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ABSTRACT. Rhodopsin is a photoreceptive protein that is present in rod photoreceptor cells, inducing a
GDP-GTP exchange reaction on the retinal G-protein transducin (Gt) upon light absorption. This exchange
reaction proceeds through at least three steps, which include the binding of photoactivated rhodopsin to
GDP-bound Gt, the dissociation of GDP from the rhodop$st complex, and the binding of GTP to the
nucleotide-unbound Gt. These steps have been thought to occur after the formation of the rhodopsin
intermediate, meta-Il; however, the extra formation of meta-Il, which reflects the formation of a complex
with Gt, was inhibited in the presence of excess GDP. Here, we use a newly developed CCD
spectrophotometer to show that a meta-Il precursor, meta-lb, which has an absorption maximum at visible
region, can bind to Gt in its GDP-bound form in urea-washed bovine rod outer segment membranes. The
affinity of meta-Ib for GDP-bound Gt is about two times less than that of meta-1l for GDP-unbound Gt,
indicating that the extra formation of meta-Il is observed at equilibrium even in the presence of the meta-
Ib—Gt complex. This is the first identification of a complex that includes the GDP-bound form of G
protein. Our results strongly suggest that the protein conformational change of the rhodopsin intermediate
after binding to Gt is important for the induction of the nucleotide release fronaitbigbunit of Gt.

The visual transduction process in photoreceptor cells the GDP-GTP exchange reaction (Gt activation) in the pre-
begins with light absorption by rhodopsin, a member of the sence of GTP. It is noteworthy that extra-meta-Il formation
G-protein-coupled receptor family which contains a light- is also abolished in the presence of GOR)( suggesting
absorbing chromophore, Iisretinal (1). Light initiates that Gt, which forms the complex with meta-Il, is in a nuc-
cis—trans isomerization of the chromophore, inducing the leotide-unbound form (empty form) and that the binding of
conformational change of rhodopsin’s protein moiety to form the guanine nucleotide to Gt causes complex dissociation.
an activated rhodopsin stat2{4). This state then triggers  Since Gt in its resting state is in a GDP-bound form, prior
a G-protein-mediated signal transduction cascade that evento forming the complex with meta-1l there would exist a state
tually generates electrical responses in the photoreceptor cellother than meta-Il that could bind to the GDP-bound form
(5, 6). The 11¢isretinal bound in the protein moiety of the of Gt.
rhodopsin acts as an inverse agonist, suppressing the spon- We previously discovered an intermediate state that formed
taneous activation of rhodopsin, while #&iénsretinal acts prior to meta-1l and interacted with G13—15). We called
as an agonist/). Rhodopsin is thus a G-protein-coupled re- this intermediate state meta-lb, because it exhibits an absorp-
ceptor whose intrinsic inverse agonist converts to an agonisttion maximum about 20 nm blue shifted from that of the
upon light absorption. previously identified meta-l (now known as meta-la). Figure

To date, several intermediate states of rhodopsin have beerl illustrates the rhodopsin reaction scheme, including both
identified to occur during the bleaching process. Among these meta-la and meta-lb. We found that meta-Ib could bind to
intermediates, the metarhodopsin Il (meta-Il), which forms Gt and did not induce a GDRGTP exchange reactiod3—
an equilibrium state with its precursor metarhodopsin | (meta- 15). However, because of the limited time resolution of our
1) (8), is thought to be crucial for G-protein activatio®).( spectroscopic techniques, we could only identify this inter-
In the presence of transducin (Gtihe equilibrium shifts in mediate state by using low-temperature spectroscopy and a
favor of meta-Il, indicating that the meta-Il forms a complex detergent-solubilized rhodopstiglycerol mixture. Therefore,
with Gt (10, 11). The excess meta-1l formed in the presence the identification of this intermediate under the physiological
of Gt is called extra-meta-Il, and its formation is abolished conditions and the elucidation of its characteristics distinct
in the presence of GTP). Meta-Il can thus form a complex  from those of meta-Il are important for a better understanding
with Gt in the absence of GTP, dissociating from Gt through of the molecular mechanism of G-protein activation by
rhodopsin.
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Time-Resaled SpectroscopyWe recorded absorption

o~ Photf:rho dopsin spectra usin_g a CCD spectrqphotometer that was s_pecially
\\ Ps constructed in collaboration with Hamamatsu Photonics Co.,
Bathorhodopsin Ltd. This spectrophotometer is able to continuously record
" ns . the spectra (706300 nm) with a wavelength resolution of
BL(BSl)rhodopsin 1.6 nm in time intervals of 9.7 ms. Rhodopsin bleaching in
Lumlrt?:do . the sample caused by monitoring light was about 1.85% after
psin . .
us 100 spectra recordings, which is comparable to that observed
hv Metarhodopsin la in a commercial spectrophotometer, such as the Shimadzu
ms MPS 2000 spectrophotometer. The sample temperature was
Metarhodopsin Ib regulated to within 0.2C by a temperature controller (Neslab
ms RTE-111) that was attached to the sample cell holder. The
Metarhodopsin I sample was then irradiated with a 532 nm light puls& (
i min ns) from a YAG laser (Hoya continuum) 100 ms after the
Rhodopsin Metarhodopsin II measurements began.
Spectral AnalysisThe spectral recording obtained after
Opsin . rhodopsin irradiation was composed of spectral components
11-cleretinal Alltrans-retinal of meta-la, meta-lb, meta-Il, rhodopsin unreacted, and

isorhodopsin produced by photoreaction of intermediates
0(14)' The percentages of intermediates in the sample at
selected times after irradiation were estimated by comparing
the sample spectrum with the spectra of three intermediates
meta-Ib in rod outer segment (ROS) membranes at physi-after subtracting the spectra of the residual rhodopsin and
ological temperature. The results showed that meta-lb existsisorhodopsin from the sample spectrum. The absolute spectra
under physiological conditions. It was also found that meta- of three intermediates are estimated as follows.
Ib interacts with Gt even in the presence of excess GDP such To estimate the meta-Ib spectrum, we compared the
that extra-meta-ll was no longer formed. These results spectral region at wavelengths that were longer than 450 nm
suggest that meta-lb is a physiologically relevant intermediate of the difference spectrum between meta-Ib and meta-I
that interacts with Gt in a manner different from that of meta- (Figure 2B, inset). This was done using a template spectrum
Il. The EGs value of meta-Ib binding to Gt (in the presence derived by Lamb 21) and Govardovskii et al.2@) as a
of GDP) was estimated to be two times larger than that of parameter of the absorption maximum. The best-fitted
meta-1l binding to Gt (in the absence of GDP). The Hill spectrum was considered to be the meta-lb spectrum. The
coefficients are approximately 2 in both cases. The high- meta-ll spectrum was obtained by adding the meta-Ib
affinity (low ECso value) binding of meta-Il to Gt can account spectrum to the difference spectrum between meta-Ib and
for the formation of extra-meta-Il in the presence of Gt, even meta-ll (the sign was reversed). To estimate the meta-la
with the existence of an interaction between meta-lb and Gt. spectrum, the spectrum of the mixture of the three intermedi-
On the basis of these results, we will discuss the activation ates (Figure 5C) was compared with those of meta-lb, meta-
mechanism of Gt by rhodopsin intermediates. II, and the template spectrum whose maximum was set as a
parameter. The best-fitted spectrum was then considered to
MATERIALS AND METHODS be the meta-la spectrum. Because the meta-la spectrum was
Preparation of Urea-Stripped Bine Rod Outer Segment influenced by the contaminating lumirhodopsin (lumi) in-
Membrane and GtUsing a standard discontinuous sucrose termediate Z3), the meta-la maximum was located around
gradient method, rod outer segments (ROS) were isolated500 nm and varied with the sample temperatures (505 nm
from frozen bovine retinaslg). The ROS membranes were at 4 °C and 498 nm at 37C). According to Govardovskii
then treated wit 3 M urea (pH 8.0) and were repeatedly et al. 2), the-band amplitudes of these spectra were fixed
washed with a low ionic strength buffer (pH 7.2) to remove at 26% of those of the-bands. To determine the equilibrium
membrane-associated proteins, such as Gt and PDE, asonstants, the molar extinction coefficients of these inter-
previously described by Shichi et alld). The washed  mediates were assigned according to Applebad).(
membranes were stored-aB0 °C until they were to be used.
Gt was prepared from bovine ROS membranes following RESULTS
the method described by Fukada et 48)( Gta-GTPyS was Interactions of Rhodopsin Intermediates with Ghe
prepared using GTFS instead of GTP, according to the spectroscopic data obtained by the newly developed CCD
method of Phillips and Cerionel®). The concentration of  spectrophotometer are shown in Figure 2A. Rhodopsin in
intact Gt was determined by fluorometric titration, as the sonicated ROS membranes (curve 1 in Figure 2A) at 4
described by Fahmy and Sakmag). °C exhibited an absorption maximum of about 500 nm. A
The membrane samples suspended in buffer (30 mM NaCl,blue shift of the spectrum was caused by irradiation with a
60 mM KClI, 2 mM MgCh, 1 mM dithiothreitol, and 40 mM laser pulse (curve 2 in Figure 2A). We observed an
MOPS, pH 7.0 at 2C) were sonicated on ice at low power absorbance increase at about 380 nm with a concurrent
(dial was set to 3 of 10) in nitrogen for 90 s with a sonicator decrease at about 480 nm (curvesla in Figure 2A).
(Ultrasonic W-220). This was done to diminish turbidity. Eighteen seconds after irradiation (curve 11 in Figure 2A),
The ROS samples containing 751 rhodopsin were then  spectral changes were apparently complete, indicating the
subjected to spectroscopic measurements. formation of an equilibrium state. The enlarged spectral

Ficure 1: Photobleaching process of bovine rhodopgia—46).
The time domains of the transitions between intermediates observe:
at room temperature are shown to the right of the arrows.
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small amount of absorbance at 380 nm of the b1-spectrum
suggests that no intermediate having a deprotonated Schiff
base (e.g., meta-ll) is formed in this reaction. On the other
hand, the second component (b2-spectrum) shows positive
and negative peaks at 380 and 478 nm, respectively (curve
2 in Figure 2B), indicating that this spectrum exhibits the
formation process of meta-ll. The time constant of this
reaction is 538t 15 ms, which is similar to that reported in
previous studies26). From these results, we conclude that
the first component mainly demonstrates the conversion
process from meta-la to meta-lb and that the second

. T . component mainly demonstrates the conversion process from
B /\ 7 meta-Ib to meta-1l. The absorption maximum of meta-Ib was
further calculated from the difference spectrum between

! ! ! meta-lb and meta-Il (Figure 2B, inset), which was obtained
400 500 by the methods described by Tachibanaki et &).(The
resulting value is 476t 1.5 nm, which is consistent with
the value previously reported 4).
. To investigate the effect of Gt on the formation processes
of meta-lb and meta-Il, we prepared two samples in addition

! \ ! s ! to the sample containing only rhodopsin. One of these two
400 500 600 contains rhodopsin and Gt (sample T), and the other contains
rhodopsin, Gt, and GTF5 (sample G). The sample contain-
ing only rhodopsin is denoted as sample R. The spectral
F'fGLrJ]FSZ(Z): s'i:r?irrr??zt(igg \C,’vfit?:gtggg:nrpnelt:;ebr, alTlgemaett‘Z-(”Al)))éir:i?;g}ion changes of these samples were measured after irradiation,
ofr L .
changespobserved after irradiation of rhogopsin in ROS ﬁwembraness'm”ar to the m(?thod described "?‘bo"e- We theln co.mpared
with a 532 nm laser pulse at %C. The spectra obtained at 9.7, the spectra obtained at selected times after the irradiation of
19.4, 29.1, 67.9, 155.2, 446.2, and 892.4 ms and 5, 9, and 18 sthe samples. One is those obtained 67.9 ms after the
after the irradiation are displayed (curves-PL, respectively).  irradiation and the other is those obtained 18 s after the

Approximately 20% (1.5M) of total rhodopsin was activated by jrradiation. The former reflects the formation of meta-Ib and
a single laser flash. Inset: Difference spectra (curveslZ) the latter the formation of meta-I|

calculated by subtracting the spectrum recorded before irradiation : . .
(curve 1) from the spectra recorded at selected times afterward 1he spectrum obtained 67.9 ms after irradiation of sample

(curves 2-11). (B) Two b-spectra (curves 1 and 2) calculated from T (curve T1 in Figure 3A) exhibited a larger absorbance at
the spectral change shown in Figure 2A and the difference spectrumabout 465 nm when compared to the spectrum obtained from
between lumi and meta- (curve a, broken curve). Curves 1 and 2 g5 yp1e R (curve R1 in Figure 3A). The large absorbance at
represent the first and second b-spectra, respectively. Curve a was - .
calculated from the lumi and meta-I spectra obtained from the low- about 465 nm originates from accumulation of the meta-Ib,
temperature spectroscopf]. Inset: Difference spectrum between —and therefore, this observation indicates the transient stabi-
the first and second b-spectra calculated after normalizing the lization of meta-lb in the presence of Gt. The spectrum
absorbance at 565 nm, which reflected the spectral component recorded at 18 s after irradiation of sample T (curve T2 in
of meta-Ib. Figure 3A) exhibited an absorbance at 380 nm due to the
changes are shown in the inset of Figure 2A, where theseformation of meta Il larger than that of the spectrum obtained
changes are expressed as the difference spectra (curves 2 from sample R (curve R2 in Figure 3A), indicating that an
11 in the inset of Figure 2A) calculated by subtracting curve excess amount of meta Il was accumulated in the presence
1 from curves 2-11 in Figure 2A. The spectral changes were of Gt. These results indicate that Gt interacts with both meta-
analyzed by using singular value decomposition (SVD) and Ib and meta-Il and, hence, changes the thermal behavior of
the global fitting method, and we found that they expressed the intermediates. The addition of GJf® abolished the
two exponential reactions (Figure 2B). excess formation of meta-1l but not the transient stabilization
The time constant of the first component was calculated of meta-lIb by Gt. Namely, the spectrum obtained at 67.9
to be 13+ 3 ms by the methods described above. However, ms after the irradiation (curve G1 in Figure 3A) was the
the value is too short to be precisely determined by our same in shape as that obtained in pnesenceof Gt (curve
experimental setup with the time resolution of 9.7 ms. Thus T1 in Figure 3A), while that recorded at 18 s after the irra-
we estimated the time constant to be about 10 ms. Thediation (curve G2 in Figure 3A) was the same in shape as
corresponding spectrum (b1-spectrum) exhibited positive andthat recorded in thabsenceof Gt (curve R2 in Figure 3A).
negative peaks at 440 and 515 nm, respectively (curve 1 in To analyze the interaction modes of Gt with these two
Figure 2B). This spectrum differs in shape from the lumi to intermediates kinetically, we plotted the changes in absor-
meta-| difference spectrum having positive and negative bance at 465 nm as functions of the incubation time after
peaks at 450 and 530 nm, respectively (curve a in Figure irradiation (Figure 3B). In comparison with sample R that
2B), which was calculated from the spectra obtained by contains only rhodopsin (broken curve in Figure 3B), the
conventional low-temperature spectroscopy-80 °C (25) time profile of sample T that contains rhodopsin and Gt (solid
after correcting the temperature-dependent changes of thecurve in Figure 3B) showed larger positive absorbance up
spectral shapes of intermediate assuming that these aré¢o 1 s incubation and larger negative absorbance after 1 s.
identical with that of original rhodopsir28). In addition, a The former change is due to the transient stabilization of
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Ficure 3: Effects of Gt, GDP, and GTFS on the thermal behavior Time (sec)
of meta-Ib and meta-II. (A) Effects of Gt and G)F® on the spectra
recorded at 67.9 ms and 18 s after irradiation of rhodopsin in ROS 1.0k OeE
with a 532 nm laser pulse at AC. The difference spectra are . -@- 465nm o
calculated by subtracting the spectra recorded before irradiation 8 ~O-885nm ¢
from those recorded after 67.9 ms (curves R1, T1, and G1) and 18 < sk o ;‘
s (curves R2, T2, and G2) incubation. Curves R1 and R2 (dotted ES s
curves) are obtained from the sample containing only rhodopsin & C O e
(7.5 uM). Curves T1 and T2 (broken curves) are obtained from S 00O @
the sample containing rhodopsin (#b1) + Gt (8.1uM). Curves T
G1 and G2 (solid curves) are obtained from the sample containing 0.1 1 10
rhodopsin (7.%M) + Gt (8.1uM) + GTPyS (200uM). (B) Effects Gt (uM)

of Gt and GTRS on the kinetics of meta-lb and meta-Il.
Absorbance changes at 465 nm during incubation after irradiation FiGure 4: Effects of Gt concentration on the decay and formation
of the samples containing rhodopsin (broken curve), rhodopsin  of meta-lIb and meta-Il, respectively. (A) Time courses at 465 nm
Gt (solid curve), and rhodopsih Gt + GTPyS (dotted curve) are  (due to the decay of meta-Ib) of the sample containing rhodopsin
plotted as a function of the time monitored. (C) Effects of Gt and (pH 7)+ GDP (200uM) with increasing Gt concentration [0 (solid
GDP on the kinetics of meta-lb and meta-1l. Absorbance changes circles), 1.6 (open circles), 4.0 (open triangles), and 8.1 (open
at 465 nm of the sample containing rhodopsin (broken curve), squaresuM]. (B) Time courses at 385 nm (due to the formation
rhodopsin+ Gt (solid curve), and rhodopsitt Gt + GDP (200 of meta-1l) of the sample containing rhodopsin (pH 8) with
uM) (dotted curve) are plotted as a function of the time monitored. increasing Gt concentration [0 (solid circles), 1.6 (open circles),
(D—G) Effects of Gt subunits on the kinetics of meta-lb and meta- 4.0 (open triangles), and 8.1 (open squagéd). (C) The increase

Il. Absorbance changes at 465 nm during incubation of the in absorbance at 465 nm at 67.9 ms due to the transient stabilization
irradiated samples containing rhodopsirGta(GDP) (8.1uM) (D), of meta-Ib (solid circles) and that at 385 nm at 18 s due to the
rhodopsin+ Gto(GTPyS) (8.1uM) (E), rhodopsin+ Gt3y (8.1 formation of extra-meta-Il (open circles) are plotted as functions
uM) (F), and rhodopsint- Gto(GTPyS) + GtBy (8.1uM) (G) are of the Gt concentration in the samples. The difference in absorbance
plotted as a function of the time monitored. The time course of the between the samples containing Gt and the sample containing only
sample containing only rhodopsin (broken curve) is overwritten rhodopsin is calculated.

on all panels as a control.

meta-Ib is clearly shown to bind to Gt in a different manner
meta-Ib and the latter to the formation of extra-meta-Il. The than that of meta-II.
formation of extra-meta-1l was abolished by the addition of
GTPyS (sample G), where only the larger absorbance up to
1 s incubation, which reflects the transient stabilization of
meta-Ib, was observed (dotted curve in Figure 3B). These
results are consistent with those obtained at 63 °C by

We next examined whether the different Gt subunit types
could interact with rhodopsin intermediates (Figure-3B).
The results showed that none of them stabilized meta-Ib or
meta-ll, indicating that both the transient stabilization of

low-temperature time-resolved spectroscopy using the de_m_eta—!b and the formation of extra-meta-ll require the
tergent-solubilized rhodopsirglycerol sample 13—15). trimeric form of Gt (Gt-GDP and Gfy).
Therefore, we can conclude that the interaction of meta-lb  Comparison of the Binding Affinity between Meta-Ib and
with Gt can be observed even in the physiologically relevant Meta-Il to Gt. We studied the effect of Gt concentration on
ROS sample at 4C. its interactions with meta-lb and meta-Il in order to
Binding of Meta-Ib to GDP-Bound Git has been reported ~ distinguish the difference between these two binding states.
that, like GTP and GT{S, GDP can also abolish the Panels A and B of Figure 4 show the time courses of the
accumulation of extra-meta-ILp). It is therefore of interest ~ absorbance changes at 465 and 385 nm in the presence of
to investigate whether GDP can affect the binding charac- different Gt amounts. We observed that the interactions of
teristics of meta-Ib to Gt. Figure 3C shows that the addition Gt with meta-lb and meta-Il increase their absorbance at 465
of GDP to the sample containing rhodopsin and Gt abolished and 385 nm, respectively. Their absorbances are plotted as
extra-meta-Il formation but did not affect the transient functions of the Gt concentration in the sample (Figure 4C)
stabilization of meta-lb by Gt. According to these results, and were analyzed with the equation:
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AAmax

A=— - | AN 0.1
L+ (EGGH)" o \\ |

where AA and AAnax are the increment and maximum 1 e
. . ; it K:M\ 34 36
increment in absorbance at 465 or 385 nm, respectively, EC L 1000/T

is the concentration that produces half-saturation, and [Gt] ;;;m
andny are the Gt concentrations added to the sample and™ |+ '+, ::mﬁ
Hill coefficient, respectively. U /

The EGy value for the interaction with meta-Ib is 3uM 01FA 7 1 v 7
with a Hi!l coefficient qf '2.3, and the E& with meta-ll'is o ] 0 100 200 500
1.6 uM with a Hill coefficient of 2.2. These results indicate Wavelength (nm)
that the affinity of meta-II for Gt is higher than that of meta- i . . i . i
Ib, accounting for the formation of extra-meta-1l in the A MibMia
equilibrium state, even in the presence of an interaction A e m::jm:bml) ;
between meta-lb and Gt.

Presence of Meta-Ib at 37C. To evaluate the physiologi-
cal contribution of meta-Ib to the Gt activation process, we
measured the equilibrium state spectra at different temper-
atures, from 0 to 37C, and investigated how much meta-
Ib was present in the equilibrium mixture at physiological
temperatures. . . s . s s

Figure 5A shows the absorbance time profiles at 465 nm 400 500 82 83 34 35 36
for different temperatures. As already shown in Figure 2, Wavelength (nm) 100077

meta-la (a quasi-equilibrium state of meta-la and lumi) FIGURE 5: Estimation of the amounts of meta-lb and meta-Il in

. i ik . the equilibrium mixture produced by irradiation of rhodopsin with
converts to meta-Ib (a quasi-equilibrium state of meta-la and a 532 nm laser pulse at®7 °C. (A) Temperature dependence of

Ib) with a time constant of about 10 ms at ¢ The_ the time course of absorbance changes at 465 nm at 4, 7, 10, 15,
spectrophotometer cannot resolve the conversion at higherg, 30, and 37C (plots 1-7), respectively (pH 7.0). Time constants
temperatures because it occurs too quickly. The decrease irderived from exponential fitting curves are listed in Table 1. Inset:
absorbance at 465 nm reflects the conversion from meta-IbArrhenius plot for the observed decay rate constant of meta-Ib. The

to meta-Il. The conversion time constants at various tem- decay rate constant at 3C is estimated by extrapolation of the
' values calculated below 2XC. (B) Difference spectra calculated

peratures are listed in Table 1. by subtracting the spectra recorded before irradiation from those
An equilibrium state among meta-la, meta-Ib, and meta- recorded after reaching equilibrium at each temperature (curves

Il was reached after the absorbance decrease at 465 nm du&—7). (C) Absolute spectra of meta-I and meta-Il in the equilibrium
to the conversion from meta-Ib to meta-ll. An increase in State at each temperature (curves7) calculated by subtracting

: ) _ the rhodopsin and isorhodopsin spectra from the difference spectra
absorbance due to the formation of meta-lll was then ob shown in Figure 5B. The broken smooth curves are the fit curves

served. The time profiles given in Figure 5A indicated that of the three absolute spectrum approximations (see text). (D) Van't
the equilibrium states were formed during the time period Hoff plot of the equilibrium constants. Equilibrium constants of
from 1 to 5 s after irradiation at various temperatures ranging meta-la/meta-Ib (solid triangles), meta-lb/meta-ll (solid circles), and
from 4 to 37°C. Figure 5B shows the difference spectra the total amount of meta-l/meta-Il (open circles) are plotted against
between the equilibrium states and original rhodopsins, andthe reciprocals of the temperature at which they were estimated.
Flgyre 5C shows thev\?peCtr.a of (tjh?] e.qu”lbnudm states at Table 1: Meta-1l Formation Time Constants and Equilibrium
Yanous ter_n_pe_ratures. e est'_mate the intermediate amognt%onstants Derived from Kinetic and Equilibrium Data

in the equilibrium state by fitting the spectrum of the equi-
librium state with the spectra of these intermediates. It should

o
=
Ink

at 465 nm

. 0.0

diff. Abs.
o
o

Abs

+
o4
{/+
++ + + + +

diff

0.1

Absorbance

—7

temp €C) 7 (ms) KedMIb/MIa)  Ke(MII/MIb) % MIb

be noted that meta-Ib is present in the equilibrium mixture 4 538 (15) 1.65 1.03 37.9
at 37°C (Figure 5C), suggesting the physiological contribu- 15 iéi ((ég)) i:gz 1:421% gg:g
tion of meta-Ib to signal transduction on the ROS membrane. 15 55 (4) 23 1.96 295
Using these intermediate amounts in the equilibrium states, 20 19 (2) 2.67 2.9 23.4
the Kes among meta-la, meta-lb, and meta-Il at different 30 6 (1p 3.37 5.32 151
37 0.7 (0.2) 3.89 8.25 10.5

temperatures were calculated (Table 1). In Figure 5D, the

estimated equilibrium constants between the three intermedi- *Time constant 1) values were obtained from the exponential
ates were plotted against the reciprocal of the temperature2n@ysis of the spectral change due to meta-1 decay and meta-ll
ormation. Equilibrium constants were obtained from the spectral

(1/T). The thermodynamic parameters can then be determine eparation analysis (see text) of the spectra of the equilibrium states

by the van't Hoff equations: among meta-la, meta-lb, and meta-ll (Figure 5C). The values in
parentheses are estimated standard deviatfangalues at 30 and 37
AH = —Rd(In K)/d(1/T) °C were obtained from extrapolation of thevalues of 4-20 °C.
AG=—RTInK

The calculated\H values are\Hyipmia = 4.6 £ 0.2 kcal/
InK=—AH/RT+ ASR mol andAHyymp = 11.2+ 0.2 kcal/mol. If we consider a
whereAH, AG, AS K, R, andT are the change in enthalpy, mixture of meta-la and meta-lb as a single component (meta-
change in free energy, change in entropy, equilibrium 1), we then haveAHwimi -0t = 12.4 £ 0.4 kcal/mol and
constant, gas constant, and temperature, respectively. AS= 43.8+ 0.6 cal mot! deg?, which are similar to the
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Scheme 1 Scheme 2
K1 K1
Meta-Ib + GtGDP _ > Meta-Il + GtGDP Meta-Ib + GtGDP = Meta-Il + GtGDP
K2 H K2 H
Meta-lb - GtGDP Meta-Ib - GtGDP
ot <y
Meta-Il - Gt + GDP Meta-1l - GtGDP
values that were previously reported using the R@% Z8) K4 H

and detergent-solubilize®,(29) conditions. Meta-Il - Gt + GDP

DISCUSSION Scheme 3

K1

In the present study, we used a CCD spectrophotometer
Meta-lb + GtGDP = Meta-ll + GtGDP

to demonstrate that meta-Ib was detected in a physiologically

relevant ROS sample at 3€. We also demonstrated that Ko H K5 H
meta-lb binds to the GDP-bound Gt, a physiological form K3

of Gt. The EGp value of meta-Ib binding to Gt is two times Meta-Ib - GtGDP > Meta-ll - GtGDP
larger than that of meta-Il binding to Gt, while the Hill

coefficients are about 2 in both cases. On the basis of these K4 H
findings, we discuss the binding mechanism of meta-Ib and Meta-ll - Gt + GDP

its physiological role in Gt activation.

Binding to Gt Prior to the Deprotonation of the Schiff Base for the experimental facts. In Schem&i(n=1, 2, 3, ...)
Chromophoreln vertebrate phototransduction, meta-Il for- are the equilibrium constants.
mation has been thought to be crucial in the binding to Gt From Scheme 1, it was expected that the addition of excess
and inducing a GDPGTP exchange reaction on the GDP caused the shift of the equilibrium between meta-Ib
o-subunit of Gt (activation of Gt). Because it is the GtGDP and meta-iGt + GDP toward meta-RGtGDP,
intermediate that has a deprotonated Schiff base chro-resulting in accumulation of the species having visible
mophore, loss of the electrostatic interaction between the absorption spectra (meta-lb and mets@tGDP) in the
Schiff base and the Glul13 counterion through a proton equilibrium. More importantly, this equilibrium state should
transfer has been considered to be important for the bindingcontain the visible-absorbing species more than the equilib-
and activation of Gt30). On the other hand, we found that  rium state in the absence of Gt and GDP does, because the
meta-Ib, the precursor of meta-Il, can bind to Gt prior to equilibrium in the presence of Gt and an excess amount of
meta-Il formation, though it cannot induce the exchange GDP contains the state meta-®tGDP which is not present
reaction on theo-subunit of Gt. These findings strongly in the equilibrium in the absence of Gt and GDP. However,
suggest that the interaction between photoactivated rhOdOpSil’despite our extensive efforts of changing Gt and/or GDP
and Gt can occur regardless of the existence of the protonconcentrations in the sample, we could not detect a measur-
at the Schiff base. That is, the deprotonation of the Schiff aple difference in the spectrum between these two states.
base is not directly related to the binding of the rhodopsin These results lead us to speculate that the me@Gt@&DP
intermediate to Gt. should be in equilibrium with a complex expressing meta-

By using the engineered cross-linkages, it was demon- II-GtGDP, which also forms in equilibrium with meta-II-Gt
strated that meta-Il has the protein structure that is created+ GDP, and the reaction scheme should fulfill one of the
by the separation of the cytoplasmic ends of helices Il and following two conditions: (1) The equilibrium constaris
VI (31, 32), while the preceding protonated intermediate does andKjz should be identical (Scheme 2). (2) Meta@tGDP
not have a similar arrangemer83]. Combined with our and meta-1+- GtGDP should be mutually convertible with
results, it is suggested that the massive helical rearrangemengquilibrium constanKs, andK; = Ks (Scheme 3).
is not necessary for the binding of the rhodopsin intermediate At present, we do not have any experimental evidence
to Gt but is essential for the GDFGTP exchange reaction  about which reaction scheme is true. Therefore, we combined
on Gt. In this sense, meta-Ib can be regarded as “the Gtthese two schemes into Scheme 4. Meta-Il forming a
binding state with minimum helix rearrangemen84) and complex with GDP-bound Gt (meta-HGt-GDP, Scheme 4)
meta-Il as “the active state with massive helix rearrangement” should have a protein structure different from that of meta-
(32). Il —Gt (extra-meta-Il), although they have similar absorption

As previously described, the addition of excess GDP to maxima. Characterization of these two states would be
the sample completely inhibited the formation of extra-meta- important for furthering our understanding of the Gt activa-
Il, whereas it does not perturb the binding of Gt to meta-lb tion mechanism by rhodopsin. In this context, there are
(Figure 3C). These results indicate that Gt forming a complex reported two meta-Il states which are identical in absorption
with meta-Il has no GDP in its nucleotide binding site, while spectrum but are different in protein structure. These states
that forming a complex with meta-lb is in a GDP-bound were named meta-lla and meta-llb, which are distinguished
form. Thus, we first thought that Scheme 1 could account by the protonation state of glutamic acid at position 134



9942 Biochemistry, Vol. 44, No. 29, 2005 Morizumi et al.

Scheme 4 needed for binding to meta-1b; however, both leucines are
Meta-Ib + GtGDP < Meta-Il + GtGDP required for binding to meta-ll. These differences demon-
o strate that the binding affinity of meta-Il is higher than that
N N of meta-Ib. It was also reported that the C-terminus of Gt
Y interacts with meta-1140, 41). The fact that meta-Ib exhibits
Meta-lb - GtGDP _ Meta-Il - GtGDP the same Hill coefficient as meta-Il therefore suggests that

the C-terminus of Gt also interacts with meta-1b, although
the values of Hill coefficients do not tell how many Gt
subunits participate in binding with rhodopsin intermediates.
In conclusion, we have identified meta-Ib, the binding state
(Glu134), resulting in different protein conformatiorg). of GDP-bound Gt, under physiologically relevant conditions.
Meta-lIb is formed from meta-Ila by the protonation of the To our knowledge, this is the first time to identify the binding
glutamic acid and it is the state that forms the extra-meta-Il, state of GDP-bound G protein in the rhodopsin system as
while meta-lla is the state that does not interact with Gt. well as other GPCR systems that are activated by diffusible
Therefore, these two states may not be the same as the statezgonist ligand. Therefore, the elucidation of the binding

H

Meta-Il - Gt + GDP

described above, but detailed investigation should provide
insight into the Gt activation mechanism by rhodopsin.
Our results clearly showed that meta-Ib forms a complex
with GDP-bound Gt. If meta-Ib is the only state that can
form a complex with GDP-bound Gt, the process of Gt

mechanism of meta-lb to G protein will give valuable
information about, for example, the dynamic mechanism of
G-protein activation in a rhodopsin system as well as a
typical GPCR system.

activation should proceed through at least three steps: theACKNOWLEDGMENT

first is the binding of meta-lb to GDP-bound Gt, the second
is the conversion of meta-Ib to meta-II in the complex, and
the third is the conversion to another form of meta-Il with
release of GDP from the complex. The meta-@t complex

is then bound to GTP, followed by dissociation into meta-
IIb and thea- andSy-subunits of Gt. For activation of the
next GDP-bound Gt, the meta-IIb that dissociates from Gt
should convert to meta-Ib. In our kinetic analyses, the time
constant for the reverse reaction from meta-1l to meta-1b at
37°C was estimated to be 5.8 ms by multiplying the apparent
time constant and the equilibrium constant at°8/shown

in Table 1. The apparent time constant at 37 was
estimated by extrapolation of the time constants calculated
from the data obtained over the temperature range from 0 to
20°C. Considering that the amount of meta-Ib present under
the equilibrium conditions at 37C is about 10% and the
theoretical limit of the R*=Gt-GDP encounter rate is 7000
s1 (36), the meta-Ib-Gt-GDP encounter rate might be in
the range of 150 Gt*/s. On the other hand, the maximal rate
for Gt activation was estimated to range freni20 Gt*/s

per R* by biochemical measuremerd7f to >1300 Gt*/s

per R* by light scattering measuremerg88( 39). If we
attempt to explain the higher rates obtained from light

scattering measurements, it is appropriate to consider that

GDP-bound Gt can bind not only to meta-1b but also to meta-
Il (Scheme 4).

Comparison of the Gt Binding Characteristics of Meta-Ib
and Meta-11.To quantitatively compare the binding affinity
to Gt between meta-Ib and meta-Il, we calculated thg,EC
values of the binding of these intermediates to Gt from the
experimental results that are shown in Figure 4. The meta-
Ib and meta-Il EGy values are 3.2 and 16\, respectively.
The difference in affinity between these intermediates could
cause an equilibrium shift toward meta-1l in the presence of
Gt, even though meta-Ib also has the ability to bind to Gt.

It should be noted that the Egvalues of these intermedi-
ates are different from each other, indicating the different
characteristics of their binding sites. We previously reported
that meta-Ib binds to the C-terminus ofdsin a manner
different from that of meta-1115). This means that only one
of the two leucines located at the C-terminus ofG$

We thank Drs. Shuji Tachibanaki, Akihisa Terakita, and
Takahiro Yamashita for helpful discussions.
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