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ABSTRACT: Arrestin quenches signal transduction in rod photoreceptors by blocking the catalytic activity
of photoactivated phosphorylated rhodopsin toward the G protein, transduginR&d cells also express

a splice variant of arrestin, termed*pin which the last 35 amino acids are replaced by a single Ala. In
contrast to arrestin, this protein has been reported to bind to both the phosphorylated and nonphosphorylated
forms of the activated receptor. In this study, we analyzed formation of the rhodgu$ioomplexin

vitro. Like arrestin, p* stabilized the meta Il (MIl) photoproduct relative to forms Ml and Ml and did

not interact measurably with the apoprotein opsin. However, several differences betifea its

parent protein were found: (i)*pbinds to nonphosphorylated MIl with a much lower affinitfo( =
0.24uM) than to phosphorylated Ml (P-MIKp = 12 nM); arrestin binds only to P-MIIKp = 20 nM);

(i) p** interacted also with truncated MI#2G-Rho MII), which lacked the sites of phosphorylation; (iii)

with both MII and P-MII, the activation energy of complex formation wit was lower than that found

for arrestin (70 kJ/mol instead of 140 kJ/mol); and (iv) lagthibited poorly the interaction betweefp

and P-MII, but it strongly inhibited the interaction between arrestin and P-MIl. Extrapolation of the
measured on-rates to physiological conditions yielded reaction times for the bindirif tof gctivated
rhodopsin. The data suggest that the splice variafit,gmd its parent protein, arrestin, play different
roles in phototransduction. The physiological significance of these differences remains to be determined.

In retinal rod photoreceptor cells, inactivation of photo- preparations shortened the duration of the heat response due
lyzed rhodopsin proceeds by a two-step mechanism compris-to cGMP hydrolysis by the effector enzyme (Langleisal.,
ing phosphorylation by a specialized receptor kinase and 1996), interpreted as a competitive inhibition of the photo-
subsequent binding of the 48 kDa regulatory protein arrestin activated rhodopsin.
[reviewed by Polangt al. (1996) and Palczewski (1994)]. In this study, we investigated the kinetics, activation
This process depends on the strict preference of arrestin fOi‘energy, and stability of the complex betweéfand different
phosphorylated photolyzed rhodopsin. However, a recently forms of rhodopsin. Like arrestin#pbound specifically to
identified splice variant of arrestin, termed‘pbinds both the MII form of active rhodopsin. However*pdiffered
phosphorylated and nonphosphorylated forms of the receptorfrom arrestin by binding to nonphosphorylated photolyzed
(Palczewskiet al, 1994). [ in which the last exon  rhodopsin and to a C-terminally truncated form of rhodopsin,
encoding the C-terminal 35 amino acids is replaced by anwhich lacks the potential sites of phosphorylation. On the
alternative exon encoding a single Ala, has been immunolo- basis of these and other observations, we propose a mech-
calized to rod outer segments (RO$$mith et al, 1994). anism by which f# and arrestin form complexes with
In reconstitution assays composed of nonphosphorylateddifferent forms of rhodopsin and discuss the consequences
rhodopsin and phototransduction proteins, activation of the of these interactions to the inactivation processes that occur
effector enzyme, a cGMP phosphodiesterase, was inhibitedduring phototransduction.
by p* (Palczewskiet al, 1994). Addition of §* to ROS
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containing the truncated form of membrane-bound rhodopsin.

opsin was prepared from washed disk membranes asBriefly, ROS or urea-treated ROS membranes were incubated

described previously (Wilden & Kan, 1982).
Purification of Phosphorylated RhodopsirPhosphory-

with endopeptidase Asp-N at 6000:1 (w:w, rhodopsin:Asp-
N) in 20 mM Tris-Cl, pH 7.5, containing 0.3 M sucrose, at

lated rhodopsin was prepared by the regeneration of phos-room temperature for 16 h in the dark. The reaction was

phorylated opsin with 1tis-retinal (Hofmanret al,, 1992).

stopped by adding 1 mM DTT and 1 mM EDTA, followed

The complete characterization of phosphorylated species ofby centrifugation at 300@pfor 20 min at 4°C. Membranes
rhodopsin prepared according to this protocol was reportedwere treated with buffered urea solutions (50 mM Tris, 5 M

by Oghuroet al. (1993). Reconstitution systems of rhodop-
sin phosphorylation yields predominantly monophosphory-
lated species (an average stoichiometry-df5 phosphates

urea, 5 mM EDTA, pH 7.5) to extract bound C-terminal
peptides and pelleted by centrifugation at 3af® 30 min.
Pelleted membranes were washed three times with 50 mM

per rhodopsin on several Ser and Thr residues) (Ohguro etTris-Cl, pH 7.5, containing 0.3 M sucrose and resuspended
al., 1993). Phosphorylated opsin was suspended in 10 mMin the same buffered sucrose solution. Samples were stored

BTP, pH 7.5, containing 100 mM NacCl. A 3-fold molar
excess of 1kis-retinal was added in the dark to the sample,
followed by incubation fol h atroom temperature, and then
overnight at 4°C. After regeneration, phosphorylated
membranes were centrifuged at 45930r 20 min, washed
five times with 10 mM BTP, pH 7.5, containing 100 mM
NaCl to remove excess Ids-retinal, and stored at80 °C.
11cis-Retinal was a gift from Dr. D. S. Kliger and from the
National Eye Institute.

Purification of Arrestin. Arrestin was purified from

at—80°C. Conversion of rhodopsin to the truncaf@¥s-
Rho form lacking its C-terminal sequence 338 (yield
> 85%) was confirmed in aliquots of the preparation by
SDS-PAGE, according to its decrease in molecular weight,
as described previously, and by the decreas&Rnincor-
poration by rhodopsin kinase (Palczewskial,, 1991b).
Preparation of Recombinant4p Ncd and Hindlll
restriction sites were added to thé &nd 3-ends, respec-
tively, of the #* cDNA by PCR (Smithet al., 1994). This
cDNA was then cloned into the appropriate sites of the

frozen, dark-adapted bovine retinas as described by PalczepBluBaclll and pBacHisC shuttle plasmids (Invitrogen). High

wski and Hargrave (1991).

Purification of g p* was purified as described by
Palczewsket al. (1994), with modifications. All extraction
steps were performed under dim red illumination G4

Five insect cells (Invitrogen) were infected with the recom-
binant virus pVL1392 baculovirus carrying thé*pnsert.
Cells were harvested four days after the infection and
collected by centrifugation at 20§@or 5 min. Five to seven

Freshly prepared bovine ROS (obtained from 300 bovine milliliters of pelleted cells were typically used for the
retinas) were suspended and homogenized (teflon/glass) impurification. Cells were homogenized (glass/glass) with 10

50 mL of a hypotonic buffer (10 mM BTP, pH 8.0,
containing 1 mM benzamidine).
collected by centrifugation at 470Gor 30 min, and the

mM BTP, pH 7.5, containing 200 mM NaCl and 1 mM

ROS membranes were benzamidine at a ratio of 5 mL of buffer per 1 mL of pelleted

cells. Homogenates were pooled and centrifuged at 145000

supernatant was discarded. The pellet was resuspended anfbr 30 min at 4°C. The final supernatant was diluted 1:1

homogenized (glass/glass) in 25 mL of 10 mM BTP, pH
8.0, containing 1 mM benzamidine, 500 mM NaCl, and 15
mM InsRs;. The supernatant containing“pvas separated
from the membranes by centrifugation at 47§@& 20 min.
This p* extraction was repeated two times. SBFAGE
analysis revealed thatfwas concentrated in the first extract
(~80% of the total available4). The @* extracts were
pooled and dialyzed again8 L of 10 mM BTP, pH 7.5,
containing 1 mM benzamidine.“pwas purified on an HPLC

with 10 mM BTP, pH 7.5, containing 1 mM benzamidine
followed by centrifugation at 1450@0for 20 min at 4°C.

The extracted proteins were loaded on to a DEAE-cellulose
column (1.5x 8 cm) equilibrated with 10 mM BTP, pH
7.5, containing 100 mM NacCl (saline-BTP) at a flow rate of
0.5 mL/min. Eluate was directly loaded onto a heparin-
Sepharose column (¥ 5 cm) equilibrated with the same
buffer. After the material was loaded, both columns were
washed with 15 mL of saline-BTP, and the DEAE-cellulose

TSK gel-Heparin-5PW column (TosoHaas, GmbH, stainless column was detached. The heparin-Sepharose column was

steel column, 0.7% 7.5 cm, 1Qum particle size) equilibrated
with 10 mM BTP, pH 8.4, using an FPLC (Pharmacia

washed consecutively with saline-BTP (until the absorbance
at 280 nm dropped below 0.1) and two column volumes of

Biotech, Inc., Piscataway, NJ). The column was washed with 275 mM NaCl in 10 mM BTP, pH 7.5. Next, the column

the same buffer at a flow rate of 0.5 mL/min until the
absorbance at 280 nm dropped below 0.02* was eluted
with a gradient from 0 to 600 mM NacCl in the same buffer
and with the same flow rate. Fractions of 0.5 mL were
collected and analyzed by SBSAGE. Purified ¢* (eluted

at ~450 mM NaCl) was dialyzed against 10 mM BTP, pH
7.5, containing 100 mM NaCl and concentrated on a
Centricon 30 (Amicon, Beverly, MA). Approximately 0.3
mg of homogeneous*pwas obtained from ROS prepared
from 300 retinas.

Preparation of C-Terminally Truncated RhodopsitfG-
Rho). Membrane-bound rhodopsin was digested with en-
doproteinase Asp-N, as described previously (Palczeetski
al., 1991b), except that the incubation was carried out in

was equilibrated with 10 mM BTP, pH 7.5, containing 200
mM NacCl, and p* was eluted with a gradient from 0 to 20
mM InsPksin 10 mM BTP, pH 7.5, containing 200 mM NacCl.
Fractions containingdwere identified by immunaoblot using

a C-terminal-specific antibody (C88) (Smi#t al, 1994).
Pooled fractions containing*pfrom DEAE-cellulose were
dialyzed against 10 mM BTP, pH 7.5, containing 1 mM
benzamidine (3 L) and loaded onto an HPLC hydroxyapatite
column (Pentax, SH-0710M) at a flow rate of 1 mL/min.
After washing the column with 10 mM BTP, pH 7.8 0 to
250 mM phosphate gradient in 10 mM BTP, pH 7.5,
containing 1 mM benzamidine, was generated in 45 min at
a flow rate of 0.8 mL/min. Fractions with*p(protein and
immunoreactivity profiles) were pooled and dialyzed over-

buffered sucrose solutions. The addition of sucrose preventsnight against 10 mM BTP, pH 7.5, containing 1 mM
membrane aggregation, which was observed in preparationsdenzamidine. Dialyzed fractions from hydroxyapatite con-
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Ficure 1: Flash-induced formation of extra MIl in a suspension of washed disk membranes. The signals represent the absorbance change
at 380 nm minus the absorbance change at 417 nm (see Materials and Methods). (A) Extra MIl formation in phosphorylated (a) and
nonphosphorylated (b) washed ROS membranes in the present® lof @ll measurements, the final concentrations in the samples were

15 uM Rho (nonphosphorylated washed ROS membranes) giM®-Rho (phosphorylated washed ROS membranes) g 4 in

100 mM BTP, pH 8.0, at 4C. Total volume was 200 mL, cuvette path length was 2 mm, and the flash photolyzed 12% of rhodopsin.
Control with P-Rho (c) and Rho (d) alone. The abrupt decrease after the flash is due to MI formation. (B) Extra MIl formation in
phosphorylated (a) and nonphosphorylated (b) washed ROS membranes under identical conditions as in panel A, but in the presence of 3
uM purified arrestin instead of4h (C) Bimolecular reaction fit of extra MIl formation in nonphosphorylated (a) and phosphorylated (b)

ROS membranes in the presence i\ purified p**. Solid lines represent best fit according to the equation described in the Appendix.
Dotted lines are the kinetics with twice or half the on-rate assumed. (D) Plot of the on-rate (from fit as shown in Figure 1C). Symbols are
(0), P-Mll-p**; (@), MIl-p*% and @), P-Mll-arrestin.

[protein] (uM)

taining @ were loaded onto an HPLC TSKgel-Heparin is on the Ml side (below 3C, pH 8.0) (Parkes & Liebman,
column at a flow rate of 1 mL/min, washed with 10 mM 1984), binding of a protein to MIl causes an increase of Ml
BTP, pH 7.5, and followedyoa 0 to 200 mMphosphate  (extra MIl). Extra MIl provides a kinetic and stoichiometric
gradient in the same buffer in 60 min at a flow rate of 0.4 measure for the complex between active rhodopsin and the
mL/min. Fractions were analyzed by SBBAGE and interactive proteins [reviewed by Hofmann (1985)]. The
blotted for immunoreactivity. mole fraction of activated rhodopsin in the sample was 12%.
SDS-PAGE. Electrophoresis was performed according
to Laemmli (1970) using 12% acrylamide gels in a Hoefer RESULTS

or a Bio-Rad minigel apparatus. _ _ p* Enhanced the Formation of Metarhodopsin Il (MIl)
Protein Determinations.The concentration of rhodopsin  5r pre2 and Nonphosphorylated ROS Membranéghe
and phosphorylated rhodopsin was determined spectrophoyinging of a protein to photoactivated rhodopsin either
tometrically at 498 nm as previously described (Wald & ennhances the formation of the Mil photoproduct after a flash
Brown, 1953). Purified arrestin and““pvyere quantified ¢ light (for example, Gor arrestin; Emeigt al, 1982;
spectrophotometrically at 278 nm, assuming a molar absorp-gch|ejcheret al, 1989) or, if the interaction is not specific
tion coefficient ofEq 19 = 0.638 (Palczewsket al, 1992) for MIl, competes with a stabilizing protein (for example,
and a molecular mass of 45 300 Da for arrestin or 41 200 ¢3¢ competition between rhodopsin kinase andRGilver-
Da for p (Palczewskiet al, 1994). miller et al, 1993). The enhanced MIl formation is shown
Spectrophotometrical Analysish two-wavelength spec- iy Figure 1A for prephosphorylated membranes (P-Rho, trace
tr_ophotomet_er (Shlma_dzu UV300) was used to measure thea) and nonphosphorylated ROS membranes (Rho, trace b)
differences in absorption at 380 (photoproduct of Mil) and , the presence of4h Controls without f* are shown as

at 417 nm after a flash filtered to 50& 20 nm. The  {acescandd. The data demonstrate thatige its parent
isosbestic point between Ml and Mll at 417 nm was used to

subtract light-scattering artifacts from the absorption signal ~, o . .

. L . : Prephosphorylated rhodopsin is obtained by phosphorylation of
(Schlelchele_t al, 1989). When rhodopsin, In its nat'Ve_Fj'S_k photolyzed rhodopsin by rhodopsin kinase and regeneration with 11-
membrane, is cooled to temperatures at which the equilibrium cis-retinal.
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Ficure 2: Titration of extra MIl formation by ff or arrestin. (A) Saturation of the*pdependent extra MIl formation in ROS membranes

as a function of the 4 concentration. The plot shows final amplitudes of th&éqependent component of the difference absorption signals
from a first flash on a fresh sample. The best-fit curve (solid line) to the data yields a dissociation constant for thé*Rtieragtion of

Kp = 0.24uM. Upper and lower dashed lines represent curvekfgrof 0.12 and 0.48M, respectively. (B) As in panel A, but phosphorylated

ROS membranes. The best-fit curve (solid line) yields in this &ase 0.012uM. Upper and lower dashed lines represent curvesfsr

of 0.001 and 0.1M, respectively. (C) Saturation of the arrestin-dependent extra MIl in phosphorylated ROS membranes. Best-fit curve
(solid line) givesKp = 0.02uM. Upper and lower dashed lines represent curve&fsrof 0.002 and 0.2 mM, respectively. The experiment

was otherwise performed as described in the legend for Figure 1.

protein arrestin (Figure 1B), can stabilize P-MII. In contrast TCO

to arrestin, f# also stabilized MIl. The results suggest that 167 126 85 46 08 29
the C-terminal region of arrestin is not essential for the Ml 10 ]
stabilization.

A Bimolecular Reaction Scheme Fits tHéRinding. The
absorption changes that represent the enhanced formation
of MII (or P-MII) can be evaluated by a kinetic scheme for
a bimolecular reaction:

0.14

kon (uM-1s -1)

(MII-X) = k,,(MII)(X) e —
345 35 355 36 365 87
where X is the interacting protein atkgh is the bimolecular 1Tx10% (K
rate constant in inverse micromolar seconds. For a wide FIGURE 3: Temperature dependence and Arrhenius plots of the rate
range of * concentrations, the binding to MIl and P-MiII of extra Ml formation by g* or arrestin. Flash-induced formation

; ; ; ; P _of extra MIl was measured as a function of temperature at pH 8.0,
validated the blmoleclular flt’.SUQQGStmg a kinetically ho with phosphorylated photolyzed rhodopsin or nonphosphorylated
mogeneous pool of this protein. For example, there was N0 photolyzed rhadopsin, and in the presence i@ p* or 2 uM

indication of a variable distribution of the protein between arrestin. The experiment was otherwise performed as described in
a membrane-bound form and a soluble form (Figure 1C). the legend for Figure 1. The signals were analyzed by a bimolecular
The centrifugation of rhodopsin and“gmixtures showed g‘?ﬁg&“ étn)(sge ;;Algt?:gd;(s)lgof:;?c?i cf‘nr rf(‘)‘:f"”t'ﬁz rﬁ}?/gii”?g‘gg‘m%ge
that, und_er these experimental conditions, the splice varianttemperature. Symbols are), P-MII-p*: (@), Mil-p*: and (),
of arrestin was soluble (data not shown). P-Mll-arrestin.

Applying the fit procedure to the whole set of data yielded
the on-rates of the reactions of P-Mil and Mil with'and  (Figure 2, panels B and C). The formula used is given in
of arrestin with P-MII. For arrestin up to M, the ko Schleicher et al. (1989). For MIl and*pinteraction, the
decreased only slightly with increasing concentration (Figure K, was 0.24uM (Figure 2A), and for the MII-P and“p
1D). For g*and both P-Mil and MII, théo, was~3 times  (Figure 2B), thekp was 0.012«M. In a control experiment,
faster at low concentrations. Although we do not know the 5k, = 0.024M was found for arrestin and MII-P, similar

cause for this phenomenon, a possible explanation is theg the value reported by Schleicher et al. (1989) (Figure 2C).
aggregation of ff in solution, as observed using gel filtration

(data not shown). At LM, p* binds~5 times faster to Activation Energy of f# Complex with MIl Is Different
MIl and ~8 times faster to P-MII than arrestin to P-MIl. ~ fom Arrestin. The kinetics of complex formation, as
To determine the dissociation constantp) of the reflected in the MII stabilization, were obtained within a

interactions betweenffwith P-MIl or Mil and arrestin with ~ limited range of temperatures {04 °C). The higher
P-MIl, we employed the procedure introduced by Schieicher temperatures lead to a significant spontaneous formation of
et al. (1989). At a constant concentration of photolyzed MII, obscuring the accuracy of the measurements. For the
rhodopsin and varying*pconcentration, the extra Ml signal ~ permissible temperatures, the bimolecular fit procedure
amplitude increased and exhibited saturation, yielding the (Figure 1B) was employed, and thg, values were plotted

Kp for the complex (Figure 2). To fit the data, the mass versus temperature for the different complexes (Mt
action law was used with the conservation of the total amount P-MIl—p*, and P-MI-arrestin; Figure 3). From the equa-
of MIl and p* (Figure 2A) or P-MIl and f# or arrestin tion



Interaction of Arretins with Rhodopsin
kon ~ exp(— Ea/kT)

the activation energy was obtained for the formation of the
respective complexes. Itis important to note, however, that
the activation energy obtained does not incorporate the
enthalpy of MIl formation. Theg, for the P-Mll—arrestin
complex was 140 kJ/mol, lower than the 165 kJ/mol value
obtained by Schleicher et al. (1989). Among several
possibilities for this discrepancy, it is important to note that,

in the previous study, pseudo-first-order rates were employed

instead of the correct bimolecular on-rates and that different
salt conditions in the reaction mixture were used. The high
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FiGURE 4. Recovery of the f§-dependent extra MIl formation by
hydroxylamine. (A) Extra Ml formation in phosphorylated washed

E. is necessary for arrestin to adopt the interactive conforma-ROS membranes in the presence #fand 2 mM hydroxylamine.

tion that involves the possible movement of the C-terminus
(Schleichert al,, 1989; Palczewslkeét al, 1991c). Interest-
ingly, the E, for the complexes of 4§ with both MII and
P-MIl was significantly lower 70 kJ/mol). For ¢ such

(B) Extra MIl formation without hydroxylamine. In each panel,
record (a) is from the first and record (b) from the second flash,
applied at a time intervak3 min. A third flash, record c in each
panel, was applied after 5 min; note the difference in the recovery
of the signals in panel A vs B. The conditions of the experiment

changes in conformation are unnecessary due to the absencgere as described in the legend for Figure 1.

of the C-terminus.

Hydroxylamine Dissociates the*p-MIl Complex. In
contrast to Ml and MIll, the MIl state of rhodopsin is
distinguished by its sensitivity to hydroxylamine (Kamps &
Hofmann, 1986; Ernstt al., 1995). At millimolar concen-
trations of this nucleophilic compound, the MIl complex with
Gt (Hofmann et al., 1983) or arrestin (Hofmann et al., 1992)
dissociates within tens of seconds. The result shown in
Figure 4 is based on the fact that affolecules remain
bound to P-MII after a flash at a subsaturating amount of
p*. Thus, the P-MIl from a second and third flash does not
find free g to bind, and no extra Ml is observed (as seen
in the control in Figure 4B). In the presence of hydroxy-
lamine, however, extra Ml formation recovered after each
flash (Figure 4A), because the pool of fre# s restored
after each flash due to dissociation of the complex. The
experiment confirms the specificity of‘pfor the deproto-
nated Schiff base form of rhodopsin, MIl, and shows that
the complex remains stable during the whole lifetime of the
photoproduct.

p** Stabilizes the Meta Il State of Truncated Rhodopsin.
Because arrestin binds only to P-MII, whered&lgnds to
both P-MIl and MII, we investigated the ability of*pto
bind to C-terminally truncated MIll, which lacks the phos-
phorylation region. The experiment in Figure 5A demon-
strates that {f stabilized the®?°G-MI| state of rhodopsin, at
least to the same extent as for MIl. Thus, rhodopsin’s
C-terminus is not required for*pbinding. Arrestin did not
bind the truncated rhodopsin (Figure 5B).

InsP; Weakly Inhibits f*—MIlI Interaction. InsRk; has been
shown to inhibit the interaction of arrestin with phosphory-
lated active rhodopsin (Palczewsial, 1991a). Figure 6
shows that InsPinhibited the interaction betweerf4pand
both P-MIl and MIl much less than between arrestin and
P-MIl. The 1G5 was~2000uM for p* and only 20uM
for arrestin.

Expression of f# in Insect Cells. p** was expressed in
insect cells using baculovirus carrying & NA insert.
Recombinant ff was purified from HighFive insect cells
with a reasonable yield of 0.1 mg from 20 150 mm plates
(Figure 7A). Purified recombinant*hdisplayed a binding
profile undistinguishable from native protein (for example,
Figure 7B). A similar purification scheme might be
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Ficure 5: Binding of g or arrestin to C-terminally truncated
rhodopsin. (A) Extra MIl formation in nonphosphorylated (a) and
endopeptidase Asp-N digested (c) washed ROS membranes, both
in the presence of* In all measurements, the final concentrations
in the samples were 18M rhodopsin or 15uM 32°G-Rho and 1

4M p*in 100 mM BTP, pH 8.0, at 4C. Control with rhodopsin

(b) and32°G-Rho (d) alone. The abrupt decrease after the flash is
due to MI formation. (B) Extra MIl formation in endopeptidase
Asp-N, digested washed ROS membranes (a) under identical
conditions as in panel A, but in the presence ofiNl purified
arrestin instead of 4. Control with 32°G-Rho alone (b). The
experiment was otherwise performed as described in the legend
for Figure 1.

employed with some modification in other expression
systems for native and mutated forms df.p

DISCUSSION

p**is a rod outer segment-specific, membrane-associated
splice variant form of arrestin, whose function is not yet
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extra MIl (%)

10" 102 10% 10*

[InsPg] (M)
FiGure 6: Inhibition of the interaction betweerf4and rhodopsin
by InsR. Flash-induced formation of Mll or P-MlI, as in Figure 1.
Shown is the level of extra MIl formed by interaction with*pr
arrestin minus the control Mll as a function of ligand concentration
Symbols are®) the effect of InsBon P-MII-p* interaction, G

= 3600uM, the Hill coefficient was 1.9;@®) the effect of Insp

on the MII-pg* interaction, 1Gy = 1700uM, the Hill coefficient
was 1.0; and@) the effect of InsRon P-Mll-arrestin interaction,
ICs0 = 18 uM, the Hill coefficient was 1.1. The lines through the
data are computer fits with hyperbolic functions.

1

clearly defined. fis a natural variant in which the last 35
amino acids are replaced by a single Ala, making it an
attractive protein for studing the role of the divergent
C-terminal region of mammalian arrestins.

Specificity of Arrestins Binding to Rhodopsinale chose
a time-resolved spectroscopy, the “extra MII” stabilization
assay, to study arrestin and*pnteraction with MIl and
P-MIl (Schleicheret al, 1989). The binding of arrestins
was induced by a short flash of light that activated a fraction
of the total pool of rhodopsin. The assay does not depend
on the association of the interacting protein with the
membrane before photoexcitation, and, abg p* stabilized
P-MII almost completely. Thus, Mll is the only intermediate
to which pg* binds. There is no significant interaction with
any of the tautomeric forms, MI and MIll, metarhodopsins
which bind the retinal chromophore in ttans-configuration
via a protonated Schiff base bond. Thus, the conformational
changes of rhodopsin that occur during the transition to Mll
are necessary for*pbinding. Similar findings were also
found for arrestin (Schleichest al, 1989).

The phosphorylated C-terminus of MII is required for
arrestin to bind to the receptor. If the rhodopsin C-terminus
is removed or not phosphorylated, arrestin does not recogniz
the remaining sites of MIl. The phosphorylated C-terminus
of rhodopsin may displace the acidic C- terminal region in
arrestin, inducing an active conformation of arrestin and
securing tight binding to MIl. The large activation energy

of the interaction suggests some major changes in the

conformation (Schleicheat al, 1989). This is also consis-
tent with earlier findings that arrestin bound to P-Mill
assumed a binding conformation with its C-terminus acces-
sible to proteolysis (Palczewslgt al, 1991d) and that
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Ficure 7: Purification and functional assay of recombinaft p

(A) The TSK-heparin chromatographic profile of partially purified
recombinant ff. p** was extracted from infected HighFive insect
cells and partially purified by employing a sequence of chromato-
graphic steps: DEAE-cellulose, Heparin-Sepharose, and hydroxya-
patite, as described in Materials and Methods. The absorption was
monitored at 280 nm during the elution with-Q00 mM potassium
phosphate in 10 mM BTP, pH 7.5, over 60 min at a flow rate of
0.4 mL/min. A small absorption peak &at43 min (depicted as f)
represents eluted*h (Inset) Protein profiles during different steps

of purification using SDSPAGE. The lanes represent (a) molecular
weight markers (from the top in kDa: 92, 67, 43, 30, 20, and 14);
(b) purified g isolated from ROS; (c) HighFive cell extract; (d)
the pooled fractions containing4obtained from DEAE-cellulose/
Heparin-Sepharose; (e) the pooled fractions containtglgained

from hydroxyapatite; and (f) purified recombinartt gluted from

the TSK-heparin column. (B) The binding of native (as in lane b
in the inset to panel A) and recombinarft*as in lane f in the

dnset to panel A) to phosphorylated, photolyzed rhodopsin. Under

dim red illumination, phosphorylated rhodopsin (29) was mixed

with purified bovine g (5 uM, depicted as b in the inset to panel
A) or recombinant ff* (5 uM, depicted as f in the inset to panel A)

in 10 mM BTP, pH 7.5, containing 100 mM NaCl. The samples
were incubated in the dark (D) or under white illumination (L) at
room temperature.*pMIl complex was centrifuged at 300§®or

3 min. The resulting supernatant was mixed with 1% SDS, subjected
to SDS-PAGE, and transferred to Immobilon*4pvas visualized
using C88 polyclonal antibody (Smitt al,, 1994).

phosphorylated residues on P-MIl are not only involved in

synthetic phosphopeptides encompassing the C-terminus othe switching process but are also required for permanent

rhodopsin induced the binding of arrestin to photolyzed,
nonphosphorylated rhodopsin (Peigal, 1995). In contrast
to arrestin, f¢ requires a smaller activation energy (Figure
3) to bind and stabilize P-MIl. 4 also binds to Mil
(Palczewsket al,, 1994, this study) ant?*G-MIl which lacks
the C-terminus phosphorylation region. Howevétf lpnds

to MIl more slowly and much more weakly than to P-Mil.

tight binding of @* or arrestin. The work with arrestin
mutants has led to a similar mechanistic model in which the
C-terminus of arrestin is involved in the conformational
switch but is not involved in binding to rhodopsin (Gurevich
& Benovic, 1997 and references therein).

Inhibition by InsR. The reduced competition of IngRith
p** for active rhodopsin, as compared with arrestin (Figure

Without phosphorylation of the receptor, the complex has a 6), can be explained by the same line of reasoning. ¢InsP
~10-fold enhanced off-rate, suggesting that MIl is less possibly mimics the phosphate environment on the phos-
capable of retaining the bound protein. This shows that the phorylated C-terminal extension of active rhodopsin (Pal-
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czewski et al., 1991c). Thus, it can block the interaction protein that binds specifically to MIl, in this study*4or
with phosphorylated, photolyzed rhodopsin because it pre- arrestin.

vents the association of arrestin with the phosphorylated The equilibria obey the equations

region of rhodopsin. With{j, however, the competition of

Insk; with MIl or P-MiIl is significantly less effective. K. = [(MI]

Role in PhototransductionThe rate of binding of {f to LM (2)
MIl was obtained from the kinetic data of Figure 1 and
Figure 3. The highest measurable on-rate of the binding was Kon _[MIX]
0.08 uM~1 % (Figure 3: 14°C, 2 uM p*), which was e MINX] (3)

estimated to be 0.28M~! st at 34°C. The calculated

reaction rate at 3gM concentration of ff'in the rod outer  here (M1, [MII], and [X] represent the molar concentration
segments (Palczewskt al, 1994), taking into account the ¢ MI, MIl, and X, respectively. K is the equilibrium

concentration dependence of the on-rate (represented by &qnstant of MI/MII and calculated after Parkes and Liebman
correction factor), is (1989), kon the on-rate, and the off-rate of the MIIX

k=K(30)(0.28)=K8.4s* complex.

From the conservation of mass,
The factorK was obtained from Figure 1D, assuming that

the correction is temperature independent and valid for [R*] ¢ = MI] + [MI] + [MIIX] (4)
cellular conditions. FoK > 0.15, the time of the MH-p44
complex formation is<0.8 s%, and an estimated time of [X] o = [X] + [MIIX] (5)

complex formation between a newly formed MIl antt s
[R*]wt and [X}ox are the total concentration of photolyzed
T=05"1s rhodopsin and X protein. By use of eqs 2 and 4, [MII] can
The spontaneous off-rate was estimated from the on-rateP€ expressed as
(0.28uM™* s74) and the dissociation constant

K
kot = KorKp MIT = (R o — [MIX] ()

which yieldskys = (0.28uM ™1 s71-0.24uM) = 0.07 s or
~15 s, long enough to keep the Mip44 complex stable
for a time much longer than the rod response.

The rate for complex formation is

nuct . : d[MIIX] Ky
Rhodopsin kinase binds5 times faster than‘pto Mil = (IR*1... — [MIIXD(IX .1 —
(1 uM~1 s7%; Pulvernilller et al, 1993). The competition dt kO”Kl 1 1R~ MIXDAX o
with kinase is slowed by the interference of &tivation. IMIIX]) — kyg[MIIX] (7)

Nonetheless, the breaks between the engagements of the Ml

in MIl —G; complexes are long enough to allow the kinase at equilibrium

to bind with some delay and to phosphorylate photolyzed

rhodopsin (Felbeet al, 1996). Phosphorylation of Mil K,

enhances the affinity of both*pand arrestin. As long as kO”K—H([R*] ot — IMIX] (X o — [MIIX] ) =

free arrestin is available, it will usually win the kinetic 1

competition due to its much higher concentration. However, kot [MIIX] ., (8)

it should be noted that*pused under the conditions of our

measurements behaves as a soluble protein, although it mayMIIX] . represents the molar concentration of the complex
be membrane associatedvivo (Smithet al, 1994). Thus, after an infinitely long time and was determined from the
in vivo, there may be differences in concentration of this Kop.

protein within the cell. The recent generation of mice lacking ~ With eq 8, eq 7 is integrated to give

the arrestin gene opens the possibility for studying the role

of individual forms of arrestins in phototransductiorizo . (IMIIX] o, = IMIXD(R*] ofX] 1)
without interference by other splice forms. MIIX] ([R*] o XT ot — [MIIX] [MIIX])
ACKNOWLEDGMENT MIX] 5 — R ofX] o, Ky

t (9
We thank Dr. Martin Heck for helpful discussion, Ingrid [MIIX] ., K+ 1 ®)

Semjonow, Jana Engelmann, J. Preston Van Hooser, and
Greg Garwin for technical assistance and help during the This can be rearranged to give
course of preparation of this manuscript.

K
APPENDIX IMIIX] [R¥] o X] tot(exp(zkonK i 1t) - )
1
Extra Mll is described by the reaction [MIIX] = , K,
K, . [M“X] oo(eXF(Zkon Kl T 1t) - [R*] tot[X] tot)
Ml + X =Ml +XHMIIX Q) (10)

where Ml and MIl are metarhodopsin | and Il. X denotes a where
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_MIX] 2 = [R¥] ol X] o
B IMIIX] ,

Equation 10 was used to fit the extra MIl data. A scaling

factor (@) relates the measured values to corresponding

concentration units.

AA = ¢[MIIX] (11)

whereAA are the absorption change at 380 nm.
In all fits, [MIIX] «, [R*1ot: [R*]t0ts [X] 1oty @Nd Ky were
fixed, andk,, and o were allowed to vary.
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