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Solution NMR spectroscopy of labeled arrestin-1 was used to explore
its interactions with dark-state phosphorylated rhodopsin (P-Rh),
phosphorylated opsin (P-opsin), unphosphorylated light-activated
rhodopsin (Rh*), and phosphorylated light-activated rhodopsin (P-
Rh*). Distinct sets of arrestin-1 elements were seen to be engaged
by Rh* and inactive P-Rh, which induced conformational changes that
differed from those triggeredbybindingof P-Rh*.Althougharrestin-1
affinity for Rh*was seen to be low (KD> 150 μM), its affinity for P-Rh
(KD ∼80 μM) was comparable to the concentration of active mono-
meric arrestin-1 in the outer segment, suggesting that P-Rh generated
by high-gain phosphorylation is occupied by arrestin-1 under physio-
logical conditions and will not signal upon photo-activation. Arrestin-
1 was seen to bind P-Rh* and P-opsin with fairly high affinity (KD of
∼50 and 800 nM, respectively), implying that arrestin-1 dissociation is
triggered only upon P-opsin regeneration with 11-cis-retinal, preclud-
ing noise generated by opsin activity. Based on their observed affinity
for arrestin-1, P-opsin and inactive P-Rh very likely affect the physio-
logicalmonomer-dimer-tetramer equilibriumof arrestin-1, and should
therefore be taken into account when modeling photoreceptor func-
tion. The data also suggested that complex formation with either P-
Rh* or P-opsin results in a global transition in the conformation of
arrestin-1, possibly to a dynamic molten globule-like structure. We
hypothesize that this transition contributes to the mechanism that
triggers preferential interactions of several signaling proteins with
receptor-activated arrestins.
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Arrestin-1, also known as visual or rod arrestin, was the first
member of the arrestin family discovered (1). Arrestin-1

preferentially binds light-activated phosphorylated rhodopsin
(P-Rh*) and prevents further signaling by direct competition
with transducin, the visual G protein (2, 3). Arrestin-1 also binds
dark phosphorylated (P-Rh) and light-activated unphosphory-
lated (Rh*) rhodopsin, albeit with much lower affinity (4, 5).
These interactions, as well as arrestin-1 binding to phospho-op-
sin (P-opsin), remain largely unexplored, despite their biological
importance. Rh* is directly produced by light. P-Rh is generated
by high-gain phosphorylation of multiple rhodopsin molecules
upon activation of a modest subpopulation (6, 7), and P-opsin is
generated by the decay of P-Rh*. Arrestin-1 is the second most
abundant protein in rod photoreceptors, expressed at a ∼0.8:1 M
ratio to rhodopsin (8–10). In dark-adapted rods the bulk of
arrestin-1 is localized away from the rhodopsin-containing outer
segment. Light induces massive translocation of arrestin-1 into
this compartment because of its tight binding to P-Rh* (11, 12).
Mammalian arrestin-1 self-associates, and dimers and tetramers
predominate at physiological concentrations (13–15). Only the
arrestin-1 monomer binds rhodopsin (16). Arrestin-1 monomers,
dimers, and tetramers have very different sizes, a fact of im-
portance given that the space between rhodopsin-containing
discs in the outer segment is fairly narrow (17). It appears that
only monomeric arrestin-1 is small enough to readily diffuse into
the interdiscal space, and this has been proposed to be the major
factor limiting arrestin concentration in the outer segment under
dark conditions (17). The binding of arrestin-1 to any form of

rhodopsin affects the arrestin-1 distribution in rod photoreceptors
and determines the concentration of the active monomer in the
outer segment, which likely contributes to the kinetics of photo-
response and recovery (18). Thus, to fully understand receptor
signaling it is important to determine the affinities of these
interactions and to identify the arrestin-1 residues involved. This
determination is necessary for the elucidation of the molecular
mechanisms of arrestin-1 function in the visual system and for
building a comprehensive model of its behavior in photoreceptors
(19). These data are also critical for the design of arrestin-1 mutants
capable of compensating for the effects of rhodopsin mutations
that cause congenital human disorders (20).
NMR spectroscopy is well suited for the study of dynamic and

relatively low-affinity interactions (21), which constitute the
majority of biologically important protein–protein and ligand–
protein interactions. Here we took advantage of our recent as-
signment of >140 amide 1H,15N correlation resonances in the
NMR spectrum of arrestin-1 (22) to probe its binding interface
and affinity for different functional forms of rhodopsin.

Results
Arrestin-1 Retains Native Structure in the Presence of Anionic Bicelles.
Rhodopsin must be solubilized in an isotropic model membrane
system to investigate arrestin-1 binding by solution NMR. De-
tergent micelles (23) and lipid-detergent bicelles (24) successfully
solubilize functional rhodopsin. However, detergents sometimes
disrupt the native structure of arrestins. We examined arrestin-1
structure and stability using near-UV CD in the presence of dif-
ferent types of micelles, bicelles, and amphipols (25). Detergents
and amphipols destabilized arrestin-1, whereas three different
types of bicelles yielded CD spectra very similar to those observed
in buffer only (Fig. S1).
Rhodopsin is stable and functional in anionic bicelles (24). Rho-

dopsin in bicelle-like nanodiscs containing negatively charged lipids
binds arrestin-1 with a physiologically relevant affinity (KD∼3–4 nM)
(26).We acquired a 2D 1H-15N transverse relaxation optimized
spectroscopy (TROSY) spectrum of 50 μM 2H,15N-labeled arrestin-
1 in the presence of 4.2% (wt/vol) dimyristoylphosphatidylcholine +
diheptanoylphosphatidylcholine (DMPC/D7PC) bicelles containing
20% negatively charged dimyristoylphosphatidylglycerol (DMPG).
The NMR spectrum of arrestin-1 in the presence of bicelles was
similar to that in buffer (Fig. S2), indicating lack of a bicelle-
induced global structural perturbation. Thus, isotropic bicelles
are suitable for solution NMR-based studies of arrestin–rho-
dopsin interactions.
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Fig. 1. Arrestin-1 binding to dark-state P-Rh. (A) Superimposed 1H,15N-TROSY spectra of 30 μM 2H,15N-labeled arrestin-1 titrated by P-Rh in 4.2% anionic
bicelles, 25 mM Bis•Tris, 100 mM NaCl, 0.1 mM EDTA, 5 mM DTT pH 6.5 at 308 K. The bicelles contained DMPC:DMPG = 4:1 (mol:mol), q = 0.3, where q is the
mol:mol ratio of the detergent-like D7PC to DMPC+DMPG. All samples in this work were examined in the same buffer and bicelles and at the same tem-
perature. The molar ratio of arrestin-1 to P-Rh was varied: 1:0 (black), 1:1 (green), 1:2 (red), and 1:4 (cyan). (B) Mapping of P-Rh–induced site-specific NMR
chemical-shift changes onto the 3D structure of arrestin-1 (PDB ID 1CF1). Red sites are those for which the backbone amide chemical shifts changed by 0.010
ppm or more. Light blue sites are those for which peaks shifted by less than 0.010 ppm, but underwent significant line-broadening in response to P-Rh.
Resonances for dark blue sites neither shifted significantly nor broadened. Because the crystal structure does not resolve residues 1–9, 363–373, and 394–404,
these segments were modeled into the depicted structure using X-PLOR-NIH (http://nmr.cit.nih.gov/xplor-nih).
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Arrestin-1 Binding to Dark-State Phosphorylated Rhodopsin. The 2D
1H-15N correlation NMR [heteronuclear single-quantum co-
herence (HSQC) or TROSY] has long been used to monitor
protein-protein or protein-ligand binding and to map protein
residues involved in complex formation. Arrestin-1 binds P-Rh*
with high selectivity (27), and arrestin-1 residues engaged by
P-Rh* have been extensively mapped (5, 28–34). In vivo, light
activation, and subsequent phosphorylation of rhodopsin by
GRK1 are essential for high-affinity arrestin-1 binding, which
effectively shuts off further signaling (35). Both light-induced
Rh* and inactive P-Rh are produced in photoreceptors in vivo
(7), but bind arrestin-1 less avidly than P-Rh* (4, 5). However,
the dissociation constants (KD) and the elements that interact
with Rh* and dark P-Rh remain to be fully elucidated. Here we
used NMR titrations to investigate the binding of 2H,15N-arrestin-
1 to P-Rh and Rh*.
Fig. 1A shows the titration of NMR-labeled arrestin-1 by dark

P-Rh. A number of peaks broadened or shifted in response to

complex formation, with many peaks broadening beyond de-
tection at the higher levels of P-Rh. We therefore focused our
analysis on the sample with a twofold molar excess of P-Rh over
arrestin-1, where most peaks were still observable. The peaks
shifted rather than split, which indicates that binding was rapid
on the NMR time scale. The set of peaks that uniformly shifted
the most in response to complex formation were from the distal
C terminus of arrestin-1 (Fig. 1B and Fig. S3), indicating that
binding to P-Rh changes the conformation of this element. This
finding is consistent with the release of the C terminus previously
detected in the presence of chemical mimics of the phosphory-
lated rhodopsin C terminus, heparin, and hexaphosphoinositol
(IP6) (22). A few other peaks also shifted significantly or exhibi-
ted line broadening (Fig. 1B and Fig. S3). Those peaks were
mainly from the “polar core” and “three-element interaction”
that were previously shown to be perturbed by IP6 and heparin
(22). For three peaks that exhibited relatively large shifts but did
not completely disappear, we plotted the variations in chemical
shifts as a function of the P-Rh concentration (Fig. S4). Fitting of
the data by a 1:1 binding model (9, 26) yielded a KD of 80 ± 30 μM
(Fig. S4) for arrestin-1 binding to P-Rh.

Binding of Arrestin-1 to Unphosphorylated Light-Activated Rhodopsin.
Visual signal transduction is initiated when rhodopsin absorbs
a photon, which isomerizes covalently bound 11-cis-retinal, con-
verting rhodopsin into Rh*. Rh* activates transducin and is then
rapidly multiphosphorylated at its C terminus (36). The structure
of Rh* is significantly different from inactive rhodopsin (37–40).
High selectivity of arrestin-1 for P-Rh*, compared with Rh* (5),
indicates that arrestin-1 affinity for Rh* must be much lower, al-
though this has not been previously quantitated. Fig. S5A
shows overlaid spectra of 30 μM 2H,15N-arrestin-1 with and
without 150 μM Rh*. Only a few residues exhibited significant
chemical shift changes (Fig. S5B and Fig. S6). Analysis of a full
titration (0, 30, 60, and 150 μM Rh*) indicates that binding is
relatively weak (KD >150 μM) (Fig. S7). Most resonances exhib-
iting significant chemical-shift changes corresponded to residues in
the 10–70 and 370–385 ranges. These segments include two of
three sets of residues known to be involved in the “three-element
interaction” between the N-terminal β-strand I (residues 9–14),
α-helix I (residues 103–111), and β-strand XX in the proximal C
terminus (residues 373–380) (Fig. S5B). The fact that several of the
arrestin-1 resonances involved in the three-element interaction
were among the handful of resonances that became sharper upon
complex formation with Rh* (Fig. S6) is consistent with an increase
in local mobility, implying destabilization upon complex formation.
These data suggest that the known destabilization of the three-
element interaction by P-Rh* is not solely triggered by the phos-
phorylated rhodopsin C terminus, but that contributions to this
destabilization are also made by elements of rhodopsin that change
conformation upon light activation. Given that binding of P-Rh
(Fig. 1) or P-Rh* (33, 41) results in release of the distal C terminus
(residues 385–404), it is notable that binding of Rh* does not do so.

High-Affinity Binding of Arrestin-1 to Phosphorylated Light-Activated
Rhodopsin. Arrestin-1 associates with P-Rh* with high affinity
(26, 42, 43), blocking transducin binding sites on rhodopsin (2,
3). To probe structural changes that occur in arrestin-1 upon
binding, we titrated 2H,15N-labeled arrestin-1 with P-Rh*.
Fig. 2A shows the TROSY spectrum of 30 μM 2H,15N-labeled

arrestin-1 in the presence and absence of saturating P-Rh*.
Binding of P-Rh* resulted in a dramatic change in the spectrum
in which the majority of peaks disappeared (Fig. 2B). The
remaining peaks were assigned by tracing the chemical shift
changes seen in Fig. 1, which appeared to shift from their posi-
tions in free arrestin-1 in the same direction upon complex for-
mation with either P-Rh or P-Rh*. The assignments (Fig. 2B)
reveal that the observed arrestin-1 peaks originate from domains
shown to be particularly flexible in free arrestin-1 (33, 41), par-
ticularly the C-terminal residues 360–404 (see structure in Fig.
S8A). Several residues in the body of the N domain (G95, A96,
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Fig. 2. Binding of arrestin to P-Rh*. (A) (red) TROSY spectrum of 30 μM
2H,15N-labeled arrestin-1 complexed with P-Rh* in bicelles. The spectrum of
30-μM free arrestin-1 (black) shows substantial chemical shift differences
for the residues that remain observable. (B) Spectrum of arrestin-1 bound to
P-Rh* from A, with labeling of the assigned peaks. (C) Determination of KD

for binding of arrestin-1 with P-Rh* (Left) or with P-opsin (Right).
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S97, and G98) were also observed, as well as the N-terminal
residues K5, A7, and A10. Resonances from most other peaks
disappeared upon complex formation because of extensive line
broadening. The high intensity of the peaks from the C terminus
after complex formation suggests that binding of arrestin-1 to
P-Rh* results in freeing of the C terminus of arrestin-1 from ter-
tiary structural interactions, in agreement with distance meas-
urements between the C terminus and the body of the N domain
by electron paramagnetic resonance (EPR) and limited pro-
teolysis (33, 41, 44) and also by NMR paramagnetic relaxation
experiments (SI Text and Table S1). P-Rh* induced chemical-
shift changes for residues G95, S97, and G98, which are located
on a short connector between the body of the N domain and the
α-helix I (Fig. S8A). Thus, a structural rearrangement of the N
domain takes place upon complex formation. This effect was not
seen in the titration of arrestin-1 with IP6 or heparin (22), sug-
gesting a possible shift of the α-helix I resulting from disruption
of the three-element interaction. Our data confirm that forma-
tion of the complex results in a conformational change in the C
terminus that enhances its local motional freedom.
Because light-activated rhodopsin decays faster than equilib-

rium can be reached, a true KD cannot be determined in a simple
titration experiment. The apparent KD for arrestin-1 binding to P-
Rh* was determined to be 49 ± 11 nM (Fig. 2C), which is similar

to the 25- to 50-nM value previously measured using an extra-
Meta II assay (42, 43). Some comment on the stoichiometry of the
complex is merited. Monomeric rhodopsin was shown to be nec-
essary and sufficient for high-affinity arrestin-1 binding (26, 45).
However, recent reports suggest that two types of arrestin-1-rho-
dopsin complexes are formed upon activation of a high fraction of
rhodopsin in native disk membranes, with 1:1 and 1:2 arrestin:
rhodopsin stoichiometries (46, 47). In the latter, arrestin-1 ap-
parently binds only one rhodopsin with high affinity, stabilizing
its Meta II state (46) and trapping all-transretinal (47), whereas
the other molecule is engaged with much lower affinity by dis-
tinct arrestin-1 elements localized in the C-domain (47). All
forms of rhodopsin used here were solubilized by a large excess
of bicelles and most of the perturbations were observed to be in
the N domain of arrestin-1 and in the C terminus that is an-
chored to this part of the molecule (Figs. 1 and 2). These data
point to a 1:1 stoichiometry, making it highly unlikely that
“auxiliary” interaction with a second rhodopsin contributed
to our results.

Binding to P-Rh* Induces a Major Change in the Global Dynamics of
Arrestin-1. Most arrestin-1 peaks disappear upon binding to P-
Rh* (Fig. 2B). A priori, this phenomenon could be a result of the
large correlation time associated with the ∼200-kDa size of the
arrestin/P-Rh*/bicelle complex. Alternatively, complex forma-
tion might result in a global change of conformational dynamics
within arrestin-1, with the induced motions occurring in the in-
termediate rate regime (msec−1–μsec−1) of the NMR time scale.
To determine which line-broadening mechanism actually per-
tains, we collected 1H,13C-methyl-TROSY spectra of ILV-13C-
methyl–protonated arrestin-1 in the presence and absence of
P-Rh*. It is well established that high-quality methyl-TROSY
spectra can be acquired even for complexes with molecular
weights well in excess of 200 kDa (48). However, our data
(Fig. 3) revealed the same general disappearance of peaks in
the methyl-TROSY spectrum that is observed in the 1H,15N-
TROSY spectrum of backbone amide peaks. This finding indi-
cates that NMR peak disappearance for arrestin-1 upon binding
to P-Rh* is most likely a result of widespread conformational
exchange in the intermediate rate regime, leading to extensive
exchange-broadening. This is not an unusual phenomenon in
protein structure and dynamics: widespread exchange-broaden-
ing is a hallmark of proteins in molten globule-like conforma-
tional states (49). Binding of P-Rh* apparently induces transition
of arrestin-1 to such a state, which evidently encompasses both its
N and C domains.

Comparison of the Binding Affinity, Structure, and Dynamics of Arrestin-
1 Bound to Phosphorylated Opsin (P-Opsin) vs. P-Rh*. The re-
generation of rhodopsin following photoactivation requires the
release of all-transretinal, which occurs while arrestin-1 is still
associated with P-Rh*. Previous studies indicated that arrestin-1
binds retinal-free phosphorylated opsin (5); however, it has not
been clear whether the conversion of P-Rh* to P-opsin induces
additional changes in bound arrestin-1 or triggers arrestin-1 re-
lease, as was hypothesized previously (5, 50). Fig. 2C shows de-
termination of KD for arrestin-1 binding to both P-Rh* and P-
opsin. Binding to P-opsin was indeed strong [KD = 780 ± 70 nM;
which is close to a recently reported KD of 1.5 μM (47)], but is
less avid by an order-of-magnitude than binding to P-Rh* (ap-
parent KD = 49 ± 11 nM). The 1H-15N TROSY spectrum of
arrestin-1 in the presence of a threefold (saturating) molar ex-
cess of P-opsin was nearly identical to that in complex with P-
Rh* (Fig. S8B), indicating high similarity in the structure and
dynamics of arrestin-1 in the two complexes. Opsin exists in
a pH-dependent equilibrium between active-like and inactive
conformations (51), with lower pH favoring the former (38, 39).
Because both transducin (52) and arrestin-1 (43) stabilize the
active Meta II state of rhodopsin, it is likely that bound arrestin-
1 shifts this equilibrium toward the active-like state, similar to
binding of rhodopsin to the C-terminal peptide of the transducin
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α-subunit (51). P-opsin and P-Rh* induce the same transition in
the global structure of arrestin-1 to what appears to be a par-
tially-disordered state (Fig. 3 and Fig. S8).

Discussion
High-affinity binding of arrestin-1 to P-Rh* is necessary for rapid
termination of rhodopsin signaling (35). Arrestin-1 elements en-
gaged by P-Rh* and the conformational changes in the arrestin-1
molecule induced by P-Rh* binding have previously been exten-
sively characterized (19). In contrast, although arrestin-1 binding
to other functional forms of rhodopsin—Rh*, dark P-Rh, and P-
opsin—has been reported (5), the KD values for most of these
interactions have not been determined and the impact of complex
formation on the structure of arrestin-1 has not been studied.
Here we used NMR to identify arrestin-1 elements engaged by
nonpreferred forms of rhodopsin and to probe the nature of
conformational changes induced by these interactions. The
fact that these solution NMR studies focused on complex
formation between a large soluble protein and a large mem-
brane protein, and were carried out using only 30 μM arrestin-
1, also exemplifies the advances in NMR sensitivity in recent
years, thanks to the availability of very high-field magnets,
exploitation of TROSY spin physics (48, 53), and cryoprobe
detectors (54).
We found that binding to Rh* affects the N terminus and

proximal C terminus (residues 370–385) of arrestin-1 (Figs. S5
and S6). Rh* binding did not result in the freeing of the distal
C terminus (residues 385–404), in contrast to binding of the
phosphorylated forms of rhodopsin (Figs. 1 and 2 and Fig. S8).
This finding provides evidence that a unique conformational
change in arrestin is induced by Rh*. Significant chemical-shift
changes of residues in the 10–70 and 370–385 ranges, along with
sharpening of several peaks upon complex formation (Fig. S6),
suggest that active unphosphorylated receptors destabilize the
three-element interaction previously believed to be disrupted
solely by receptor-attached phosphates (55). The data also in-
dicate that the proximal C terminus can be perturbed without the
displacement of the distal C terminus. This possibility has not
been previously considered (19). Finally, our estimate of arrestin-1
affinity for Rh* (KD > 150 μM) is consistent with physiological
data that wild-type arrestin-1 cannot effectively quench Rh* sig-
naling (20, 35, 56).
We found that both dark P-Rh and P-opsin displace the distal

C terminus of arrestin-1 (Fig. 1 and Fig. S8), similar to P-Rh*
(33, 41) and the phospho-mimics, heparin and IP6 (22). These
data show that receptor-attached phosphates are necessary and
sufficient for this conformational rearrangement. The affinity of
arrestin-1 for dark P-Rh measured in this work (KD∼80 μM) is
comparable to the arrestin-1 homodimerization constant (12,
15). This finding suggests that interaction with P-Rh can signif-
icantly affect the arrestin-1 monomer-dimer-tetramer equilib-
rium in photoreceptors. Only the monomeric form of arrestin-1
binds rhodopsin (15). The concentration of arrestin-1 monomer
in the outer segments, calculated based on its distribution in rods
and its self-association constants (12), yielded values that are
insufficient to explain the unexpectedly short lifetime of active
rhodopsin (18). Low-affinity binding of arrestin-1 to additional
partners, such as nonpreferred forms of rhodopsin, would increase
the supply of arrestin-1 monomer available to P-Rh*, reconciling
biochemical and physiological evidence.
Complex formation between arrestin-1 and P-Rh* was seen

to result in widespread NMR peak disappearance, with the
exception of peaks from highly mobile elements (N-terminal 10
residues, sites 95–98, and the distal C terminus). Because peak
loss was seen in both 1H,15N-TROSY and in 1H,13C-methyl-
TROSY spectra, it is unlikely that this result is primarily because
of the size of the complex. A much more likely explanation is in-
termediate time-scale conformational exchange peak broadening
that arises from a global “loosening” of the arrestin-1 conformation.

Although the results do not prove this conclusively, the data are
consistent with the notion that the global conformation of
arrestin-1 is destabilized by high-affinity binding to P-Rh*, trig-
gering a transition into a molten globule-like structure. High
flexibility of both free and rhodopsin-bound arrestin-1 is con-
sistent with rapid H/D exchange observed in both states (28),
as well as with the relatively wide distance distributions recently
detected in both states by pulsed EPR (57). Based on these
observations for arrestin-1, it can be hypothesized that a tran-
sition from a flexible but well-ordered structure to a partially
disordered ensemble of conformations might be the central
mechanism underlying the “activation” of other arrestins (27),
which enables association with many signaling proteins. This
finding would explain how activation of a given arrestin by a given
receptor can result in distinct signaling complexes, leading to
different functional outcomes (58, 59).
Previously, receptor binding-induced conformational changes

in arrestin have been proposed to involve the movement of the
two arrestin domains relative to each other (27), as suggested by
progressive reduction of receptor binding by deletions in the
interdomain hinge (60). However, the recently reported absence
of large changes in the interdomain distances in arrestin-1 upon
binding to P-Rh* (57) argues against this model. Our data reveal
only localized conformational rearrangements upon binding of
arrestin-1 to dark P-Rh (Fig. 1) and Rh* (Fig. S5). For P-Rh*
and P-opsin, our data suggest a major change in arrestin-1 dy-
namics as described above, but does not inform on the nature of
the associated conformational changes (Figs. 2 and 3).
Finally, we also found that P-opsin binds to arrestin-1 with

relatively high affinity (KD = 780 nM) and induces changes in its
structure and dynamics that are similar to those induced by
P-Rh*. These data suggest that it is the regeneration of rho-
dopsin with 11-cis-retinal, rather than the loss of all-trans-retinal
by P-Rh*, as previously proposed (50), that promotes arrestin-1
dissociation. Considering that opsin can activate transducin,
delayed arrestin-1 release makes perfect biological sense in rods,
where high sensitivity requires efficient noise suppression (61).

Methods
Preparation of Arrestin-1 Samples. Constitutively monomeric arrestin-1-(F85A/
F197A) was expressed in isotopically labeled form and purified as previously
described (22, 62). Near-UV CD spectroscopy of arrestin-1 and preparation of
various forms of rhodopsin are described in SI Text.

NMR Spectroscopy of Arrestin-1. 1H,15N-TROSY NMR titrations of 2H,15N-la-
beled arrestin-1 with various forms of rhodopsin were carried out at pH 6.5
and 308 K in the presence of 100 mM NaCl. Samples with different ratios of
arrestin-1 and rhodopsin were made using a constant arrestin-1 concentra-
tion of 30 μM. 1H,13C-Me-TROSY NMR spectra (48) were collected of arrestin-
1 that was uniformly perdeuterated, except for the side-chain methyl groups
of isoleucine, leucine, and valine residues, which were also 13C-labeled.
Additional details are provided in SI Text.

Determination of Dissociation Constants. A 1:1 binding model (SI Methods)
was fit to NMR titration data to estimate KD for complex formation of
arrestin-1 with various forms of rhodopsin. To determine the affinity by an
alternative method in some cases, we used direct binding assay with radi-
olabeled arrestin-1 generated in cell-free translation, as previously described
(4, 62). Increasing amounts of P-Rh* or P-opsin were added to a fixed con-
centration of arrestin-1 and the amount of bound arrestin was determined
upon incubation at 37 °C for 5 min (P-Rh*) or for 30 min (P-opsin). Because
true equilibrium cannot be achieved with P-Rh* as a result of its decay, these
data yielded an apparent KD, whereas P-opsin binding was measured at
equilibrium, yielding a true KD.
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