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Shuji Tachibanakt,Hiroo Imai} Taku Mizukamit$ Tetsuji Okadd;' Yasushi Imamotd;” Takahiko Matsud&y
Yoshitaka Fukadé,Akihisa Terakita; and Yoshinori Shichida*

Department of Biophysics, Graduate School of Science, Kyotoelsiiy, Kyoto 606-01, Japan, and Department of
Biochemistry and Biophysics, Graduate School of Science, Theetdity of Tokyo, Tokyo 113, Japan

Receied April 22, 1997; Reésed Manuscript Receéd August 27, 1997

ABSTRACT: To identify how many rhodopsin intermediates interact with retinal G-protein transducin, the
photobleaching process of chicken rhodopsin has been investigated in the presence or absence of transducin
by means of time-resolved low-temperature spectroscopy. Singular value decomposition (SVD) analysis
of the spectral data showed that a new intermediate called mist@riesent between formally identified
metarhodopsin | (now referred to as mejaahd metarhodopsin Il (meta Il). Since the absorption maximum

of meta |, (460 nm) is similar to that of metg (480 nm), but considerably different from that of meta

Il (380 nm), meta § should have a protonated retinylidene Schiff base as its chromophore. Whereas
transducin showed no effect on the conversion process between lumirhodopsin (lumi) and, nteta |
affected the process between metand metayd and that between metg &nd meta Il. These results
suggest that at least two intermediates (metanid meta Il) interact with transducin. The addition of
GTPyS had no effect on the metg-itransducin interaction, while it abolished the ability of transducin

to interact with meta Il. Thus, metg bnly binds to transducin, while meta Il catalyzes a GEFTP
exchange in transducin. These results suggest that deprotonation of the Schiff base chromophore is not
necessary for the binding to transducin, while changes in protein structure including Schiff base
deprotonation are needed to induce the GIBH'P exchange in transducin.

The visual transduction process in rod photoreceptor cellsleading to the binding and activation of transducin has been
begins with photon absorption by the visual pigment rhodop- highlighted for many years.

sin, which is a member of the family of G-protein-coupled  The first implication that metarhodopsin Il (meta 1) could
receptors and contains Tsretinal as a light absorbing e an active state of rhodopsin came from the biochemical
Egﬁmﬁﬁg?;i (cvi\gatlga;nlsgifss%mf:irzga:z\(;ﬁ i‘f“t/lrfe[)(():\rqu%”rhégﬁgz.e evidence that phosphodiesterase was activated even at low
; ) i temperature where meta Il did not convert to the subsequent
(Hubb_ard & P_(ropf, 1958; Yoshizawa & Wf.ild’ 19_63). to form intermediate, metarhodopsin Ill (meta Ill) (Fukada & Yoshiza-
the primary intermediate, photorhodopsin (Shichida et al., wa, 1981). Then, spectroscopic measurements indicated that

1984). _Subsequ_ent thermal reactions result |n.f.ormat|0n .Of a large amount of meta Il was accumulated in the presence
several intermediates, each of which has a specific absorption

. of transducin and the accumulation was abolished by
spectrum (Hubbard et al., 1959; Yoshizawa & Wald, 1963; . L .
Mpatthews (et al., 1963; Imai et al., 1994), and finally lead to 942N9sIN€ 50-(3-thiotriphosphate) (GTS) (Emeis et al.,

decomposition intall-trans+etinal and the protein moiety 3h98t2r;1HtOfr|rl]?nrrr]111 1985)mT|h?(SW}E;1?rS r?e(;an ?:nerzglly tth?uzght
opsin. During the process, retinal G-protein transducin is at meta il forms a comple ansaucin, and catalyzes

activated through a GDPGTP exchange reaction catalyzed GDP-GTP exchange in the subunit of transducin (Bennett

by rhodopsin intermediate(s). Since the interaction between ! al., 1982; Kibelbek et al., ,1991)' Thesg findings also
rhodopsin intermediates and transducin is the critical Stepsuggested that the deprotonation of the Schiff base, charac-

of the visual transduction cascade, the molecular mechanismi€"istic of meta I, was essential for the activation of
transducin (Longstaff et al., 1986; Robinson et al., 1992).
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argument that molecular events beside the Schiff baseof rhodopsin intermediates, each subunit (@ Tgy) was
deprotonation should be crucial for the activation of trans- separately concentrated after changing the buffer. It should
ducin by rhodopsin. be noted that & prepared under our experimental conditions

A|though the ph0t0b|eaching process of rhodopsin has is a GDP-bound form (KleUSS et al., 1987; Yamazaki et a.l.,
been extensively investigated by means of various spectro-1987; Noel et al., 1993; Lambright et al., 1994) and can form
scopic techniques, the interaction with transducin has beenheterotrimer with By (Fukada et al., 1994). The protein
investigated only at the meta Il stage. Thus, we have concentrations were estimated by the method of Bradford
investigated the photobleaching process of rhodopsin in the(1976) using bovine serum albumin as a standard. The
presence or absence of transducin by means of time-resolvedample was stored at80 °C until use.
low-temperature spectroscopy, to examine whether or not Time-Resaled Low-Temperature Spectroscopyo in-
meta Il is the sole intermediate which interacts with Vestigate the effects of transducin and G®on the
transducin. Current findings indicate that the intermediate bleaching process of rhodopsin, the following three samples
formed before meta Il also binds to transducin, though it in buffer A supplemented with 50% glycerol were pre-
does not induce the GDFGTP exchange reaction in Ppared: Sample A contained 3.@M rhodopsin, sample B
transducin. The molecular mechanism leading to the activa- contained 3.0M rhodopsin and 9.6@M transducin, and

tion of transducin by rhodopsin intermediates is discussed. Sample C contained 3.9 rhodopsin, 9.6Q«M transducin,
and 421uM GTPyS.

Absorption spectra were recorded on a Shimadzu MPS-
2000 recording spectrophotometer interfaced to a personal
Preparation of RhodopsinRhodopsin was extracted from  computer (NEC PC9801RA). An optical cryostat (Oxford,

chicken retinas by a mixture of CHAPS and PC and purified CF1204) with an optical cell of 1-cm light path was used to
by means of column chromatography (Okano et al., 1989; record the spectral changes at low temperatures. The sample
Imai et al., 1994). The purified rhodopsin in buffer A[0.6% temperature was regulated to within 0 by a temperature
(wiv) CHAPS, 0.8 mg/mL PC, 20% (w/v) glycerol, 50 MM  controller (Oxford, ITC4) attached to the cryostat. The
HEPES, 140 mM NaCl, 2mM Mggl1 mM DTT, 0.1 mM  sample was irradiated with light from a 1-kW tungsten
PMSF, 4ug/mL leupeptin, 50 KIU/mL aprotinin, pH 7.5 at  halogen lamp (Rikagaku-Seiki). The wavelength of the

4 °C] was stored at-80 °C until use. The concentration of jrradiation light was selected with a glass cutoff filter

rhodopsin in the sample was estimated by its absorbance afToshiba). A 5-cm water layer was placed in front of the

MATERIALS AND METHODS

the maximum (503 nm, molar extinction coefficient
40 500; Okano et al., 1992).

Preparation of Transducin.Transducin was purified from

light source to remove heat from the irradiation light.
Thermal reactions of intermediates initiated by irradiation
of the rhodopsin sample at35 or —25 °C were monitored

fresh bovine retinas according to the method reported by by recording absorption spectra with intervals of-23® min
Fukada et al. (1994). Briefly, transducin was extracted from until the reactions were almost saturated. The recording of

bovine ROS membranes with hypotonic buffer B (5 mM Tris,
0.5 mM MgCl, 0.1 mM PMSF, 4g/mL leupeptin, 50 KIU/
mL aprotinin, 1 mM DTT, pH 7.2 at £4C) supplemented
with 100uM GTP. Then it was applied to a Blue Sepharose

each absorption spectrum in the wavelength region from 750
to 330 nm required 66 s.

The amount of rhodopsin photoconverted to the intermedi-
ate(s) by the irradiation at low temperature35 or —25

(Pharmacia) column which had been equilibrated with buffer °C) was estimated as follows: The irradiated samplez/

B. Transducino subunit (To)) bound to the column, while
its By subunit (3y) flowed through the column. ThusoT
was eluted from the column with buffer C (10 mM MOPS,
600 mM NaCl, 2 mM MgC}, 0.1 mM PMSF, 4ug/mL
leupeptin, 50 KIU/mL aprotinin, 1 mM DTT, pH 7.5 at 4
°C). The eluted fractions containing?¥ were applied to a
DEAE-Toyopearl 650S (Tosoh) column from whicfijTwas
eluted with buffer C. & and T3y fractions were then
applied to a gel filtration column, Superdex 75-pg HiLoad
26/60 (Pharmacia), from which they were eluted with buffer
C. Ta was eluted as a single peak, whilgyTwas eluted

—25°C was warmed to 20C, and 1 M hydroxylamine was
added to the sample at a final concentration of 10 mM,
followed by incubation at this temperature until intermediates
produced by the irradiation were completely converted to
retinal oxime and opsin. Then the sample was cooled to
—35/-25°C to record the spectrum. To bleach the residual
rhodopsin and a small amount of isorhodopsin present in
the irradiated sample, the sample was irradiated with yellow
light (=500 nm light) at ®C, and the spectrum was recorded
at —35/—25 °C. The difference spectrum between these
spectra at wavelengths longer than 500 nm was then

as two peaks, which contained farnesylated/nonmethylatedsimulated with the separately obtained spectra of rhodopsin

and farnesylated/methylated forms pfsubunits, respec-
tively. Itis known that the latter form of ff is dominantin

and isorhodopsin (Imai et al., 1994). The total amount of
intermediate(s) produced was calculated by subtracting the

vivo, and we therefore used the latter fractions for the amount of residual rhodopsin and isorhodopsin from that of

experiments. The fractions containe®5% of methylated

the original rhodopsin. Under our experimental conditions,

Ty , which was estimated by the method previously described about 40% of rhodopsin in the sample was photoconverted

(Ohguro et al., 1991). Then equal amounts of dhd T3y

to the intermediate(s).

were mixed, and the buffer was exchanged to 50 mM  Spectral AnalysesThe spectral changes due to the thermal

HEPES, 140 mM NaCl, 2 mM MgGl| 1 mM DTT, 4 ug/
mL leupeptin, 50 KIU/mL aprotinin (pH 7.5 at 4C) using
a gel filtration column (PD10, Pharmacia Biotech), followed
by concentration to about 150M by an ultrafiltration

reactions of intermediates were analyzed by SVD (singular
value decomposition) and global exponential fitting with
computer programs originally written on a NEC PC9821 V10
computer, according to the theory reported previously (Golub

membrane (Centricon-30, Amicon). For the experiments to & Reinsch, 1970; Hug et al., 1990; Henry & Hofrichter,

investigate the effect of @ or TAy on the thermal reactions

1992; Thorgeirsson et al., 1993). First, a set of difference
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Ficure 1: Effects of transducin and/or GJB on the thermal reactions of rhodopsin intermediates at various temperaturesTtaee

samples, each of which contained rhodopsin (sample A) (a), rhodepsinsducin (sample B) (b), or rhodopsintransducir+- GTPyS

(sample C) (c), were cooled te35 °C (curves 1) and irradiated with 570-nm light for 30 s (curves 2), followed by incubation at this
temperature for 2.5, 5, 10, 20, 40, 80, 160, and 320 min (curvéd®R Then the samples were warmed to°2) and 1 M hydroxylamine

was added to the sample at a final concentration of 10 mM. After the spectra were recorelesi°@ (curves 11), they were irradiated

with >500-nm light at 0°C, and the spectra were measured-86 °C. (d—f) Three samples, each of which contained rhodopsin (sample

A) (d), rhodopsint transducin (sample B) (e), or rhodopsintransducirt GTPyS (sample C) (f), were cooled t625 °C (curves 1) and

irradiated with>570-nm light for 30 s (curves 2), followed by incubation at this temperature for 2.5, 5, 10, 20, 40, 80, 160, 320, 640, and
1280 min (curves 312). Then the samples were warmed to°@) and 1 M hydroxylamine was added to the sample at a final concentration

of 10 mM. After the spectra were recorded-a25 °C (curves 13), they were irradiated with600-nm light at 0°C, and the spectra were
measured at-25 °C (curves 14). In the lower panel of each figures, difference spectra obtained by subtracting the spectrum recorded
immediately after the irradiation from the spectra recorded at later times after the irradiation are presented. Each spectrum is the sum of two
spectra recorded by independent experiments.

spectra reflecting the spectral change were calculated byRESULTS
subtracting the spectrum recorded 2.5 min after the irradiation ) . o . .
from those recorded at later times after the irradiation. Then N order to investigate which intermediate(s) interact(s)
the difference spectra whose recording times after the With transducin, we compared the thermal reactions of
irradiation were near 2.5 2°3 min (i = 1, 2, ...,n) were mtermed_late_s of rhodopsm_ in the sampl_e containing on_Iy
selected from the set of difference spectra. After the numbernodopsin with those containing rhodopsin and transducin.
of wavelength points (421 points) of the spectra was reduced W€ &lso investigated whether or not Gi¥>can abolish the -
to 84 points by averaging over each 5 points, these spectracc’“p“,”g between rhodopsm intermediate(s) and transdupm.
were subjected to the spectral analysis. For this purpose, the following thre_e samples were studied;
To estimate how many spectrally distinct intermediates S@MPple A contained only rhodopsin (3.0M), sample B
are needed to reproduce the spectral change within the nois&€ontained rhodopsin (3.01M) and transducin (9.62M),
of the experiments, the difference spectra expressed by a 84nd sample C contained rhodopsin (3/), transducin
x N matrix were transferred to a product of three matrices, (9.601M), and GTR'S (421uM).
U, S, andVT, by means of SVD.U is an 84x n matrix Figure 1 shows the absorption spectra of the rhodopsin
whose columns are called basis spectfis ann x n intermediates in these three samples measured by time-
diagonal matrix whose diagonal elements are singular values.resolved low-temperature spectroscopy. In each experiment,
V is ann x n matrix describing the composition of the the sample was cooled 635 or—25°C and irradiated with
original matrix in terms of the basis spectra. Then the >570-nm light for 30 s, followed by recording the spectral
b-spectra representing spectral changes and their apparerﬁhanges due to the thermal reactions of intermediates. The
time constants were calculated after global exponential fitting SPectral changes due to the thermal reactions are expanded
of the rows of VT with exponential time functions. The in the lower panel of each figure, in which the changes are
number of exponential time functions was estimated by the represented by the difference spectra calculated by subtract-
number of meaningful singular values and basis spectra. Iting the spectrum recorded immediately after the irradiation
should be noted that opposite signed b-spectra are presenteaom those recorded at later times after the irradiation.
in Figures 2, 3, 4, and 5 because of easy comparison with Irradiation of rhodopsin in each sample-&85 °C caused
the spectral changes observed by the low-temperature experia blue-shift of the absorption spectrum with a slight increase
ments. in absorbance, suggesting the formation of a mixture
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FiIGUrRE 2: B-spectra calculated from the spectral changes observe8mand—25 °C using samples containing only rhodopsin (sample

A) (a, d), rhodopsint transducin (sample B) (b, e), and rhodopsitransducir+ GTPyS (sample C) (c, f). In each panel, upper and lower

curves are the first and second b-spectra, respectively. Time constants for the respective b-spectra and the measured temperatures are
shown in the panels. The b-spectra are normalized so that they represent the changes induced by the photoreaction of 1.0 absorbance of
rhodopsin.

containing mainly lumirhodopsin (Imai et al., 1994). Sub- reactions of intermediates did not form an isosbestic point.
sequent incubation at this temperature resulted in a decreas&urthermore, the positive and negative maxima of the
in absorbance at about 520 nm and an increase in absorbancdifference spectrum shifted to the blue as the time of
at about 440 nm (Figure 1a,b,c). The irradiation-&5 °C incubation increased. These facts indicated that at least two
also caused a blue-shift of the spectrum with an increase ofconversion processes took place during the incubation at each
absorbance, but the shift of maximum was slightly larger temperature. The difference spectrum obtained by the long
than that observed at-35 °C. Subsequent incubation incubation at-35°C had a positive maximum at about 440
resulted in an increase of absorbance at about 380 nm withnm (curve 10in Figure 1a), which was different from that
a concurrent decrease of absorbance at about 500 nm (Figuré380 nm) obtained at-25 °C (curve 12 in Figure 1d).
1d,e,f). Although the spectral changes observedz2s °C Therefore, it is unlikely that the intermediate formed at the
represented at least two conversion processes (see below)ater stage of incubation at35 °C is metarhodopsin II. The
the final product formed by the incubation should be meta observed spectral changes do not fit the conventional scheme
I, because it displayed a large absorbance at about 380 nmcomposed of canonical intermediates such as lumi, meta I,
The decay of meta Il was not observed-&5 °C under our and meta II.
experimental conditions, while it was observed-t0 °C In order to estimate how many intermediates were present
(data not shown). in the conversion process from lumi to meta Il, we have

The most prominent effect induced by the addition of analyzed the spectral changes by means of singular value
transducin in the rhodopsin sample was the accumulation of decomposition followed by calculation of b-spectra and their
metarhodopsin Il. Namely, the difference spectrum obtained apparent time constants (Figure 2).
by irradiation of rhodopsin in the presence of transducin at  The spectral changes observed-85 °C were expressed
—25 °C (curve 12 in Figure 1e) displayed absorbance at by two b-spectra, indicating that the changes are not due to
380 nm significantly larger than that obtained in the absencethe single decay of lumi to meta | as previously inferred
of transducin (curve 12n Figure 1d). Thus, a large amount from the conventional warmingcooling experiments
of metarhodopsin Il was accumulated in the presence of (Yoshizawa & Shichida, 1982). Since both b-spectra show
transducin. On the other hand, the presence of &P no absorbance peaks below 400 nm (Figure 2a,b,c, upper
caused little enhancement of the formation of metarhodopsinand lower curves), these spectra do not reflect the formation
Il even in the presence of transducin (curvé RFigure of meta Il. Thus, it is reasonable to speculate that at least
1f), suggesting that GTFS can abolish the interaction two intermediates are present in the conversion process from
between metarhodopsin Il and transducin. These results ardumi to meta Il and they have absorption maxima located in
consistent with those reported previously (Hofmann, 1985), between those of lumi and meta Il. Hereafter, the two
and also indicate that the coupling of rhodopsin intermedi- intermediates are referred to as metand metay. The
ate(s) with transducin is monitored under our experimental first b-spectrum reflects the decay of lumi to metaahd
conditions. the second b-spectrum the decay of mettoIimeta §.2 It

An interesting observation was that at each temperatureshould be noted that the apparent time constant for the first
(—35 or —25 °C), the spectral changes due to the thermal b-spectrum was significantly smaller (18 times) than that for
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L is that the b-spectrum obtained in the presence of transducin
. and GTR'S (lower dashed curve in Figure 3 and dashed
curve in Figure 4a) was similar in shape to that obtained in
the presence of transducin (lower solid curve in Figure 3
and solid curve in Figure 4a), but different from that obtained
in the absence of transducin (lower dotted curve in Figure 3
and dotted curve in Figure 4a). These results indicated that
i the addition of GTRS had no effect on transducin binding
to meta ). Therefore, we concluded that metairiteracts
with transducin but does not induce the GBBTP exchange
reaction in transducin.
To examine whether or not coexistence af &nd T3y
i subunits is essential for the observed effects, we investigated
the thermal reactions of rhodopsin intermediates in the
presence of & or TBy subunit. The results showed that

Diff. Abs.

0050 600 b-spectra were similar in shape to those obtained in the
Wavelength (nm) sample containing only rhodopsin (Figure 5). Thus, only

FIGURE 3: B-spectra obtained from the spectral changes observedthe trimeric form of transducin can interact with megahd

at —35 °C. Upper and lower curves represent the first and second meta II.

b-spectra. B-spectra of the samples containing only rhodopsin | order to estimate the absorption spectrum of mgta |

(sample A), rhodopsir transducin (sample B), and rhodopsin : : . .
transducint+ GTPyS (sample C) are represented by dotted, solid, we performed the following calculations using the first and

and dashed curves, respectively. The b-spectra are normalized s¢e€cond b-spectra at25 °C (referred to as BS1 and BS2).
that they represent the changes induced by the photoreaction ofThe conversion process at25 °C was expressed by two
1.0 absorbance of rhodopsin. b-spectra, while four intermediates (lumi, metarheta },

and meta Il) appeared in the process. These facts indicate
"the presence of a quasi-equilibrium state between lumi and
meta | Thus, the b-spectra are expressed by a linear
combination of the spectra of these intermediates as follows:

the second b-spectrum, suggesting that the two conversio
processes were well separated.

The spectral changes observed -a25 °C were also
expressed by two b-spectra (Figure 2d,e,f) with significant
difference in the apparent time constant. The first b-spectra
at—25°C (Figure 2d,e,f, upper curves) were similar in shape
to the second b-spectra at35 °C (Figure 2a,b,c, lower
curves), suggesting that the state formed at the later stage at  BS2= 8y(@t€ymi + Pémeta ) T Bofmeta ), T Cofmeta i
—35 °C is similar to that formed at the early stage-&25
°C. This fact also suggests that lumi and mgt@tmed an WhEre €iumi, €meta €metay, and emean are the absorption
equilibrium state and they behaved like a single intermediate spectra of lumi, meta, meta p, and meta Il intermediates,
during the conversion at25 °C. The second b-spectrum  respectively, and;, by, andc; (& + b + ¢ =0,i =1, 2) are
showed the formation of metarhodopsin Il (Figure 2d,e,f, the mole fractions of the respective intermediatesand
lower curves). are the constants derived from the equilibrium constant

We next compared b-spectra of sample A (containing only petween lumi and meta.! The BS1 exhibited a positive
rhodopsin) with those of sample B (rhodopsirtransducin)  maximum at the shorter wavelength (Figure 4a). This fact
and sample C (rhodopsih transducinrt- GTPyS) (Figures  indicates that the absorption spectrum of metés Iblue-

3 and 4). The b-spectra reflecting the conversion from lumi shifted from those of lumi and meta because BS1 reflects

to meta } were similar among each other (Figure 3, upper mainly the conversion from a mixture of lumi and meta |
curves), indicating that transducin as well as GBRIoes  to meta . Therefore, both the BS1 and BS2 at longer
not affect the conversion process from lumi to meta®n wavelengths originate from only lumi and meta [Then

the other hand, as already inferred from the raw data of we calculated the ratio of; to a, from absorbances of the
spectral changes (Figure 1d,e,f), the b-spectra reflecting theb-spectra in the wavelength region from 555 to 580 nm,
formation of meta Il were greatly affected by transducin where the ratios of absorbance were constant, while at shorter
(Figure 4b). Transducin enhanced the accumulation of metawavelengths they increased. The difference spectrum be-
Il, and GTF/'S abolished the enhancement. Thus, itis likely tween metajand meta Il was calculated by subtracting the
that transducin can form a complex with meta Il and BS2 from the BS1 after normalizing the BS2 with the ratio.
dissociates from meta Il through the GBBTP exchange  The calculated spectrum is shown in the inset of Figure 4b.
reaction. Since meta Il has no absorbance at the wavelength region

The shape of the b-spectrum reflecting the conversion from |onger than 420 nm, the absorption maximum of metis |
meta |, to meta } (Figure 3, lower curves, and Figure 4a) estimated to be 460 nm.
also changed when transducin was present. Since transducin
does not interact with meta, Imeta } is the intermediate = DISCUSSION
that interacts with transducin. The interesting observation

BS1= a,(0€; m + Pe€meta L\) + Di€meta L T Ci€meta i

In the present study, we have identified two intermediates
e - _(meta L and metay) in the conversion process of lumi to
Strictly, the first and the second b-spectra reflect the decay of lumi- et || and showed that the latter intermediate, meta |
to a quasi-equilibrium state of lumi and its following intermediate (meta . . . L ) .
I,) and that of the quasi-equilibrium state to an equilibrium state of Interacts with transducin. This is the first experimental

lumi, meta b, and metay, respectively. evidence that the intermediate formed before meta Il has a
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FiGURE 4. B-spectra obtained from the spectral changes observedFicure 5: Effect of Ta or T8y on the thermal reactions of
at—25°C. B-spectra of samples containing only rhodopsin (sample rhodopsin intermediates. B-spectra were calculated from the spectral
A), rhodopsint transducin (sample B), and rhodopsirtransducin changes observed at25 °C using samples containing only
+ GTPyS (sample C) are represented by dotted, solid, and dashedrhodopsin (3.0uM) (sample A), rhodopsin (3.0&M) + Ta. (9.60
curves, respectively. (a) The first b-spectra. (b) The second uM) + TBy (9.60uM) (sample B), rhodopsin (3.0aM) + Ta
b-spectra. Inset: Normalized difference spectra between rpeta | (9.60uM) (sample A+Ta), and rhodopsin (3.0&M) + T3y (9.60
and meta Il calculated from the b-spectra obtained from sample A M) (sample A+TBy). B-spectra of sample A, sample B, sample
(dotted curve), sample B (solid curve), and sample C (dashed curve) A+To, and sample A TSy are represented by dotted, thick,
The b-spectra are normalized so that they represent the changeslashed, and thin curves, respectively. (a) The first b-spectra. Time
induced by the photoreaction of 1.0 absorbance of rhodopsin.  constants of sample A, sample B, sample-Px, and sample
A+Tpy are 18.3, 23.7, 17.5, and 18.7 min, respectively. (b) The

direct role to transfer a photon signal to transducin. On the Sécond b-spectra. Time constants of sample A, sample B, sample

. . . A+Ta, and sample ATSy are 186.7, 295.0, 175.9, and 204 min,
other hand, the manner of interaction of meawith respectively. The b-spectra are normalized so that they represent

transducin is different from that of meta Il. The meta |  the changes induced by the photoreaction of 1.0 absorbance of
binds to transducin but induces no GBBTP exchange  rhodopsin.

reaction in transducin, while meta Il can induce the exchange
reaction. Therefore, the process in activating transducin by
rhodopsin intermediates is composed of at least two steps
Since the transducia or Sy subunit alone showed no effect

on the thermal reactions of rhodopsin intermediates, it is
reasonable to speculate that only the heterotrimeric form of

transducin can interact with rhodopsin intermediates (Figure 1994: Corson et al., 1994: Morrison et al., 1995), indicating

6). . . N that the changes in protein conformation neargkenone
Molecular Mechanism Leading to Agéition of Trans-  ring and the 9-methyl group are necessary for the formation
ducin. The absorption maximum of metgi$ 460 nm, which  of the active state of rhodopsin. Recent cross-linking and
is similar to that of meta,l(480 nm; Imai et al., 1994) but mutagenesis studies indicated that tfiéonone ring is
considerably red-shifted from that of meta Il (380 nm). These gjtyated near Trp-265 and Leu-266 in helix 6 (Zhang et al.,
results suggest that meta has a protonated retinylidene 1994) and the 9-methyl group is surrounded by the residues
Schiff base as its chromophore, like meta Thus, itis  including Gly-121 in helix 3 and Phe-261 in helix 6 (Han et
unlikely that deprotonation of the chromophore is a prereg- 3| 1996; Shieh et al., 1997). Furthermore, a change in the
uisite for the protein conformation responsible for transducin grientations of helices 3 and 6 has been implicated as a key
binding, although the further change in protein conformation glement for the coupling between the active states of
including Schiff base deprotonation is necessary for the rhodopsin and transducin (Sheikh et al., 1996; Farrens et al.,
GDP-GTP exchange reaction in transducin. 1996; Acharya et al., 1997). Thus, the activation mechanism
Conformational changes of the protein other than the Schiff of transducin by rhodopsin is speculated as follows: Photo-
base region have been frequently demonstrated (Shichidajsomerization of the rhodopsin chromophore causes confor-
1986; Shichida et al., 1987, 1991; Albeck et al., 1989; Ganter mational changes of the amino acid residues situated near
et al.,, 1989; Einterz et al., 1990; Okada et al., 1991). the S-ionone ring and 9-methyl group of the chromophore,
Although the chromophore is photoisomerized by movement resulting in tilt of helices of 3 and 6 to give rise to a specific
of half of the polyene chain containing the Schiff base conformation of the cytoplasmic loop to interact with
(Shichida et al., 1987), subsequent changes occur in thetransducin. Then the changes in conformation of the
protein near the cyclohexenyl ring of the chromophore rhodopsin-transducin complex including the Schiff base

(Okada et al., 1991). Then the interaction present in the
original rhodopsin state between the 9-methyl group of the
‘chromophore and the surrounding protein disappears (Shi-
chida et al., 1991). The removal of tieionone ring or the
9-methyl group of the chromophore resulted in reduced
activation of transducin (Ganter et al., 1989gdaet al.,
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FIGURE 6: Schematic drawing of the process in activating transducin
by rhodopsin intermediates. On absorption of light, rhodopsin
converts to metglthrough several intermediates. Megeinds to
transducin but induces no GBBTP exchange reaction in trans-
ducin. The GDP-GTP exchange reaction occurs at the stage of
meta Il

region of rhodopsin could occur to accomplish a GEFTP
exchange reaction.

Reaction Kinetics of Intermediates:rom the differences
in b-spectra, we concluded that metaahd meta Il have a
direct role in activating transducin. If these intermediates
can interact with transducin, the rate constants of the
conversions could also be affected by transducin. The
process observed in the presence of both transducin an
GTPyS should be complicated, because it contains several
binding and dissociation reactions in addition to the conver-
sions among intermediates. Thus, we mainly discuss the
difference in reaction kinetics at25 °C between the sample
containing only rhodopsin and that containing rhodopsin and
transducin, according to the reaction scheme shown as
follows:

jumi 22 meta 1) == meta |, == meta Il
(lumi === meta ) ™ meta |, . meta

wherek; denotes the rate constant for the transition from
intermediatd to intermediatg. If one can assume that the
interactions between intermediates and transducin occur with
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the respectivd,, 1; andi, are approximated as sums of the
rate constants for the forward and back-reactions, that is,
(k12 + ko1) and (ks + ksp), respectively. Thus, the small
difference in1; between these samples suggests that the
reaction affected by transducin (probably the back-reaction
from meta ) to meta }) has a rate constant relatively smaller
than that unaffected by the transducin (the forward reaction
from meta } to meta }). That is, the equilibrium constant
(K1 = kidky;) could be large even in the absence of
transducin. On the other hark}; andks, could change by
the addition of transducin, resulting in a significant change
of the 1, in these samples.

When spectra of all the intermediates are known, the rate
constants are calculated from b-spectra and the concentrations
of intermediates at adequate time (Thorgeirsson et al., 1993).
However, only the spectra of lumi and mefavere available
from the low-temperature spectroscopy-é80 and—60 °C
(Imai et al., 1994). The spectrum of meta Il calculated in
our previous paper (Imai et al., 1994) might be a mixture of
meta |, and meta Il. Thus, the rate constants were prelimi-
nary estimated by a fitting procedure. In the fitting
procedure, two equilibrium constant&i(= kiokoi, Kz =
ko3/ksz) and initial concentrations of intermediates were set
as parameters. Then the spectrum of the first intermediate
(a mixture of lumi and meta,)l calculated using these
parameters was best fitted with the spectrum of a mixture
of lumi and metad The estimated values &2, ka1, Kos,
and ks, were 6.3, 2.1, 0.72, and 0.3& {0 s™1) in the
sample containing rhodopsin, and 6.6, 0.34, 0.54, and 0.051
(x104 s71) in the sample containing both rhodopsin and
transducin, respectively. These results indicated that the
reaction from meta,lto meta ) (ki2) was not affected by
transducin, while the rate constant for the back-reaction from
meta |, to meta }, (k1) was 6 times smaller when transducin

Jvas present. Furthermore, the rate constant for the forward

reaction of metaylto meta Il k23) became slightly smaller

in the presence of transducin, while that of the back-reaction
(ks2) became about 7 times smaller. Similar analysis was
adopted to the experimental results obtained from the sample
containing rhodopsin, transducin, and G'& and showed
that the rate constant for the back-reaction from meta |
meta |, (0.37) was similar to that obtained in the presence
of transducin. The back-reaction from meta Il to mefa |
(rate constant= 0.18) was significantly accelerated in the
presence of GTFS. All these results strongly suggested that
transducin stabilizes meta &nd meta Il, and that G
abolishes the interaction between meta Il and transducin.

Since our experiments were performed at relatively low
temperature €25 or —35 °C), it is important to examine

relatively large rate constants, the apparent rate constantsyhether or not similar reactions occur at a physiological

(A1 and A,) obtained by the experiments are related to the
rate constants by the equations:

= (p+q)2

dy=(p— Q)2

Wherep = (k12 + kog + koz + K’gz) andq = [p274(k12k23 +
katksz + kikso)]¥2 Our experimental results showed that
the apparent rate constants for the first b-spedtra)(are

not so different between these samples, while those for the
second b-spectra{s) are significantly different. Since the
experiments indicated that eathis significantly larger than

temperature. The presence of multiple forms of meta |
(Thorgeirsson et al., 1992, 1993) and meta Il (Straume et
al.,, 1990; Arnis & Hofmann, 1993) has been frequently
reported. Therefore, some form(s) of these intermediates
might correspond to meta tetected by low temperature.
Our future research will investigate the temperature de-
pendency of the formation of metgdnd its interaction with
transducin.

REFERENCES

Acharya, S., Saad, Y., & Karnik, S. S. (199¥)Biol. Chem. 272
6519-6524.



14180 Biochemistry, Vol. 36, No. 46, 1997

Albeck, A., Friedman, N., Ottolenghi, M., Sheves, M., Einterz, C.
M., Hug, S. J., Lewis, J. W., & Kliger, D. S. (1988jophys. J.
55, 233-241.

Arnis, S., & Hofmann, K. P. (1993roc. Natl. Acad. Sci. U.S.A.
90, 7849-7853.

Bennett, N., Michel-Villaz, M., & Kin, H. (1982)Eur. J. Biochem.
127, 97-103.

Bradford, M. M. (1976)Anal. Biochem. 72248-254.

Corson, D. W., Cornwall, M. C., & Pepperberg, D. R. (19943.
Neurosci. 1191-98.

Einterz, C. M., Hug, S. J., Lewis, J. W., & Kliger D. S. (1990)
Biochemistry 291485-1491.

Emeis, D., Kinn, H., Reichert, J., & Hofmann, K. P. (198REBS
Lett. 143 29-34.

Farrens, D. L., Altenbach, C., Yang, K., Hubbell, W. L., & Khorana,
H. G. (1996)Science 274768-770.

Fukada, Y., & Yoshizawa, T. (198Biochim. Biophys. Acta 675
195-200.

Fukada, Y., Matsuda, T., Kokame, K., Takao, T., Shimonishi, Y.,
Akino, T., & Yoshizawa, T. (1994). Biol. Chem. 2695163~
5170.

Ganter, U. M., Schmid, E. D., Perez-Sara, D., Rando, R. R., &
Siebert, F. (1989Biochemistry 285954-5962.

Golub, G. H., & Reinsch, C. (197®yumer. Math. 14403-420.

Han, M., Lin, S. W., Minkova, M., Smith, S. O., & Sakmar T. P.
(1996)J. Biol. Chem. 27,13233732342.

Hargrave, P. A., & McDowell, J. H. (1995ASEB J. 6 2323~
2331.

Henry, E. R., & Hofrichter, J. (1992Ylethods Enzymol. 21029
193.

Hofmann, K. P. (1985Biochim. Biophys. Acta 81@278—-281.

Hubbard, R., & Kropf, A. (1958Proc. Natl. Acad. Sci. U.S.A. 44
130-139.

Hubbard, R., Brown, P. K., & Kropf, A. (195 ature 183 442—
446.

Hug, S. J., Lewis, J. W., Einterz, C. M., Thorgeirsson, T. E., &
Kliger, D. S. (1990)Biochemistry 291475-1485.

Imai, H., Mizukami, T., Imamoto, Y., & Shichida, Y. (1994)
Biochemistry 3314351-14358.

Jager, F., Jger, S., Krautle, O., Friedman, N., Sheves, M., Hofmann,
K. P., & Siebert, F. (1994Biochemistry 337389-7397.

Kibelbek, J., Mitchell, D. C., Beach, J. M., & Litman, B. J. (1991)
Biochemistry 306761-6768.

Kleuss, C., Pallast, M., Brendel, S., Rosenthal, W., & Schults, G.
(1987)J. Chromatogr. 407281—289.

Lambright, D. G., Noel, J. P., Hamm, H. E., & Sigler, P. B. (1994)
Nature 369,621—-628.

Longstaff, C., Calhoon, R. G., & Rando, R. R. (1988pc. Natl.
Acad. Sci. U.S.A. 831209-4213.

Matthews, R. G., Hubbard, R., Brown, P. K., & Wald, G. (1963)
J. Gen. Physiol. 47215-240.

Tachibanaki et al.

Morrison, D. F., Ting, T. D., Vallury, V., Ho, Y.-K., Crouch, R.
K., Corson, W. D., Mangini, N. J., & Pepperberg, D. R. (1995)
J. Biol. Chem. 2706718-6721.

Noel, J. P., Hamm, H. E., & Sigler, P. B. (1998ature 366654—
663.

Ohguro, H., Fukada, Y., Yoshizawa, T., Saito, T., & Akino, T.
(1991)EMBO J. 10 3669-3674.

Okada, T., Kandori, H., Shichida, Y., Yoshizawa, T., Denny, M.,
Zhang, B.-W., Asato, A. E., & Liu, R. S. H. (199Bjochemistry
30, 4796-4802.

Okano, T., Fukada, Y., Artamonov, I. D., & Yoshizawa, T. (1989)
Biochemistry 288848-8856.

Okano, T., Fukada, Y., Shichida, Y., & Yoshizawa T. (1992)
Photochem. Photobiol. 5®95-1001.

Robinson, P. R., Cohen, G. B., Zhukovsky, E. A., & Oprian, D. D.
(1992) Neuron 9 719-725.

Sheikh, S. P., Zvyaga, T. A., Lichtarge, O., Sakmar, T. P., & Bourne
H. R. (1996)Nature 383 347—350.

Shichida, Y. (1986)Photobiochem. Photobiophys. ,1337—307.

Shichida, Y., Matuoka, S., & Yoshizawa, T. (198Bhotochem.
Photobiol. 7 221-228.

Shichida, Y., Ono, T., Yoshizawa, T., Matsumoto, H., Asato, A.
E., Zingoni, J. P., & Liu, R. S. H. (198 Biochemistry 264422~
4428.

Shichida, Y., Kandori, H., Okada, T., Yoshizawa, T., Nakashima,
N., & Yoshihara, K. (1991Biochemistry 305918-5926.

Shieh, T., Han, M., Sakmar, T. P., & Smith, S. O. (1997Mol.
Biol. 269 373-384.

Straume, M., Mitchell, D. C., Miller, J. L., & Litman, B. J. (1990)
Biochemistry 299135-9142.

Suzuki, T., Narita, K., Yoshihara, K., Nagai, K., & Kito, Y. (1995)
Vision Res. 351011-1017.

Thorgeirsson, T. E., Lewis, J. W., Wallace-Wiliams, S. E., & Kliger,
D. S. (1992)Photochem. Photobiol. 58135-1144.

Thorgeirsson, T. E., Lewis, J. W., Wallace-Williams, S. E., &
Kliger, D. S. (1993)Biochemistry 3213861-13872.

Yamazaki, A., Tatsumi, M., Torney, D. C., & Bitensky, M. W.
(1987)J. Biol. Chem. 2629316-9327.

Yoshizawa, T., & Wald, G. (1963)\ature 197 1279-1286.

Yoshizawa, T., & Shichida, Y. (1982lethods Enzymol. 8 B33~
354,

Zhang, H., Lerro, K. A., Yamamoto, T., Lien, T. H., Sastry, L.,
Gawinowicz, M. A., & Nakanishi, K. (1994). Am. Chem. Soc.
116, 10165-10173.

Zvyaga, T. A., Fahmy, K., & Sakmar, T. P. (199B8)ochemistry
33, 9753-9761.

Wald, G. (1968)Science 162230-239.

BI9709320



