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Arrestins are regulatory molecules for G-protein coupled receptor
function. In visual rhodopsin, selective binding of arrestin to the
cytoplasmic side of light-activated, phosphorylated rhodopsin
(P-Rh*) terminates signaling via the G-protein transducin. While
the “phosphate-sensor” of arrestin for the recognition of receptor-
attached phosphates is identified, the molecular mechanism of
arrestin binding and the involvement of receptor conformations in
this process are still largely hypothetic. Here we used fluorescence
pump-probe and time-resolved fluorescence depolarization mea-
surements to investigate the kinetics of arrestin conformational
changes and the corresponding nanosecond dynamical changes
at the receptor surface. We show that at least two sequential con-
formational changes of arrestin occur upon interaction with P-Rh*,
thus providing a kinetic proof for the suggested multistep nature
of arrestin binding. At the cytoplasmic surface of P-Rh*, the structur-
al dynamics of the amphipathic helix 8 (H8), connecting transmem-
brane helix 7 and the phosphorylated C-terminal tail, depends on
the arrestin interaction state. We find that a high mobility of H8 is
required in the low-affinity (prebinding) but not in the high-affinity
binding state. High-affinity arrestin binding is inhibited when a
bulky, inflexible group is bound to H8, indicating close interaction.
We further show that this close steric interaction of H8 with arrestin
is mandatory for the transition from prebinding to high-affinity
binding; i.e., for arrestin activation. This finding implies a regulatory
role for H8 in activation of visual arrestin, which shows high selec-
tivity to P-Rh* in contrast to the broad receptor specificity displayed
by the two nonvisual arrestins.
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G -protein coupled receptors (GPCRs) are central for the func-
tion of biological systems as they transmit various external
stimuli, including hormones, neurotransmitters, and photons, to
intracellular signaling cascades (1). Termination of GPCR signal-
ing is mediated by arrestin molecules. Two arrestin forms (arrest-
in-2 and arrestin-3) with broad receptor specificity were found,
while visual arrestin (arrestin-1), which binds to the photorecep-
tor rhodopsin in rod outer segments, displays high selectivity to its
active phosphorylated receptor (2). Nonvisual arrestins serve in
their receptor-bound form as interaction platforms for further
molecules involved in GPCR internalization and G-protein-inde-
pendent signaling (3, 4). Visual arrestin (Fig. 14) binds to the cy-
tosolic face of phosphorylated active metarhodopsin-IT (Meta-II),
thereby hindering G-protein binding and in this way quenching
rhodopsin activity (5-7). Phosphorylation of serine and/or threo-
nine residues at rhodopsin’s C-terminal tail (Fig. 1 A-C) by rho-
dopsin kinase (8) is a prerequisite for arrestin binding (6, 9).

It has been suggested that multisite binding of visual arrestin
for sensing the activation and phosphorylation state of the recep-
tor is necessary for the multistep transition to the active receptor-
bound conformation of arrestin (10-15). This proposed transition
is thought to involve the disruption of three intramolecular inter-
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actions in arrestin (11, 13): (¢) the hydrophobic interface between
the two dome-shaped domains (green/blue), (ii) the polar core,
consisting of five shielded interacting charged residues (red),
and (iif) the three-element interaction between f-strand I and
a-helix I (yellow) in the N-terminal domain (N-domain, blue), and
the C-terminal tail (Fig. 14). The multistep binding model in-
cludes the recognition of receptor-bound phosphates by arrestin’s
“external” phosphate binding sites, Lys14 and Lys15, (referred to
as binding step 1) and by the main phosphate-sensor Argl75
in the polar core of visual arrestin (referred to as binding step 2)
(12, 15). The external phosphate binding sites are conserved
among the different arrestins, which act as antennas collecting
the receptor-bound phosphates at the entrance of the N-domain
cupola (15). Disruption of the salt bridge Argl75-Asp296 by
phosphate binding in the polar core is suggested to result in
conformational changes; i.e., arrestin activation, leading to the
high-affinity arrestin binding state (9-14). A direct kinetic proof
of multistep arrestin binding, however, is not provided so far.

The arrestin binding interface was shown to involve loop V-VI
of arrestin and further residues lining mostly the inner surfaces
of the two concave domains (Fig. 14), based on X-ray crystal
structural models of visual arrestin (11, 13), biochemical (9,
16-18), and biophysical (19-24) data. Information about specific
interaction structures of the receptor with arrestin is limited (24,
25), although the major activation-dependent conformational
changes of rhodopsin are known from biophysical [e.g., (26-30)]
and crystallographic data (31, 32). In particular, thodopsin’s am-
phipathic helix 8 (HS) is a prime candidate for the development
of dynamic interaction structures with arrestin. H8 starts after the
conserved NPxxY motif in transmembrane helix 7 and connects
the membrane domain via the two palmitoylated cysteines 322 and
323 with the phosphorylated C-terminal tail (Fig. 1 4 and C). Be-
cause the first X-ray crystal structure of rhodopsin (33) resolved
this helical stretch as lying parallel to the cytoplasmic membrane
surface (Fig. 1 4 and C), it was anticipated that HS plays an im-
portant role in the GPCR signaling process due to its amphipathic
properties. Indeed, it was shown that H8 may act as a membrane
dependent conformational switch (34) and is coupled by its con-
formational dynamics to the ligand-binding site (29, 30, 35) via the
conserved NPxxY motif (Fig. 1C).

As the receptor-bound conformation of arrestin and its inter-
play with receptor conformations determine arrestin function, we
answer in this study the question whether there are sequential
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Fig. 1. Structures of arrestin and rhodopsin. (A) Crystal structural models
of rhodopsin (gray, PDB entry 1U19) and arrestin (blue: N-domain, green:
C-domain, PDB entry 1CF1), generated with MOLSCRIPT (49). Rhodopsin:
blue- three possible phosphorylation sites $334, S338, and S343, red- H8, vio-
let- palmitoylated cysteines (palm-C322, palm-C323). Arrestin: dark red—
interacting charged residues in the polar core of arrestin, yellow- helix al
and p-strand Bl of the three-element interaction, dark yellow—external phos-
phate-sensors K14 and K15. Loop V-VI of arrestin is presented in its extended
(solid line) and “closed” (dashed line) conformation (coordinates are taken
from different molecules in the asymmetric unit of the arrestin crystal). The
labeling positions C316 (rhodopsin), S106C and S60C (arrestin) are indicated
in black. (B) Time traces of Meta-Il formation at 380 nm (3 °C, pH 7.5). The
increase in Meta-ll concentration of P-Rh* membranes corresponds to an
average of three phosphates per rhodopsin. (C) Close-up of the C-terminal
region of rhodopsin, including part of transmembrane helix 7 (gray), helix 8
310NKQFRNCMVTTL3?' (red), and three phosphorylated serines, p-S334,
p-S338, and p-S343 (blue). Dark yellow- residues belonging to the NPxxY
motif. Green- side chains of the hydrophobic residues F313, M317, and L321.
(D) Chemical structure of 5-IAF (SF) and Alexa594 (LF) bound to C316.

arrestin conformational changes upon binding to rhodopsin and
whether HS is involved in termination of receptor signaling via
arrestin binding. Using a combination of site-directed mutagenesis,
fluorescence labeling and time-correlated single-photon counting
we determined the kinetics of arrestin conformational changes
after light activation of phosphorylated rhodopsin (P-Rh). The
structural dynamics of H8 was investigated by time-resolved fluor-
escence depolarization in the inactive and active receptor state,
before and after receptor phosphorylation, as well as with and
without arrestin. We show that the dynamics and conformational
changes of H8 are intimately involved in the binding process of
visual arrestin. The direct role of H8 in the arrestin binding process
is supported by our finding that chemical modifications of H§ can
inhibit arrestin binding. Kinetic measurements of rhodopsin-
induced conformational changes of arrestin provide direct proof
for the multistep nature of arrestin binding to the activated
phosphorylated receptor (P-Rh*), thereby allowing a correlation
between the individual steps of arrestin binding and structural
changes of rhodopsins binding interface.

Results

Direct Observation of Multistep Arrestin Binding. We set out to test
the anticipated multistep binding of arrestin and to understand
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the molecular nature of the process by following the kinetics of
arrestin conformational changes upon interaction with P-Rh*.
First, we used fluorescently labeled visual arrestin in combination
with multidimensional time-correlated single-photon counting
for fluorescence pump-probe measurements (36). In these experi-
ments the pump pulse activates rhodopsin and the fluorescence
excitation pulse probes the resulting conformational changes of
arrestin via fluorescence changes of the reporter group. As a sen-
sitive site to detect arrestin conformational changes we chose posi-
tion 106 within arrestin a-helix I (Fig. 14). Ser106 is supposedly
not involved in the arrestin-rhodopsin binding interface (11, 24),
but is located directly above the three-element interaction domain
(Fig. 14). Interaction of the receptor-bound phosphates with the
external phosphate binding sites at p-strand I is thought to desta-
bilize the three-element interaction and to result in a guiding of
the negatively charged phosphates to the polar core (15, 37, 38).
Site-directed fluorescence labeling was achieved via the single-
cysteine arrestin mutant ArrCA-S106C (22) to which the fluores-
cent dye Lucifer Yellow (LY) iodoacetamide was covalently bound
(ArrCA-S106C-LY, Fig. S14). ArrCA-S106C-LY shows the same
binding affinity to P-Rh* as unlabeled arrestin (Fig. S1B). All ex-
periments were performed under standardized conditions using
prephosphorylated rhodopsin disk membranes with a phosphory-
lation level of ~3 phosphates/rhodopsin (Fig. 1B). This number of
receptor-attached phosphates was shown to be sufficient to trigger
high-affinity arrestin binding (6, 9).

Using LY as the reporter group, we observed changes in the
fluorescence lifetime curve upon addition of P-Rh and P-Rh*
to ArrCA-S106C-LY, including a pronounced fast picosecond
decay component and specific changes in intensity as compared
to ArrCA-S106C-LY alone (Fig. 24). Thus, LY bound to position
106 is indeed sensitive to arrestin interactions with the phos-
phorylated receptor in both its inactive and active state. Further-
more, this result supports recent models (10), which suggest that
initial phosphate recognition by the external phosphate binding
sites already occurs in a low-affinity interaction state, as probed
here using P-Rh.

To follow the kinetics of receptor-induced conformational
changes in arrestin, we measured the LY-fluorescence as a func-
tion of time after light activation of rhodopsin with a short flash of
light (Fig. 2B, red curve). As initial interaction between arrestin
and P-Rh was observed, prebound arrestins may directly proceed
to binding step 2 after light activation of P-Rh, undergoing the
large conformational change proposed for arrestin activation.
Soluble arrestin molecules, which are recruited to the rhodopsin
surface after light activation, are anticipated to interact first
with P-Rh* via their external phosphate recognition sites (binding
step 1) before recognition of the phosphorylated rhodopsin C
terminus in the polar core and arrestin activation occurs (binding
step 2). Consequently, a superposition of the corresponding
kinetics is expected. After light activation of P-Rh (Fig. 2B, black
curve, 7 ~ 15 ms) we indeed observed three kinetic phases of ar-
restin conformational changes (Fig. 2B, red curve), in agreement
with the above described multistep binding scenario. Assuming
a sequential reaction scheme, the time constants for the confor-
mational transitions to the high-affinity binding state of arrestin
were obtained from a three-exponential fit yielding 7; = 0.4 &+
0.1s,7o=11+1.6s, and 73 = 36 = 2.3 s (Fig. 2B). To discrimi-
nate between conformational changes connected to the binding
of soluble arrestins and those connected to arrestin activation,
we performed kinetic light scattering experiments to follow
the binding of arrestin (22). The binding curve is based on the
increase of light scattering upon arrestin binding to rhodopsin
disk membranes (Fig. 2B, green curve, Fig. 2C). Its timing
correlates with the second transition (z, = 11s) in the LY-
fluorescence change (Fig. 2B). This result supports a tentative
assignment of transition 1 to arrestin conformational changes
connected to arrestin activation of prebound arrestin molecules,
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Fig. 2. Kinetics of arrestin binding and conformational changes after acti-
vation of rhodopsin by a flash of light. (A) Fluorescence lifetime curves of
LY covalently bound to S106C of arrestin in the absence and presence of
P-Rh and P-Rh*, respectively. (B) Time trace of Meta-Il formation (black). Time
trace of arrestin binding to P-Rh* as measured by kinetic light scattering
(LS, green). Time trace of arrestin conformational changes as monitored
by the integral fluorescence changes of bound LY to position 106 of arrestin
(LY, red). The solid lines represent multiexponential fits. Arrows and numbers
indicate the transitions explained in the text. Conditions: 1 pM rhodopsin,
10 uM arrestin, 150 mM NaCl, 50 mM potassium phosphate buffer pH 7.5,
20 °C. (C) Time trace of arrestin binding as shown in (B) together with the
control (light scattering without arrestin) on a linear time scale. (D) Time
trace of arrestin binding to P-Rh* as measured by the increase in final aniso-
tropy r,, of the covalently bound dye Atto647N to position 60 of arrestin
(top; = = 4 s). Conformational changes of arrestin at position 60 and 106 as
revealed by the changes in integral fluorescence intensity and lifetime of
LY, respectively (bottom; ArrCA-S106C-LY: 7, =4's, 7, = 24's, ArrCA-S60C-
LY: z =29 s). The fluorescence decay times of ArrCA-S106C-LY are 0.1 ns,
1.6 ns, and 7.8 ns and the changes of the slowest decay time (lifetime) upon
binding to P-Rh* are shown. Conditions: 1 pM arrestin, 3-5 pM rhodopsin,
150 mM NacCl, 50 mM potassium phosphate buffer pH 7.5, 20 °C. Fluorescence
excitation was at 428 nm (LY) or 617 nm (Atto647N) and the emission was
detected after passing through a cut-off filter 0G495 and RG665, respec-
tively.

transition 2 to conformational changes occurring upon light-
induced binding of soluble arrestins and transition 3 to confor-
mational changes connected to arrestin activation of the latter.

To further corroborate the multistep nature of the arrestin
binding process, we performed additional experiments with dif-
ferent concentrations and excess P-Rh (1 pM arrestin, 3-5 pM
P-Rh). Under these conditions the binding of arrestin to P-Rh
can be observed using fluorescence anisotropy. Binding of fluor-
escently labeled arrestin with a rotational correlation time of
about 40 ns (Fig. S2) to rhodopsin disk membranes with a rota-
tional correlation time in the milliseconds time range results in an
anisotropy that virtually decays to a constant end value r, on the
fluorescence observation time scale. For the anisotropy experi-
ment we used arrestin labeled in position 60 at the inside of the
N-domain dome (Fig. 14). Binding of a dye to a single cysteine
in this position (ArrCA-S60C) does not interfere with arrestin
binding (Fig. S3). From the polarized fluorescence pump-probe
experiment we extracted r,,, whose increase is indicative of
arrestin binding to rhodopsin membranes (Fig. 2D, top). The cor-
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responding changes of LY fluorescence and lifetime were mea-
sured for ArrCA-S60C-LY and ArrCA-S106C-LY, respectively
(Fig. 2D, bottom). Two conformational transitions of arrestin
are clearly visible in the time range between 1 and 100 s (Fig. 2D,
bottom). The conformational transition in the 1-10 s range (Arr-
CA-S106C-LY) correlates with binding kinetics from anisotropy.
The later transitions in the 20-30 s range (ArrCA-S106C-LY
and ArrCA-S60C-LY) are indicative of conformational changes
connected with the transition of arrestin to its high-affinity bind-
ing conformation.

Phosphorylation and Arrestin Interaction Affect H8 Dynamics. To
further understand the molecular mechanism behind the indivi-
dual kinetic steps of arrestin binding, we investigated the dynamic
conformations of rhodopsin involved in arrestin-rhodopsin inter-
action, in particular of rhodopsin’s amphipathic HS. In earlier
studies, we already showed a correlation of H8 dynamics with dif-
ferent receptor states (28, 30, 39). To obtain information about
the nanosecond dynamics of H8, we measured the time-resolved
fluorescence anisotropy of the reporter group iodoacetamido-
fluorescein covalently bound to Cys316 in HS (Fig. 1 C and D).
As the dye is bound via a short acetamido linker, we termed the
construct Rh-HS8-SF [SF = short linker fluorescent dye (Fig. 1D;
Fig. S44)]. Because the probed dynamics of the dye is affected by
the motion of the protein segment to which it is covalently
attached, the anisotropy decay curve yields information on global
and local protein dynamics as well as on the protein structure and
conformational changes. The analysis of H8-SF anisotropy decay
curves (Fig. 3) was performed as described previously (35, 40).
The main decay components were assigned to the dynamics of
(i) the dye itself with a correlation time in the 100-300 ps range,
(if) the H8 segment the dye is bound to, and (i) a constant end
value of the anisotropy (r,, ), which represents a measure of steric
hindrance of H8 motion (Fig. S5, Table S1).

Phosphorylation of the receptor results in a slower and more
restricted motion of HS in the inactive receptor state (Fig. 3 A4,
G-I). H8 correlation time (¢,) increases from 1.9 £0.1 ns in
unphosphorylated rhodopsin (Rh) membranes to 3.4 +0.2 ns
in P-Rh (Fig. 3G). Using the corresponding amplitude (f,) as a
measure (Fig. 3H), we observed that the conformational space of
H8 movement decreases slightly upon phosphorylation. Qualita-
tively similar phosphorylation-induced changes were found for
P-Rh* (Fig. 3 D, G-I).

To probe the conformational changes of H8 upon arrestin
interaction, we first added arrestin to inactive Rh and P-Rh
(Fig. 3B). The difference between the anisotropy curves shown
in Fig. 3B suggests that arrestin interacts differentially with Rh
and P-Rh and indicates an involvement of HS8 in the low-affinity
phosphate recognition state of arrestin with P-Rh (compare
Fig. 24). Arrestin interaction with P-Rh leads to faster H8 mo-
tion (¢ p-rn =3.4+0.2 1S, Pp-rpiar = 2.8 £0.2 ns) and an
increase in conformational space of H8 motion (Fig. 3 C, G-I).

Next, we investigated the involvement of H8 in arrestin binding
to light-activated nonphosphorylated rhodopsin (Rh*). Virtually
no dynamics changes of H8 were detected (Fig. 3 F, G-I). When
adding arrestin to P-Rh*, however, we observed a specific inter-
action of H8 with arrestin as indicated by the difference in the
anisotropy curves of P-Rh*+Arr and Rh*+Arr (Fig. 3D). Arrest-
in interaction with P-Rh* leads to an approximately twofold
slower motion of H8 as well as a larger conformational space
sampled by HS, primarily induced by a reduction in steric restric-
tion (r,,) from the surrounding constituents (Fig. 3 G-I).

H8 Is Directly Involved in Arrestin Binding. Functional arrestin bind-
ing to P-Rh* can be measured via its stabilizing effect on the
active receptor state Meta-1II (24, 41) (Fig. S6). Although arrestin
interaction with P-Rh* has been shown by distinct changes in
HS8 dynamics (Fig. 3E), we observed no Meta-II stabilization for
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Fig. 3. H8 dynamics in response to rhodopsin phosphorylation and arrestin
interaction. Time-resolved anisotropy decay curves of SF covalently bound to
rhodopsin in position Cys316 for dark (A-C) and light-activated rhodopsin
membranes (D-F): (A), (D) phosphorylated and unphosphorylated rhodopsin,
(B), (E) phosphorylated and unphosphorylated rhodopsin in the presence of
arrestin or the arrestin mutant R175E, (C) phosphorylated rhodopsin in the
absence and presence of arrestin, (F) rhodopsin in the absence and presence
of arrestin. The corresponding fluorescence anisotropy decay parameters
are presented in (G-/). (G) rotational correlation time of H8 (¢,), (H) confor-
mational space of H8 expressed as relative mobility g,’ in percentage
(B, = P2/ (B2 + 1)), () steric restriction r,, of H8. Black—dark (inactive) rho-
dopsin, red—light-activated rhodopsin, blue—phosphorylated rhodopsin,
green—presence of arrestin. Conditions: 5 pM rhodopsin, 50 pM arrestin,
150 mM Nacl, 50 mM potassium phosphate buffer pH 7.5, 20 °C. The fluor-
escence excitation was at 470 nm and the emission was detected after
passing through a cut-off filter 0G515.

P-Rh*HS-SF (Fig. 44). To solve this puzzle, we used another bulky
dye, Alexa594-maleimide (Fig. 1D, Fig. S4B), which contains a
long and flexible Cs-linker (LF = long linker fluorescent dye)
In contrast to P-Rh*HS8-SE, rhodopsin labeled with Alexa594
(P-Rh*HS-LF) displays normal arrestin binding affinity (Fig. 44).
Thus, we concluded that the inflexible, short linker dye SF hin-
ders functional arrestin binding by steric means, while the long
flexible linker dye LF presumably is pushed aside and therefore
permits the H§-arrestin interaction.

Close Interaction of H8 with Arrestin Is Required for Arrestin Activa-
tion. To test whether this close interaction of H8 with arrestin
occurs in the high-affinity binding conformation, we investigated
the binding of SF-labeled rhodopsin to the “preactivated” arrest-
in mutant R175E. In this mutant protein the crucial salt bridge
Argl75-Asp296 is already disrupted (12). As shown in Fig. 4B,
Rh*H8-SF exhibits the same binding affinity to preactivated
arrestin as unlabeled rhodopsin, ruling out the hypothesis that SF
inhibits H8-arrestin interaction in the high-affinity binding con-
formation. Therefore, a close interaction of H8 with arrestin is
assumed for the binding process of the phosphorylated receptor
C terminus to the phosphate-sensor Argl75, resulting in arrestin
activation.

H8 Dynamics in the Prebinding and High-Affinity Binding State. Meta-

II stabilization and experiments with preactivated arrestin R175E
indicated that the binding process between P-Rh*HS8-SF and
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Fig. 4. Arrestin binding based on Meta-Il stabilization. Binding affinity
of (A) arrestin WT, and (B) Arrestin-R175E. The arrestin binding affinity to
unlabeled P-Rh* was set to 100%. Red—unphosphorylated rhodopsin,
blue—phosphorylated rhodopsin, black hatched—SF-labeled rhodopsin,
white hatched—LF-labeled rhodopsin.

arrestin is trapped before arrestin activation occurs. Thus, the
anisotropy experiment of P-Rh*H8-SF in the presence of arrestin
(Fig. 3E) describes H8 dynamics in a light-activated prebinding
state of arrestin. The dynamics of HS8 in the high-affinity binding
state between light-activated rhodopsin and arrestin, however,
were measured using the preactivated arrestin mutant R175E
(Fig. 3 E, G-I). Summarizing H8 dynamics, we observed that
the interaction of arrestin with P-Rh* in the prebinding state leads
to a larger conformational space and a slower motion of H8. Mod-
est conformational space and fast motion of H8 were observed in
the high-affinity arrestin binding state (Fig. 3 G and H).

Discussion

Mechanistic Model of Arrestin Binding. The current multistep model
of arrestin binding (10, 12, 15) suggests that two major binding
steps facilitate arrestin binding. Our kinetic experiments to
elucidate arrestin conformational changes upon receptor binding
showed that two distinct transitions occur after light activation
of rhodopsin, supporting a sequential multistep binding mechan-
ism (Fig. 2). As illustrated in Fig. 5, initial binding (step 1) of
soluble arrestin by light-activated rhodopsin coincides with a con-
formational change observed with a fluorescent reporter group
attached to o-helix I of arrestin (Fig. 2 B-D, 1-11 s transition).
This observation is consistent with a destabilization of the three-
element interaction between p-strand I, a-helix I, and the arrestin
C-terminal tail, induced by prebinding of the receptor-bound
phosphates to the external binding sites Lys14 and Lys15 (15) in
binding step 1. A separate conformational transition of arrestin
emerges at later times (~30 s transition), as clearly evident from
the biphasic fluorescence trace in Fig. 2D (bottom). This transi-
tion involves the region of the three-element interaction (probed
at position 106) as well as the inside of the N-domain dome
(probed at position 60) and is consistent with conformational
changes connected to binding of the receptor-bound phosphates
to Argl75 in the polar core resulting in arrestin activation (bind-
ing step 2, Fig. 5). Our observations generally agree with recent
findings from EPR spectroscopy, which show that the local struc-
ture of arrestin around a-helix I changes upon binding to thodop-
sin (42). While in the natural situation phosphorylation of
rhodopsin by rhodopsin kinase occurs after light activation, we
performed our experiments with prephosphorylated rhodopsin.
Here, we observed low-affinity interaction between arrestin and
P-Rh. Our data suggest that light-induced binding of soluble
arrestins, which occurs with significantly slower kinetics than the
conformational transition of already prebound arrestin molecules
to the high-affinity arrestin binding state (Fig. 2B), seems to be
a rate-limiting step in the arrestin binding process. The timing of
arrestin conformational changes, as discussed above, provides
clear kinetic evidence for a sequential multistep process of arrest-
in binding.

Combining the kinetic data of the arrestin binding process with
surface dynamics changes of rhodopsin, we propose a mechanistic
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model of arrestin binding, which highlights rhodopsin’s HS as a
crucial element in arrestin activation (illustrated in Fig. 5). Only
recently, this short amphipathic HS8, located at the start of the
C-terminal tail of class A GPCRs, is gaining recognition for its
importance in GPCR function (43), as it might serve as a trans-
mitter of signaling states or is itself involved in regulating C-term-
inal structures of rhodopsin. Our data support that notion and
show that H8 is intimately involved in the multistep binding pro-
cess of arrestin by providing specific conformational and structur-
al constraints for initial phosphate recognition and activation of
the phosphate-sensor Argl75 in the polar core. We showed that
binding of a bulky inflexible group (SF) to HS traps the arrestin—
P-Rh* complex in a prebinding state (Fig. 4). We further con-
cluded that a close steric interaction of H8 with arrestin is man-
datory for the transition from pre- to high-affinity binding. The
reaction model in Fig. 5 shows how the different arrestin inter-
acting forms of H8 develop. The model starts in the Rh state and
depicts the dynamical changes of HS in the Rh* and P-Rh* states
preceding arrestin interaction. Upon initial binding of arrestin to
P-Rh* (binding step 1) a prebinding state forms, that is charac-
terized by slower motion and an increase in conformational space
(high mobility) of HS. Arrestin itself exhibits subtle conforma-
tional changes around o-helix I. Binding step 2 requires a close
interaction with H8 to permit arrestin activation; i.e., disruption
of the Argl75-Asp296 salt bridge in the polar core and the sub-
sequent large-scale conformational change. H8 adopts a modest
mobility in the resulting high-affinity binding state, consistent
with a tight binding between rhodopsin and arrestin. Because
multisite binding of arrestin for sensing the activation and phos-
phorylation state of the receptor was suggested (9, 10), the re-
spective dynamic interactions were revealed by investigating
the effect of arrestin on P-Rh and Rh*. Low-affinity interaction
of arrestin with P-Rh results in a similar increase of H8 confor-
mational space as observed for arrestin prebinding to P-Rh*.
Thus, our data suggest that changes of H8 dynamics are involved
in the “phosphate sensing” process. In contrast, “activation sen-
sing” determined via Rh* interaction was not observed to affect
HS8 dynamics, provided that the bound reporter group does not
interfere. To distinguish these data in the reaction scheme in
Fig. 5, dashed gray arrows were used.

Role of H8 in Visual Arrestin Binding Specificity. The question which
remains to be answered is how a large conformational space of
HS8 motion as well as a specific interaction between H8 and
arrestin could regulate the delivery of the phosphorylated C-
terminal tail of the receptor to the polar core of arrestin. Visual
arrestin shows the highest preference for the active phosphory-
lated receptor form over the inactive phosphoreceptor in com-

18694 | www.pnas.org/cgi/doi/10.1073/pnas.1015461108

Fig. 5. Model for the activation of arrestin (Arr). After
phosphorylation of Rh* by rhodopsin kinase (not shown),
the prebinding and high-affinity binding state are succes-
sively formed. See Discussion for details. The conforma-
tional changes around a-helix | in the prebinding state
of arrestin are indicated by a transparent blue coloring.
H8 dynamics is visualized by the size and color of the cone
representing H8 conformational space (mobility) and
motion (¢ < 2.5 ns: red, ¢ > 2.5 ns: blue), respectively. The
dynamics changes compared to the preceding state are
indicated by the corresponding anisotropy parameters ¢
(correlation time), p’ (conformational space/relative mobi-
lity), and r,, (steric restriction) presented as arrows. The
arrow length represents the magnitude of the change
and the direction indicates the increase or decrease of the
respective value.
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parison to the two known nonvisual arrestins, which display
broad receptor specificity (2). It has been suggested that the high-
er rigidity of rod arrestin and an additional positively charged
residue (Argl8) in the loop following p-strand I, which contains
Lys14 and Lys15 (Fig. 14), is responsible for the better discrimi-
nation between the functional forms of rhodopsin (10, 44). Our
results indicate that the rigidity of visual arrestin is counterba-
lanced by an increased mobility (conformational space) of H8
after phosphorylation and arrestin interaction (Fig. 3). In contrast
to nonvisual arrestins, whose flexibility seems to allow them to fit
the active receptor face right away, the higher rigidity of visual
arrestin seems to require the active rhodopsin to fit its H8, and
presumably its phosphorylated C terminus, into a conformation
facilitating “phosphate-sensor” activation and inducing a higher
flexibility of the N-domain allowing arrestin to adopt its active
structure. This picture is supported by the finding of different
crystallographic visual arrestin conformers, where a correlation
between the flexibility in the N-domain and the conformation
of loop V-VI, spanning the highly conserved residues 68-78,
was observed (11). A higher flexibility of the N-domain correlates
with an extended conformation of loop V-VI (11), the latter was
assumed to develop upon arrestin binding to P-Rh* (23). A lower
flexibility of the N-domain correlates with a conformation in
which this loop is folded back towards the N-cupola (“closed”
conformation, Fig. 14), preventing an interaction between the
receptor-attached phosphates and the phosphate-sensor due to
steric hindrance (11, 23)—unless a higher mobility of H8 may
circumvent this obstacle.

In summary, our results show that HS is a crucial contributor
in the phosphate sensing process of arrestin. We suggest that
the function of HS is to provide a receptor-activation-mediated
feedback, allowing the guiding process of the phosphates to the
polar core and thus arrestin activation. The combination of fluor-
escence pump-probe and depolarization experiments used here
is a versatile method to obtain dynamic information of binding
partners during the different stages of their engagement. This
information is not possible to extract from static X-ray structures
and provides a dynamic framework for understanding the mole-
cular mechanism underlying protein-protein interaction.

Material and Methods

The details of arrestin expression, purification, rhodopsin phos-
phorylation, site-directed fluorescence labeling and the spectro-
scopic techniques are described in SI Text.

Sample Preparation. 11-cis-retinal was prepared as described (45).
Rod outer segment disk membranes were prepared from bovine
retinae (W.L. Lawson Corp) as described (35, 46). Multi-phos-
phorylated rhodopsin was prepared according to ref. 8. Determi-
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nation of the phosphorylation stoichiometry was performed in
a spectroscopic assay based on the stabilization of Meta-II by
phosphorylation. The concentration of Meta-II formed at low
temperature and high pH increases by a factor of ~2 for a phos-
phorylation stoichiometry of six phosphates/rhodopsin (47). Large-
scale expression of arrestin was done as described (22). Labeling
of rthodopsin’s Cys316 with the fluorescent dyes 5-iodoacteamido-
fluorescein (5-IAF, SF) and Alexa594-C5-maleimide (LF) (Mole-
cular Probes/Invitrogen) and labeling of the single-cysteine arrestin
mutants CA-S106C and CA-S60C (22) with Lucifer yellow (LY)
iodoacetamide (Molecular Probes/Invitrogen) and Atto647N-mal-
eimide (Atto-Tec) was carried out essentially as described (35).
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Spectroscopy. Flash spectroscopy to measure Meta-II kinetics and
data analysis were performed as described (35). Fluorescence
lifetime and anisotropy were measured employing a tunable
Ti:Sapphire laser/microchannel plate based single-photon count-
ing apparatus equipped with a TCSPC Module (SPC-830, B&H
GmbH) (35, 36). A forward kinetic light scattering instrument
(4 = 870 nm) was build up according to (48). Reactions were
triggered by a flash of light (478 nm).
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