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SUMMARY

Visual rod arrestin has the ability to self-associate at
physiological concentrations. We previously demon-
strated that only monomeric arrestin can bind the
receptor and that the arrestin tetramer in solution
differs from that in the crystal. We employed the
Rosetta docking software to generate molecular
models of the physiologically relevant solution tetra-
mer based on the monomeric arrestin crystal struc-
ture. The resulting models were filtered using the
Rosetta energy function, experimental intersubunit
distances measured with DEER spectroscopy, and
intersubunit contact sites identified by mutagenesis
and site-directed spin labeling. This resulted in a
unique model for subsequent evaluation. The validity
of the model is strongly supported by model-
directed crosslinking and targeted mutagenesis
that yields arrestin variants deficient in self-associa-
tion. The structure of the solution tetramer explains
its inability to bind rhodopsin and paves the way for
experimental studies of the physiological role of rod
arrestin self-association.

INTRODUCTION

Arrestins are ubiquitous regulators of G protein-coupled recep-

tor (GPCR) signaling. They play a key role in desensitization

and in switching signaling to G protein-independent pathways

via interactions with regulatory proteins such as ERK1/2,

JNK3, and Mdm2 (Gurevich and Gurevich, 2003, 2006a; Lefko-

witz and Shenoy, 2005). The binding of free arrestins to these

partners affects their subcellular localization (Song et al., 2006,

2007) and redirects their activity to alternative substrates (Han-

son et al., 2007a).

Mammals express four arrestin subtypes. The two subtypes

restricted to photoreceptors, rod (arrestin1; visual arrestin) and

cone (arrestin4; X-arrestin) arrestin, bind rhodopsin and cone op-

sins, respectively. The two nonvisual arrestins, arrestin2 (b-ar-

restin; b-arrestin1) and arrestin3 (b-arrestin2), are ubiquitously

expressed and bind hundreds of GPCR subtypes. The mono-

meric structures of bovine rod arrestin, arrestin2, and salaman-

der cone arrestin are remarkably similar (Han et al., 2001; Hirsch

et al., 1999; Sutton et al., 2005), with differences limited to sev-

eral loops in which similar variations were found in different

crystal forms of the same protein (Han et al., 2001; Hirsch

et al., 1999).

Biologically, rod arrestin is unique in that it is the only arrestin

with high specificity for just one receptor, rhodopsin. The con-

centration of endogenous arrestin in rods exceeds 1 mM (Broe-

khuyse et al., 1985; Hanson et al., 2007b; Strissel et al., 2006),

which is several orders of magnitude higher than that of any other

subtype (Chan et al., 2007; Gurevich et al., 2004). It is also the

only arrestin that invariably crystallizes as a tetramer (Granzin

et al., 1998; Hirsch et al., 1999).

Our previous study of rod arrestin self-association in solution

revealed that it cooperatively forms tetramers, with a lower KD

for the dimer-tetramer equilibrium (KD tet, 7.5 mM) than for the

monomer-dimer equilibrium (KD dim, 37 mM; Hanson et al.,

2007c). These constants are well within the physiological range,

so that the majority of rod arrestin likely exists as tetramer in vivo.

In rods, arrestin moves between compartments in a light-depen-

dent manner (Broekhuyse et al., 1985). This movement is thought

to contribute to light and dark adaptation (Arshavsky, 2003; Cal-

vert et al., 2006), and is believed to involve high-affinity binding of

arrestin to activated phosphorhodopsin in the outer segments in

the light, and low-affinity interaction with microtubules in the

inner segments in the dark (Nair et al., 2005). All forms of rod

arrestin bind microtubules, but only monomeric arrestin binds

light-activated rhodopsin (Hanson et al., 2007c), identifying the

tetramer as a ‘‘storage’’ form.

We introduced a nitroxide spin label (R1) at selected sites in

the arrestin molecule to map intersubunit contacts in the solution

tetramer (Hanson et al., 2007c). The effects of R1 on self-associ-

ation, concentration-dependent changes in R1 mobility, and di-

rect intersubunit distance measurements were inconsistent with

the topology of the crystal tetramer (Hanson et al., 2007c). Exten-

sive structure-function and electron paramagnetic resonance

(EPR) studies demonstrate that the crystal structure of the ar-

restin monomer reflects its conformation in solution under
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physiological conditions (Figure 1; Gurevich, 1998; Gurevich and

Benovic, 1993; Gurevich and Gurevich, 2006b; Hanson et al.,

2006b, 2007c). To unambiguously establish the biological func-

tion of rod arrestin self-association, it is critical to determine the

structure of the solution tetramer and the specific intersubunit

interfaces involved.

Here, we explore the topology of the rod arrestin tetramer in

solution using computer modeling guided by experimental

data. Protein-protein docking algorithms provide a means to elu-

cidate structural details of unknown complexes. We used Ro-

setta (Gray et al., 2003a, 2003b; Schueler-Furman et al.,

2005b; Wang et al., 2005), a recent method to predict protein-

protein complexes from the coordinates of the free monomer

components. The method employs a low-resolution, rigid-body

Monte Carlo search followed by simultaneous optimization of

backbone displacement and side-chain conformations. The re-

sulting models are ranked using an energy function dominated

by van der Waals interactions, an implicit solvation model, and

an orientation-dependent hydrogen bonding potential. This

method yielded a model of the arrestin tetramer in solution that

accounts for the experimental data and is consistent with the co-

operativity of its formation. Moreover, we demonstrate disulfide

crosslinking predicted by the model and reveal that model-

directed mutagenesis generates an arrestin variant with a signi-

ficantly reduced propensity to self-associate.

RESULTS

Generation of a Solution Structure Model Using
Protein-Protein Docking
To generate a molecular model of the solution tetramer we

used restraints from light scattering, continuous wave (CW)

EPR, and DEER experiments to guide protein-protein docking

in Rosetta (Table 1; Hanson et al., 2007c). The residues used

in the experimental restraints span the entire arrestin monomer

(Figure 1).

First, 150,000 arrestin dimers were created by docking two

copies of the monomer (1CF1, chain A) using the standard

low-resolution Rosetta docking protocol (Gray et al., 2003a).

Next, a low-resolution energy function with residue-level poten-

tials (where side chains were replaced with centroid spheres)

and the experimental intersubunit distances at residues 173 in

the N domain (25 Å) and 240 in the C domain (%18 Å; Table 1;

Hanson et al., 2007c) were used to filter these models to produce

one set of 40 models having an N domain to N domain (NN) inter-

action and another 40 models with a C domain to C domain (CC)

interface (Figure 2A). These 40 models of each dimer were sub-

jected to a second round of standard low-resolution Rosetta

docking (Gray et al., 2003a) to create tetrameric models. For

this purpose each model was docked with a copy of itself, retain-

ing symmetry at the dimer interfaces. Ten thousand models were

created for each dimer, yielding 800,000 tetrameric structures.

Based on the Rosetta energy score, the top 10% of these

models were retained for further analysis (Figure 2B).

These 80,000 tetramers were filtered based on the experimen-

tal data using the following criteria:

(A) The cooperativity of tetramer formation (Hanson et al.,

2007c; Imamoto et al., 2003) and the absence of higher-order

oligomers (Imamoto et al., 2003) suggest that the solution tet-

ramer has a closed symmetrical configuration. Therefore,

each tetramer was given a symmetry score. Six distances

can be measured between the four copies of one amino

acid in a tetramer. In a symmetric tetramer, these six dis-

tances form three groups of two identical distances each.

Symmetry was measured based on root mean squared devi-

ations (rmsd; angstom units) from equidistance.

(B) The introduction of a spin label at sites 197, 244, and 348

produces large perturbations in arrestin self-association, sug-

gesting that these sites are at or near a contact interface in the

oligomer (Hanson et al., 2007c). Concentration-dependent

Figure 1. The Crystal Monomer and Location of Sites Studied

The 2.8 Å crystal structure of the visual arrestin monomer (PDB ID: 1CF1, chain

A) (Hirsch et al., 1999) with the C-tail colored light blue and the sites used for

modeling shown in yellow. Ca and Cb carbons indicate the direction in which

the side chain projects.

Table 1. Model Building and Evaluation Criteria

Residue

Located at an Intersubunit

Interface? Intersubunit Distances (Å)

V74 25–31, 34–38, 43–50

F79 Yes

F85 Yes

Q89 No

I108 No 49

V139 22–40

L173 Yes 25 and 49

F197 Yes

L240 <18

V244 Yes

S272 No 48

S273 No 33

S344 33

A348 Yes

Criteria were derived from visible light-scattering and EPR spectroscopy

data (interface residues) and DEER spectroscopy measurements (dis-

tances) as reported in Hanson et al. (2007c). Residues were designated

to be at an intersubunit interface based on large reductions in self-asso-

ciation following introduction of the R1 spin label (sites 197, 244, 348) or

concentration-dependent immobilization of R1 (sites 79, 85, 173). Dis-

tances (Å) are based on DEER spectroscopy measurements of arrestin

spin labeled at the indicated site. For V74, the value shown in bold was

given more weight in the restraint filter to account for the distance distri-

bution pattern (see Figure 6D).
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changes in the EPR spectra of arrestin labeled at positions

79, 85, and 173 suggested that these sites also make direct

contact with ‘‘sister’’ monomers (Table 1; Hanson et al.,

2007c). This information was used to generate the interface

filter, measuring the closest distance to these sites of an

amino acid from a different monomer. If at least one other

amino acid within 7 Å was found, the amino acid was assumed

to be at an interface.

(C) The intermolecular distances between spin labels at seven

sites (74, 139, 173, 240, 272, 273, and 344) determined by

DEER spectroscopy (Table 1; Hanson et al., 2007c) were

used to create a restraint filter. For this purpose, the experi-

mentally observed distance between the spin labels was

compared to an expected spin label distance based on

a-carbon (CA) and b-carbon (CB) coordinates in the tetra-

meric models. A 7 Å vector was attached to the b-carbon,

elongating the CA-CB vector. Its endpoint was assumed to

represent the spin label. Distances between two of such end-

points were compared with the experimental distances. An

error margin of 3 Å was added to the experimentally observed

standard deviation to account for the imprecision of this

simple model. This translation of a DEER distance into a gener-

Figure 2. Flowchart of Molecular Modeling

Steps

(A) Low-resolution global search and data filter for

dimer model generation.

(B) Low-resolution global search and filters for

tetramer model construction.

(C) Building procedure and higher-resolution local

search for tetramer model refinement.

(D) Clustering for final model selection and refine-

ment. Flowchart shapes indicate type of action

performed: parallelogram (structure input/output);

oval (model building operation); rectangle (confor-

mational search algorithm); diamond (data filter

or clustering decision point). DOF, degrees of

freedom.

ous distance range, however impre-

cise, is sufficient to guide the protein

docking calculations. No model was

excluded based on violation of a single

distance restraint, but models fitting

multiple restraints were preferred.

More precise methods that analyze

spin label placement and movement

explicitly are needed for analysis in

less favorable cases (Borbat et al.,

2002; Langen et al., 2000; Lietzow and

Hubbell, 2004; Alexander et al., 2008).

Sorting of 80,000 tetramer models

yielded 482 structures that passed all fil-

ters (Figure 2B). The nature of the global

search space is shown in Figure 3A. To

optimize the contact interfaces, the 482

best tetramer models were put through

a local Monte Carlo minimization search,

allowing translations of up to 10 Å and ro-

tations of up to 30 degrees. Five hundred models per candidate

tetramer (241,000 total) were generated (Figure 2C). The two

most flexible regions, the loop containing residues 70–77 and

the C terminus (residues 387–393) were removed at this stage

to prevent misleading ‘‘clashes’’ near intersubunit interfaces.

The 15,000 structures with the best combined scores for sym-

metry, interface, and restraint filters were clustered to arrive at

19 clusters with rmsd < 10 Å (Figure 2D).

Representatives from each of these clusters were examined

manually and either retained or eliminated based on the following

criteria: (1) The structure must have a closed configuration that

does not allow the formation of extended oligomers (Hanson

et al., 2007c; Imamoto et al., 2003). (2) The structure must match

(within 10 Å) all experimentally measured intersubunit distances

(Table 1). (3) Residues in the model must be positioned in agree-

ment with their known localization inside or outside intersubunit

interfaces (Table 1).

This analysis identified a single best model (model 1; Figure 3B)

for subsequent evaluation. Model 1 has a closed, diamond-

shaped configuration with two nearly identical CC and NN inter-

faces. This model accounts for all distance measurements

shown in Table 1 and is consistent with the positioning of
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residues known to be inside or outside contact interfaces (Han-

son et al., 2007c; Figure 3C). Not only does model 1 stand out in

its accordance to the experimental data, but it is a representative

from the largest cluster, comprising 25% of the top 15,000 struc-

tures. The remaining clusters were discarded based on several

violations of the evaluation criteria.

Of the top five clusters, none appear to show an intersubunit

contact involving residue 173, even though significant con-

centration-dependent changes in spin-label mobility are ob-

served for this residue (Hanson et al., 2007c). The observed

changes of 173R1 mobility are likely due to intramolecular in-

teractions. This residue is located near the NN interface in

model 1, and it is possible that the C-tail of the same molecule

(which rests next to it) comes into contact with 173 upon as-

sociation with the adjacent monomer (Figure 1). Alternatively,

repositioning of the flexible ‘‘finger’’ loop (70–77) upon self-

association (Hanson et al., 2006b) may cause spin label im-

mobilization at this site.

Model Is Consistent with Additional Spin Label
Mobility Data
Much of the light scattering and EPR data from our initial study of

the arrestin oligomer (Hanson et al., 2007c) were left out of the

criteria used for modeling. Therefore, we used these additional

data for initial tests of model 1. Spin labels at sites 72, 74, 139,

Figure 3. Representative Models of the

Arrestin Tetramer

(A) Representative structures illustrating the

breadth of search space covered in this study.

Each tetramer is color coded by monomer.

(B) Model 1 is a representative structure from the

largest cluster, which was identified as the best

structural model of the solution tetramer based

on the criteria in Table 1.

(C) A close-up view of model 1 showing the CC in-

terface between two C domains (left) and the NN

interface between two N domains (right). Residues

shown to be located inside or outside contact in-

terfaces (Hanson et al., 2007c) are highlighted in

red and light blue, respectively.

233, 240, 267, and 344 show small con-

centration-dependent changes in mobil-

ity upon tetramer formation, but no evi-

dence of strongly immobilized

populations (Hanson et al., 2007c). For

example, the EPR spectrum of 344R1 in

the presence of excess wild-type (WT) ar-

restin reveals the appearance of a new

dynamic state that reflects changes in

the order of R1 motion without immobili-

zation (Hanson et al., 2007c; Figure 4A).

This suggests that these sites may be in

the vicinity of interacting surfaces but

not in direct contact. In model 1, each of

these sites is located at or near an inter-

subunit interface (Figure 4B). Residue

344 is located at the CC interface but fac-

ing parallel to it, so that upon contact its motion would be dynam-

ically altered without immobilization, in agreement with the data.

In addition, spin labels at sites 89, 108, 272, and 273 show no

motional changes in their EPR spectra upon tetramer formation

(Hanson et al., 2007c), consistent with their locations outside

of either the NN or CC interfaces in model 1 (Figure 3C). Thus,

model 1 is consistent with the previously reported data (Hanson

et al., 2007c).

Experimental Testing of the Model: Mobility Changes
at the NN Interface
To further test the validity of the NN interface in our model, we in-

troduced a spin label either directly at the putative interface (res-

idue 75) or outside it (residues 376 and 381; Figure 4C). The EPR

spectra of 10 mM R1 arrestin with and without 180 mM WT ar-

restin (to promote tetramer formation) were compared to detect

concentration-dependent changes in label mobility. The NN in-

terface in the model yielded a reduction in mobility at position

75 and no significant changes at 376 or 381. The predicted

changes in mobility at these locations were observed experi-

mentally (Figure 4D). The spectrum of R1 at 75 shows broaden-

ing of the fast motional component and, most importantly, the

appearance of a new immobilized population (Figure 4D, arrow);

the two populations may be accounted for by rotamers of R1,

one of which makes contact with the adjacent subunit, leading
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to immobilization. Much smaller changes in R1 mobility were

observed at positions 376 and 381, with no evidence of an immo-

bilized state. These results are consistent with the NN interface

in model 1.

Experimental Testing of the Model: Disulfide
Crosslinking
The residues Phe197 and Ala348 in the CC interface, and Thr157

and Asp162 in the NN interface in model 1, are close to their

counterparts in the adjacent monomer (Figures 3C and 5B). In

the crystal tetramer, all these residues are far from their counter-

parts (>20 Å). In contrast, residue Leu173 in the NN interface and

Ser272 in the CC interface are far from their counterparts in

model 1. To test these predictions, we created single cysteine

mutants and determined their ability to form intersubunit disul-

fide bonds in solution.

In the presence of DTT, each arrestin ran as a single band on

SDS-PAGE at a molecular weight (MW) corresponding to the ar-

restin monomer (+DTT) (Figure 5A). However, in the absence of

DTT, the T157C, D162C, F197C, and A348C mutants showed

a second band corresponding to the MW of the arrestin dimer

(�DTT) (Figure 5A). This suggests that residues 157, 162, 197,

and 348 are close enough to their counterparts in the arrestin

oligomer to self-crosslink in solution. The absence of DTT for

mutants L173C and S272C did not induce crosslinking, in agree-

ment with their location in model 1 (Figure 5). These data strongly

support the orientation of the NN and CC interfaces in model 1,

because disulfide crosslinking occurs only when the Cb-Cb dis-

tance between two residues is close (�5 Å).

Enhanced Flexibility of C-Terminally Truncated Arrestin
Disrupts Tetramer Formation
Eleven C-terminal amino acids are not resolved in the crystal

monomer because of the flexibility of the C-tail. We removed

an additional seven residues from the C-tail (387–393) during

the high-resolution Monte Carlo minimization search to prevent

misleading intersubunit clashes (Figure 2C). However, muta-

tional analysis shows that the C-tail is an important element

stabilizing the basal conformation of free arrestin (Gurevich,

1998; Gurevich and Benovic, 1992; Gurevich et al., 1994; Hirsch

et al., 1999; Palczewski et al., 1994). Sedimentation equilibrium

analysis showed that a truncated form of rod arrestin (2-368)

had a �4-fold reduction in its propensity to self-associate as

compared with full-length protein (Schubert et al., 1999). These

data suggest that the C-tail plays a direct or indirect role in

oligomer formation.

To test this hypothesis, we used a form of truncated arrestin

(Tr; 1-378) that has the same receptor-binding properties as

2-368 (Gurevich, 1998; Gurevich and Benovic, 1993; Schubert

et al., 1999) and measured its average molecular weight at vari-

ous concentrations using visible light scattering (Hanson et al.,

2007c). Compared with WT arrestin (Figure 6A, red line), Tr ar-

restin has approximately one order of magnitude reduction in

the overall propensity for tetramer formation (Figure 6A, black

line; and Table 2). To test whether the disruption of self-associ-

ation by truncation is a result of increased flexibility of the mole-

cule (i.e., because intramolecular interactions holding it in its rigid

basal conformation are destabilized), we performed intersubunit

distance measurements of arrestin spin labeled at position 74 on

the background of WT (V74R1) and the Tr form (V74R1Tr). If Tr

arrestin is more flexible, the range of measured distances would

be far greater for V74R1Tr than for WT V74R1.

First, we measured the equilibrium association of the two ar-

restins to ascertain that the spin label at position 74 was not det-

rimental to self-association. We found that 74R1 did not appre-

ciably affect WT, and slightly enhanced self-association of Tr

arrestin (Figure 6A). The equilibrium constants for both mutants

indicated that they self-associate well enough to be used for

Figure4. Concentration-DependentChanges

in the EPR Spectra of Spin-Labeled

Arrestins Is Consistent with the Model

(A) The spectrum of 10 mM S344R1 in the absence

(black trace) and presence of 180 mM WT arrestin

(red trace).

(B) Close-up view of the CC and NN interfaces in

model 1. Residues shown previously to be at or

near a contact interface of the arrestin tetramer

based on concentration-dependent changes in

their EPR spectra (Hanson et al., 2007c) are shown

in light blue and red (site 344).

(C) Close-up view of model 1 NN interface, depict-

ing residues 75 (red), and 376 and 381 (light blue).

(D) For each site, the spectrum was recorded for

10 mM spin-labeled arrestin (black trace) and in

the presence of 180 mM WT arrestin (red trace).

For M75R1, the inset shows a magnified view of

the low field region to more clearly reveal the

immobilized component (arrow). The spectra are

normalized to represent the same number of spins

for each overlaid pair.
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distance measurements (Table 2). Intermolecular distances be-

tween spin labels were then determined by DEER spectroscopy

at 200 mM spin-labeled arrestin. The WT V74R1 distance distri-

bution had a well-defined dominant population at �35 Å, with

minor populations at z28 Å and z48 Å (Figure 6B). In contrast,

V74R1Tr had a distance distribution spanning the entire range

from �20–55 Å (Figure 6B). Discrete populations within the dis-

tribution correspond approximately to those observed in WT

V74R1, but the populations of the minor states have greatly

increased.

The presence of a clear prevalent distance for WT V74R1 dem-

onstrates that the motion of the flexible loop containing residue

74 is likely restricted by intersubunit contacts in the arrestin tet-

ramer, and that the tetramer holds each arrestin monomer in

a rigid conformation. The extremely broad range of distances

of V74R1Tr shows that removal of the C-tail dramatically en-

hances the flexibility of this loop, either because truncation de-

stabilizes intramolecular interactions holding arrestin in its basal

conformation (Gurevich and Gurevich, 2004) or because the ab-

sence of the C-tail projecting across the cavity of the N domain

(Figure 1) removes spatial constraints that inhibit the full range

of motion of this loop. This is also supported by CW EPR spectra,

which demonstrate that the mobility of V74R1Tr is higher com-

pared with the full-length protein (Hanson et al., 2006b).

Collectively, the data suggest that truncated arrestin does not

self-associate as well as WT because tetramer formation re-

quires arrestin to be in a precise, somewhat inflexible conforma-

tion. The enhanced flexibility of the truncated form disturbs, but

does not completely prevent, this process.

Targeted Disruption of Visual Arrestin Self-Association
To determine the functional role of rod arrestin self-association

experimentally in vivo, one needs to dramatically alter tetramer

formation by targeted mutagenesis without affecting other ar-

restin functions. Using model 1 (Figure 3B), we sought to create

a rod arrestin mutant that does not self-associate at physiological

concentrations. We combined some of the mutations that signif-

icantly disrupt tetramer formation (Hanson et al., 2007c) to create

two doubly spin-labeled mutants. We found that the effect of spin

label at two positions in the same domain (267 and 197 in the C

domain; Figure 7A) did not exceed that of the more detrimental

Figure 5. Residues in Close Proximity in the Model Form Disulfide

Bonds

(A) Purified single cysteine mutants of arrestin in the presence (+) and absence

(�) of 5 mM DTT were subjected to nonreducing SDS-PAGE and visualized by

Coomassie staining as described in Methods. Molecular weight bands corre-

sponding to arrestin dimer are present for 157C, 162C, 197C, and 348C in the

absence of DTT. The apparent shift in molecular weight of the 197C dimer

could be due to a difference in shape of the crosslinked species.

(B) Close-up view of the NN and CC interfaces of model 1 highlighting the sites

used for disulfide crosslinking. Residues that do and do not self-crosslink are

shown in green and light blue, respectively.

Figure 6. Removal of the C-Tail Enhances the Flexibility of the ‘‘Finger’’ Loop and Reduces Self-Association

(A) The average molecular weight of Tr (1-378) arrestin and V74R1 on the background of full-length (74R1) and truncated (74R1Tr) as a function of total arrestin

concentration (symbols) were determined from the light-scattering data and fit to the MDT model (solid lines) as described (Hanson et al., 2007c). The WT arrestin

data (red X) are shown for comparison.

(B) Internitroxide distance measurements of V74R1 on the background of full-length (green) and truncated (V74R1Tr) (black) arrestin by DEER spectroscopy. The

DEER experiment measures the magnetic dipolar interaction between nitroxides as a modulation of the electron spin echo decay. The primary data is the echo

amplitude as a function of time. The dipolar evolution function (left) is obtained after subtraction of an exponentially decaying background due to spins with

randomly distributed interspin distances. Fourier transformation of the dipolar evolution function gives the Pake pattern (center). Fitting of the dipolar evolution

function (left; red line) yields the experimental interspin distance distribution (right).
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197R1 alone (Figure 7B and Table 2). That the effects are not ad-

ditive supportsmodel 1, in which 267and 197 are both in the same

contact interface (Figure 7A). In contrast, the combination of 85R1

in the N domain with 197R1 in the C domain affects all four inter-

faces in our model (Figure 7A) and almost completely abolishes

self-association (Figure 7C and Table 2). The additive effect fur-

ther corroborates the existence of separate NN and CC inter-

faces. To test whether removal of these specific residues per se

or the introduction of the bulky spin label disrupts self-associa-

tion, we replaced residues 85 and 197 with alanines. Double

mutant 85A/197A has the same phenotype as the spin-labeled

version (Figure 7C and Table 2), suggesting that the native phenyl-

alanines in these positions are critical for tetramer formation

because of specific interactions in their respective interfaces.

Taken together, our results demonstrate that model 1

(Figure 3B) reflects the structure of the physiologically relevant

solution tetramer of rod arrestin and can be used as a guide

for targeted disruption of its self-association.

DISCUSSION

Self-association of rod arrestin was discovered more than 20

years ago (Wacker et al., 1977), but attracted little attention until

the arrestin crystal structure revealed similar tetramers crystal-

lized under different conditions (Granzin et al., 1998; Hirsch

et al., 1999). A follow-up study (Schubert et al., 1999) confirmed

the formation of dimers and tetramers in solution and first pro-

posed a hypothesis that arrestin oligomerization may regulate

its activity in photoreceptors. This idea was based on the as-

sumption that the arrestin oligomer is not a rhodopsin-binding

species, although no direct functional comparison between

monomers and oligomers was available at the time. Two subse-

quent small-angle X-ray scattering studies (Imamoto et al., 2003;

Shilton et al., 2002) confirmed self-association but did not defin-

itively determine the functional capabilities of rod arrestin

Table 2. Equilibrium Association Constants for WT

and Spin-Labeled Arrestin Mutants

Arrestin

logK1

(log [M�1])

logK2

(log [M�1])

logKo

(2*logK1+ logK2)

WT 4.43 ± 0.02 5.13 ± 0.03 13.99 ± 0.07

Tr 4.45 ± 0.05 4.17 ± 0.18 13.07 ± 0.28

74R1 4.60 ± 0.05 5.09 ± 0.09 14.29 ± 0.19

74R1Tr 4.51 ± 0.07 4.70 ± 0.14 13.70 ± 0.28

85R1 4.30 ± 0.03

197R1 3.89 ± 0.04

267R1 4.30 ± 0.04

197R1/267R1 3.83 ± 0.07

85R1/197R1 3.34 ± 0.12

85A/197A 3.28 ± 0.10

The log10 of the dimer (K1) and tetramer (K2) equilibrium association con-

stants (M�1) and the overall association constant for tetramer formation

(Ko = K1
2K2) are shown. Constants were determined by least-squares fit-

ting of the light-scattering data (Figures 6 and 7) as described (Hanson

et al., 2007c). The oligomerization of 85R1, 197R1, and 267R1 was pre-

viously described by a monomer-dimer-tetramer equilibrium (Hanson

et al., 2007c). For the weakly associating mutants the data can be just

as well fit by a monomer-dimer equilibrium with the K1 given.

Figure 7. Targeted Disruption of Arrestin

Self-Association

(A) Close-up view of model 1 depicting the CC and

NN interfaces. Residues 197, 267 (CC), and 85

(NN) are highlighted.

(B and C) The average molecular weight of the indi-

cated spin-labeled (R1) and alanine (A) arrestin

mutants as a function of total arrestin concentra-

tion (symbols) were determined from the light-

scattering data and fit to the MDT model (solid

lines) as described (Hanson et al., 2007c). The

WT arrestin data (red, X) are shown for comparison.
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oligomers. A recent study using visible light scattering (Hanson

et al., 2007c) confirmed the monomer-dimer-tetramer model

proposed by Imamoto et al. (2003), where tetramer formation

is cooperative (i.e., KD tet < KD dim) and determined the KD tet

(7.5 mM) and KD dim (37 mM) with high precision.

The structure of the crystal tetramer does not account for the

cooperativity of its formation: the contact area between mono-

mers in the dimer exceeds that between dimers in the tetramer.

Moreover, the open structure of the crystal tetramer suggests

that further oligomerization could occur, which is not observed

experimentally (Imamoto et al., 2003). The mapping of the inter-

subunit interfaces using site-directed spin-labeling EPR and

measurements of the intratetramer distances using DEER

showed that the structure of the solution tetramer is dramatically

different from that in the crystal (Hanson et al., 2007c). This study

also demonstrated for the first time that though arrestin oligo-

mers bind microtubules, only the arrestin monomer can bind rho-

dopsin (Hanson et al., 2007c). Therefore, the structure of the

solution tetramer should explain the cooperativity of arrestin

self-association, the absence of species larger than tetramer,

and inability of oligomers to bind rhodopsin.

In recent years, docking algorithms have become substantially

more reliable in predicting protein-protein complexes from the

coordinates of the free components. In particular, RosettaDock

(Gray et al., 2003a, 2003b; Schueler-Furman et al., 2005b;

Wang et al., 2005) has performed superiorly in the critical assess-

ment of predicted interactions (CAPRI) protein-protein docking

experiment (Schueler-Furman et al., 2005a, 2005b; Wang

et al., 2005). Protein-docking challenges in CAPRI typically do

not include biological or structural information (other than the

monomer starting coordinates) that would allow validation of

the predicted models. Although no crystal structure of the bio-

logically relevant arrestin tetramer is available, there is a wealth

of complementary structural data. Though such data are usually

believed insufficient to determine the structure of a protein com-

plex, we show that when the experimental data provide multiple

restraints, it can be sufficient to exclude alternative topologies

predicted by Rosetta, leaving a single model.

The resulting diamond-shaped structure (model 1; Figure 3B)

explains the cooperativity of tetramer formation, because the in-

teraction between two dimers engages two interfaces, whereas

dimerization involves only one. The circular closed configuration

(Figure 3B) engages all the arrestin interfaces capable of binding

sister monomers, thereby accounting for the absence of oligo-

mers larger than a tetramer. Moreover, in every monomer the

concave sides of the two arrestin domains that contain all of

the identified receptor-binding elements (Gurevich and Benovic,

1993, 1995; Gurevich et al., 1995; Hanson et al., 2006b; Hanson

and Gurevich, 2006; Ohguro et al., 1994; Pulvermuller et al.,

2000; Vishnivetskiy et al., 2004) are either engaged in intersub-

unit interactions or shielded by other monomers (Figure 3B), pro-

viding the structural basis for the inability of the oligomer to bind

the receptor.

Post hoc experimental tests, including spin label immobiliza-

tion only at predicted interfaces (Figure 4), disulfide crosslinking

only between predicted residues (Figure 5), and targeted disrup-

tion of self-association (Figure 7 and Table 2) add further support

to the model. The solution tetramer has an extensive CC inter-

face, suggesting that two monomers interacting via the C do-

mains likely represent the solution dimer. This conclusion is

supported by the tendency of spin labels in the C domain (e.g.,

positions 197, 233, 244, 267, 348) to primarily affect the dimer-

ization constant, whereas spin labels in the N domain (e.g., posi-

tions 60, 72, 79) and the deletion of the C-tail primarily affect the

tetramerization constant (Hanson et al., 2007c; Table 2). The C-

tail projects across the N domain (Figure 1), stabilizing the basal

state of the arrestin monomer (Gurevich, 1998; Gurevich and Be-

novic, 1992; Gurevich et al., 1994; Hirsch et al., 1999; Palczewski

et al., 1994) and keeping the flexible ‘‘finger’’ loop in a specific

orientation in the tetramer (Figure 6). Once removed, the C-tail,

which is part of the NN interface (Figure 3B), can no longer par-

ticipate in intersubunit contacts or intrasubunit interactions with

the flexible loop. This disrupts the somewhat rigid conformation

of arrestin required for tetramer formation, but has less of an ef-

fect on dimerization via the CC interface (Figure 3B). Collectively,

these data strongly suggest that the CC intersubunit interaction

represents the physiologically relevant solution dimer.

The microtubule-binding elements of monomeric rod arrestin

and arrestin2 were mapped to the same concave surfaces of

the molecule as those important for receptor binding (Hanson

et al., 2006a, 2007a). However, microtubule binding does not

affect the oligomeric state of arrestin (Hanson et al., 2007c), sug-

gesting that monomer, dimer, and tetramer bind microtubules

with similar affinity. Because the concave surfaces are largely

shielded in the tetramer, there is likely an alternative microtu-

bule-binding site on the non-receptor-binding side of the mono-

mers within the CC dimer. Because separately expressed ar-

restin N domain is capable of binding microtubules (Hanson

et al., 2006a, 2007a), we cannot exclude the possibility that the

tips of ‘‘dangling’’ N domains in the CC dimer mediate its micro-

tubule binding, and only the tetramer uses an alternative site on

the non-receptor-binding surfaces of participating monomers.

This issue needs to be resolved experimentally.

As was reported more than 20 years ago (Broekhuyse et al.,

1985), and independently confirmed by two recent studies (Han-

son et al., 2007b; Strissel et al., 2006), the amount of arrestin in

rods is almost equimolar to rhodopsin (0.8:1). This translates

into �2.4 mM intracellular concentration; that is, approximately

three to four orders of magnitude higher than any other arrestin

in any other cell (Chan et al., 2007; Gurevich et al., 2004). We hy-

pothesize that self-association is one of the mechanisms rods

employ to keep this enormous amount of arrestin stored until it

is needed to quench rhodopsin signaling (Gurevich et al., 2007;

Hanson et al., 2007c). Most arrestin in the dark-adapted rod lo-

calizes to the inner segments, perinuclear area, and synaptic ter-

minals (Broekhuyse et al., 1985; McGinnis et al., 2002; Mendez

et al., 2003; Nair et al., 2005; Strissel et al., 2006)—cellular com-

partments particularly rich in microtubules (Eckmiller, 2000).

Microtubule binding keeps the bulk of arrestin away from the

rhodopsin-containing outer segment (Nair et al., 2005), with

only 1%–7% of it residing in this compartment in the dark (Han-

son et al., 2007b; Nair et al., 2005; Strissel et al., 2006). This

translates into a total arrestin concentration of 24–168 mM in

the dark-adapted outer segment. At first glance, this range ap-

pears to be large. However, if one takes into account that arrestin

self-associates with KD dim = 37 mM and KD tet = 7.5 mM, the re-

sulting concentration of monomer—the only active rhodopsin-

binding arrestin species (Hanson et al., 2007c)—is kept within
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a tight range: 11–23 mM. Thus, the combination of microtubule

binding and self-association keeps a stable concentration of ac-

tive arrestin monomer ready to quench rhodopsin signaling,

while keeping an almost inexhaustible supply of stored arrestin

available on demand (Gurevich et al., 2007).

Recent reports suggest that nonvisual arrestins may undergo

assisted self-association in the presence of high physiological

concentrations of inositol hexakisphosphate (IP6) (Milano et al.,

2006). Quantitative analysis of this phenomenon under carefully

controlled conditions shows that arrestin2 has little propensity to

self-associate without IP6, but in the presence of 100 mM IP6 it

cooperatively forms tetramers with a KD dim and KD tet similar

to rod arrestin (Hanson et al., 2008). In contrast, IP6 inhibits

self-association of rod arrestin (Hanson et al., 2008), suggesting

that the shape of the rod and nonvisual arrestin tetramers may be

different. The closest relative of the rod subtype, cone arrestin

(Gurevich and Gurevich, 2006a), demonstrates virtually no self-

association (Hanson et al., 2008). Apparently, its low expression

level in cone photoreceptors (Chan et al., 2007) makes this stor-

age mechanism unnecessary.

The ultimate test of the biological role of rod arrestin self-asso-

ciation requires the creation of mice expressing arrestin mutants

with significantly decreased or enhanced propensity to self-

associate while retaining normal ability to bind rhodopsin. The

model of the physiologically relevant solution tetramer provides

excellent guidance in this endeavor. The first attempts of

model-based targeted disruption of arrestin self-association

are encouraging.

EXPERIMENTAL PROCEDURES

Molecular Modeling

Arrestin tetramer models were assembled stepwise starting from the crystal

structure coordinates for the arrestin monomer (1CF1, chain A) (Hirsch et al.,

1999) using RosettaDock (Gray et al., 2003a) as described in the text and sum-

marized in Figure 2. We adopted a conservative approach to modeling using

the low-resolution scoring function of RosettaDock (see the Supplemental

Data available online). An initial attempt at high-resolution refinement of

each dimer interface produced wide-shaped binding funnels and predicted

binding energies in a range comparable with the predicted binding energy

for the crystal tetramer (1CF1) (Table S1). The entire model building and refine-

ment process required �150,000 CPU hours on Vanderbilt’s Advanced

Computing Center for Research and Education (ACCRE) high-performance

computation cluster.

Site-Directed Mutagenesis and Arrestin Purification

Site-directed mutagenesis and arrestin expression and purification were per-

formed as described (Gurevich and Benovic, 1995, 2000). All mutations were

generated on the background of fully functional cysteine-less arrestin: ASA-CL

(C63A, C128S, C143A) or VSV-CL (C63V, C128S, C143V) (Hanson et al.,

2006a, 2006b).

Disulfide Crosslinking

Arrestin cysteine mutants (4–5 mg/ml) were dialyzed for >16 hr against two to

three changes of 10 mM Tris (pH 8.5), 100 mM NaCl, 1 mM EDTA, and 1 mM

EGTA buffer (�DTT) to induce disulfide bond formation. Five millimolars DTT

was then added to a 10 ml aliquot of each sample and incubated for several

hours (+DTT). A 1 ml aliquot of each sample, � and +DTT, was diluted in gel-

loading buffer, subjected to 7.5% SDS-PAGE, and visualized with GelCode

Blue Stain Reagent (Pierce, Rockford, IL).

Light Scattering

Light-scattering measurements were made with a DAWN EOS detector cou-

pled to an Optilab refractometer (Wyatt Technology, Santa Barbara, CA) fol-

lowing gel filtration on a 7.8 mm (ID) 3 15.0 cm (L) QC-PAK GFC 300 column

(Tosoh Bioscience, Montgomeryville, PA). Experiments and calculations were

carried out as described at length in (Hanson et al., 2007c).

EPR Spectroscopy

Arrestin cysteine mutants in 50 mM MOPS, 100 mM NaCl (pH 7.2) buffer were

labeled with a 10-fold molar excess of 2,2,5,5-tetramethylpyrroline-3-yl-meth-

anethiosulfonate spin label (MTSL) (Toronto Research Chemicals, North York,

Ontario, Canada) overnight at 4�C, followed by removal of excess label as

described (Hanson et al., 2006a, 2006b) to generate the R1 side chain. CW

EPR spectroscopy was carried out at X band on a Bruker EleXsys 500 fitted

with a super-high Q cavity. Samples (20 ml) were contained in a glass capillary,

and spectra were recorded at room temperature over 100G at a microwave

power of 10 mW and modulation amplitude of 1G, and were typically the

average of 36–100 scans.

Four-Pulse DEER Measurements and Data Analysis

DEER measurements were performed using a Bruker EleXsys 580 spectrom-

eter equipped with a 2 mm split-ring resonator at a temperature of 50 K as

described (Hanson et al., 2007c). Echo decay data were analyzed using the

DeerAnalysis2006 package (available at http://www.mpip-mainz.mpg.de/

�jeschke/distance.html). Background echo decay was corrected using a ho-

mogeneous three-dimensional spin distribution. The distance distribution was

calculated by fitting the corrected dipolar evolution data using Tichonov

regularization as implemented in DeerAnalysis2006.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, one ta-

ble, and one figure and can be found with this article online at http://www.

structure.org/cgi/content/full/16/6/924/DC1/.
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