal. Step 6, B-arrestin2 conforma-
tion induced by the V2R activation prevents USP33 binding, thus protecting
B-arrestin ubiquitination, allowing tight binding to activated receptors. Step
7, V2R-B-arrestin2 signalosomes are stable and result in robust ERK activity
that is predominantly localized on endosomes.

This might lead to ubiquitin modifications on distinct regions of
B-arrestin resulting in an “ubiquitination code” that tunes signal
strength, localization, and cellular functions (Fig. 6) (7, 8).
Although data from our in vitro assays (Fig. 5C) suggest that
conformational changes occur in B-arrestin2 before its ubiquiti-
nation, it is also likely that ubiquitination serves to further
embellish and modify the active conformations of B-arrestin to
provide a suitable platform for recruiting various endocytic and
signaling proteins. It is estimated that ~300 proteins constitute
the “B-arrestin-interactome” (26), and it is plausible that many
of these interacting proteins, either directly or indirectly, bind
ubiquitinated B-arrestin. Our assays involving polyubiquitin
chains indicate that USP33-mediated Lys-48 depolymerization is
less efficient than what we observe for the Lys-63-linked chains
(Fig. S2B). Future studies should reveal if the specific type of
ubiquitination induced by the B,AR and the V2R involve
different types of chain linkage (e.g., Lys-48 versus Lys-63),
which could also determine the rate of deubiquitination and/or
the affinity for USP33.

The N-domain in B-arrestin2 carries the binding site for E3
ligase Mdm2 (27, 28), whereas USP33 binds both N and C
domains. Mdm2-B-arrestin binding occurs constitutively (29, 30)
and does not persist beyond 10—15 min of B,AR activation (30).
Mdm?2 modifies B-arrestin when receptor interaction promotes
an “active conformation” and likely targets specific lysine resi-
dues that are revealed on B-arrestin conformational change. Mdm?2
and USP33 binding to B-arrestin2 are sequential events, and the
release of Mdm?2 on B-arrestin ubiquitination is followed by USP33
binding leading to B-arrestin deubiquitination. 3-Arrestin binding
to these and other regulatory proteins appear to involve dynamic
and timed interactions choreographed by receptor activation.
Our findings thus underscore the crucial regulatory significance
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of B-arrestin ubiquitination and deubiquitination carried out by
the reciprocal activities of the E3 ligase Mdm2, which is coupled
to endocytosis and signaling and of the deubiquitinase USP33,
which is coupled to signal termination and perhaps receptor
recycling.

Methods

Reagents, Cell Culture, Plasmids, and Transfection. COS-7 and HEK-293 cells
were purchased from the American Type Culture Collection and grown under
recommended optimal conditions. Anti-Flag affinity agarose, anti-HA affinity
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agarose, anti-Flag-M2, Sypro-Ruby stain, N-ethylmaleimide, ovalbumin, and
TPCK-treated trypsin were from Sigma. Rabbit polyclonal antiserum raised
against a custom peptide of a mouse-USP33 sequence, EEEPQTLTSE-
ETVEEEKSQSDVD, was used for immunostaining and detection of USP33.

Other Methods. The remaining methods section is provided as S/ Methods.
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