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The multifaceted adaptor protein B-arrl (B-arrestinl) pro-
motes activation of focal adhesion kinase (FAK) by the chemo-
kine receptor CXCR4, facilitating chemotaxis. This function of
B-arrl requires the assistance of the adaptor protein STAMI1
(signal-transducing adaptor molecule 1) because disruption of
the interaction between STAMI1 and f-arrl reduces CXCR4-
mediated activation of FAK and chemotaxis. To begin to under-
stand the mechanism by which B-arrl together with STAM1
activates FAK, we used site-directed spin-labeling EPR spectros-
copy-based studies coupled with bioluminescence resonance
energy transfer—based cellular studies to show that STAM1 is
recruited to activated f3-arrl by binding to a novel surface on
B-arrl at the base of the finger loop, at a site that is distinct
from the receptor-binding site. Expression of a STAM1-defi-
cient binding B-arrl mutant that is still able to bind to CXCR4
significantly reduced CXCL12-induced activation of FAK but
had no impact on ERK-1/2 activation. We provide evidence of a
novel surface at the base of the finger loop that dictates non-
GPCR interactions specifying f3-arrestin—dependent signaling
by a GPCR. This surface might represent a previously unidenti-
fied switch region that engages with effector molecules to drive
B-arrestin signaling.

B-Arrestins (B-arrestinl and B-arrestin2, also called arrestin-2
and arrestin-3, respectively) are multifaceted adaptor pro-
teins that bind to ligand-activated and G protein—coupled
receptor kinase (GRK) phosphorylated G protein—coupled
receptors (GPCRs), thereby limiting the magnitude and dura-
tion of G protein—mediated signaling, leading to homologous
receptor desensitization (1, 2). Once bound to a GPCR, B-arrest-
ins can also promote distinct branches of signaling by interacting
with various signaling molecules (3, 4). B-Arrestins are members
of a family of four proteins that also includes the two visual
arrestins (arrestin-1 and arrestin-4). Arrestins share a conserved
fold characterized by two elongated domains, termed the N and
C domains, that are connected by a hinge region (5-9). Arrestins
are mainly cytosolic proteins where they are maintained in an
inactive state by several intramolecular interaction networks (5,
10). Agonist activation and phosphorylation of GPCRs promotes
high-affinity arrestin binding characterized by a global confor-
mational change leading to a fully activated arrestin (11-16).
B-Arrestins might also assume receptor-specific conformations
when bound to GPCRs, possibly endowing them with the ability
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to engage with discrete effector molecules (7, 16—18). However,
this remains poorly understood.

The GPCR CXC motif chemokine receptor 4 (CXCR4) and
its cognate chemokine CXCL12 (also called stromal cell-
derived factor 1) mediate chemotaxis during organ develop-
ment, immune responses, stem cell mobilization, and meta-
static cancer (19-23). CXCR4 is widely expressed on multiple
cell types including lymphocytes, hematopoietic stem cells, epi-
thelial cells, and cancer cells (24). CXCR4 is overexpressed in
more than 23 human cancers, and its expression is associated
with overall poor survival (22, 25-29). CXCR4 signaling is
involved in several aspects of tumor progression and metastases
(30, 31), yet the mechanisms governing CXCR4 signaling re-
main poorly understood.

Although GRKs and B-arrestins negatively regulate CXCR4
by canonical homologous desensitization (32), B-arrestins
can also promote CXCR4 signaling. In particular, B-arrl
(B-arrestin 1) is necessary for the activation of focal adhe-
sion kinase (FAK), but not Akt or ERK-1/2, by CXCR4 (33).
A unique feature of FAK activation by B-arrl is that it
requires the assistance of endocytic adaptor protein STAM1
(signal-transducing adaptor molecule 1) (33). B-arrl, and to
a lesser extent B-arr2, interacts directly with STAMI, and
disruption of the interaction between them reduces FAK
activation and chemotaxis by CXCR4 (33). Because binding
to B-arrl is enhanced by CXCR4 activation (34), it is likely
that STAMI prefers to bind to the receptor-bound, fully
activated conformation of B-arrl. This is likely required to
interact with and activate FAK, because a physical complex
of B-arrl, STAMI1, and FAK is formed following receptor
activation, and they also co-localize at or near the cell pe-
riphery (33). Why B-arrl requires STAMI to activate FAK
remains to be determined.

Once bound to GPCRs, B-arrestins undergo a global confor-
mational change that enhances their ability to bind to effector
molecules (15, 35—-37). Because -arr1 binding to activated and
phosphorylated CXCR4 changes its ability to bind to STAM]1,
the interaction with STAM1 is likely driven by conformational
changes in B-arrestin. STAMI1 mainly binds to the N domain of
B-arrl between residues 25 and 161 (33), which also contains
key contact sites for ligand-activated and phosphorylated
GPCRs (10, 38). However, the precise structural or conforma-
tional determinants that dictate STAM1 binding remain
unknown. Arrestins have several regions that become available
for binding to effector molecules once activated by receptor
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binding. Importantly, the region between amino acid residues
89 and 97 of the N domain in B-arr2 referred to as arrestin
switch region I (39) is an element that undergoes considerable
movement from the basal state to the active state and might
mediate agonist-dependent interactions with effector mole-
cules (40). This region in B-arr2 contains two PXXP motifs,
which are recognition sites for SH3 domains and likely mediate
agonist-dependent binding to c-Src by GPCRs (39). The analo-
gous region in B-arrl contains only one PXXP motif, but it is
unclear whether it can interact with SH3 domains. Notably,
although STAM1 encodes an SH3 domain, it mainly interacts
with B-arrl via its coiled-coil region (34). Therefore, whether
arrestin switch region I or a previously unidentified switch
region binds to STAM1 remains to be determined.

Here, we investigated the structural and biophysical proper-
ties of the interaction between 3-arrl and STAM1 by EPR spec-
troscopy. Using continuous wave (CW) EPR, we mapped the
STAM1-binding site to a discrete region at the base of the fin-
ger loop. To determine whether binding to this region causes a
global or localized conformational change in B-arrl, we used
another EPR approach known as double electron—electron res-
onance (DEER) spectroscopy that measures distances between
two intramolecular spin labels attached at specific sites. The
DEER data show that STAM1 binding induces movement of
the finger loop, similar to GPCRs, but does not induce move-
ment of two other regions known to undergo large movements
upon GPCR binding (15). The finger loop is located between
B-strands 5 and 6 and is considered to represent a major bind-
ing region for activated GPCRs (39, 40). Mutation of residues
within the STAMI1-binding site reduced agonist-dependent
STAM1 binding but not CXCR4 binding, indicating that the
STAM1-binding site does not overlap with the GPCR-binding
site. Expression of a STAM1-deficient B-arrl-binding mutant
that could still bind to CXCR4 reduced FAK activation, but not
ERK-1/2, by CXCR4. We provide evidence of a novel region of
B-arrl specifying B-arrestin—dependent signaling.

Results
STAMT1 induces local conformational changes in B-arrestini

We used DEER spectroscopy to determine whether STAM1
binding induces conformational changes in B-arrl by introduc-
ing spin labels at two reporter sites within B-arrl. The position
of the spin labels was selected based on previous studies that
revealed large conformational changes upon GPCR binding,
including C-tail displacement, finger-loop extension, and mid-
dle-loop movement (15) (Fig. 1a). To report on C-tail displace-
ment, the spin labels were placed on the C-tail (A392C) and the
N domain (A12C). DEER-derived distance distributions are
shown as overlays for the free (black) and STAMI1-bound
(blue) states (Fig. 1b). In the basal state, the C-tail is folded back
onto the N domain, which helps to stabilize the inactive confor-
mation of B-arrl and is consistent with a small interspin dis-
tance between positions 12 and 392 (Fig. 1b). Upon GPCR
binding, there is a large increase in the interspin distance, con-
sistent with C-tail release from the N domain, as previously
reported (15). However, STAM1 did not induce distance
changes between spin labels at 12 and 392, indicating that the
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Figure 1. DEER measurements reveal conformational changes in 3-arr1
induced by STAM1. g, structure of inactive B-arr1 (PDB code 1G4M (6)) high-
lighting the finger loop (orange), C-tail (cyan), and middle loop (blue). Residue
pairs selected for DEER are connected by dotted lines. Each spin-labeled
B-arr1 double cysteine mutant was analyzed by DEER with and without
STAM1. Sample concentrations were as follows: 50 um spin-labeled B-arr1
and 150 um STAM1. b-d, DEER-derived distance probability distributions are
shown as overlays for the free (gray area with black outline) and STAM1-
bound (blue line) states. e-g, background-corrected dipolar evolution curves
are plotted as overlays for the free (black line) and STAM1 bound states (blue
line). Gray dots represent the raw data.

C-tail position is not affected by STAM1 binding (Fig. 15). Mid-
dle-loop movement was assessed by placing both spin labels on
the N domain at positions 136 and 167 (T136C and V167C)
(Fig. 1a). STAM1 did not induce conformational changes in the
middle loop, because no distance changes were observed
between spin labels at positions 136 and 167 (Fig. 1c). This is in
contrast to GPCR binding, which induced distance changes
between spin labels in these positions, indicating the N domain
moving away from the C domain (15, 16). By placing one spin
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label at site 167 (V167C) and the other at 68 (L68C), we were
able to assess finger-loop movement (Fig. 1a). In contrast to C-
tail displacement or middle-loop movement, STAM1 binding
induced finger-loop extension (Fig. 14). STAMI induced a
large distance change between these spin labels from 21 to 25 A
(Fig. 1d). This is similar to GPCR-binding, which also induces a
distance change between positions 68 and 167, as previously
shown (15).

Shown in Fig. 1 (e—g) are the fits to the free (black) and the
STAM1-bound (blue) background-corrected dipolar evolution
data (gray dots) to indicate data quality to support the distance
distribution data (41, 42). The attached spin labels on the
B-arrl double-cysteine mutants did not impact STAM1 bind-
ing, as assessed by pulldown assay (Fig. 2a), similar to what was
previously observed with binding to GPCR (15). These data
provide evidence that unlike GPCRs, STAM1 does not promote
global conformational change in B-arrl, suggesting that
STAM1 and GPCRs interact with the N domain differently.

STAM1-binding site maps to the base of the finger loop on
B-arri

To precisely map the STAMI1-binding site on B-arrl, we
employed site-directed spin-labeling CW EPR spectroscopy.
EPR spectroscopy takes advantage of the fact that the spin
labels have a paramagnetic center and when the label is
attached to a unique cysteine on the surface of a protein, the
spectrum reflects its mobility. Spin labels that are mobile dis-
play spectra that are narrow with sharp peaks; however, when a
protein partner binds at or near the spin label or a conforma-
tional change constrains its mobility, the spectral lines broaden
and decrease in amplitude (43, 44). This method has been pre-
viously used to successfully map the rhodopsin footprint on
B-arrl (38, 45). Because the N domain has previously been
shown to bind STAM1 (34), we selected several reporter sites
on the N domain to map the STAM1 footprint (Figs. 3a and
4a). We selected two reporter sites (Leu®® and Val'®”) on the
front surface (GPCR-binding surface) of the N domain (Fig. 3a)
that have been previously shown to be part of the GPCR-bind-
ing site (38, 45). On the opposite surface of the N domain or the
back (non—GPCR-binding) surface, we selected eight reporter
sites (Leu®, Tyr", Leu”", Phe’®, Arg’®, Leu”®, Val®*, and Phe®’)
in three solvent-exposed regions (Fig. 4a). We first confirmed
that each spin-labeled mutant was able to bind STAM], similar
to WT B-arrl, by a pulldown assay (Fig. 2, a—c). We then
recorded the CW EPR spectra in the absence or presence of
purified STAM1 or model GPCR. Rhodopsin, a prototypical
GPCR, was used in these experiments because it is available in
native membranes and is easily activated and phosphorylated
(10, 46). Importantly, both B-arrestins bind to activated and
phosphorylated rhodopsin (38, 47). The respective EPR spectra
were normalized and overlaid to reveal spectral line-shape
changes in the presence of GPCR or STAM1.

The overlaid EPR spectra of spin labels at position 68 or 167
from B-arrl alone or associated with STAM1 were identical,
indicating that the mobility of these sites was not impacted by
association with STAM1 (Fig. 3b). In contrast, GPCR binding
decreased the mobility of the spin labels at positions 68 and

SASBMB

167, as reflected in the overlaid spectra (Fig. 3c). These data
suggest that these sites are part of or close to the GPCR-binding
site (38, 48) but not the STAM1-binding site.

On the back (non—GPCR-binding) surface, the spectra from
the majority of the sites did not show any changes in spin mo-
bility upon association with STAM1, except sites 71, 75, and 76
(Fig. 4b). STAM1 association with B-arrl notably decreases the
spin label mobility at site 75 and to a lesser extent at sites 71
and 76, suggesting that these sites are part of or near to the
STAMI1-binding site. When GPCR associated with B-arrl, the
largest decrease in spin label mobility was observed at sites 71
and 75 and to a lesser extent at site 76 (Fig. 4¢). This is in agree-
ment with the finger loop interacting with GPCRs, as showed
by previous EPR (38, 45, 48) and structural (49-53) studies. A
small decrease in spin label mobility was observed at sites 47
and 79, but not at sites 84 and 87. Sites 71, 75, and 76 are in the
finger-loop region, which was hypothesized to serve as the acti-
vation sensor for GPCRs (39, 40). Our data suggest that
STAM1 likely binds to the finger loop of B-arrl.

Because the spectral line shape changes at spin-labeled sites
71 and 75 were sufficient to quantitate changes caused by
STAM1 binding, we took advantage of this to determine the af-
finity of the interaction between B-arrl and STAM1 by per-
forming a titration of spin-labeled L71C or F75C with increas-
ing concentrations of STAM1 (Fig. 5). The concentration of
labeled B-arrl used in these experiments was 10 um, well below
the 100 uM concentration at which B-arrestins oligomerizes
(54). The resultant data were fit to a one-site binding model,
and the derived K, values using spectral changes at L71C and
F75C were 79.3 £ 29.2 and 52.4 = 17.4 um, respectively. The
K, values are similar, although the affinity for STAM1 is very
low. This low K,; could be due to the use of inactive free B-arrl
in our studies, whereas STAM1 likely binds with higher affinity
to an active conformation, i.e. the conformation of B-arrl
bound to ligand-activated and phosphorylated receptor (51—
53).

Identification of STAM1-binding site on B-arr1 by
mutagenesis

We next examined the role of the finger loop in STAM1
binding in cells. Although the finger loop undergoes an exten-
sion when STAM1 binds, as revealed by distance measure-
ments between positions 68 and 167, CW EPR showed that
these residues are not directly engaged by STAM1. Instead CW
EPR revealed changes in spin label mobility at positions 71, 75,
and 76, suggesting that these sites are either located at the
STAM1-binding interface or undergo conformational changes
induced by STAM1 binding. To address this, we substituted
four consecutive amino acids to alanine residues (L73A/T74A/
F75A/R76A) along the back surface of the finger loop (Fig. 6a)
and examined the ability of this B-arrl variant (B-arr1-4A) to
bind to STAM1 by co-immunoprecipitation of epitope-tagged
T7-STAMI1 and FLAG-tagged WT or mutant B-arrl co-ex-
pressed in HEK293 cells. T7-STAM1 was immunoprecipitated
with an antibody against T7, followed by immunoblotting
to detect the presence of B-arrl in the immunoprecipitates.
The presence of B-arrl-4A in the immunoprecipitates was
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Figure 2. B-arr1 spin-labeled cysteine mutants maintained their ability to bind to STAM1, as assessed by pulldown experiments. Equimolar amounts
of purified B-arr1-WT or indicated B-arr1 cysteine mutants (0.4 um) were incubated with or without purified STAM1- (3 um) for 20 min at 37°C. Complexes
were immobilized by incubation with Talon cobalt resin, and after washing, proteins were eluted in buffer with 200 mM imidazole and analyzed by immuno-
blotting. Representative blots are shown for B-arr1 double cysteine mutants (a) and single cysteine mutants (b and c).

significantly reduced compared with WT B-arrl (Fig. 6b). To
further validate these data, we performed an independent pull-
down experiment with His-tagged STAM1 immobilized on
cobalt resin and purified WT or mutant -arrl. These experi-
ments also showed that STAM1 binding to the 4A mutant was
significantly reduced, as compared with WT B-arrl (Fig. 6c).
Collectively, these data provide evidence that the base of the
finger loop (residues Leu” to Arg’®) is likely the major
STAM1-binding site on B-arrl.

Because the STAM1-binding site is part of the finger loop,
which interacts with GPCRs by inserting into the 7TM core
(51-53), the STAM1-binding site might overlap with the
GPCR-binding site, as the EPR data suggest (Fig. 4c). To
explore this, we used BRET, which is commonly used to moni-
tor protein—protein interactions in live cells (55-57). BRET
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measures the energy transfer in the presence of a substrate
from a bioluminescent donor such as Renilla luciferase (Rluc),
to a fluorescent acceptor, such as GFP. To examine the inter-
action between STAMI and B-arrl, HEK293 cells were co-
transfected with T7-STAMI1 C-terminally tagged with Rluc
(STAM1-Rluc) and WT or 4A-mutant B-arrl tagged with
GFP (B-arr1-WT-GFP or B-arrl-4A-GFP, respectively).
The cells were stimulated with increasing concentrations of
CXCL12, and the BRET ratio was calculated at each dose. As
shown in Fig. 7a, there was a dose-dependent increase in
BRET in cells expressing STAMI1-Rluc and B-arrl-WT-
GFP, in agreement with previous reports that the interaction
between B-arrl and STAM1 is CXCR4-dependent (34). In
contrast, there was a significant rightward shift (increased
ECs0) in BRET in cells expressing B-arrl1-4A—GFP, consistent
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Figure 3. Front surface N domain spin label mobility analysis of 3-arr1
binding to STAM1 or GPCR. g, structure of inactive B-arr1 (PDB code 1G4M
(6)) with spin label reporter sites 68 and 167 shown as red spheres. b, spectra
for each spin-labeled B-arr1 in the absence (black) or presence of STAM1
(blue) are shown. Spectra obtained using 20 um spin-labeled B-arr1 in the ab-
sence or presence of 400 um STAM1 are overlaid. ¢, spectra in the absence or
presence of 60 um activated and phosphorylated rhodopsin (PRh*; red) in
native disk membranes are overlaid. Spectra are normalized to the same cen-
ter line height.

with much weaker interaction between B-arr1-4A and STAM1
(Fig. 7a). Importantly, the dose-response curves of BRET
between B-arrl-WT-GFP or -arr1-4A-GFP with CXCR4—
Rluc were similar (Fig. 7b). Therefore, mutations at the base of
the finger loop disrupt B-arrl binding to STAM1, but not the
CXCR4 interaction.

We next examined whether expression of mutant B-arrl
affects CXCR4-dependent activation of FAK in cells. FAK
activation was assessed by immunoblotting for the phospho-
rylation status of Tyr®*”’, an autophosphorylation site that is
phosphorylated upon CXCL12 activation (33). Expression of
the STAM1 binding—deficient mutant significantly reduced
FAK activation by CXCL12, similar to B-arrl-(25-161),
which we have previously shown to inhibit activation of FAK
by CXCL12 (33) (Fig. 8, a and b). Expression of WT B-arrl
did not affect CXCL12-induced phosphorylation of FAK,
compared with empty vector control (Fig. 8, a and b). Activa-
tion of ERK-1/2 was not affected by expression of the STAM1
binding—deficient mutant, as we have previously shown for
B-arrl-(25-161) (33) (Fig. 8, 2 and ¢). Thus, the interaction of
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B-arrl with STAMI specifically affects the activation of FAK
by CXCR4.

Discussion

Despite the fact that B-arrestin—dependent signaling by
GPCRs is important biologically and therapeutically, the mech-
anistic basis for this signaling remains unknown. Our results
explain how B-arrl engages downstream effector molecules to
direct GPCR signaling. Here, we identify a novel surface that
controls B-arrl signaling by a GPCR. Using biophysical and
biochemical approaches, we provide evidence that STAM1
binds to a localized region of B-arrl on the N domain at the
base of the finger loop and 3-strand 6, near but not overlapping
with the part of the finger loop that binds to GPCRs (38, 51—
53). This surface is selective for FAK signaling and requires
binding to the adaptor protein STAMI in an agonist-depen-
dent manner. The binding of STAM1 may stabilize a unique re-
ceptor-evoked conformation that is selective for activating
FAK in time and space. This paradigm of -arrestin—depen-
dent signaling is unique because it requires the assistance of
another adaptor protein, which is not the case for many
other B-arrestin—dependent signaling pathways (18, 35, 58, 59).
Our data suggest that we can ascribe a distinctive conforma-
tional change that specifies a B-arrestin—dependent signaling
outcome.

We provide evidence that STAMI1 binds to a novel surface
on B-arrl. The STAM1-binding site had been previously local-
ized to the N domain (34), but its precise location remained
unknown. Here we narrowed it to a small region at the base of
the finger loop and $-strand 6 (Fig. 6a). CW EPR revealed large
changes in spin label mobility at positions within this region
(positions Leu71, Phe75 and Arg76) in the presence of
STAMLI, but not at other positions on the N domain, including
position 68 at the tip of the finger loop (Figs. 3 and 4), which
interacts with the core of GPCRs (51-53). The fact that most of
the sites throughout the N domain did not show any changes
suggests that the N domain does not undergo a significant con-
formational change. This supports the idea that the mobility
changes at the base of the finger loop are due to proximity of
STAMI in the complex rather than structural changes in
B-arrl. This is also supported by DEER, which revealed that
STAML1 induces finger-loop extension, but does not promote
C-tail displacement or middle loop rearrangement (Fig. 1, b—d),
providing further evidence that STAM1 does not induce a
global conformational change in B-arrl.

In orthogonal biochemical experiments with substitution of
four consecutive residues with alanines (B-arrl-4A) signifi-
cantly reduced STAM1 binding (Fig. 6, b and ¢), demonstrating
that this region is the main binding site for STAM1. This region
is solvent-exposed and likely mediates direct contact with the
coiled-coil region of STAM], the main binding site for B-arrl
(34). Although CW with rhodopsin also reduced mobility of
spin labels at the same positions (positions 71, 75, and 76) as
STAML1 (Fig. 4c), this could be because the finger loop inserts
deep into the 7TM core, making multiple contacts, as is
observed in a high-resolution complex of rhodopsin and visual
arrestin (50). However, this might be unique to rhodopsin or
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Figure 4. Back surface N domain spin label mobility analysis of 3-arr1 binding to STAM1 or GPCR. g, Selected spin-labeled reporter sites are indicated
in the B-arr1 crystal structure (PDB code 1G4M (6)). L33C, Y47C, L79C, V84C, and F87C are shown as gray spheres, and L71C, F75C, and R76C are shown as blue
spheres. The previously determined primary STAM1-binding region on the N domain is shown in red. b, spectra for each spin-labeled B-arr1 in the absence
(black) or presence of STAM1 (blue) are shown. Spectra obtained using 20 uMm spin-labeled B-arr1 in the absence or presence of 400 um STAM1 are overlaid.
The red arrows indicate spectral line shape changes at the low field region caused by STAM1 binding. ¢, spectra in the absence or presence of 60 um PRh* (red)
in native disk membranes are overlaid. Spectra are normalized to the same center line height.

certain GPCRs (15, 49), because our BRET data suggest that the
STAMI1-binding site does not overlap with the CXCR4-binding
site (Fig. 7b). B-arr1-4A—GFP binding was reduced only to
STAM-Rluc, not to CXCR4—Rluc (Fig. 7, @ and b). It is possible
that the finger loop has a shallow insertion point into the 7TM
core of CXCR4, which might explain why B-arr1-4A binding
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to CXCR4 was not impacted (Fig. 7b). A high-resolution com-
plex of the neurotensin receptor 1 and B-arrl shows that the
finger loop has a shallow insertion into the 7TM core (52),
compared with other GPCRs (49-51, 53). Structural flexibility
in the finger loop might account for differences in binding
mode between certain GPCRs with the 7TM core (60).
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Therefore, the STAM1-binding site on the finger loop repre-
sents a unique highly localized site that does not overlap with
the receptor-binding site.

The finger loop undergoes significant conformational rear-
rangement following receptor binding (49-53) and likely serves
as the activation sensor for ligand-activated GPCRs (39, 40).
We showed that the finger loop also engages at least one effec-
tor molecule. STAM1 preferentially binds to activated B-arrl
(34), which is consistent with a dose-dependent increase in
BRET in cells transfected with WT B-arr1-GFP and STAM—
Rluc (ECso = 0.1 nm) (Fig. 7a). The fact that B-arr1-4A binding
to CXCR4 was not impacted suggests that upon binding to
CXCR4 this mutant B-arrl likely undergoes the classical hall-
mark conformational changes that occur when B-arrestins
interact with activated and phosphorylated GPCRs, indicating
that loss of STAM1 binding is not due to structural changes in
B-arr1-4A. The finger loop in inactive B-arrl exhibits a bent
conformation, which is held in place by ionic locks between
charged residues on each arm of the finger loop with 3-strands
5and 6 (6, 61) (Fig. 6a). These ionic locks break when B-arrest-
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ins are activated, ultimately leading to finger-loop extension
and binding to the receptor core, thereby exposing the
STAMI1-binding site. Because we used inactive B-arrl in the
EPR studies, this could explain the low affinity we observed
(Fig. 5), because STAM1 likely binds with higher affinity to the
active B-arrl conformation. How STAM]1 binds to the base of
the finger loop while B-arrl is engaged with the 7TM core
remains to be determined. Conceivably, STAM1 may bind to
B-arrl, exhibiting a tail conformation in which B-arrl binds to
the phosphorylated C-tail of CXCR4 without engaging with the
7TM core (62, 63). This could facilitate STAM1 binding with-
out interference from additional contacts B-arrl might make
when in a 7TM core position. Further work will be required to
address each of these two possibilities.

Expression of the B-arr1-4A mutant reduces FAK activation
by CXCR4 (Fig. 8). This provides further evidence that the
interaction between STAM1 and -arrl mediates FAK signal-
ing downstream of CXCR4. Although B-arr1-4A is effectively
recruited to CXCR4 upon CXCL12 stimulation (Fig. 7b), it is
likely unable to recruit STAMI and activate FAK. This is in
agreement with previous results in which expressing minigenes
from either B-arrl or STAMI1 that disrupt the interaction
between B-arrl and STAM1 reduce CXCR4 promoted activa-
tion of FAK (33). B-arrl has been reported to interact directly
with FAK (33), and it has been previously shown that STAMI,
B-arrl, and FAK exist in an agonist-dependent complex and
co-localize in cells (33). STAM1 may stabilize a B-arrl con-
formation that binds to FAK in a way that would release its
autoinhibition, leading to cis-mediated autophosphorylation
at Tyr?’97 (64,65). The molecular determinants in B-arrl or
STAM1 that promote FAK activation remain to be identified.
FAK likely interacts with a different surface of B-arrl that is
not engaged by STAM1. There are several switch regions or
elements in B-arrestins that change conformation upon acti-
vation and might explain agonist-dependent interactions
with effectors molecules (39), but it is possible that STAM1
stabilizes a unique (B-arrl conformation that facilitates inter-
action with and activation of FAK (64, 65). Because STAM1
binding does not affect signaling to other effectors, such as
ERK-1/2, it may stabilize a unique B-arrl conformation spe-
cific to FAK activation (Fig. 8). In addition to conformational
bias, STAM1 may also specify location bias for FAK activa-
tion. Because STAMI is likely recruited to the CXCR4—f3-
arrl complex at or near the plasma membrane, FAK activa-
tion and signaling at this location is consistent with its role in
CXCR4-mediated cell migration (33).

Although we narrowed the STAM1-binding site to the C-ter-
minal base of the finger loop (Leu”®, Thr’*%, Phe”®, and Arg76)
(Fig. 6), we cannot rule out the possibility of contributions from
the C domain. Previously, we showed that separated C domain
B-arr1-(261-418) also binds STAMI, albeit with relatively
weak affinity as compared with the separated N domain (34).
Therefore, it is possible that the C domain might also contrib-
ute to STAM1 binding (34). Consistent with this possibility, the
BRET signal between B-arr1-4A-GFP and STAMI1-Rluc was
not completely abolished, suggesting some binding between
B-arr1-4A and STAM], although it was observed only at the
two highest doses of CXCL12 (Fig. 7a). Sites on the C domain
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Figure 6. Biochemical analysis of 3-arr1 WT and finger-loop mutant (4A) binding to STAM1. g, sequence alignment of B-strand 5, finger loop, and
B-strand 6 of bovine B-arr1 (residues 52-89), B-arr2 (residues 53-90), and visual arrestin (Arr1, residues 56-93). Boxed residues denote the four residues that
were substituted to alanine residues in B-arr1. Letters highlighted in red denote residues that are identified to form two ionic locks to maintain the finger loop
in an inactive bent conformation. b, cleared lysates from HEK293 cells co-transfected with T7-STAM1 and B-arr1-WT-FLAG, B-arr1-4A-FLAG, or empty vector
(pCMV) were incubated with an anti-T7 antibody. Immunoprecipitates (/P) were analyzed by immunoblotting to detect bound B-arr1. Shown are representa-
tive immunoblots. Bound STAM1 was quantified by densitometric analysis. The graph represents the fraction of STAM1 bound to B-arr1-WT-FLAG from three
independent experiments. The error bars represent the S.D. The data were analyzed by an unpaired t test. The p values are indicated. ¢, equimolar amounts of
purified B-arr1-WT or B-arr1-4A (0.4 um) were incubated with or without purified STAM1-HIS (3 um) for 20 min at 37 °C. Complexes were captured by incuba-
tion with Talon cobalt resin, and after washing, the proteins were eluted in binding buffer supplemented with 200 mM imidazole and analyzed by immuno-
blotting. Representative blots are shown. Bound STAM1 was quantified by densitometric analysis. The graph represents the fraction of STAM1 bound to B-arr1

from three independent experiments. The error bars represent the S.D. The data were analyzed by an unpaired t test. The p values are indicated.

might become exposed or better positioned to bind to STAM1
following the interdomain twist that is expected to occur fol-
lowing B-arrl binding to CXCR4. Therefore, multiple contacts
might be required to stabilize B-arrl in a conformation that
favors FAK signaling.

Despite the debate concerning arrestin-mediated signaling
(66, 67), our results support a role for B-arrestinl-mediated
signaling by GPCRs. In summary, we demonstrate here that
a non—GPCR-binding partner engages a specific surface on
B-arrl that facilitates distinct B-arrestin—dependent signaling.
The binding site for STAM1 is localized to the base of the finger
loop at a site that does not overlap with the GPCR-binding site.
This interaction specifies CXCR4-mediated FAK activation,
but not ERK-1/2, suggesting that STAM1 stabilizes a unique
B-arrestinl conformation that can discriminate between engage-
ment with diverse effector molecules. FAK is typically linked to
integrin receptor signaling and plays a key role in the regulation
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of cell adhesion (68-71). We have previously shown that FAK
is necessary for CXCR4-mediated chemotaxis (33). Because
CXCR4-mediated chemotaxis is essential for the metastatic
potential of tumor cells (24, 28, 29, 72), targeting this novel sur-
face on B-arrl with small molecules to inhibit STAMI binding
might be effective at selectively reducing chemotactic signaling to
treat cancers associated with CXCR4 (22, 23, 72).

Materials and methods
Cell culture, antibodies, and reagents

HEK293 cells were from Microbix (Toronto, Canada), and
HeLa cells were from American Type Culture Collection (Man-
assas, VA). The cells were maintained in DMEM (catalog no.
D5796) (Sigma) supplemented with 10% fetal bovine serum
(Omega). The rabbit monoclonal anti-STAM1 (catalog no.
12434-1-AP) and anti-FAK (catalog no. 12636-1-AP) antibod-
ies were from Protein Tech (Rosemont, IL). The rabbit
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Figure 7. BRET analysis of 3-arr1 binding to STAM1 or CXCR4 in cells. a and b, cells co-transfected with B-arr1-WT-GFP10 or B-arr1-4A-GFP10 with HA-CXCR4
and STAM1-Rluc (a) or CXCR4-Rluc (b) were stimulated with increasing concentrations of CXCL12 for 2 min before BRET measurements. DeepBlueC was
added in the continuous presence of CXCL12, and BRET measurements were taken 30 min after the addition of the luciferase substrate. The data shown
are from a representative experiment performed in triplicate = S.D. The curves were fitted by nonlinear regression, assuming a single binding site (Graph-
Pad Prism). The bar graphs represent the average ECs, values from four independent experiments. The error bars represent the S.D. The data were ana-
lyzed by unpaired t test. The p values are indicated.
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Figure 8. The B-arr1-4A mutant attenuates CXCR4-promoted autophosphorylation of FAK in cells. g, Hela cells transfected with empty vector (pCMV),
FLAG-tagged B-arr1 WT, mutant (4A), or N domain fragment (residues 25-161) were stimulated with 30 nm CXCL12 for 15 min. Whole cell lysates were ana-
lyzed by immunoblotting for the indicated proteins. Representative immunoblots are shown. b and c, bars represent the average levels of pTyr**’-FAK (pFAK)
(b) or pERK-1/2 (c) relative to pCMV-transfected cells stimulated with CXCL12 from four independent experiments. The error bars represent the S.D. The data
were analyzed by two-way analysis of variance followed by Bonferroni’s multiple comparison test. The p values between indicated groups are shown (b), and
the asterisks indicate p < 0.05 in each transfection condition.
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polyclonal anti-pTyr**’-FAK antibody (catalog no. 44-624G)
was from Life Technologies Inc. The rabbit monoclonal anti-
Barrestinl (catalog no. 12697), anti—-ERK-1/2 (catalog no.
4695), and anti-pERK-1/2 (catalog no. 4370) antibodies were
from Cell Signaling Technologies (Danvers, MA). The goat pol-
yclonal anti-T7 tag antibody (catalog no. ab9138) and the
mouse monoclonal anti—glyceraldehyde-3-phosphate dehydro-
genase antibodies (catalog no. ab9482) were from Abcam. The
mouse monoclonal anti-FLAG antibody (catalog no. F4049)
was from Sigma—Aldrich. The mouse monoclonal anti-HA
antibody (catalog no. 901514) was from BioLegend (San Diego,
CA). CXCL12 was from Protein Foundry (Milwaukee, WI). Cy-
cloheximide (catalog no. C7698) was from Sigma-Aldrich.
Coelenterazine 400a (DeepBlue C) (catalog no. 10125) was
from Biotium (Fremont, CA).

DNA constructs

The CXCR4-Rluc plasmid was a kind gift from Nikolaus
Heveker (Hopital Sainte-Justine, Montréal, Canada). The B-arrl—
GFP10 plasmid was a kind gift from Michel Bouvier (Départe-
ment de Biochimie, Université de Montréal, Montréal, Canada).
B-arrl single cysteine mutants used in EPR experiments were
generated by QuikChange PCR using a cysteine-less B-arrl mu-
tant (45), in which all seven native cysteines were substituted
with other residues to maintain existing intramolecular inter-
actions (C59V, C125S, C140L, C150V, C242V, C251V, and
C269S). The cysteine-less mutant is fully functional for receptor
binding (48). The double cysteine mutant plasmids were
described previously (15). The FLAG—B-arrl-(25-161) plasmid
was described previously (34). The B-arrl1-4A mutants were
generated by QuikChange PCR using the B-arrl-FLAG or
B-arr1-GFP10 as templates. The sequences were as follows for
the forward and reverse primers, respectively: 5'-GGATG-
TCCTGGGTGCGGCTGCTGCCAAGGACCTGTTTG-3" and
5'-CAAACAGGTCCTTGGCAGCAGCCGCACCCAGGACA-
TCC-3'. The T7-STAM1-Rluc plasmid was generated by PCR
amplification of T7-STAM1, which was subcloned into HindIII
and Apal restriction sites of pRluc-N1(h) (BioSignal, Packard).
STAM1-His was generated by PCR amplification of STAM1
from T7-STAM]I, which was subcloned into pQE30 (Qiagen).
HA-CXCR4 in pcDNA3 was described previously (59, 60). All
plasmids were confirmed by dideoxy sequencing.

Expression and purification of recombinant proteins

B-arrestinl was expressed in Escherichia coli and purified as
previously described (15, 73, 74). Briefly, BL-21(DE3) cells from
frozen cell stocks were grown in LB broth supplemented with
ampicillin (100 mg/liter) at 30°C with vigorous shaking. The
cultures were induced with 0.1 M isopropyl 1-thio-3-p-galacto-
pyranoside for 4 h at 30°C. After lysis and ammonium sulfate
precipitation, the protein pellet was dissolved in 1X column
buffer (10 mm Tris, 2 mm EDTA, 2 mm EGTA, pH 7.5) and pro-
ceeded to sequential chromatography on heparin—Sepharose
and Q-Sepharose (GE Life Sciences) columns. The 3-arrestinl
purity was then verified by 10% SDS-PAGE gel. Protein concen-
tration was then determined by a Pierce protein assay with BSA
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as a standard. Proteins were concentrated using Amicon Ultra-
0.5 centrifugal concentrators.

STAMI1-HIS in pQE30 vector was expressed in E. coli M15
pREP4 and purified as described (75, 76). Briefly, M15 pREP4
cells from STAMI1-HIS frozen cells stock were grown in LB
broth containing 100 mg/liter ampicillin and kanamycin at
37 °C with vigorous shaking. The culture was then induced by
1 mMm isopropyl 1-thio-B-p-galactopyranoside to an Aggg 0.6.
After lysis and sonication, the soluble proteins in the superna-
tant were incubated with Cobalt Talon resins (GoldBio) at 4°C
in the presence of 10 mm imidazole. STAM1-HIS protein
was eluted by imidazole gradient (from 30 to 300 mwm) in
the column buffer (20 mm Tris, 150 mm NaCl, 0.1% Triton,
pH 7), followed by separation on a FastFlow Q-Sepharose
column (GE Healthcare). The purity of STAM1-His was
verified by 10% SDS-PAGE and gel code blue staining. Pro-
tein concentration was determined by a Pierce protein assay
with BSA as a standard. Proteins were concentrated with
Amicon Ultra-0.5 centrifugal concentrators.

Rhodopsin was isolated from bovine rod outer segments, as
previously described (77). Rhodopsin was phosphorylated by
endogenous GRK1 in purified rod outer segments, yielding 2.6
phosphates/rhodopsin.

Spin labeling

Purified recombinant B-arrestinl single cysteine mutants
were incubated with a 10-fold molar excess of the sulthydryl-
specific 2,2,5,5-tetramethylpyrroline-3-yl-methanethiosulfonate
spin label (Toronto Research Chemicals) overnight at 4 °C under
gentle agitation. Recombinant B-arrestinl double cysteine
mutants were incubated with a 40-fold molar excess of 4-
maleimido-TEMPO (MAL-6, Sigma—Aldrich) overnight at
4°C under gentle agitation. Excess spin labels were removed
by extensive dialysis into buffer containing 50 mm MOPS,
100 mMm NaCl, pH 7.0. The protein was concentrated to the
final desired concentration with Amicon Ultra-0.5 centrifu-
gal concentrators (molecular mass cutoff, 10,000 Da).

EPR spectroscopy

CW EPR spectroscopy was carried out at X-band on a Bruker
ELEXSYS E500 fitted with a super high Q cavity. The samples
were contained in a glass capillary, and spectra were recorded
at room temperature over 100 G at a microwave power of 10
milliwatt with a scan time of 42 s, and typically the signal was
averaged 20-25 times. For the titration experiments, the signal
was averaged 50—100 times.

To quantify the unbound and bound population of spin-la-
beled B-arrl to STAMI, the multicomponent EPR spectra were
deconvoluted using spectral subtraction methods. The apo spec-
trum was manually subtracted from each composite spectrum
to obtain each STAM1-bound spectrum. Double integration
of each resulting spectrum is proportional to the number of
spins affected by STAM1 binding and thus when compared
with the double integration value of the composite spectrum,
which is proportional to the total number of spins in the sam-
ple, yields the percentage of proteins in each sample affected
by STAM binding. These percentage values were plotted and
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fit to a one-site binding model in SigmaPlot to obtain K,
values.

DEER spectroscopy data were collected on a Q-band Bruker
ELEXSYS 580 equipped with an EN5107D2 resonator with
overcoupling at 80K. The samples contained 20% deuterated
glycerol as a cryoprotectant and were flash-frozen in a dry ice
and acetone mixture. Acquired raw data after phase correction
were background-corrected, plotted, and analyzed using Long-
Distances software program (78) provided by C. Altenbach
(University of California, Los Angeles, CA). Distance distribu-
tions were determined by fitting the corrected dipolar evolu-
tion data using the algorithms included in the LongDistances
program.

Co-immunoprecipitation

HEK293 cells grown in 10-cm plates were co-transfected
with T7-STAMI1 and B-arr1-WT, B-arr1-4A, or empty vector
(pCMV10) using polyethylenimine (PEI). Twenty-four hours
post-transfection, the cells were lysed in immunoprecipitation
buffer (50 mm Tris-HCL, pH 7.5, 150 mm NaCl, 0.5% Nonidet P-
40, and protease inhibitors) by incubation at 4°C for 30 min.
The Cell lysates were then sonicated and centrifuged by Eppen-
dorf microcentrifuge at 13,000 rpm for 30 min. Cleared cell
lysates were incubated with anti-T7 tag antibody overnight at
4°C. The next morning, equal amounts of cleared cell lysates
were incubated with 20 ul of a 50% slurry of protein G—agarose
resin for 1 h at 4°C. The samples were washed three times with
750 ul of ice-cold immunoprecipitation buffer before elution
with 20 ul of SDS sample buffer at room temperature. The sam-
ples were analyzed by 10% SDS-PAGE and Western blotting
using primary and secondary antibodies. The bands were quanti-
fied by densitometry using Image] (National Institutes of Health,
Bethesda, MD). The results from three independent experiments
were statistically analyzed by unpaired ¢ test using GraphPad
Prism software, p < 0.05 was considered significant.

His-tag pulldown

Equimolar amounts of WT or mutant purified B-arrl were
preincubated with or without purified STAM1-His proteins in
50 wl of binding buffer (20 mm Tris-HCI, 150 mm NaCl, pH 7.5)
for 20 min at 37°C. Then the protein mixture was applied to
20 ul of cobalt resin beads equilibrated with binding buffer
in the presence of 50 um imidazole. After 1 h of gentle rotation,
each sample was washed three times with ice-cold binding
buffer and eluted by binding buffer supplemented with 200 mm
imidazole. Pulled down proteins were analyzed by 10% SDS-
PAGE and immunoblotting.

BRET assay

For CXCR4 and B-arrl BRET, HEK293 cells grown in 10-cm
dishes were co-transfected with CXCR4-Rluc and B-arrl-
GFP10 or B-arr1-4A-GFP10 using PEL For STAM1 and B-arrl
BRET, HEK293 cells were co-transfected with HA-CXCR4,
STAM1-Rluc, and B-arr1-GFP10. Twenty-four hours post-
transfection, the cells were lifted from the plate with trypsin,
counted, and diluted to 5 X 10° cells/ml in DMEM containing
5% fetal bovine serum. 100 ul of cell suspension was seeded
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into each well of the clear-bottomed 96-well plate. After incu-
bating for 24 h, the cells were serum-starved in DMEM (phenol
red—free) supplemented with 20 mm HEPES, pH 7.4, for 3 h.
The medium was aspirated and replaced with 80 ul of Dulbec-
co’s PBS supplemented with 20 mm HEPES, pH 7.4. The cells
were stimulated with increasing concentrations of CXCL12
(1077,107%,107%,107 %, 1071, 10" *2 and 10~ *® ™) in tripli-
cate. Immediately after the addition of CXCL12, 50 uMm lucifer-
ase substrate coelenterazine 400A (DeepBlue C) was added and
incubated for 15 min at 37 °C. BRET2 measurements were per-
formed with BioTek Cytation 5 cell imaging multimode reader,
which measures Rluc donor emission at 410 nm and acceptor
GFP10 emission at 515 nm. BRET ratio was calculated by divid-
ing the emission at 515 nm by the emission at 410 nm.

Signaling assay

HeLa cells grown on 6-cm dishes were transiently trans-
fected with empty vector (pCMV-10), B-arrestin]l-WT-FLAG,
B-arrestinl-4A-FLAG, or FLAG—pB-arrestinl-(25-161) using
PEL. Twenty-four hours post-transfection, the cells were dis-
lodged from the surface of the plate by trypsin and counted, and
equal numbers of cells were seeded onto 6-well plates. The next
day, the cells were serum-starved in DMEM supplemented with
20 mm HEPES for 3 h. The medium was aspirated and replaced
with the same medium containing vehicle or 30 nm CXCL12 for
15 min at 37 °C. The cells were washed once with ice-cold PBS
and lysed in 300 ul of 2X sample buffer (8% SDS, 10% glycerol,
5% B-mercaptoethanol, 37.5 mm Tris, pH 6.5, 0.003% bromphe-
nol blue). The samples were sonicated, the debris were pelleted
by centrifugation at 13,000 rpm, and equal amounts of superna-
tants were analyzed by 10% SDS-PAGE and immunoblotting.
The blots were quantified using the Image] (National Institutes
of Health). The average level of pTyr**’—FAK or pERK-1/2 was
normalized to total FAK or ERK-1/2, respectively. The results
from four independent experiments were analyzed by two-way
analysis of variance with Bonferrini’s multiple comparison test
using GraphPad Prism software (p < 0.05 was considered
significant).

Data availability

All data associated with this work are contained within the
article.
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