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Arrestins regulate signaling and trafficking of G protein-coupled
receptors by virtue of their preferential binding to the phosphor-
ylated active form of the receptor. To identify sites in arrestin
involved in receptor interaction, a nitroxide-containing side chain
was introduced at each of 28 different positions in visual arrestin,
and the dynamics of the side chain was used to monitor arrestin
interaction with phosphorylated forms of its cognate receptor,
rhodopsin. At physiological concentrations, visual arrestin associ-
ates with both inactive dark phosphorylated rhodopsin (P-Rh) and
light-activated phosphorylated rhodopsin (P-Rh*). Residues dis-
tributed over the concave surfaces of the two arrestin domains are
involved in weak interactions with both states of phosphorhodop-
sin, and the flexible C-terminal sequence (C-tail) of arrestin be-
comes dynamically disordered in both complexes. A large-scale
movement of the C-tail is demonstrated by direct distance mea-
surements using a doubly labeled arrestin with one nitroxide in the
C-tail and the other in the N-domain. Despite some overlap, the
molecular ‘‘footprint’’ of arrestin bound to P-Rh and P-Rh* is
different, showing the structure of the complexes to be unique.
Strong immobilizing interactions with residues in a highly flexible
loop between �-strands V and VI are only observed in complex
with the activated state. This result identifies this loop as a key
recognition site in the arrestin-P-Rh* complex and supports the
view that flexible sequences are key elements in protein–protein
interactions.

site-directed spin labeling � protein-coupled receptors � electron
paramagnetic resonance

G protein-coupled receptors (GPCRs) are the largest known
family of signaling proteins. Arrestins play a key role in the

regulation of the signaling and trafficking of the majority of
GPCRs (1, 2). The visual amplification cascade has long served
as a prototypical GPCR-driven signaling system. Visual arrestin
demonstrates an exquisite selectivity for light-activated phos-
phorylated rhodopsin (P-Rh*), its cognate receptor (3). How-
ever, arrestin binding is not an ‘‘all-or-nothing’’ event: it binds
with low affinity to light-activated unphosphorylated rhodopsin
and inactive dark phosphorylated rhodopsin (P-Rh) (3, 4). These
observations and the evidence that arrestin undergoes a con-
formational rearrangement in the process of receptor binding (5)
led to the model of sequential multisite interaction that ensures
arrestin selectivity for P-Rh* (6). The model posits that arrestin
has two primary binding sites that serve as phosphorylation and
activation ‘‘sensors’’ that interact with receptor-attached phos-
phates and the active receptor conformation, respectively. Only
P-Rh* can simultaneously engage both sensors, triggering ar-
restin transition into its high-affinity receptor-binding state.
Thus, arrestin functions as a molecular ‘‘coincidence detector,’’
swinging into action only when the receptor binds both sensors.

This model is based on ample indirect evidence (4, 5, 7–17),
but direct structural data on the nature of the interaction with
the receptor is absent. In this study, site-directed spin labeling
(SDSL) was used to investigate the interaction of arrestin with
P-Rh and P-Rh*. For this purpose, 28 single cysteine (Cys)

substitution mutants of arrestin were prepared on a Cys-less
background and spin-labeled with a methanethiosulfonate ni-
troxide reagent to produce the side chain designated as R1 (Fig.
1C Inset) (18). The electron paramagnetic resonance (EPR)
spectra of the spin-labeled proteins encode information on the
dynamics of R1 and thus provide a means of mapping protein–
protein interaction surfaces through changes in R1 motion (19,
20). The SDSL data presented here support the multisite-
binding model, identify the parts of the arrestin molecule
engaged by different states of rhodopsin, and provide direct
evidence for binding-induced conformational rearrangements in
arrestin itself.

Results
Functional Characterization of Cys-Less Base Mutants and Spin-
Labeled Derivatives of Arrestin. The regions of arrestin implicated
in receptor binding identified so far map to the concave sides of
both arrestin domains (reviewed in ref. 6). These data identify a
fairly extensive surface containing the side chains of �70
residues (Fig. 1 A). Therefore, attention was focused on this
surface and the regulatory elements that hold arrestin in its basal
conformation: the polar core [a network of interacting solvent-
excluded charges that serves as a phosphate sensor (12)] and the
three-element interaction between �-strand I, �-helix I, and the
C-tail (13) (Fig. 1 A). Application of SDSL requires the elimi-
nation of reactive native Cys residues from the protein, the
introduction of a Cys residue into the position of interest, and
chemical modification of the unique Cys with a spin-labeling
reagent (reviewed in refs. 21 and 22). Visual arrestin has three
native Cys residues. In the crystal structure, Cys-63 and -143 are
in a fairly hydrophobic environment, whereas Cys-128 is not (23).
Therefore, a serine (Ser) was placed in position 128, whereas the
other two Cys residues were substituted with either alanines
(Ala) or valines (Val), producing two Cys-less base mutants,
ASA-CL and VSV-CL, respectively. Both Cys-less arrestins were
fully functional, demonstrating essentially wild-type (WT) bind-
ing levels and selectivity profiles (Fig. 1B).

A systematic ‘‘scan’’ of the putative receptor-binding surface
was carried out by introducing individual Cys substitutions into
one of the Cys-less backgrounds at 32 different sites. The
functionality of the mutants expressed in cell-free translation
was tested in a direct binding assay. Ten mutations (positions
identified with red spheres in Fig. 1 A) significantly affected
arrestin binding to P-Rh*: F85C and F197C enhance binding by
13–15%; S78C, V139C, T157C, L173C, T233C, and S273C
reduce binding by 14–23%; and L77C and F79C reduce binding
by 58% and 42%, respectively, compared with WT (see Fig. 4,
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which is published as supporting information on the PNAS web
site). These data implicate previously unappreciated elements of
arrestin in receptor binding and identify the loop between
�-strands V and VI containing Leu-77 and Phe-79 (Fig. 1 A) as
a major player.

Twenty-eight different single Cys mutants and one double Cys
mutant were expressed in Escherichia coli, purified, and spin-
labeled, and their ability to bind P-Rh* was tested at the
concentrations used for EPR studies. All spin-labeled mutants
were fully functional as evidenced by virtually quantitative
binding to P-Rh*, similar to WT arrestin (Fig. 1C). Therefore,
these arrestin mutants are suitable for directly studying arrestin–
rhodopsin interactions.

Mobility of the R1 Side Chain in Free Arrestin. Fig. 2 shows the EPR
spectra for R1 at sites in arrestin where significant changes in R1
mobility were observed upon interaction with phosphorylated
forms of rhodopsin; spectra for other sites where little (16, 111,
157, 160, 162, 197) or no changes (60, 89, 240, 267, 272, 272, 348)
were observed are provided in Fig. 5, which is published as
supporting information on the PNAS web site. In each case, the
spectra of the spin-labeled arrestins alone (black traces) are
consistent with R1 mobility�structure correlations previously
established for �-helical (18) and �-sheet proteins (24) and
provide information on protein dynamics in solution (25). For
example, the side chains of 12R1, 103R1, and 175R1 are buried
in the protein interior (Fig. 3A), and the broad EPR spectra
reflect the immobilization of R1. Of particular interest are the
unusually sharp features of the single-component spectra for
solvent-exposed sites 72R1, 75R1, 139R1, 376R1, and 381R1,
indicating high R1 mobility and a flexible protein structure in
these regions. Residues 72R1 and 75R1 are in the loop connect-
ing �-strands V and VI (the ‘‘finger’’ loop); residue 139R1 is in
the adjacent loop connecting strands VIII and IX; and 376R1
and 381R1 are in the C-tail (Fig. 3A). All of these residues are
in sequences that have a high B factor in the crystal structure
(11). The spectrum of 74R1, also in the finger loop, has two
components (arrows, Fig. 2) corresponding to states of high and
low mobility, the latter of which may reflect tertiary interactions
of the side chain with the adjacent loop toward which it points.
For Tr74R1 [74R1 in truncated arrestin (1–378)], there is an
increase in the mobility of R1 relative to full-length arrestin,
evidenced by a decrease in the more immobilized population.

Interaction of Spin-Labeled Arrestins with Phosphorhodopsin. The
interaction of arrestin with P-Rh or P-Rh* was investigated by
using near-physiological concentrations of both proteins: 25 �M
arrestin and 50 �M rhodopsin. Arrestin binding to phosphory-
lated forms of rhodopsin produced distinct changes in the
mobility of R1 that are discussed below. Both arrestin and its
complexes with rhodopsin are of sufficiently high molecular
weight that overall rotational diffusion does not contribute
significantly to R1 motion (except for the most immobilized
states), and observed changes do not result from a decrease in
overall rotational diffusion because of complex formation. The
interaction is not a nonspecific absorption to the membrane,
because no changes in the EPR spectra were observed with
liposomes (50% phosphatidylcholine, 40% phosphatidylethano-
lamine, and 10% phosphatidylserine) or nonphosphorylated
rhodopsin in disk membranes. Thus, changes in the mobility of
R1 reflect either contact with phosphorylated rhodopsin or
conformational changes in the arrestin molecule itself.

For the present purpose, simple spectral measures served to
reveal mobility changes in R1. For example, changes in spectral
amplitude for the normalized spectra reflect changes in line-
width and hence in R1 mobility on the nanosecond time scale;
decreases in intensity reflect decreases in mobility and vice versa.
In cases of low R1 mobility, where outer hyperfine extrema are
resolved in the spectra (12R1, 103R1, 175R1), an increase or
decrease in the splitting 2A�zz (Fig. 2) reflects a decrease or
increase in mobility, respectively. Based on these criteria, a
qualitative assessment of mobility changes can be made.
Binding to P-Rh. A distinctive pattern of spectral changes is
observed upon arrestin binding to P-Rh (Fig. 2, red traces). Fig.
3A shows the location of these sites in the structure, color-coded
according to the magnitude and direction of the mobility
changes. In the N-domain, residues 72R1, 74R1, Tr74R1, and
75R1 in the finger loop, 85R1 and 173R1 on the solvent-exposed
surface of a �-strand, and residue 139R1 in the loop adjacent to
the finger loop all experience reductions in mobility. On the
concave surface of the C-domain, 344R1 shows a reduction in
mobility, with smaller but significant reductions for 233R1 and

Fig. 1. Functional characterization of Cys-less base mutants and spin-labeled
arrestins. (A) Visual arrestin crystal structure showing the location of Cys
substitutions that significantly perturb arrestin binding to P-Rh* as red
spheres at the C� atoms. For reference, sequences containing phosphate-
binding residues [Lys-14, Lys-15, Arg-18, Lys-20, Lys-55, Arg-56, Lys 166, Arg-
171, and Lys-300 (9, 10, 12, 13, 23, 29, 41)] are shown in blue; sequences
implicated in receptor binding (9, 30–32) are shown in green. Residues of the
polar core are shown space-filled in purple. Sequences of the three-element
interaction (13) are shown in orange and yellow (C-tail). (B) Direct binding of
WT arrestin and two Cys-less base mutants ASA-CL and VSV-CL to the four
forms of rhodopsin was performed as described in ref. 43. (C) The functionality
of all spin-labeled arrestins used in this study was tested in a pull-down assay.
(Upper and Left Lower) Purified spin-labeled (R1) arrestin (25 �M) was incu-
bated with 50 �M P-Rh* for 5 min at 37°C. Arrestin bound to rhodopsin-
containing membranes was pelleted by centrifugation for 10 min through a
30-�l 0.2 M sucrose cushion. One-third of each pellet (P) and supernatant (S)
was subjected to 10% SDS�PAGE. The gels were stained with Coomassie blue
and scanned. Data for five representative mutants are shown [Tr, truncated
arrestin (1–378)]. All spin-labeled mutants demonstrated similar (�98%) bind-
ing to P-Rh*. (Right Lower) Structure of the R1 side chain.
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244R1. For 233R1, the change reflects an increase in order of R1
motion (25).

Important changes also occur in elements that hold arrestin in the
basal state. For example, 175R1, buried in the polar core, becomes
more immobilized upon interaction with P-Rh (�2A�zz � 0). Al-
though a neutral R1 replaces a charged Arg-175 at this site, the
protein behaves normally with respect to phosphorhodopsin bind-
ing, and the spectral change shows that the structure of the polar
core is modulated by the interaction. Changes also are observed in
the three-element interaction between �-strand I, �-helix I, and the
C-tail (13, 23). On �-strand I, the mobility of 12R1 increases
(2A�zz � 0), whereas that of 103R1 in �-helix I decreases (2A�zz � 0).
The spectra of the spin labels at positions 376 and 381 in the C-tail
show relatively high mobility in free arrestin and become essentially
dynamically disordered upon P-Rh binding. These data strongly
suggest that structural constraints on the arrestin C-tail are removed
upon binding to P-Rh.

To test this hypothesis directly, arrestin was doubly labeled
at position 16 in �-strand I and 381 in the C-tail. The
pronounced broadening of the 16R1�381R1 spectrum in so-

lution indicates strong spin–spin interaction between the ni-
troxides (black trace, Fig. 2), where the two spins are expected
to be �12 Å apart based on the crystal structure (23). The
interspin distance distribution reveals two populations cen-
tered around 11 and 17 Å (Fig. 2). The two populations could
arise from multiple rotamers of R1 or distinct conformational
substates of the protein. The strong magnetic interaction
between these two R1 residues in free arrestin disappears in
the presence of P-Rh as indicated by the loss of spectral
broadening (interspin distance � 20 Å). In the bound state the
spectrum of the double mutant is approximated well by the
sum of the two P-Rh-bound single-mutant spectra (data not
shown). Thus, the residues move away from each other upon
binding to P-Rh. Collectively, these data demonstrate that
binding to receptor-attached phosphates in the dark releases
the C-tail of arrestin from interactions with the body of the
protein.
Additional R1 mobility changes induced by light activation. Light acti-
vation of P-Rh to produce P-Rh* results in additional changes
(Fig. 2, blue traces, and Fig. 3B). The most dramatic are the

Fig. 2. EPR spectra of spin-labeled arrestin in solution and bound to P-Rh and P-Rh*. For each spin-labeled arrestin, normalized spectra in the absence (black)
or presence (red) of P-Rh are compared in the top row, and spectra in the presence of P-Rh (red) and P-Rh* (blue) are compared in the bottom row. Portions of
the overlaid spectra for I12R1are magnified to better illustrate the spectral changes and the location of the hyperfine splitting (2A�zz; arrows). Arrows for V74R1
indicate immobile (i) and mobile (m) components. The interspin distance distribution derived from the P-Rh spectrum of I16R1�A381R1 is shown (see text).
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further decreases in mobility of residues in the finger loop (72,
74, Tr74, and 75), leading to essentially complete immobiliza-
tion. On the same face of the molecule, only residues 139R1 and
244R1 show additional changes (Fig. 3B). Interestingly, the
mobility of 139R1, which was partially immobilized by P-Rh
binding, reverts to that resembling the original state in free
arrestin. For 244R1, light activation of P-Rh removes constraints
on the motion of R1, leading to a single-component spectrum
reflecting fast anisotropic motion.

In the polar core region, 175R1 shows a small increase in
mobility, suggesting further modulation in the structure by
P-Rh*. In the vicinity of the three-element interaction, the
mobility of the spin label at sites 12, 103, 376, and 381 does not
change further. Likewise, the spectra of the 16�381 doubly
labeled arrestin bound to P-Rh and P-Rh* are virtually identical,
indicating that the C-tail released by P-Rh interaction stays
detached in complex with P-Rh*.

Thus, R1 at 15 of the 27 sites investigated shows significant
changes in mobility upon interaction with the phosphorylated
forms of the receptor.

Discussion
The rhodopsin-binding surface of visual arrestin has been
independently mapped by several laboratories using a variety
of methods: truncation mutagenesis (3, 4), differential chem-
ical modification and H�D exchange (26), site-directed mu-
tagenesis (8, 12, 13, 27–29), construction of chimeric arrestins
(9, 30), peptide competition (31, 32), and epitope insertion
(33). The elements implicated by these studies invariably map
to the concave surfaces of the two arrestin domains (12, 23),
leaving little doubt as to which side of the arrestin molecule
faces the receptor in the complex. The size of the putative
receptor-binding surface indicates that either a small number

of interacting residues is scattered throughout the whole span
of the molecule or a large number of arrestin residues directly
participate in receptor binding. Systematic probing of residues
in all arrestin elements localized on this surface is necessary to
discriminate between these two possibilities. Together, the
systematic scan of 32 positions by Cys mutagenesis and of 20
positions by spin labeling on this surface indicate that �20
arrestin residues are affected by receptor binding (Figs. 1 A and
3). These results imply that an equally extensive receptor
surface involving multiple loops and the C terminus must be
in proximity to arrestin in the complex, which agrees with the
results of the studies of arrestin-binding elements of rhodopsin
(34–36).

The fact that arrestin preferentially binds light-activated phos-
phorylated rhodopsin was established �20 years ago (37). The
sequential multisite-binding model predicts that arrestin binds
with lower affinity to nonpreferred forms of rhodopsin, includ-
ing P-Rh (4); this hypothesis was confirmed by using a very
sensitive binding assay employing radiolabeled arrestin (3). For
technical reasons, only low nanomolar concentrations of arrestin
can be used in this assay. In SDSL experiments, arrestin is
present in high micromolar concentrations [similar to that in rod
photoreceptors (38)], and even low-affinity interactions are
expected to result in significant concentrations of complexes
with nonpreferred forms of rhodopsin. Indeed, the EPR spectral
changes demonstrate that arrestin binds P-Rh as well as P-Rh*
under these conditions (Fig. 2).

The binding to both P-Rh and P-Rh* similarly modulates
the mobility of R1 residues 85, 173, 233, and 344 located on the
concave surfaces on �-strands in the two domains (Fig. 3). The
complete lack of mobility changes in positions 60, 89, 267, 272,
273, and 348 in the presence of P-Rh* (Fig. 5) as well as
position-dependent and rhodopsin state-dependent decreases
or increases in mobility (Fig. 3) show that the changes are very
specific. The fact that many sites distributed throughout the
molecule show no change upon complex formation suggests
that the global structure of the individual arrestin domains
does not change significantly. These results suggest that the
mobility changes on the concave surface are due to proximity
of the receptor in the complex rather than structural changes
in arrestin. Interestingly, none of the �-strand residues (except
173R1) are strongly immobilized in the complex, suggesting
that they are not located at compact interaction sites involving
multiple contacts between arrestin and the receptor. The
reduction in R1 mobility at these sites could be due to
dampening of backbone motions by nearby contacts with the
receptor and�or very weak interactions with mobile receptor
side chains. The fact that three of four of the corresponding
Cys mutations (F85C, L173C, and T233C) perturb binding
indicates that they contribute to receptor interaction, consis-
tent with the latter possibility. In the case of 173R1, the strong
immobilization of this solvent-accessible site could arise from
direct close contact with the receptor, and the region around
173 may represent an important anchor point in both P-Rh and
P-Rh* complexes. Notably, two adjacent residues in this
�-strand, Arg-171 and -175, are implicated in direct binding of
receptor-attached phosphates (8, 12).

Even though overlapping sets of residues participate in P-Rh
and P-Rh* binding, light activation of phosphorhodopsin
induces further changes at some positions (Figs. 2 and 3B). For
example, 139R1, immobilized by P-Rh, reverts to its original
high mobility upon light activation, and 244R1 shows a dra-
matic increase in mobility to a level exceeding that in free
arrestin (Fig. 2). The difference in the ‘‘footprint’’ of active and
inactive phosphorhodopsin suggests that the orientation of
bound arrestin relative to phosphorhodopsin and�or the con-
formation of P-Rh- and P-Rh*-bound arrestin is different.
Importantly, this finding is true even in the case of truncated

Fig. 3. Summary of the changes in spin-label mobility induced by arrestin
interactions with phosphorhodopsin. The magnitude of the detected changes
in spin-label mobility (Figs. 2 and 5) is color-coded on the visual arrestin crystal
structure as follows: gray, no change; pink�red, small and large increases in
mobility, respectively; light blue�dark blue, small and large decreases in
mobility, respectively. (A) Changes upon interaction with P-Rh. (B) Additional
changes induced by light activation of phosphorylated rhodopsin relative to
those induced by binding to dark P-Rh. This image includes additional sites
found not to change upon P-Rh* interaction (Fig. 5B). The C-tail is shown in
yellow.

Hanson et al. PNAS � March 28, 2006 � vol. 103 � no. 13 � 4903

BI
O

PH
YS

IC
S



arrestin (1–378) (Tr74R1; Fig. 2) that shows dramatically
enhanced binding to dark P-Rh (10).

The data (Figs. 1 A and 2) clearly identify the finger loop
between �-strands V and VI that protrudes far above the
central ‘‘crest’’ on the receptor-binding surface as a major
player in the arrestin–receptor interaction. This loop adopts
different conformations in different crystal forms of both
visual arrestin (23) and arrestin2 (11), suggesting structural
plasticity. The high mobility of R1 at positions 72, 74, and 75
within this loop demonstrates its dynamic f lexibility in solu-
tion. Mobility reductions occur for 72R1, 74R1, and 75R1 in
the P-Rh complex, but only upon activation to P-Rh* does each
residue become strongly immobilized, suggesting that at least
the tip of the finger loop is now buried at a rigid arrestin–
rhodopsin interface. The importance of this loop in receptor
binding is underscored by the fact that Cys substitutions of
three uncharged residues in this region (Leu-77, Ser-78, and
Phe-79) are the most detrimental for arrestin binding to P-Rh*
(Figs. 1 A and 4). Sommer et al. (39) used both a f luorescent
and spin-label at site 72 in visual arrestin to explore binding to
phosphorhodopsin and also concluded that this site is buried
at an interface in the arrestin–P-Rh* complex. However,
neither the f luorescent nor spin-label detected binding to
P-Rh. In addition, the EPR spectra of 72R1 in arrestin and in
the arrestin–P-Rh* complex are different in detail from those
reported here. The differences may arise from the different
arrestin backgrounds used in this study (untagged Cys-less
arrestin) and that of Sommer et al. (39) (His-tagged WT).

The higher mobility of 74R1 in truncated arrestin (1–378)
compared with the full-length protein (Fig. 2) supports the
hypothesis that truncation, which enhances binding to the non-
preferred forms of the receptor (4, 8–10, 12), does so by
‘‘loosening up’’ the conformational constraints of the basal state
of arrestin (6). Even though truncated arrestin binding to P-Rh
is at least half that for P-Rh* (10) (compared with �10% for
full-length; Fig. 1B), the spectra of Tr74R1 indicate that it is not
fully engaged with the receptor until rhodopsin is both light-
activated and phosphorylated. Accordingly, the spectra of 74R1
in both backgrounds in complex with P-Rh* are virtually iden-
tical. These data suggest that the rhodopsin elements that
interact with this arrestin finger loop are exposed only in its
light-activated form and that arrestin can be properly oriented to
engage these partners only when it is also ‘‘anchored’’ via
receptor-attached phosphates.

The release of the arrestin C-tail upon binding to P-Rh* was
previously inferred from its increased sensitivity to limited
proteolysis (14, 15). The striking increase in mobility of R1 at
positions 376 and 381 indicates essentially complete removal of
structural constraints on the C-tail upon binding to either
P-Rh or P-Rh*. This conclusion is further supported by the
increase in distance between 16R1 (in �-strand I) and 381R1
(in the C-tail) upon binding to both forms of rhodopsin (Fig.
2). These data directly demonstrate that the arrestin C-tail is
released upon receptor binding and that interaction with
receptor-attached phosphates is necessary and sufficient for
this rearrangement. Residues 12R1 and 103R1 are located in
�-strand I and �-helix I, respectively, and report changes in the
conformation of the other two elements of the three-element
interaction. Conceivably, the changes in these two positions
arise from interactions of the phosphates in the f lexible C
terminus of rhodopsin (40) with Lys-14 and -15 in �-strand I.
Thus, receptor-attached phosphates destabilize the three-
element interaction that anchors the C-tail to the body of the
arrestin molecule (13).

Several putative phosphate-binding residues were identified
in visual arrestin by mutagenesis, including Lys-20, Lys-55,
Arg-56, Lys-166, Lys-300 (29), Arg-171, the ‘‘phosphate sen-
sor’’ Arg-175 (8), Lys 14, Lys-15 (13), and Arg-18 (41), all of

which are localized in the N-domain in regions where the
mobility of R1 changes in response to P-Rh and P-Rh* (Figs.
1 A and 3). In the basal state, R175 is buried in the polar core,
as ref lected by the highly immobilized state of 175R1 in free
arrestin. The mobility of 175R1 successively changes upon
interaction with P-Rh and P-Rh*, showing that while the
receptor-attached phosphates of dark P-Rh modulate the
structure of the polar core, further changes occur upon light
activation of rhodopsin.

Conclusions
The data demonstrate that arrestin binding to phosphorylated
inactive rhodopsin removes intramolecular constraints on the
flexible C-tail of arrestin. In this complex weak intermolecular
contacts are made between the receptor and sites on the concave
surfaces of arrestin and the highly flexible loop between �
strands V and VI. The arrestin N-domain and this finger loop are
apparently engaged in stronger interactions with the receptor
than the C-domain. Upon receptor activation, the arrestin C-tail
remains detached from the body of the molecule, and the
strength of the interaction with the finger loop is dramatically
increased, leading to its immobilization. This result leaves little
doubt that this f lexible loop is a primary site of recognition
between arrestin and the phosphorylated activated receptor.
Weak interactions at other sites also are modulated, indicating
that the footprint on arrestin of the inactive and active phos-
phoreceptor is different.

Materials and Methods
In Vitro Transcription and Translation, Evaluation of Mutant Stability,
and Receptor-Binding Assay. pGEM2-based plasmids with arrestin
coding sequence equipped with the ‘‘idealized’’ 5�-UTR (42)
under the control of the SP6 promoter were transcribed and
translated in vitro in the presence of [3H]leucine and [14C]leucine
as described in ref. 43. The translation of every mutant used in
this study produced a single labeled protein band with the
expected mobility on SDS�PAGE. The relative stability of all
mutants (assessed as described in ref. 10) was �80%. Direct
binding of arrestin to rhodopsin and the separation of rhodopsin-
bound and free arrestin on Sepharose 2B-CL columns were
carried out as described in ref. 43.

Arrestin Expression and Purification. Arrestin expression in E. coli
and purification was performed as described in ref. 43. To
achieve optimal expression, I12C, I16C, Y58C, S60C, I72C,
V74C, M75C, D82C, F85C, Q87C, Q89C, V94C, L103C, L111C,
F152C, E160C, D162C, F197C, T233C, L240C, V244C, E266C,
K267C, S272C, S273C, L339C, S344C, and A348C were intro-
duced into the ASA-CL (C63A, C128S, C143A) background,
whereas L77C, S78C, F79C, V139C, T157C, L173C, R175C,
V376C, A381C, V74C (1–378), and I16C�A381C were intro-
duced into the VSV-CL (C63V, C128S, C143V) background.

EPR Sample Preparation. Arrestin single Cys mutants were spin
labeled with a 10-fold molar excess of the sulfhydryl-specific
spin label reagent 2,2,5,5-tetramethylpyrroline-3-yl-methane-
thiosulfonate (MTSL; Toronto Research Chemicals, Downs-
view, ON, Canada) overnight at 4°C. Excess reagent was
removed by dialysis, and arrestin was concentrated by using
Microcon YM-30 concentrators (Amicon). Final protein con-
centrations were determined by the BCA protein assay
(Pierce) using BSA as a standard. EPR samples contained 25
�M spin-labeled arrestin and a 50-�M concentration of the
indicated form of rhodopsin in native disk membranes (4) in
a final volume of 10 �l.

EPR Spectroscopy and Spectral Analysis. X-band EPR spectra were
recorded for samples in glass capillaries (�10 �l) at room

4904 � www.pnas.org�cgi�doi�10.1073�pnas.0600733103 Hanson et al.



temperature over a 100-G range with an incident microwave
power of 10 mW on an ELEXSYS E500 (Bruker, Billerica, MA)
fitted with a super high Q cavity. Spectra were typically the
average of 25–36 scans, baseline corrected, and normalized to
the same area for the absorption spectra. Doubly spin-labeled
protein samples also were recorded at room temperature over
100 G, and interspin distances were determined by using soft-
ware developed by C. Altenbach (44) using the sum of the singly

labeled protein spectra as the noninteracting spectrum during
analysis.
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