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 The rhodopsin-activated phototransduction cascade is one
of the most studied G protein-coupled receptor (GPCR) sys-
tems [1-5]. Once rhodopsin absorbs a photon of light, it un-
dergoes conformational changes that eventually lead to the
formation of an active conformation, termed metarhodopsin
II (Meta II). In this conformation, rhodopsin is able to acti-
vate its coupled G protein, transducin. As with other GPCR
receptors, upon formation of its active conformation, rhodop-
sin is immediately targeted for deactivation through a stereo-
typical two-step process: phosphorylation by a G protein-
coupled receptor kinase (GRK) followed by binding of a rep-
resentative member of the arrestin-family of proteins. In the
case of vertebrate rhodopsin, the Meta II conformation is rec-
ognized and phosphorylated by a specific serine/threonine
protein kinase, rhodopsin kinase (RK) [6,7]. Phosphorylation
partially inactivates rhodopsin, making it less efficient at acti-
vating transducin. Nevertheless, complete and rapid deactiva-
tion of the active receptor requires the binding of a second
regulatory protein called arrestin, the first member of the
arrestin family of proteins to be identified [8].

Arrestin deactivates rhodopsin by directly competing with
transducin for the rhodopsin cytoplasmic loops. Binding of
arrestin to light-activated rhodopsin is dependent on the phos-
phorylation of rhodopsin by RK [8,9]. There are three mecha-
nistic models that describe the interaction of arrestin and
phospho-rhodopsin. The first model articulated by Gurevich

and co-workers posits that in the dark, arrestin exists in an
inactive, low-affinity binding state. The interaction between
arrestin and the phosphorylated residues on the rhodopsin tail
induces a large conformational change in arrestin involving
the N-and C-terminal domains, which increases the affinity of
arrestin for photo-activated rhodopsin, presumably by expos-
ing buried regions within arrestin that are able to stabilize its
interaction with the rhodopsin cytoplasmic loops [10,11].
Shilton et al. [12] suggest that this conformational change is
small and involves arrestin’s loops. Finally, Liang et al. [13]
suggests that the N-and C-terminal cavities bind to rhodopsin
dimers. This paper assumes that the interaction between
arrestin and the phosphorylated residues on the rhodopsin tail
induces a conformational change in arrestin that can then bind
phosphorlyated metarhodopsin II [14].

There are several compelling lines of evidence that sug-
gest at least three phospho-residues are required for proper
deactivation [15-17]. Although several studies suggest that it
is the overall number of phosphates that affects arrestin bind-
ing and therefore rhodopsin deactivation, in vitro data from
our laboratories, as well as studies by others, have shown that
the position of the phospho-residues, or any negative charge
on the rhodopsin tail, can greatly affect the ability of arrestin
to inhibit transducin activation by photolyzed phosphorylated
rhodopsin [16,18]. The question remains as to how the posi-
tion of the phospho-residues on the rhodopsin cytoplasmic tail
affects arrestin’s ability to inhibit rhodopsin activity. This in-
vestigation aims to answer this question by characterizing resi-
dues on arrestin that were found to interact with negatively
charged residues on the rhodopsin tail during computational
simulations.
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We previously developed a computational strategy that
allowed us to make predictions of potential sites of interac-
tion between the arrestin and the rhodopsin cytoplasmic tail
[13]. We simulated the interaction between arrestin 1CF1 [19]
and a negatively charged rhodopsin tail using an all-atom
Monte-Carlo Simulated Annealing (MC-SA) approach [20].
This approach determines optimal structure using energy op-
timization algorithms, allowing us to probe for specific resi-
dues that form interactions between arrestin and the rhodop-
sin cytoplasmic tail. Optimally, we would have used this ap-
proach to predict possible interactions between arrestin and
the phospho-residues on rhodopsin’s carboxyl tail. However,
because calculations for phosphate force fields do not cur-
rently exist, we performed the simulations with rhodopsin
peptides with all seven phosphorylatable sites substituted with
either aspartic or glutamic acid residues. We have previously
shown that aspartic and glutamic acid residues on the rhodop-
sin tail can increase the affinity of arrestin for unphosphorylated
rhodopsin [21]. This approach allowed us to examine the in-
teraction between the negatively charged rhodopsin tail and
arrestin.

The MC-SA simulations predicted that negative charged
residues at positions 334 and 340 on the rhodopsin tail inter-
act with Lys15, Arg29, Lys300, and His301 positively charged resi-
dues on arrestin (see Figure 1) [13]. Prior to our studies, Lys15

was shown to be necessary for arrestin’s phosphate sensitivity
[22]. In this current study, we characterize the role of arrestin
residues Arg29, His301, and Lys300 during arrestin activation using

in vitro biochemical techniques. We generated mutations that
either neutralized or reversed the charges at these amino acid
positions and tested the ability of these arrestin mutants to
bind rhodopsin, inhibit transducin activation, and undergo
conformational changes as indicated by susceptibility of the
arrestin carboxyl tail to tryptic digestion.

METHODS
Preparation of arrestin mutants:  Point mutations were intro-
duced into the cDNA of bovine visual arrestin by mega-prim-
ing PCR [23]. An N-terminal His

6
-tag was placed immedi-

ately after the initiating methionine of arrestin. Mutated arrestin
cDNA’s were cloned into the shuttle vector pPIC-Za
(Invitrogen) for expression in Pichia pastoris strain GS115.
DNA sequencing on both strands confirmed all the mutations.
Expressed proteins were purified by affinity chromatography
over nickel-agarose (His-select, Sigma, St Louis, MO), fol-
lowed by heparin affinity chromatography (heparin-sepharose,
Amersham, Piscataway, NJ) as previously described [24].

Preparation of p44 mutants:  N-terminal His-tagged bo-
vine p44 cDNA was cloned into pPIC-Zb (Invitrogen,
Carlsbad, CA). Site-directed mutagenesis was performed us-
ing QuikChange Mutatgenesis protocol (Stratagene) with Pfu
Ultra polymerase (Stratagene, La Jolla, CA). Constructs were
confirmed and expressed as with arrestin mutants. GS115
clones with p44 gene insertions were confirmed with a PCR
screen using 5' and 3' AOX1 primers. Positive clones were
grown according to the manufacturer’s instruction for expres-

Figure 1. Interactions between arrestin and rhodopsin’s cytoplasmic tail.  This figure is a representation of the computational simulations of the
interactions between arrestin and the rhodopsin cytoplasmic tail. It is a Visual Molecular Dynamics representation [43] of the Monte-Carlo
Simulated Annealing simulations previously described in Ling et al. [13]. The interaction between a 20 amino acid rhodopsin C-terminal
peptide analog and the arrestin molecule was computationally simulated. The phosphorylatable sites on the peptide were replaced with Asp
residues to mimic phospho-residues. This figure depicts the final conformation of both the peptide and arrestin once the simulations were
complete. The residues on the rhodopsin peptide designated in red are residues Asp334 and Asp340 that were found to have a positive interaction
with the residues on arrestin, designated in yellow. The yellow residues on arrestin are residues Lys15, Arg29, His301, and Lys300.
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sion of proteins in Pichia pastoris (Invitrogen). Cells were
lysed using a French press (20,000 psi) in 10 mM NaPO

4
 (pH

6.4) with 300 mM NaCl and 10 mM imidazole. The lysate
was centrifuged at 30,000x g for 30 min. The supernatant was
loaded onto 10 ml column volume of NTA resin (Qiagen,
Valencia, CA) and washed with 20 mM imidazole. p44 was
eluted from the NTA column using 250 mM imidazole and
loaded onto a 1 ml Hi-Trap™ Heparin column (Amersham).
p44 was eluted from the Hi-Trap™ column using 400 mM
NaCl in 10 mM HEPES (pH 7.5).

Measurement of Arrestin or p44-mediated deactivation
of rhodopsin:  The ability of arrestin to functionally bind and
inhibit rhodopsin was determined by measuring transducin ac-
tivation. 35S-γ-GTP filter-binding assays were performed, and
arrestin or p44-mediated deactivation was determined as pre-
viously described [13]. In arrestin assays, the final arrestin
concentration in all reactions was 5 µM. In the p44 assays, the
final concentration of p44 in reactions with unphosphorylated
rhodopsin was 5 µM and 2 µM in reaction with phosphory-
lated rhodopsin. The final concentration of transducin for all
35S-γ-GTP assays was between 2.5 and 3.0 µM.

Purification of transducin from bovine rod outer segments:
Bovine retinas were obtained from Preston Van Hooser (Uni-
versity of Washington, Seattle, WA) and Shenk Inc. (Seattle,
WA). Transducin was purified as previously described [25].
Purified transducin was stored at -20 °C in 50% glycerol in 10
mM Tris-HCl (pH 7.4), 2 mM MgCl

2
, and 1 mM DTT.

Expression and purification of rhodopsin kinase:  Recom-
binant rhodopsin kinase was expressed and purified as previ-
ously described [13].

Tryptic digestion of arrestin:  Native arrestin and arrestin
mutants were prepared at 4 µM in 50 mM Tris buffer, pH 8.0.
TPCK-treated trypsin (Sigma) was added to a final concen-
tration of 20 nM, and the reaction incubated at room tempera-
ture. Fully phosphorylated peptide of the C-terminus of bo-
vine rhodopsin (the peptide DDEASTTVSKTETSQVAPA
where all S and T residues have been phosphorylated; 7PP)
[26] was added to the reaction at indicated concentrations.
Aliquots of the reaction were removed and quenched by
vortexing with Laemmli sample buffer [27]. Samples were
separated using 12% SDS-PAGE, stained with coomassie bril-
liant blue, and the full-length arrestin quantified by scanning
densitometry.

Binding of arrestin and p44 to rhodopsin-containing mem-
branes:  Membranes of bovine rod outer segments containing
rhodopsin were prepared in unphosphorylated and phospho-
rylated form as previously described [28]. Arrestin or p44 (3
µM) were mixed with rhodopsin (7 µM) in disc membranes
on ice, illuminated on a light box for 2 min, and then centri-
fuged (40,000x g for 30 min). The pellet was solubilized in
Laemmli sample buffer, separated by 12% SDS-PAGE, and
stained with coomassie brilliant blue. Arrestin and p44 were
quantified by scanning densitometry and normalized to the
amount of native arrestin bound to phosphorylated, photolyzed
rhodopsin.

RESULTS
Effect of arrestin mutations on deactivation of rhodopsin:  We
generated arrestin mutants lacking one or more of the pre-
dicted contact sites and assayed them using several biochemi-
cal assays. Arrestin mutants with single point mutations [Arg29-
>Glu (R29E-Arr), Lys15->Ala (K15A-Arr), Lys300->Glu or Ala
(K300E-Arr or K300A-Arr), and His301->Glu or Ala (H301E-
Arr or H301A-Arr)] and multiple point mutations [Lys14-
>Ala+Lys15->Ala+Arg29->Glu (K14A/K15A/R29E) and
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Figure 2. Effect of arrestin mutants on phosphorylated and
unphosphorylated rhodopsin.  A: Arrestin-mediated rhodopsin deac-
tivation. 35S-γ-GTP assays were performed as described in Methods.
WT rhodopsin was incubated either with (gray bars) or without (black
bars) rhodopsin kinase. Arrestin was then added to a final concentra-
tion of 5 µM. Bars are averages from two independent experiments.
B: Direct binding of arrestin mutants to different phosphorylation
and photoactivation states of rhodopsin. The ability of the different
arrestin mutants to bind to rhodopsin was determined using co-pre-
cipitation studies. Arrestin mutants (4 µM) were incubated with mem-
branes from bovine rod outer segments that contained unphotolyzed
unphosphorylated (R), photolyzed unphosphorylated (R*),
unphotolyzed phosphorylated (RP) and photolyzed phosphorylated
(R*P) rhodopsin (7 µM). Error bars represent SEM (n=4). All bind-
ing was normalized to binding of WT-Arr to R*P.
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TABLE 1. EFFECT OF ARRESTIN MUTANTS ON PHOTOLYZED RHODOPSIN

                         Ability to decrease
                   activity of photolyzed rhodopsin       Ability to bind photolyzed
                          (relative to WT-Arr)           rhodopsin (relative to WT-Arr)
                   ---------------------------------   -----------------------------------
                   Unphosphorylated   Phosphorylated   Unphosphorylated    Phosphorylated
Arrestin mutants      rhodopsin        rhodopsin          rhodopsin          rhodopsin
----------------   ----------------   --------------   ----------------   ----------------
WT                      1.00              1.00               1.00              1.00
K15E                    0.52              0.19               0.90              0.50
R29E                    2.95              0.52               2.53              0.98
K14A/K15A/R29E          2.00              0.65               2.75              0.73
K300A                   1.28              0.22               1.24              0.97
K300E                   1.23              0.13               0.98              0.80
H301A                   1.75              1.08               1.28              1.01
H301E                   1.84              0.84               1.83              0.93
K300A/H301A             1.42              0.88               1.32              0.96

The ability of arrestin mutants to decrease activity of photolyzed rhodopsin was determined by measuring transducin activation as described
in the methods and expressed relative to wild type arrestin. The final arrestin concentration in all reactions was 5 µM and the final concentra-
tion of transducin was between 2.5 and 3.0 µM. The ability of arrestin mutants to bind to photolyzed rhodospsin was measured by a centrifu-
gation assay as described in the methods and expressed relative to wild type arrestin. The final arrestin concentration was 3 µM and the final
concentration of rhodopsin in the reaction was 7 µM.

Figure 3. Limited trypsinolysis of arrestin mutants.  Native arrestin
(WT) and arrestin mutants were subjected to limited trypsinolysis as
described in Materials and Methods. A: Representative tryptic reac-
tions in the presence (+) or absence (-) of 3.8 µM 7PP were termi-
nated and separated on 12% SDS-PAGE and stained with coomassie
blue. Full-length arrestin (arrow) is most susceptible to cleavage at
its C-terminus, resulting in a 44 kDa product (arrowhead); molecular
mass markers indicated in kDa. B: Trypsinolysis rates were calcu-
lated for each of the mutants in the presence (dark bar) or absence
(light bar) of 3.8 µM 7PP. Error bars represent SEM (n=3). C:
Arrestins that demonstrated substantial sensitivity to 7PP were sub-
jected to trypsinolysis for 20 min in the presence of a titration of 7PP
(0-100 µM) to determine relative to the phospho-peptide.
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Lys300->Ala+His301->Ala (K300A/H301A-Arr)] were gener-
ated with an N-terminal His

6
-tag, expressed in Pichia, and

purified to >95% homogeneity. Their interaction with rhodop-
sin was tested indirectly using an assay to measure the inhibi-
tion of transducin activation (Figure 2A and Table 1). K300A-
Arr, K300E-Arr, and K15E-Arr show decreased arrestin-me-
diated inhibition of phosphorylated rhodopsin as compared to
WT-Arr. This is wild type bovine arrestin with a His6 tag on
the N-terminal end, expressed and purified as described in the
methods section. As shown previously in other studies [22],
the loss of Lys15 compromises the ability of this arrestin mu-
tant to bind to phosphorylated rhodopsin. In our assay K15E-
Arr exhibits about 80% decrease in ability to deactivate phos-
phorylated rhodopsin compared to WT-Arr. Likewise, K300A-
Arr and K300E-Arr also show an 80% decrease in ability to
deactivate phosphorylated rhodopsin compared to WT arrestin.
The importance of position K300 was also recently reported
[29]. Nevertheless, the arrestin mutants K15E-Arr, K300A-
Arr, and K300E-Arr still deactivate unphosphorylated rhodop-
sin to the same extent as WT-Arr. Mutation of His301 to an
alanine residue (H301A-Arr) does not change arrestin’s abil-
ity to deactivate phosphorylated rhodopsin compared to WT-
Arr, while mutation of His301 to a glutamic acid residue de-
creases arrestin’s ability to inhibit phospho-rhodopsin to 85%
of inhibition by WT-Arr. However, both His301 mutants show
higher inhibition of unphosphorylated rhodopsin than WT-Arr.
Inhibition of unphosphorylated rhodopsin by both H301A-Arr
and H301E-Arr is almost twice as high as the level of WT

arrestin deactivation. Mutation of His301 to an alanine can res-
cue the K300A-Arr phenotype. The double mutant K300A/
H301A-Arr shows levels of deactivation of phosphorylated
rhodopsin similar to that of the H301E-Arr mutant. Both Arg29

mutants, R29E-Arr and K14A/K15A/R29E, inhibit
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Figure 4. The inhibitory effect of p44 mutants on phosphorylated
and unphosphorylated WT rhodopsin.  A: p44-mediated rhodopsin
deactivation. Assays were performed as described in Figure 2 leg-
end. p44 was added to a final concentration of 2 µM (phosphorylated
rhodopsin) and 5 µM (unphosphorylated rhodopsin). Error bars rep-
resent SD (n=3-4). B: Direct binding of p44 mutants to different phos-
phorylation and photoactivation states of rhodopsin. Assays were
performed as described in Figure 2 legend. All binding was normal-
ized to binding of WT-Arr to R*P.

TABLE 2. EFFECT OF P44 MUTANTS ON PHOTOLYZED RHODOPSIN

                         Ability to
               decrease activity of photolyzed       Ability to bind  photolyzed
               rhodopsin (relative to WT p44)       rhodopsin (relative to WT p44)
              ---------------------------------   ---------------------------------
              Unphosphorylated   Phosphorylated   Unphosphorylated   Phosphorylated
p44 Mutants      rhodopsin         rhodopsin         rhodopsin         rhodopsin
-----------   ----------------   --------------   ----------------   --------------
WT p44        1.00               1.00             1.00               1.00
K15A          1.08               0.60             0.84               0.75
K14A/K15A     1.21               0.79             0.34               0.18
R29A          0.41               0.47             0.33               0.22
K300A         0.60               0.51             0.21               0.20
H301A         0.58               0.64             0.69               0.66

The ability of p44 mutants to decrease activity of photolyzed rhodopsin was determined by measuring transducin activation as described in the
methods and expressed relative to wild type p44. The final concentration of p44 in reactions with unphosphorylated rhodopsin was 5 µM and
2 µM in reaction with phosphorylated rhodopsin and the final concentration of transducin was between 2.5 and 3.0 µM. The ability of p44
mutants to bind to photolyzed rhodospsin was measured by a centrifugation assay as described in the methods and expressed relative to wild
type arrestin. The final p44 concentration was 3 µM and the final concentration of rhodopsin in the reaction was 7 µM.
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unphosphorylated rhodopsin to a greater extent than WT-Arr.
This is reflective of other arrestin mutations that either desta-
bilize the arrestin carboxyl tail from the main arrestin body or
mutations that destabilize the charge equilibrium within the
arrestin polar core [22,30,31]. However, unlike other arrestin
mutants, the Arg29 mutations not only increase arrestin bind-
ing to unphosphorylated rhodopsin but also decrease binding
to phosphorylated rhodopsin relative to WT-Arr. The muta-
tions that increase arrestin inhibition of unphosphorylated
rhodopsin allude to the possibility that those residues func-
tion to maintain arrestin in an inactive conformation, while
those that result in decreased inhibition of phosphorylated
rhodopsin suggest the role of those residues in arrestin’s acti-
vation.

Measurement of direct binding of arrestin mutants to
rhodopsin:  To analyze the direct binding of arrestin mutants
to rhodopsin we performed co-precipitation studies. As seen
in Figure 2B (and Table 1), WT-Arr shows little binding to
unphotolyzed rhodopsin, whether phosphorylated (RP) or
unphosphorylated (R). It does, however, bind to photolyzed
rhodopsin as long as it is phosphorylated (R*P). Like WT-
Arr, none of the arrestin mutants bind at high levels to R or
RP. Experiments in other laboratories have demonstrated that
the neutralization of the Lys15 charge leads to decreased bind-
ing of arrestin to phosphorylated rhodopsin [22]. Consistent
with those studies, the loss of Lys15 (K15A-Arr) in our experi-
ments leads to the decrease in binding of arrestin to R*P. Bind-
ing of the triple arrestin mutant K14A/K15A/R29E to R*P,
however, is significantly higher than that of K15E to R*P. Like
the triple mutant, R29E-Arr binds to catalytically active pho-
tolyzed rhodopsin (R*) to a greater extent than WT-Arr. Both
R29E-Arr and K14A/K15A/R29E show almost three times
more binding to R* (as know as MetaII) than WT-Arr. Like-
wise, there is an increase in binding of H301E-Arr to R* as
compared to WT-Arr.

Mutation of Lys300 does not seem to greatly affect the abil-
ity of arrestin to bind to R*P. The binding of K300A to R*P is
indistinguishable from WT, whereas the binding of K300E-
Arr to R*P is 80% of the WT level. This is consistent with a
recent study that reports binding of the K300E-Arr mutant to
70% of wild type values [29].

Tryptic digestion of arrestin mutants:  To directly test the
responsiveness of the arrestin mutants to the phospho-resi-
dues on the rhodopsin cytoplasmic tail, we performed tryptic
digest studies [21] (Figure 3). WT-Arr is relatively insensitive
to trypsin digestion in the absence of 7PP, but is rapidly di-
gested after brief incubation periods with 3.8 µM 7PP. K15E-
Arr shows decreased sensitivity to 7PP such that even with
extended incubation periods with 3.8 µM 7PP there is little
susceptibility of its carboxyl tail to trypsin. Trypsinolysis analy-
sis of K300A-Arr and K300E-Arr shows that the rate of trypsin
digestion of the carboxyl tail of these two arrestin mutants
follows a similar profile as WT-Arr both in the presence and
absence of 7PP (Figure 3B). The carboxyl tails of arrestin
mutants H301A-Arr, H301E-Arr and K300A/H301A-Arr are
digested at a similar rate as WT-Arr in the absence of the 7PP
(Figure 3B). However, the rate of digestion of all three mu-

tants is much faster than WT-Arr in the presence of the 7PP.
We titrated the concentration of 7PP in the tryptic digest reac-
tions to quantify the relative stability of the carboxyl tail be-
tween the His301 mutants. The results show that H301A, H301E
and K300A/H301A are about 5 to 6 fold more responsive to
7PP than WT-Arr (Figure 3C). Trypsinolysis analysis of the
Arg29 mutants, R29E-Arr and K14A/K15A/R29E, reveal that
both mutants are susceptible to tryptic digest even in the ab-
sence of the phospho-peptide.

Effect of mutations on p44-mediated deactivation of
rhodopsin:  To directly examine the role these arrestin resi-
dues play after the displacement of the carboxyl tail, we gen-
erated p44 mutants with alanine substitutions of the corre-
sponding residues. We substituted residues Lys14, Lys15, Arg29,
Lys300, and His301 in p44 for alanine residues and tested the
effect these mutations had on the ability of p44 to bind and
inhibit rhodopsin activity. We tested the ability of the p44
mutants to inhibit the activity of both unphosphorylated and
phosphorylated photolyzed rhodopsin in the 35S-γ-GTP filter-
binding assay (Figure 4A and Table 2). K15A-p44 and K14A/
K15A-p44 show similar inactivation of unphosphorylated
rhodopsin as WT-p44. However, they show no increase in
percent inhibition upon phosphorylation of rhodopsin. R29A-
p44, K300A-p44, and H301A-p44 all show decreased inhibi-
tion of both unphosphorylated and phosphorylated rhodopsin
relative to WT-p44. Likewise, K300A-p44 and H301A-p44
show decreased inhibition of R*P as compared to WT-p44.

Measurement of direct binding of p44 mutants to rhodop-
sin:  Figure 4B and Table 2 outlines the direct binding studies
performed on the p44 mutants. All the p44 mutants show de-
creased binding to both R* and R*P as predicted by the
transducin activation studies. K15A-p44 shows a 15% decrease
in binding to R* and a 24% decrease in binding to R*P rela-
tive to WT-p44. The double mutant, K14A/K15A-p44 shows
a more drastic phenotype with a decrease in binding to R* and
R*P of over 80% compared to WT-p44. Both R29A-p44 and
K300A-p44 show a marked decrease in binding to both R*
and R*P, with an 80% decrease in binding compared to that of
WT-p44. H301A-p44 shows a similar binding profile as K15A-
p44 with similar decreases in binding to R* and R*P.

DISCUSSION
 Phosphorylation of rhodopsin’s C-terminus is an important
step for arrestin-mediated rhodopsin deactivation. The phos-
phates induce a conformational change in arrestin that reveals
a rhodopsin high-affinity binding site. Although all seven serine
and threonine residues on the rhodopsin tail are substrates for
RK, it does not appear to be necessary for all seven residues
to be phosphorylated for deactivation [15,32-35]. Although
an early study suggested that three phosphorylatable sites are
sufficient to generate WT deactivation of mouse rhodopsin in
vivo [15], a recent study by Doan et al. [36] now suggests
reproducible single photon response kinetics may require up
to six phosphorylatable sites. In contrast to these in vivo stud-
ies with transgenic mice, we have previously found that both
the number and position of the phospho-residues on the bo-
vine rhodopsin carboxy tail greatly affects the ability of arrestin
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Figure 5. Model for the pro-
posed interactions between
arrestin and the phosphory-
lated rhodopsin cytoplasmic
tail.  Aspects of this model
have been put forth previously
by Gurevich and coworkers
[44]. Panels are generated us-
ing VMD. In this model,
arrestin exists alone in a stable
low-affinity rhodopsin-bind-
ing state due to certain in-
tramolecular interactions that
both anchor the arrestin car-
boxyl tail to the main arrestin
body as well as maintain
rhodopsin high-affinity bind-
ing sites hidden. The role of
the phosphorylated residues on
the rhodopsin tail is two-fold:
(1) displace the arrestin car-
boxyl tail and (2) generate a
conformational change that
exposes the high-affinity
rhodopsin binding sites. The
arrestin carboxyl tail is an-
chored to the main arrestin
body by intramolecular inter-
actions involving His301 and
Arg29 (A). Upon displacement
of the arrestin carboxyl tail, the
negative charges on the
rhodopsin tail are initially an-
chored to arrestin through spe-
cific interactions with residues
Lys15, Lys300, and Arg29 (B).
However, for efficient rhodop-
sin inhibition the high-affinity
rhodopsin binding sites are re-
quired, and these are made
available upon disruption of
the salt-bridges (C) within the
polar core, inducing a confor-
mational change in arrestin,
revealing the high-affinity
binding sites.
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to bind and inhibit transducin activation [17]. Our current study
therefore attempts to describe the molecular mechanism that
underlies the positional requirement of the phospho-residues
during the rhodopsin-arrestin interaction.

Previously, we demonstrated that we could use computer
simulations to predict specific residue-residue interactions be-
tween arrestin and a rhodopsin mutant with all seven
phosphorylatable sites replaced with aspartic acid residues [13].
In this study, we expanded our analysis to determine whether
the specific arrestin residues that were computationally iden-
tified to interact with negative residues on the rhodopsin car-
boxyl tail are also involved in arrestin’s phosphate sensitivity.

Using the current study, in conjunction with the known
literature, we suggest a step-wise model for the interaction
between negative charges on the rhodopsin tail and arrestin
residues. It is already known that the displacement of the
arrestin carboxyl tail is a crucial step during arrestin activa-
tion [37]. However, high affinity binding of arrestin to rhodop-
sin requires the disruption of ionic interactions that lie within
the arrestin core [31]. Our current study demonstrates that the
same residues on arrestin that are targeted for displacement of
the carboxyl tail are also required subsequent to the displace-
ment of the tail. These findings explain the positional require-
ments of phospho-residues found previously [18]. If high-af-
finity binding of arrestin to rhodopsin requires the simulta-
neous interaction of phospho-residues with multiple residues
on arrestin, then it is possible that both the number and posi-
tion of the phosphates could affect the arrestin-rhodopsin in-
teraction.

Figure 5 illustrates a model for stepwise activation of
arrestin and binding to rhodopsin. Our results suggest that the
residues on arrestin that are targeted by the negative residues
on the rhodopsin cytoplasmic tail play a role both in anchor-
ing the arrestin carboxyl tail to the main arrestin body as well
as stabilizing the arrestin-rhodopsin complex after displace-
ment of the arrestin carboxyl tail.

According to our computational simulations, two residues
targeted by the negative charges on the rhodopsin tail are Arg29

and His301. Both residues were found to be involved in an-
choring the arrestin carboxyl tail to the main arrestin body.
Loss of either of these residues leads to an increase in binding
of arrestin to unphosphorylated rhodopsin. This increase in
binding is also translated to an increase in ability to inhibit
transducin activation by unphosphorylated rhodopsin. How-
ever, both residues were also found to be involved in the stable
binding of p44 and arrestin to phosphorylated rhodopsin, sug-
gesting both residues are still necessary even after displace-
ment of the carboxyl terminal.

Our computational simulations also identified Lys14 and
Lys15 as residues targeted by the negative residues on the
rhodopsin cytoplasmic tail. Consistent with other studies, our
results show that Lys14 and Lys15 are necessary for proper dis-
placement of the arrestin carboxyl tail. However, we also find
these residues to be necessary for the proper interaction be-
tween p44 and phosphorylated rhodopsin suggesting that like
Arg29 and His301, these two lysine residues are required after
displacement of the arrestin tail.

The final residue identified in our computational studies
was Lys300. Although we found K300A-Arr and K300E-Arr to
have a WT-Arr profile in the tryptic digest studies, we found
these mutants to have decreased binding to phosphorylated
rhodopsin suggesting that Lys300 is required for arrestin’s phos-
phate sensitivity. Its importance for p44’s phosphate sensitiv-
ity suggests again that this residue is necessary after displace-
ment of the arrestin carboxyl tail. Lys300 also lies close to the
loop comprised of residues 68-78 when the loop is in the folded
down conformation (unit C of the arrestin crystal structure)
[38]. This loop has been substantively implicated in the bind-
ing of arrestin to photolyzed-phosphorylated rhodopsin [14,39-
41]. Perhaps Lys300 plays an important role in stabilizing the
proper positioning of this mobile loop structure.

The proper alignment of the arrestin residues and the
phospho-residues on the rhodopsin tail may function to aid in
polar core disruption. Our computational simulations suggested
that negative residues at rhodopsin positions 334 and 340 in-
teract with the arrestin residues examined in this current study.
However, we know from other studies that the complement of
phospho-residues present on the rhodopsin tail is as important
as the overall number of phosphorylated rhodopsin residues
[42]. Given that arrestin and p44 seem to differentially bind to
rhodopsin molecules with different complements of phospho-
residues, what may play a bigger role in rhodopsin deactiva-
tion in vivo is the sequence in which rhodopsin residues are
phosphorylated. With both arrestin and p44 present in the rod,
effective deactivation of rhodopsin may occur as a sum of
arrestin and p44-mediated deactivation.
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