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ABSTRACT. The robust cooperative formation of rod

arrestin tetramers has been well-established, whereas

the ability of other members of the arrestin family to self-associate remains controversial. Here, we used
purified arrestins and multi-angle light scattering to quantitatively compare the propensity of the four
mammalian arrestin subtypes to self-associate. Both non-visual and cone arrestins only form oligomers at
very high non-physiological concentrations. However, inositol hexakisphosphate (IP6), a fairly abundant
form of inositol in the cytoplasm, greatly facilitates self-association of arrestin2. Arrestin2 self-association
equilibrium constants in the presence of 1@ IP6 suggest that an appreciable proportion could exist

in an oligomeric state but only in intracellular compartments where its concentratierld-twld higher

than average. In contrast to arrestin2, IP6 inhibits self-association of rod arrestin, indicating that the structure
of these two tetramers in solution is likely different.

Arrestins are multi-functional adaptor proteins that regulate
signaling of G protein-coupled receptor (GPGREpendent

of the same protein1Q, 20). Biologically, however, rod
arrestin is unique. It is the only member of the arrestin family

and -independent pathways. The first discovered and mostdesigned to bind just one receptor, rhodopsin. The concentra-

studied function of arrestins is their ability to terminate
GPCR signaling by preferentially binding the activated
phosphorylated form of the receptor (reviewed in reénd

tion of rod arrestin in photoreceptors { mM) (23—25)
exceeds the level of other arrestin subtypes in all cell types
by several 100-foldZ6, 27). It is also the only arrestin that

2). There are four types of mammalian arrestins. The two jnvariably crystallizes as a tetraméi9( 28), suggesting that

subtypes expressed in photoreceptor cells, termed rod andself-association may be a unique feature of rod arrestin. Rod
cone arrestin, terminate rhodopsin and cone opsin signaling,arrestin forms tetramers at physiological concentrations
respectively. The two non-visual subtypes, arrestins2 and -3,rding to the following model: 2M~ D (K;) and 2D<

(i.e.,p-arrestins1 and -2), are expressed ubiquitously and bind (K»), where M, D, and T are monomer, dimer, and tetramer,

hundreds of different GPCRs (reviewed in Bf Arrestins
also interact with numerous non-receptor binding partners
including clathrin ) and AP2 b) to orchestrate intracellular
trafficking of the arrestinreceptor complex, as well as
members of the MAPK kinase cascades (cRaf, ERK1/2,
ASK, and JNK3) 6—9), Src family kinases 10), the
ubiquitin ligase Mdm2 &, 9, 11, 12), calmodulin (3),
microtubules 14, 15), and phosphoinositide4d§—18).

The crystal structures of bovine rod arrestin, arrestin2, and
salamander cone arrestin are strikingly similag+22).
Detectable differences in the structures are limited to several
loops, where similar variations exist in different crystal forms
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respectively (MDT model). Its self-association constants
indicate that the tetramer form of arrestin likely predominates
in rods @9, 30). The role of rod arrestin self-association is
not entirely clear. A dramatic light-dependent redistribution
of arrestin in rod photoreceptor23 31), along with the
ability of the tetramer to bind microtubules (the default low-
affinity arrestin partner in dark-adapted photoreceptors) but
not light-activated rhodopsin (its high-affinity binding partner
in the light) 29), suggests that reversible tetramer formation

[may play a role in the appropriate subcellular localization

of arrestin and regulate its availability for light-activated
rhodopsin and possibly other interaction partners.

Recent studies suggest that both non-visual arrestins
may also form oligomers in cells32, 33) and that their
self-association depends on their interaction with inositol
hexakisphosphate (IP6)3%). IP6 is the most abundant
inositol polyphosphate in many cell types (reaching
concentrations of 10@M) (34, 35). It is believed to play a
role in numerous cellular events including receptor traffick-
ing, neurotransmission, ion channel activation, mMRNA
export, etc. (reviewed in ref85 and 36). Rod and both
non-visual arrestins bind IP6, albeit with very different
affinities (18). Here, we use multi-angle laser light
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scattering to determine the ability of different arrestin

subtypes to oligomerize and show that the self-associ-
ation of rod arrestin and arrestin2 is differentially affected

by IP6. Our findings demonstrate that arrestins2 and -3
and cone arrestin do not self-associate at physiologically
relevant concentrations in the absence of IP6. In the
presence of IP6, arrestin2 self-association is dramatically
enhanced, although the affinity of this interaction suggests
that oligomerized arrestin2 in cells can only exist in

compartments with unusually high local arrestin concentra-
tions.

EXPERIMENTAL PROCEDURES

Arrestin Expression and PurificatiomArrestin was ex-
pressed irEscherichia coliand purified as describe@®7).

The substituting residues for the native cysteines in the
cysteine-less arrestin2 mutant, CLArr2 (C59V, C125S,
C140L, C150V, C242V, C251V, and C269S), were selected
based on the highest resolution crystal structure available
(20) to avoid clashes and to maximally preserve intramo-
lecular interactions. This arrestin is fully functional in terms
of receptor {3, 15), calmodulin (3), and microtubule
binding (15) and is expressed i. coli essentially as well

as wild-type arrestin.

Light Scattering All light scattering measurements were
made with a DAWN EOS detector coupled to an Optilab
refractometer (Wyatt Technologies) following gel filtration
ona 7.8 mm (i.d.)x 15.0 cm (length) QC-PAK GFC 300
column (Tosoh Bioscience). The arrestin samples (400
at different concentrations were injected onto the column at
25°C, at a flow rate of 0.8 mL/min in 50 mM MOPS, 100
mM NaCl, pH 7.2 with or without 20@M IP6. The column
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3)

Using the values of M, D, and T thus determined, the weight-
average molecular weight is computed as

— N2 _ 2
T =D, = K,*K,M*

(M + 4D + 16T)
MM + 2D + 4T

av

MW M

4)
whereM, is the monomer molecular weightl, = 45 000,

46 000, 45500, and 43000 for rod arrestin, arrestin2,
arrestin3, and cone arrestin, respectively).

The value forC in the light scattering cell at the point
where data were collected was determined from the refractive
index increment (0.184 g/mL) anbgg both of which were
in agreement. The experimental MyWalues were then
obtained from the concentration and light scattering data
using Astra for Windows 4.90 software (Wyatt Technolo-
gies). Experimental data for My/as a function ofC were
least-squares fit to eqs-# with only K; andK; as adjustable
parameters. The probable error associated with any given
MW ,, point was taken as the standard deviation of the best
fit from the extensive data for wild-type rod arrestth1000).
Errors inK; andK; for the other arrestins were determined
using this value and the least-squares fit. Estimated errors
for the reportedKp values (dissociation constants) did not
exceed 15%.

RESULTS

Only Rod Arrestin Self-Associates at Physiologically
Relevant ConcentrationsThe arrestin monomer has two
domains, each containing a seven-strandeshndwich at
its core. Rod arrestin invariably crystallizes as a tetramer

used did not resolve oligomeric species but simply acted as(dimer of dimers), where two nearly identical conformations
a filter to remove highly scattering particulates. Light Of monomer, which differ only in three discrete plastic loop
scattering at 18 angles (386C°), absorbance at 280 nm, regions, form each dimerl9, 28). Although rod arrestin

and the refractive index (at 690 nm) for each sample were forms tetramers under normal physiological conditions in
taken for a narrow slice at the peak of the elution prof”e SO|utI0n, the structure of the SO|utI0n tetramer Is d|fferent

(39).
The model for oligomer formation (MDT) is that given
by Imamoto et al. 0)

2M < D (K,)
2D T (K,)

The relationships describing the arrestin equilibria according
to this model are

K, =—

M2 2=

S M+2D+4T=C

where M, D, and T are the monomer, dimer, and tetramer
concentrations, respectively, ard is the total protein
concentration. From these relationships and particular
values forK,, K, andC, the concentrations of monomer,
dimer, and tetramer may be obtained as solutions to
egs +3

M + 2K,M? + 4K ’K,M* — C =0 (1)

D = K,M? 2)

from the crystal form29). The formation of the rod arrestin
tetramer is well-described by the MDT model. It is coopera-
tive (i.e., the dissociation constant for the dimestramer
equilibrium Kpiey (7.5 uM) is lower than the dissociation
constant for the monomedimer equilibrium Kpgim) (36.8

uM) (29, 30)). In contrast, arrestin2 and cone arrestin
crystallize as monomers2Q—22), suggesting that self-
association may be a special feature of rod arrestin. To test
this hypothesis, we compared the self-association of purified
bovine rod arrestin, arrestin2, arrestin3, and human cone
arrestin using multi-angle laser light scattering (Figure 1A).
This method provides the weight-average molecular weight
of a self-associating protein in solution and has been
successfully employed to study proteiprotein association

by several groups2@, 38, 39).

Analysis of the light scattering data reveals that rod arrestin
has the highest propensity to self-associate (Figure 1A). In
contrast, arrestin2, its functionally equivalent cysteine-less
mutant (CLArr2) @3, 15), arrestin3, and cone arrestin all
show relatively weak self-association (Figure 1A). For each
arrestin species (except rod arrestin), the data can be well
fit to a simple monometrdimer equilibrium, although the
formation of tetramers at higher concentrations cannot be
excluded based on the limited concentration range explored.
For arrestin2, CLArr2, and arrestin3, thg value for the
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Ficure 1: Cone and non-visual arrestins do not self-associate at
physiological concentrations. (A) Weight-average molecular weight
of arrestin2 (Arr2; circles), arrestin3 (Arr3; diamonds), cone arrestin
(Cone;+), and cysteine-less arrestin2 (CLArr2; squares) at various
concentrations was determined from the light scattering data as

described in the Experimental Procedures and compared to rod

arrestin (RodArr; x). The curves are fits to the MDT model
obtained as described in the Experimental Procedures. (B) Elution
profiles (scattered light vs time) of each arrestin subtype. Arrestins2
and -3 and cone arrestin show a small, higher MW peak corre-
sponding to dimers (arrows) that elutes prior to the main arrestin
peak.

monometr-dimer equilibrium Kpgim) derived from the fits
is in the range of 98110uM; for cone arrestin, it is*500
uM.

The equilibrium constants for rod arrestin self-association
and its concentration in photoreceptorsl(mM) (23—25)

Hanson et al.

arrestin concentration. Arrestin2 has a number of exposed
cysteine residues (four out of seve@(22). Assuming that
arrestin3 and human cone arrestin have a similar structure,
six out of nine and six out of eight cysteines, respectively,
in these proteins would also be exposed, in contrast to rod
arrestin, which has only one exposed cystelt®.(Conceiv-
ably, the observed higher MW peak represents a dimer cross-
linked via exposed cysteines. To test this hypothesis, we
performed the same experiments on CLArr2, a purified fully
functional version of arrestin2 that had all of its cysteines
replaced (C59V, C125S, C140L, C150V, C242V, C251V,
and C269S). Unlike cone and the non-visual arrestins but
similar to rod arrestin, CLArr2 had only one major scattering
peak, which rose sharply and eventually trailed off (Figure
1B). These data demonstrate that the higher MW peak was
the result of intermolecular cross-linking between sulfhydryl
groups in these arrestins. This type of dimerization is
extremely unlikely in the reducing intracellular environment.
Therefore, it probably does not represent a physiologically
relevant mode of arrestin self-association.

IP6 Differentially Affects Rod Arrestin and Arrestin2 Self-
Association.Several groups have demonstrated that rod
arrestin and arrestins2 and -3 bind IR6{18, 32, 40). This
interaction inhibits arrestin binding to rhodopsib6( 40).
Phosphoinositide interaction (via the same site where IP6
binds) may be involved in the light-dependent trafficking of
Drosophilavisual arrestinsX7, 41) and non-visual arrestin-
dependent receptor internalizatiob8). A recent study by
Milano et al. also suggests that IP6 enhances the oligomer-
ization of non-visual arrestin8®). Intracellular concentra-
tions of IP6 are believed to range from 37 to 108 (34).
Therefore, we tested the effect of IP6 directly by comparing
the self-association of rod arrestin and arrestin2 in the
presence and absence of 0@ IP6. At this concentration,

IP6 dramatically enhanced the ability of arrestin2 to form
oligomers (Figure 2A). In the presence of IP6, the best fits
to the light scattering data were obtained according to the
MDT model: Kpgim =~ 12 uM and Kpet ~ 2 uM, values
significantly smaller than those for rod arrestin. Enhancement
of self-association in the presence of IP6 was also observed
with CLArr2, although the effect was less dramatic (Figure
2A). In this case, fits to the MDT model ga¥&gim ~ 58

suggest that the tetramer is likely the predominant form in #«M and Kpeet ~ 14 uM. In neither case could the data be

vivo (29). In contrast, the intracellular concentrations of cone
arrestin, arrestin2, and arrestin3 are orlyuM (27), 0.03—
0.2uM, and 0.01-0.03uM (26), respectively. Even in types
of neurons where arrestin2 is predominantly nucl&rits
concentration in this compartment is unlikely to exceed 2
uM. Thus, for non-visual and cone arrestins, the proportion
of oligomer present in cells would be negligible1%)
without extremely high local concentrations and/or other
binding partners that enhance their self-association.
Initially, we found that the elution profiles of cone and

satisfactorily fit to a simple monomedimer equilibrium.
Estimation of the percentage of oligomeric arrestin2 at its
measured intracellular concentrations0(2 uM) suggests
that even with its self-association dramatically enhanced by
IP6, a maximum of only~3% of arrestin2 would be
oligomerized in cells (Figure 2B). Even when the local
concentration is 10 times higher2 uM), no more than 25%

of arrestin2 would self-associate in the presence of IP6. In
contrast, we found that IP6 inhibits self-association of rod
arrestin (Figure 2A). However, the values fqim (120

the non-visual arrestins from a size exclusion column uM) and Kpeer (%18 uM) in the presence of 102M IP6

(detected by light scattering) were different from that of rod
arrestin. In addition to the main protein peak, where the
average molecular weight varied as a function of concentra-
tion, we observed a smaller peak representing a higher MW
species roughly twice the size-100 kDa) of the monomer
(Figure 1B). Interestingly, the proportion of the protein in
the higher MW peak typically represente®% of the total
arrestin in the experiment and did not correlate with the total

indicate that rod arrestin oligomers (dimer plus tetramer)
would still predominate in rod photoreceptors (Figure 2B).

DISCUSSION

Although arrestin self-association was discovered in 1977
(42), investigation of this phenomenon started only after two
independent reports showed that rod arrestin crystallizes as
a tetramer 19, 28). An early study using sedimentation
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Ficure 2: IP6 differentially affects rod and arrestin2 self-

association. (A) Weight-average molecular weight of arrestin2
(Arr2), cys-less arrestin2 (CLArr2), and rod arrestin (RodArr) at
various concentrations in the presence (diamonds) and absehce (
of 100uM IP6 was determined by light scattering as described in
the Experimental Procedures. The curves are fits to the MDT model
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whereas cone arrestin has only a minimal tendency to self-
associate Kpgim ~ 500 uM). Thus, association of these
arrestins does not appear to be physiologically relevant since
their concentrations are relatively low (0:64 uM) in cells

that express these arrestin subtyp2g 27).

Arrestin interaction with IP6 was discovered over 25 years
ago (L6) and has since been characterized by several groups.
Rod arrestin has a low-affinity IP6 binding site in the arrestin
N-domain Kp = 5—18uM) (16, 18) in the same part of the
molecule that binds receptor-attached phosphates (reviewed
in ref 2). This explains why IP6 inhibits the arrestin
rhodopsin interactionl, 40). In contrast, arrestins2 and -3
bind IP6 with a higher affinityKp = ~85 nM) via a second
binding site localized on the concave surface of the C-domain
(18, 32). IP6 binding sites in arrestin2 were extensively
studied by crystallography and mutagene38.(On the basis
of the arrestin21P6 crystal lattice, in which IP6 is sand-
wiched in between the N-domain of one arrestin molecule
and the C-domain of another in an extended chain, the
authors proposed that IP6 may induce oligomer formation
and showed experimentally that arrestin2 and -3 oligomer-

obtained as described in the Experimental Procedures. (B) Distribu-i1Zation is in fact enhanced by IP6 in solution. To determine

tion of monomer (solid line), dimer (dotted line), and tetramer

the extent of this effect directly, we measured the self-

(dotted-dashed line) as a function of concentration was calculated association equilibrium constants of arrestin2 in the presence
based on the estimated equilibrium constants in the presence ofyf |pg using light scattering. In agreement with previous

100uM IP6 at 25°C for arrestin2 Kpgim ~ 11.8uM and Kpet ~
1.9uM) (left panel) and rod arrestiKpgim ~ 120uM and Kpiet &
18.1uM) (right panel). Note the difference in scale of tkhaxis.

findings, our results indicate that arrestin2 self-association
is dramatically enhanced by IP6 (Figure 2). We also found

Arrows indicate the estimated endogenous concentration of arrestin2that whereas arrestin2 primarily forms dimers in the absence

in mature neurons2@) and rod arrestin in rod28—25).

equilibrium found that rod arrestin forms dimers and tet-
ramers at physiologically relevant concentrations in solution
(43). Recently, we used multi-angle laser light scattering to
definitively show that rod arrestin cooperatively forms
tetramers at physiological concentrations (Figure 29),(
confirming the results of Imamoto et al., who came to the
same conclusion using small-angle X-ray scatterid@).(
Considering the equilibrium dissociation constants and the

of IP6, it forms tetramers in a cooperative manner in the
presence of IP6.

Importantly, this cooperativity means that the interaction
energy of tetramer formation is greater than that of dimer
formation, implying a greater area of contact between the
two dimers than between two monomers in a dimer. This is
more likely to be the case if the solution tetramer has a closed
circular configuration, in which each arrestin molecule would
interact with two sister subunits. By soaking preformed
crystals of arrestin2 monomer23) with IP6, Milano et al.

extremely high concentrations of endogenous rod arrestingpserved open extended chains of arrestin molec@as (

in photoreceptorsX1 mM) (23—25), the majority of arrestin
is likely oligomeric in vivo, although the function of its self-

that cannot account for cooperativity because in this con-
figuration, all arrestir-arrestin interactions are exactly the

association has not been unambiguously established. In rodssame 82). The mutagenesis data presented by Milano et al.

arrestin moves between compartments of the cell in a light-

(32) support the localization of IP6 binding sites observed

dependent manner. This movement is thought to contributein these crystals, but their data in solution show the formation

to light adaptationZ4, 44) and is believed to involve high-
affinity binding of arrestin to activated rhodopsin in the outer
segments in the light and low-affinity interaction with
microtubules in the inner segments in the daBk)( We
recently demonstrated that the tetrameric form of rod arrestin
is capable of binding microtubules but that only monomeric
arrestin binds light-activated rhodopsi@9. These data

of a few distinct forms rather than a heterogeneous mix of
multiple oligomeric species that an open chain configuration
predicts 82). Importantly, the orientation of arrestin2
molecules relative to one another was fixed by crystallization
in the absence of IP6, so that the structure of the arrestin2
oligomer in these crystals does not necessarily reflect that
which exists in solution. For example, we recently demon-

suggest that the tetramer is a storage form and that self-strated that this is the case for rod arrestin: the open tetramer

association increases the arrestin-binding capacity of micro-

tubules in dark-adapted photoreceptors.

Unlike rod arrestin, cone arrestin and arrestin2 crystallize
as monomers20—22). However, the high homology be-
tween arrestin subtypes?l) and data suggesting that
arrestins2 and -3 oligomerize in cell3 33) prompted us
to test whether cone arrestin and the two ubiquitous non-
visual arrestins self-associate in solution. We found that all

structure observed in the crystal is dramatically different from
the actual shape of the solution tetram29)( The opposite
effects of IP6 on the self-association of rod arrestin and
arrestin2 (Figure 2) suggest that the orientation of the
monomers and/or contact interfaces between them in the
tetramers of these arrestin subtypes are likely different.
Regardless of their structure, the formation of non-visual
arrestin oligomers in cells can only occur locally where their

three subtypes show a certain propensity to self-associateconcentration is elevated many fold, even when the dramatic

(Figure 1A). Arrestins2 and -3 each haggim = ~100uM,

effect of IP6 is taken into account. This appears to be at
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odds with several studies asserting that arrestins2 and -3 self«M does not significantly inhibit receptor bindind&, 40).
associate in cells. Storez et a3 using BRET/FRET and  On the other hand, arrestin affinity for microtubules and
co-immunoprecipitation reported oligomer formation of calmodulin is in the micromolar rangé3-15), so that IP6
overexpressed tagged arrestins. Milano et 8R) (also may regulate its interaction with these partners. In summary,
detected oligomers by co-immunoprecipitation and showed although I1P6 has the potential to facilitate the self-association
that overexpression of arrestin mutants that cannot bind IP6of non-visual arrestins under special circumstances in cellular
(and therefore do not oligomerize) alters the subcellular compartments where these proteins are highly concentrated,
localization of arrestin. In addition, recent proteomics it may also regulate other functions of all arrestin proteins,
analysis in cells overexpressing arrestin2 or -3 suggests thasuch as their interactions with the cytoskeleton and/or with

the two non-visual arrestins interact with each other and calmodulin, the most ubiquitous regulator of?Galependent

possibly with rod arrestind®). However, all these methods
have several important caveats. First, the level of arrestin

processes in the cell.

overexpression was not quantified. Using quantitative West- ACKNOWLEDGMENT

ern blot analysis with the appropriate calibration curves, we
found that similar expression constructs yield-4®0 pmol/
mg of non-visual arresting(9), which translates inte-4—
10 uM arrestin in cells. These concentrations approach the
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equilibrium self-association constants measured for arrestin2REFERENCES

in the presence of IP6 (Figure 2), but they exceed the
maximum level of endogenous arrestin2 and -3 expression
by 20-50 and>100 times, respectivel26). Thus, one must

be wary of using overexpressed proteins to study a phenom-
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1). Apparently, its relatively low concentration in con@s)(
makes this robust storage mechanism unnecessary.

Mapped IP6 binding sites localize on the concave surfaces
of the two arrestin domaind{, 18, 32). GPCRs 46—48),
microtubules 14, 15), and calmodulin 13) all bind to the
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