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Summary. Formation of the complex between photoreceptor G-
protein (G) and photoactivated rhodopsin (Ry,) leads to a change
in the light scattering of the disk membranes (binding signal or
signal P). The signal measured on isolated disks (so-called Py
signal) is exactly stoichiometric in its final level to bound G-
protein but its kinetics are much slower than the Ry G binding
reaction. In this study on isolated disks, recombined with G-
protein, we analyzed the Pp-signal level and kinetics as a func-
tion of flash intensity and compared it to the Ry G-complex for-
mation monitored spectroscopically (by extra metarhodopsin II).
The basic observation is that the initial slopes of the Pp signals
decrease with flash intensity when the signals are normalized to
the same final level. This finding prevents an explanation of the
scattering signal by a slow postponed reaction of the Ry G com-
plex. We propose to interpret the scattering change as a redis-
tribution of G-protein between a membrane-bound and a solved
state. The process is driven by the complexation of membrane-
bound G to flash-activated rhodopsin (R,). The experimental
evidence for this two-state model is the following: (1) The inten-
sity dependence of the initial rate of the Pp signal is explained by
the model. Under the assumption of a bimolecular reaction of
free G with sites at the membrane, equal to rhodopsin in their
concentration, the measured rates yield a K of 1072 M. (2) Eval-
uation of the extra MII kinetics yields a biphasic rise at saturat-
ing flashes. The measured rates fit to the supply of free and
membrane-bound G-protein for the reaction with R,. (3) Quanti-
tative estimation of the expected scattering intensity changes
gives a comprehensive description of binding signal and dissocia-
tion signal by the gain and loss of G-protein scattering mass. (4)
The temperature dependence of the Pj-signal rate leads to an
activation energy of the membrane-association process of E, =
44 kJ/mol.
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Introduction

Light absorption by rhodopsin leads to the activa-
tion of an enzymatic cascade, which results in the
rapid hydrolysis of cytosolic cGMP by a membrane-
bound phosphodiesterase (PDE) (Wheeler & Bi-
tensky, 1977; Yee & Liebman, 1978; Fung, Hurley
& Stryer, 1981).

An early step of this activation process is the

interaction of photoactivated rhodopsin with the pe-
ripheral membrane-bound G-protein (GTP-binding
protein, transducin) (Kithn, 1980). During this inter-
action rhodopsin catalyses GDP/GTP exchange at
the nucleotide binding site of the G-protein (Fung &
Stryer, 1980). When GTP is bound, the rhodopsin-G
complex dissociates (Kiihn, 1980). In the absence of
GTP, G-protein remains persistently bound (Kiihn,
1980) in its inactive GDP-binding form.

Two optical monitors are available for measur-
ing the light-induced rhodopsin-G interaction in
situ. The first is provided by the spectroscopic be-
havior of rhodopsin itself. Photoexcited rhodopsin
relaxes after msec in a temperature and pH depen-
dent equilibrium between the 480-nm intermediate
metarhodopsin I (MI) and the 380-nm intermediate
metarhodopsin II (MII) (Matthews et al., 1963).
While being in the spectroscopic state MII, rhodop-
sin adopts an enzymatically active conformation Ry,
which can bind G-protein. By the interaction with
G, the MI/MII equilibrium is shifted strongly to-
wards MII when G-protein is bound (Emeis & Hof-
mann, 1981; Bennett, Michel-Villaz & Kiihn, 1982;
Emeis et al., 1982). Under conditions (e.g., 10°C, pH
7.5) that normally favor (in the absence of G-pro-
tein) the MI conformation, excess G-protein leads
to an enhanced formation of the 380-nm photoprod-
uct MII (“‘extra MII"’). The extra MII formation is a
direct real-time monitor of the complex formation.
However, the application of this monitor is natu-
rally restricted to measuring conditions where the
normal MI/MII equilibrium favors the MI confor-
mation, i.e., low temperature and high pH.

ROS or disk membrane suspensions respond to
light by changes in near-infrared light scattering
(Hofmann et al., 1976). One of these effects (P sig-
nal, binding signal) was shown to be stoichiometri-
cally related to the G-protein binding to rhodopsin
(Kiihn et al., 1981). Using this monitor, Kiihn et al.
(1981) could demonstrate the 1: 1 stoichiometry of
the G-protein interaction. The saturation of the P
signal as a function of rhodopsin conversion obeys
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normal hyperbolic saturation (Bennett & Dupont,
1985). The fit of the data yields reasonable values
for the dissociation constant and the G-protein con-
centration G, (Bennett & Dupont, 1985).

The P signal is sensitive to the structure of the
ROS or disks used (Emeis & Hofmann, 1981; Hof-
mannetal., 1981; Kithnetal., 1981). Inisolated ROS
or disk stacks the scattering change is nearly as fast
as its biochemical trigger, the formation of the Ry, G
complex. However, in disrupted and osmotically
shocked ROS or isolated disks it is considerably
slower. In such preparations the rate of formation
of extra MII can exceed to up to 50-fold the rate of
development of the scattering change. This kinetic
discrepancy shows clearly that the scattering
change does not reflect the binding itself but a fol-
lowing structural process.

The physical nature of this structural transfor-
mation is still unknown. However, a characteristic
difference between intact disk stacks and isolated
disks has been derived from the angular depen-
dence of the scattering change: ROS respond by a
shape change (Hofmann et al., 1981), whereas the
isolated disks appear to change their integral polar-
izability, which was previously interpreted as an
apparent refractive index change (Hofmann et al.,
1981). Reichert (1984) has already discussed a bind-
ing of dissolved G-protein to the membrane, with
diffusion as the rate-limiting step. Michel-Villaz,
Brisson and Chapron (1984), however, interpreted
the scattering change of both ROS and isolated
disks as a membrane thickness change accompany-
ing the light-induced RG-complex formation.

This study is restricted to isolated disks recom-
bined with peripheral proteins. The slow scattering
change in this system was termed Pp-signal (Hof-
mann et al., 1981).

We measured both light-scattering changes and
spectroscopic changes to compare the time course
of appearance of MII with the kinetics of P,. Our
data suggest a model that accounts for the scatter-
ing change in terms of a relatively slow light-in-
duced shift in the equilibrium between dissolved
and membrane associated G-protein, with the mem-
brane association as the rate-limiting step.

Materials and Methods
PREPARATION PROCEDURE

Bovine rod outer segments (ROS)! were prepared according to a
standard procedure (Emeis & Hofmann, 1981). The retinae were

! Abbreviations: ROS, rod outer segment; G, G-protein; R,
rhodopsin; Ry photoactivated enzymatically active R; NIR, near
infrared; MI, metarhodopsin I; MII, metarhodopsin II; p, mole
fraction of photoactivated rhodopsin per flash.

shaken in isotonic saline (buffer A: 130 mm KCl, 0.5 mm MgCl,,
1 mmMm CaCl,, 0.5 mMm EDTA, | mm DTT, 10 mm PIPES, pH 7)
and filtered through a nylon mesh. The resulting crude suspen-
sion was layered on a discontinuous sucrose gradient and
washed in buffer A.

The extraction of the peripheral proteins was done as de-
scribed by Kiihn (1980). The ROS were osmotically shocked in a
low ionic strength buffer (1 mm DTT, 1 mm EDTA, 5 mMm PIPES,
pH 7.0), gently homogenized and sedimented. The supernatant
was centrifuged again and yielded the extracted peripheral pro-
teins. This protein extract was stored in liquid nitrogen.

Isolated disks were prepared from ROS. The procedure
used was similar to that described by Smith, Stubbs and Litman
(1975) except that (i) 2.5% Ficoll was used instead of 5% to
reduce side effects caused by Ficoll (Bauer & Mavromatti, 1980);
and (ii) Ficoll was not removed by a separate washing step. The
resulting Ficoll concentration after dilution to the final measuring
concentration was abut 0.25% (wt/vol). Isolated disks were used
within 24 hr after preparation without freezing.

Prior to the measurement the isolated disks were recom-
bined with protein extract and diluted to a final concentration of
4 uM rhodopsin. All measurements were done in buffer A. For
measurements at pH 6 the sample was buffered with 20 mm MES
instead of 10 mm PIPES.

NIR-SCATTERING
AND ABSORPTION MEASUREMENTS

All measurements were performed using the apparatus described
by Hofmann and Emeis (1981). This instrument is a fast two-
wavelength spectrometer which allows a simultaneous measure-
ment of absorption and near infrared light (NIR) scattering
changes. A Neodym-YAG Laser YG580 (Quantel, Les Ulis, Or-
say, France) equipped with a frequency doubler provided an
actinic light flash (530 nm).

The angular range of scattering detection was adjusted to 9
= 10-30°. MII formation was measured by comparing light-in-
duced changes in the difference of absorption at 380 and 417 nm
{Hofmann & Emeis, 1981). In such measurements the photocur-
rent at 417 nm (isosbestic point of MI to MII) serves as a refer-
ence for determining the level of MII (A, = 380 nm).

The use of stepwise photolysis with a series of flashes, “‘ex-
haustion curves,”’ has been described in detail by Emeis and
Hofmann (1981). Briefly each flash photoexcites a fixed mole
fraction p of rhodopsin. The absolute amount of rhodopsin pho-
toexcited per flash thus decreases exponentially. An enhanced
formation of MII in the presence of excess G-protein at the first
flash appears as an enhancement over the normal exponential
course of the signal amplitude. After a rhodopsin turnover of
about 10% all G-protein is complexed, further flashes yield a
normal exponential decrease. In Fig. 4, the response to a flash
late in the sequence (normal exponential region) was normalized
by exponential extrapolation to the first flash to allow a compari-
son with the measured MII formation at the first flash.

Results and Discussion

I. Basic OBSERVATION

The near infrared light scattering change, Pp-signal,
has been measured on suspensions of isolated disks
recombined with ‘‘protein extract.”” Typical signals
(pH 6, 20°C) after light flashes of different intensi-
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Fig. 1. (a) Light-scattering signals, Pp signals, of isolated disks
reconstituted with peripheral G-protein. The signals correspond
to the first flash (applied at 1 = 0) of different intensities. p is the
mole fraction of photoactivated rhodopsin per flash. (b) As a but
scaled by an appropriate factor to obtain the same amplitude
(final level) for all signals in order to allow a better kinetic com-
parison. Measuring conditions: [R] = 4 um, pH 6, T = 21°C. The
flash was applied at ¢+ = 0. The fast negative component is the N
signal (Hofmann et al., 1976)

ties are shown in Fig. la. Each signal is from the
first light flash on a dark-kept sample of the same
preparation. The fast negative component of the
signal waveform represents the N signal described
by Hofmann et al. (1976). The amplitude of this
component is proportional to the amount of photo-
activated rhodopsin (Hofmann et al., 1976). The sub-
ject of this paper is the positive-going component
(Pp signal) which follows the N signal,

The saturation curve of the Pp signal (final sig-
nal level as function of the flash intensity) is plotted
in Fig. 2a. The signal amplitude A is defined as the
maximal scattering change (Al)y,, normalized to
the nominal intensity (/) that is, A = (A)n.x/I. The
flash intensity is expressed in terms of the mole
fraction p of photoexcited rhodopsin produced by
the flash. The signal amplitude saturates at p =
[RyJ/[R] = 0.05. In agreement with previous stud-
ies (Kiihn et al., 1981; Bennett & Dupont, 1985),
this mole fraction corresponds to the concentration
of added G-protein.

For better kinetic comparison the signals of Fig.
la, normalized to the same final amplitude, are
shown in Fig. 1b. This figure shows a clear depen-
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Fig. 2. (a) Signal amplitude A of the P; signal plotted against the
mole fraction of photoactivated rhodopsin per flash p. (b) Initial
slope S (d(AI/l)/dt) of the Pp signal plotted against p. (c) Initial
slope S of the P, signal divided by the signal amplitude A, plotted
against p

dence of the Pp signal on p. The signals are strik-
ingly faster at low p than at saturation.

This basic observation rules out two simple in-
terpretations of the Pp signal (section II, below). In
section III we develop an alternative explanation
for the Pp signal and test it in detail in section IV.

II. PREVIOUS INTERPRETATIONS

A. Pp-Signal as an Indicator of the Ry G-Complex

Disregarding the known kinetic difference of the Pp
signal and the extra MII monitor, the simplest
model for the Pp signal would be that the scattering
change is a direct real-time monitor of complex for-
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mation. This assumption would imply that after the
fast formation of the active rhodopsin conformation
Ry the signal kinetics follows a bimolecular reac-
tion scheme:

Ry + G5 RyG. (1)

Under homogeneous conditions the initial rate of
such a reaction depends on both initial concentra-
tions [Ry], and [G],:

dIRyGl/dt|~ = KRul, - [G,. 2

As [G], and k are constant for all signals at the first
flash, the initial slope of the signal S = d(AI/I)/dt
should be proportional to p. However, experimen-
tal data for S as a function of p (Fig. 26) do not
follow the predicted linear dependence of S on p
expressed in Eq (2). Rather, the data show a pro-
nounced saturation of § as p increases.

B. Pp-Signal as a Subsequent Reaction of the
Ry G-Complex

An obvious explanation for the slowed but stoi-
chiometric expression of the complex in the scatter-
ing signal is a subsequent slower reaction, which is
seen in the scattering of the sample as proposed by
Bennett and Dupont (1985). We consider the follow-
ing reaction sequence

Ry + G = RyG p. 3)

slow

In this hypothetical scheme, the formation of Ry G
includes the appearance of a product P on a rela-
tively slow time scale. The scattering signal is as-

sumed to reflect the (time dependent) level of P.

Since the first reaction is assumed to be much faster
than the second one, the initial rate of such a reac-
tion depends linearly on the concentration of the
complex [RyG ] formed by the flash.

d[Pldtl—y = kIR G);. (5)

Since the final concentration of the complex [Ry Gy
is proportional to the final signal amplitude A (Kiithn
et al., 1981), the normalized initial rate S/A of all
signals should be independent of p. The experimen-
tal values of this ratio are shown in Fig. 2¢. This
plot shows a strong dependence of the ratio $/A on
p in contrast to the prediction.

III. INTERPRETATION OF THE Pp-SIGNAL AS A
TRANSITION OF G FROM SOLUTION TO A
MEMBRANE-BOUND STATE

The models considered so far assumed homoge-
neous reaction conditions with the same reaction
rate for all G-proteins. The data of others (Liebman
& Sitaramayya, 1984) showed that only a part of G-
protein is membrane bound. Thus a model with in-
homogeneous reaction conditions might be more
adequate to describe the observed process. The
membrane binding of G is not complete even in an
isotonic reaction medium at the relatively low [R]
and {G] concentrations used. Liebman and Sitara-
mayya (1984) investigated the membrane-binding
equilibrium of G-protein by centrifugation experi-
ments. Their results show that under the conditions
of our study ([R] = 4 uM, [G] = 0.2 uM) only 70%
of the total G-protein is bound to unphotolysed
membranes. The exact percentage varies, how-
ever, with different types of disk and G-protein
preparations. At saturating light flashes all G-pro-
tein is complexed with rhodopsin (Kiihn, 1980). The
previously nonmembrane-bound G-protein there-
fore must migrate from the solution to the mem-
brane. The association of G-protein with the mem-
branes is expected to enhance the scattering of the
disks by an enhancement of the scattering mass. We
propose therefore to interpret the Pp-signal by this
membrane association process of previously soluble
G-protein. Data of Liebman and Sitaramayya (1984)
show that such a scattering change has to be ex-
pected. They investigated the transition of G-
protein to the membrane by mixing activated and
dark-adapted membranes. For the [G] and [R]
concentrations used in our study, they found that the
kinetics of transition is in the time range of sec, and
therefore in the same time range as the Pp signal.

According to Liebman and Sitaramayya (1984),
the equilibrium of G-protein association to unphoto-
lysed membranes can be formulated by

ko“
Giree + M f Gremb ©)
off

where M is a hypothetical binding site on the mem-
brane, Gge. free G-protein in solution and Gpemp
membrane-bound G-protein. The binding constant
of this equilibrium K, can be written

K, = [Gmemb]/([Gfree][M])- )]

The membrane association of G-protein saturates at
a mole fraction of [G)/[R] = 0.25 (Liebman & Si-
taramayya, 1984). At [G)/[R] = 0.05 used in this
study, no saturation occurs and the concentration
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of the free binding site [M] is approximately con-
stant, [Guemb)/[Greel is therefore a constant ratio

KMB = [Gmemb]/[Gfree] (8)
where the constant Ky is related to K4 by
Kyg = [M1K,4. )

The formula of the equilibrium reaction between
both states of G-protein can be simplified to
Gfree = Gmemb- (10)
When rhodopsin is photoactivated a part of G-pro-
tein is complexed with rhodopsin. The total G-pro-
tein [Gy,] is then subdivided in the three states
[Gtot] = [Gfree] + [Gmemb] + [RMG] (11)
The membrane-binding equilibrium is coupled to
the complex formation equilibrium. We propose a

concatenation of both equilibria as in the following
reaction scheme

i 2

Giee + Rt 2= Guero + Ru = RyG. (12)

The light-induced formation of R, shifts equilib-
rium 2 to the right side and thereby induces a rear-
rangement of the membrane binding equilibrium 1.
Reaction 2 can be monitored by the extra MII for-
mation. Reaction 1 in our model is supposed to be
seen in the Pp signal.

IV. TESTABLE PREDICTIONS OF THE MODEL

A. Saturation

Membrane-bound and complexed G-protein
{[Gmems] + [RyG1} both contribute to the scattering
mass of the disks. Thus the scattering change de-
pends on the net light-induced change in the con-
centrations of the species {[Guemb] + [RyyG1}. The
proportionality between mass change and relative
scattering intensity change will be derived below.
To analyze the light-induced changes of the
three G-protein states we indicate by indices 0 and
oo the initial and final concentrations before and af-
ter the equilibrium shift, and by A the difference of
them. The total amount of newly associated G-pro-
tein can be expressed using Eq. (11) and (8) by

{A[Gmemb] + A[RMG]} = —A[Gfree] = [Gfree]o
- [Gfree]x = ([Gmt] - [RMG]O)/(I + KMB) - ([Gtot]
= [RyGl=)/(1 + Kyp) = ARy G1/(1 + Kup).
(13)

Equation (13) shows that the mass change and thus
the amplitude of the scattering signal is proportional
to A[RMG]

B. Kinetics

The kinetic differential equations for the proposed
reaction scheme can be written following chemical
kinetic theory. Because the signal waveform is de-
termined by the change in time of {[Guemp] +
[Ry G}, the rate of this sum is of interest. Using the
definition of the rate constants as in formula (12) the
rates of formation of the three forms of G obey the
following equations

d[Grre/dt = —ki[Giree] + k- 1[Grmemb]
d[Grempl/dt = k\[Gtree] — k- 1[Gmemo]
= ko[ Gmembl[Ru] + k- 2[Ry G]
dRy Gldt = ko[ Gmempl[Ry] — k 3[Ry G]
A([Gmemp] + [RyGD/dt = ki[Gieel — k- 1[Gremb] =
—d[Ggeel/dt. (14)

In addition the following equations are valid under
equilibrium conditions

kl/k—l = [Gmemb]/[Gfree] = Kus (15)

kalk—y = [RyG[Grembl[Ry] = Ki5 (16)
where K is the equilibrium constant of the mem-
brane association and K;z the binding constant of
the complex formation of Ry G.

The initial concentrations [Gmemblo and [Gieelo
are in equilibrium as described by Eq. (8). The short
light flash at time ¢ = 0 is assumed to produce in-
stantaneously a certain amount of photoactivated
rhodopsin [Ry], .

A complete analytical solution of the differen-
tial equations is not possible. Due to the large ki-

-netic difference between reactions 1 and 2, how-

ever, good approximations can be found for the two
extremes of (i) very small rhodopsin turnover or (ii)
saturating flashes.

In both cases the initial rate of reaction 1 is zero
(d([Guemb] + [RuG)/dt = 0 for t = 0) because in the
first instance only equilibrium 2 is shifted. On the
time scale of the membrane association, however,



276 A. Schleicher and K.-P. Hofmann: Membrane Association of G-Protein

the binding reaction on the membrane is so fast that
the resulting delay of the signal can be neglected. It
is sufficient to consider the time domain of the fast-
est slope of the signal after some msec.

1) In the case of a first flash with very low rho-
dopsin turnover ([Ryl, <€ [G] the initial concen-
tration of membrane bound G-protein [Gpempl, is in
sufficient excess to form complexes with all [Ry],
within a few msec. After this short time delay 7 we
obtain

[Gfree] = [Grreels
[Grmemb] = [Gmemblo — [Rulo
d((Gremb] + [Ry GD/dt];=: = ki[Gireclo
— k3 [Gremblo + k-1[Ry],. (17

[Giree)o and [Gremsl, are the equilibrium concentra-
tions before the flash, and satisfy Eq. (15). Equation
(17) is thus reduced to

d([Gemb) + [RyGDidt],—; = k_\[Rarl,. (18)

As all Ry is complexed under these conditions,
[Rail, is equal to the final complex concentration
and can be substituted by [R3G]..

d([Grmems) + [RyGD/dt];=; = k_1[Ry G
{for [Ruy], << [Gror))- 19)

To obtain an expression for the experimental ratio
S/A this equation is divided by the final signal ampli-
tude A[Gpemb] + AIRy,G1 from Eq. (13).

S/A = k_1(1 + KMB) = k] + k_l. (20)

2) In the case of a saturating flash ({[Ry], >
[Giot]) the membrane-bound G-protein is not suffi-
cient to complex all Ry. The concentration of non-
complexed G-protein on the membrane is reduced
to zero in a few msec. Thus the “‘initial’’ conditions
after this short time delay 7 are

[Gireel = [Gireelo
[Gmemb] =0
[RMG] = [Gmemb]o'

(for [Ry] > [GwlD)

As ““initial’” rate of the scattering change d([Gmems)
+ [RyG1)/dt we get from Eq. (14):

d([Gmemb] + [RMG])/dt|t=-r = kl[Gfree]o- (21)
Using Eq. (8) [Greelo, can be expressed in the form

[Gfree]o = ([Gireelo + [Gmemb]o)/(l + Kus).

[Gmemblo + [Gieelo is the total amount of G-protein
and corresponds in the case of saturating flashes to
the final amount of formed complexes [Ry G- . Eq.
(21) can therefore be written in the form

d([Gmemp] + [RyG/dt|=, = ki[RyG1/(1 + Kyp)
(for [Ry ], ® [Giat]) (22)

The value S/A is again obtained by dividing by the
final amplitude expressed by Eq. (13)

S/A = kl (for [RM]n > [Glol]- (23)
Equation (23) concerns the behavior upon presenta-
tion of a saturating flash (relatively low Ry,), where
the formation of Ry, G complex suppresses the reac-
tion Guemp — Giree- Equation (20) describes the be-
havior for Ggee <> Guemp OCCUrring upon presenta-
tion of a weak flash (relatively low Ry).

V. EXPERIMENTAL TEST OF THE MODEL

A. Kinetics of the Pp-Signal

The theoretical considerations of the last paragraph
could not give a complete expression for the signal
kinetics expected on the basis of the proposed
model. However, Eqs. (20) and (23) account for the
initial rise of the scattering change under both ex-
treme conditions of low rhodopsin turnover and sat-
urating flashes. These equations explain the rela-
tively rapid development of the Pp signal (S/A) for
small p shown in Figs. 1b and 2c¢. This striking be-
havior of relatively rapid response to small stimuli
is not explained by the earlier models.

It is easily seen that Eq. (23) is not only valid for
the first flash but for all saturating flashes indepen-
dent of Ry and Ry,G prior to the flash. To test this
result experimentally, a second and saturating flash
(p = 0.2) was applied after the first flash. The final
amplitudes of the resulting Pp signals are plotted
against p of the first flash in Fig. 3a. The $/A ratio of
these signals is plotted in the same way in Fig. 3b.
Although all these signals correspond to different
initial conditions and thus have different ampli-
tudes, the S/A ratio exhibits a dependence on p con-
sistent with Eq. (23).

The experimental values of the S/A ratio at low
rhodopsin turnover and saturating flashes of Figs.
2¢ and 35 can be evaluated by Eqs. (20) and (23) and
give Kyp = 0.42 and k; = 0.28 sec™!. This value of
Kup corresponds to a membrane binding of 30% of
the total G-protein.

The obtained values for Ky and the apparent
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rate constant of the membrane association reaction
k; depend on the concentration of G-protein. To
obtain the concentration-independent values of rate
constant and binding constant we have to return to
Eq. (6). This equation described the membrane as-
sociation as a bimolecular reaction of G-protein
with excess membrane binding sites (M). The rate
constant of the forward reaction in this scheme is
related to & by

kon = kl/[Gfree]o-

The rate constant of the backward reaction of this
equilibrium (k) is independent of the concentra-
tion and identical to k_;. The values of &, and 4.¢
are determined as k,, = 2 X 10° mol~! 57!, ko =
0.67 sec™ .

When the concentration [M ] of membrane bind-
ing sites in Eq. (9) is tentatively equated with the
rhodopsin concentration [R], a value of K, = 10°
M~! is obtained.

B. Extra MII Formation in the proposed Model

The assumption of two states of noncomplexed G-
protein {Guemy and Gieo} concatenated in the pro-
posed reaction scheme (12) has testable conse-
quences for the formation of extra MII. At low p the
complex formation (and therefore the extra MII for-
mation) is fast, and independent of the subsequent
membrane association process seen in the Pp sig-
nal. This kinetic difference between extra MII for-
mation and scattering signal was observed on disks
at low rhodopsin turnover by Emeis and Hofmann
(1981). After saturating flashes, however, the com-
plex formation is not terminated when all the previ-
ously membrane associated G-protein [Gpemplo IS
complexed with R;,. Further conversion of the pre-
viously free G-protein [Gyec], into the Ry, G state is
rate limited by the membrane association reaction.
The extra MII formation measured after saturating
light flashes is therefore expected to be biphasic and
to consist of a fast and a slow component. The latter
must be kinetically equal to the Pp signal.

The extra MII formation measured at 10°C and
pH 7.5 after a saturating flash is shown in Fig. 4a.
For comparison the extra MII formation measured
under the same conditions at low rhodopsin turn-
over is shown in Fig. 4b. The signal corresponding
to the saturating flash shows the expected biphasic
kinetics in contrast to the fast MII formation at low
rhodopsin turnover.

To test for the presence of a scattering artifact
on the absorption measurement of extra MII which
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Fig. 3. (a) Signal amplitude A of the Pp signal induced by a
second and saturating flash 5 min after the first flash. Values are
plotted against the mole fraction p of rhodopsin photoactivated
by the first flash. The second flash photoexcited p = 0.2 of the
remaining rhodopsin. (b) Initial slope S of the signals corre-
sponding to a divided by the corresponding signal amplitude
plotted in a. The values S/A are plotted against the mole fraction
p of photoactivated rhodopsin at the first flash

could explain the slow signal component, a mea-
surement was made at T = 10°C and pH 6.0 (Fig.
5b) and compared to a control measurement at T =
10°C and pH 7.5 (Fig. 5a). At pH 6.0 all photoacti-
vated rhodopsin forms MII independent of the com-
plex formation and no enhancement of MII is ob-
served. Figure 5b shows that under these conditions
the MII signal lacks the slow component. However,
under conditions of MII enhancement (Fig. 5a) the
slow component occurs, with the same kinetics as
the scattering signal. This observation excludes the
contribution of a scattering artifact.

C. Quantitative Estimation of the Scattering
Change Alll by means of the Scattering Theory

The scattering intensity of a particle with size and
shape of disks can be described by the Rayleigh-
Gans theory (e.g. van de Huist, 1957). Following
this theory, the scattering intensity at the scattering
angle 6 is proportional to
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Fig. 4. MII formation after stepwise photolysis of rhodopsin
with different flash intensities. (a) Upper trace: signal from flash
1 (p = 0.2); lower trace: sum of signals from flashes 3 (p = 0.2)
and 4 (p = 0.2) normalized by exponential extrapolation to the
same absolute amount of [Ry] formed by flash 1 (see Materials
and Methods). (b) Upper trace: signal of flash (p = 0.009); lower
trace: flash 3 (p = 0.2) after flash 1 (p = 0.009) and flash 2 (p =
0.2) normalized to the first flash like the lower signal in a. Mea-
suring conditions: pH 7.5, T = 10°C. The flash was applied at r =
0. MII formation was measured as difference of the absorption
changes at 380 and 417 nm. Comparison of upper and lower
traces shows the enhanced MII formation (extra MII)

I(0) ~ ((n/n,y? — 12 - V2 - P26) - (1 + cos?h) (24)

where 7 is the refractive index and V the volume of
the particle and 5, the refractive index of the sur-
rounding medium. P(#) is the particle-scattering
function, a term dependent on the particle shape.
We consider the scattering intensity change when
G-protein is associated to the membrane surface of
flat disks. The P(6) function is in the case of flat
disks (thickness < A) only dependent on the disk
radius and nearly independent of the disk thickness
(van de Hulst, 1957; Hofmann et al., 1981). The
relative scattering intensity change AJ/I is therefore
independent of the scattering angle when G-protein
is associated. This result is in agreement with the
experimentally determined angular dependence of
the relative intensity change described elsewhere
(Hofmann et al., 1981; Schleicher & Hofmann,
1984).

On the assumption that G-protein and other

- a
o
(o]
L [ /”f‘
; |

R

| — T T T 1

-10 ] 10 20 30 40

0.01

AN =
' oy

T T —
20 30 40

=]
3

time {s)

Fig. 5. MII formation and Pp signal measured simultaneously.
Saturating flash (p = 0.2). (a) pH 7.5; T = 10°C. (b)) pH 6.1; T =
10°C. In both a and b, the upper trace is the MII formation and
the lower trace the Pp, signal. MII measurement as in Fig. 4. The
flash was applied at ¢ = 0

portions of the disk have equal refractive indices,
G-protein association has an effect only on the vol-
ume V. When we further assume a homogeneous
density of membrane and G-protein, V can be re-
placed by the particle mass M in Eq. (24). This sub-
stitution leads to an equation relating the relative
mass change with the scattering intensity change

dlll = 2dMI/M. (25)

For small changes, the relative intensity change AI/I
is predicted to be twice the relative mass change
AM/M.

Rhodopsin (mol wt = 40 kD) contributes 31% of
the dry weight of disk membranes (Daemen, 1973).
The G-protein has a molecular weight of 80 kD
(Kiihn, 1980). At a mole fraction of [G,.)/[R] = 0.05
the mass of G is about 3.1% of the disk mass. 70%
of G is free prior to illumination as shown above.
The complete binding of G after saturating illumina-
tion results in a relative mass change of the disks of
2.2%. Using Eq. (25) a scattering intensity change
of AI/I = 0.044 is obtained. The estimated scattering
change is seen to be of the same order of magnitude
as the measured scattering signal (AI/I = 0.026).
The deviation by a factor of 1.7 of the theoretical
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estimation from the experimental value suggests
that the assumption of a homogeneous density and
refractive index of G-protein and membrane may
not be valid. A lower refractive index of G-protein
than of the membrane can explain the discrepancy
obtained. Using the value of the refractive index of
the membrane Agen, = 1.46 (Liebman et al., 1974)
and n, = 1.334, the measured AI/I can be fitted with
a refractive index of G-protein ng = 1.41 when ho-
mogeneous density is assumed.

D. Comparison with the Dissociation Signal

Further support for the proposed model comes from
a comparison of the signal amplitude of the Pp sig-
nal and the dissociation signal which corresponds to
the complete release of the G, subunit and a partial
release of the Gg, subunit from the membrane in the
presence of GTP (Kiihn et al., 1981; Michel-Villaz
et al., 1984; Vuong, Chabre & Stryer, 1984). Under
the measuring conditions 30% of G is membrane-
bound before illumination. The mass change seen in
the saturating Pp signal is due to the complete
binding of previously free molecules of G (70% of
Gio). In the presence of GTP every individual G-
protein transiently interacts with photoactivated
rhodopsin. After the fast GDP/GTP exchange the
G, subunits are completely released from the mem-
brane (Kithn, 1980). The Gg, subunits are not re-
leased to the same extent as G, but are less associ-
ated to the membrane after the release of G, than
before illumination (Kihn, 1980; Fung, 1983). The
loss of mass indicated by the dissociation signal
therefore corresponds to the release of previously
associated G, subunits (30% of G, and a small
part of the previously associated Gg, subunits. As
both subunits have approximately the same molecu-
lar weight, the dissociation signal is expected to
have a sign opposite to that of the Pp signal and an
amplitude of 1/3- to 1/4-fold that of the Pp signal.

Both signals, a Pp signal measured in the ab-
sence of GTP and a dissociation signal measured at
a saturating GTP concentration [GTP] = 80 uM are
shown in Fig. 6. The final amplitude of the Pp signal
is seen to be about three times higher than the am-
plitude of the dissociation signal, which is in agree-
ment with the prediction.

The dissociation signal shown in Fig. 6 is faster
than the Pp signal measured under the same condi-
tions in the absence of GTP. However, this fact
presents no contradiction to the sequence hypothe-
sized above for membrane binding and dissociation
of G-protein. At relatively high GTP concentrations
both the complex formation and dissociation of the
previously membrane-bound G,, are very fast and

Ml =001
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Fig. 6. P, signal and dissociation signal. Upper trace: Pp signal
in the absence of GTP. Lower trace: Dissociation signal in the
presence of 80 um GTP. Measuring conditions as in Figs. 1 and
2. Saturating flash (p = 0.2). The fast negative component seen
in the upper trace is the N signal (Hofmann et al., 1976). The
same negative component is also superimposed on the dissocia-
tion signal in the lower trace. For comparison of the amplitudes it
has to be subtracted. The flash was applied at ¢ = 0. Measuring
conditions: pH 6, T = 21°C

give rise to a fast dissociation signal. The previously
free G-protein molecules are slowly bound and
quickly released from the membrane. This tran-
siently bound protein mass contributes only very
little to the total scattering mass. The dissociation
signal therefore reaches its final amplitude before all
of the G-protein is activated.

Bennett and Dupont (1985) have interpreted the
Pp, signal as a conformational change of the G-pro-
tein during the Ry G interaction, necessary for the
GDP/GTP exchange. The present finding, that the
Pp, signal can be slower than the dissociation signal,
argues against this interpretation. That is, according
to the interpretation of Bennett and Dupont the Pp
signal should always be rate limiting for the devel-
opment of the dissociation signal.

E. Determination of the Activation Energy of the
Membrane Association

Diffusion of soluble G-protein to the membrane can-
not be the rate-limiting step for the binding of G to
the membrane since a diffusion limited reaction of a
molecule with the diameter of G-protein would be at
least by two orders of magnitude faster than the
observed signal (Wedler, 1982). The kinetics of the
Py signal has therefore to be determined by the
mechanism of the association itself. Our results
cannot elucidate the binding mechanism of the G-
protein to the membrane, but we can determine the
activation energy of the association reaction.

The activation energy of the binding reaction
can be determined from the temperature depen-
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Fig. 7. Arrhenius plot of the rate constant of the P, signal. The
rate constant k was obtained by a least squares fit of the scatter-
ing signal by a single exponential function a * (1 — exp(—k - 7).
All measuring points correspond to signals from a first and satu-
rating flash (p = 0.2)

dence of the kinetics of the Pp signal. The signal
waveforms, recorded at different temperatures with
saturating flashes, were fitted by a first-order reac-
tion using a computer fit program. The activation
energy can be determined from the Py, signal kinet-
ics by an Arrhenius representation of the rate con-
stant as shown in Fig. 7. The activation energy ob-
tained from the analysis is E, = 44 kJ/mol. The
obtained value is by a factor of 3 higher than the
activation energy of a diffusion-limited reaction
(Wedler, 1982).

Conclusion

In this kinetic study on isolated disk membranes we
have compared the light-induced formation of the
complex between rhodopsin and G-protein with its
stoichiometric light-scattering monitor (binding sig-
nal or Pp signal). The main objective has been to
explain the slow kinetics of the Pp signal.

The proposed model interprets the scattering
change by the gain of scattering mass arising from
the transition of G-protein from a free state (Gye.)
into a disk membrane-bound state {(Guemp). The
equilibrium between both these states is shifted by
the binding of Guemp to photoactivated rhodopsin
Ry

Giee + Ryt < Grems + Ry © Ry G.

The analysis of the signal kinetics as a function of
flash intensity has especially shown that the Pp sig-
nal is neither a real-time monitor of the Ry G-com-
plex formation itself, nor a subsequent structural
reaction of the formed complex.

Bennett and Dupont (1985) have proposed a
model of concatenated reactions involving the for-
mation of Ry, G complex, a resulting conformational
change of the bound G-protein and GDP/GTP ex-
change. They interpreted the Pp signal as a confor-
mational change of the G-protein during the Ry G
interaction as a necessary step preceding GDP/GTP
exchange. However, comparison of the observed
kinetics of Pp signal and dissociation signal shows
that the dissociation signal can, at least under cer-
tain conditions, develop much faster than the Pp
signal. Thus the step responsible for the Pp signal
cannot be rate limiting for the dissociation signal,
and it can be concluded that the process seen in the
scattering change is not involved in the rhodopsin/
G-protein/phosphodiesterase signal transduction
chain.

The time course of the membrane-association
process of G-protein is not rate limited by the diffu-
sion time of G-protein to the membrane. There are
two distinct states, the membrane-bound and free
G-protein, which are separated by an activation en-
ergy barrier of 44 kJ/mol. These states might corre-
spond to two different configurations of the G sub-
units.

The kinetic analysis of the Pp signal yielded the
rate of the membrane association. The rate con-
stants of forward (k,,) and backward (k) reaction
were determined as ko, = 2 X 106 M~! sec™! and ko
= 0.67 sec~!. These values of k,, and k. are in the
same order of magnitude as those determined by
Liebman and Sitaramayya (1984) by mixing acti-
vated and dark-adapted membranes. The differ-
ences between these values are most probably due
to the differences in the preparation. These rate
constants demonstrate that the transition of G-pro-
tein to and from the membrane are extremely slow
processes compared to the very fast complex for-
mation of membrane-bound G-protein with photo-
activated rhodopsin (as seen in the extra MII forma-
tion at low rhodopsin turnover; Fig. 4b). In
agreement with Liebman and Sitaramayya (1984)
this excludes a so-called ‘‘hopping’’ mechanism,
i.e., a transition of membrane-bound G-protein into
solution and back to photoactivated rhodopsin.

Consequently the interaction of G-protein on
the membrane with photoactivated rhodopsin does
not appear to involve any dissociation of G from its
dark membrane-binding site. This argues strongly
for a diffusible anchor on the membrane surface. G-
protein would remain persistently bound to this site
while interacting with R,,.

The question of the molecular nature of the
dark-binding site could not be elucidated in this
study. Current investigations indicate that mono-
clonal antibodies against the G, subunit are able to
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inhibit G-protein activation by affecting a counter-
part of the dark-binding site at G, (H.E. Hamm, D.
Deretic, K.P. Hofmann, A. Schleicher & B. Kohl,
to be published). This effect is observed on mem-
branes as well as in detergent, suggesting that the
dark-binding site is located on rhodopsin.

This study is restricted to the investigation of
the scattering signal on isolated disk membranes. In
nonfragmented ROS, the observed P signal is much
faster and might arise from structural processes
(Hofmann, et al., 1981) that are basically different
from the transition of G-protein from the soluble
state to a membrane-associated condition.
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