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ABSTRACT: Bovine rhodopsin contains 11-cis-retinal as a light-absorbing chromophore that binds to a lysine
residue of the apoprotein opsin via a protonated Schiff base linkage. Light isomerizes 11-cis-retinal into the
all-trans form, which eventually leads to the formation of an enzymatically active state, metarhodopsin II (MII).
It is widely believed thatMII forms a pH-dependent equilibriumwithmetarhodopsin I (MI), but direct evidence
for this equilibrium has not been reported. Here, we confirmed this equilibrium by direct observation of the
mutual conversions ofMI andMII upon changing the pHof theMI/MIImixture.We also observed a reversible
binding of the synthetic peptide constituting the C-terminal 11 amino acids of the transducin R-subunit toMII,
which resulted in change of the amounts ofMI andMII in the equilibrium. Interestingly, addition of the peptide
did not induce a simple pKa shift but rather induced an increase of the MII fraction at high pH. These results
indicate that in addition to theMII that is formed fromMI in a pH-dependent manner there also exists another
MII, which is in equilibriumwithMI in a pH-independentmanner and can bind to the peptide. Therefore, there
is no need for proton uptake by the protein moiety of opsin for the binding to the peptide.

Rhodopsin is the photoreceptor protein present in rod photo-
receptor cells of the vertebrate retina and amember of familyAof
G protein-coupled receptors (GPCRs).1 It consists of a protein
moiety, opsin, and a chromophore, 11-cis-retinal. Opsin is folded
into a characteristic seven transmembrane R-helical structure,
and the chromophore covalently binds to opsin’s lysine residue at
position 296 of helix VII via a protonated Schiff base linkage (1).
Light isomerizes the 11-cis-retinal chromophore to the highly
twisted all-trans form in a restricted cavity in opsin (2). The highly
twisted chromophore then induces stepwise changes of opsin’s
structure, finally resulting in the formation of metarhodopsin II
(MII). MII contains deprotonated Schiff base chromophore (3)
and is the enzymatically active state responsible for G protein
activation (4). Because the proton on the Schiff base mediates
the ionic lock between the chromophore and a counterion,
Glu113 (5-7), its transfer to the counterion results in the loss
of the lock (8), which enables the conformation near the Schiff
base to bemore flexible. It has frequently been suggested that this
deprotonation of the Schiff base of MII plays a role in forming a

stable complex with G protein and inducing its GDP-GTP
exchange reaction (9).

To achieve a full understanding of the G protein activation
mechanism of MII, it is of primary importance to elucidate the
mechanism of the formation of MII. MII is formed as a mixture
with metarhodopsin I (MI), which contains a protonated Schiff
base chromophore (3). It has been reported that the ratio between
MI andMII in the sample is dependent on the temperature, pH,
and other environmental conditions (10-12). Thus it is generally
thought that MI andMII are in temperature- and pH-dependent
equilibrium. However, in most experiments reported thus far,
rhodopsin samples kept at various temperatures or pHs were
irradiated to form amixture ofMI andMII, and the formation of
the mixtures was analyzed by a reaction scheme that included
MI/MII equilibrium. Thus, the possibility that precursors of MI
andMII could form an equilibrium and then be converted toMI
and MII, which exhibit no equilibrium (Scheme 1), could not be
neglected. Direct evidence for the existence of the state of
equilibrium between MI and MII should be obtained from the
observation of the temperature- or pH-driven reverse reaction
from either of the intermediates. However, accurate control of
the sample temperature and pH is necessary to avoid the
inclusion of reactions such as decomposition into all-trans-retinal
and opsin and conversion to the subsequent intermediate meta-
rhodopsin III (MIII) in the measurements of reverse reactions.

Using low-temperature time-resolved spectroscopy, we pre-
viously tried to directly observe the thermal back-reaction from
MII toMI and confirmed thatMI,MII, and even lumirhodopsin
are actually in a temperature-dependent equilibrium (13). How-
ever, as far as we know, no experimental data explicitly showing
the pH-driven reverse reactions have been published so far. Thus,
in the present study, using a specialized optical cell with two
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compartments, we examined whether or not the spectra of the
samples whose pH was adjusted to the same value before and
after irradiation were overlapping. The results clearly showed
that these spectra were identical, indicating that MI and MII are
really in pH-dependent equilibrium. Furthermore, we observed
that a synthetic peptide composed of the C-terminal 11 amino
acids of the transducinR-subunit reversibly changed the amounts
of MI and MII in the mixture. Examination of the pH profile of
the MI/MII mixture indicated that the peptide did not simply
bind to MII, but rather, in addition to the MII that forms from
MI in a pH-dependent manner, there was also present another
MII that formed an equilibrium with MI in a pH-independent
manner and could bind to the peptide. On the basis of these
experimental results, we discuss the mechanism of activation of
G protein by rhodopsin.

MATERIALS AND METHODS

Sample Preparation.Bovine rod outer segments (ROS) were
isolated from bovine retinas by a standard discontinuous sucrose
gradient method described previously (14). To remove peripheral
proteins associated with ROS, the ROS were treated with 5 M
urea followed by repeated washing (five times) with a low ionic
strength buffer [5 mM Tris, 0.5 mM MgCl2, 1 mM DTT, 0.8
μg/mL leupeptin, 10 KIU/mL aprotinin, pH 7.2 (at 20 �C)]. The
ROS thus obtained were subjected to the experiments. Purified
rhodopsin was prepared as described previously (15). That
is, ROS were solubilized in buffer E [0.6% (w/v) CHAPS, 0.8
mg/mLPC, 140mMNaCl, 3mMMgCl2, 50mMHEPES, 1mM
DTT, pH 7.5 (at 20 �C)] and applied to a ConA-Sepharose
column, fromwhich rhodopsin was eluted with buffer E contain-
ing 0.3 M methyl R-D-mannopyranoside. The ROS and the
purified rhodopsin samples were stored at -80 �C until use.
An 11-mer synthetic peptide at the C-terminus of the transducin
R-subunit (GtRCT, NH2-IKENLKDCGLF-COOH) and its high-
affinity analogue (HAA, NH2-VLEDLKSCGLF-COOH) (16)
were purchased from Kurabo Co. Ltd.
Spectrophotometry.Absorption spectrawere recorded using

a Shimadzu UV2400 spectrophotometer. An optical cell having
two compartments, each with a 0.437 cm path length (Starna),
was used for rapidly changing the pH of the sample or swift
addition of the transducin-derived peptide into the sample after
irradiation of the sample under temperature-controlled condi-
tions. An optical cell with one compartment (width, 2 mm; light
path, 1 cm) was also used for the conventional recording of the
spectra of the samples. To control the sample temperature, an
optical cell holder was connected to aNeslabRTE-7 temperature
controller. Accordingly, the sample temperature was kept at
0 ( 0.1 �C. The sample was irradiated with light from a 1 kW
tungsten halogen lamp (Rigaku Seiki) that had been passed
through a glass cutoff filter (VO57; Toshiba).

The amount of rhodopsin photoconverted to the intermediates
by the irradiation was estimated as follows: First, hydroxylamine
was added to the irradiated sample at a final concentration of
50 mM, followed by incubation at 25 �C until intermediates pre-
sent in the samplewere completely converted to retinal oxime and
the opsin. Then the sample was cooled to 0 �C, and the spectrum

was recorded. Subsequently, the sample was reirradiated with
yellow light (>500 nm light) at 25 �C to bleach the residual
rhodopsin present in the sample, and the spectrum was recorded
at 0 �C. The percentage of the residual rhodopsin present in the
irradiated sample was estimated by comparing the peak value
(500 nm) of the difference spectrum between these spectra with
that of the original rhodopsin sample. Judging from the shape of
the difference spectrum, isorhodopsin which might have been
produced from MI photoreaction was negligible under our
experimental conditions.

RESULTS

Direct Observation of a pH-Dependent MI/MII Equi-
librium. We measured the absorption spectra of bovine rho-
dopsin samples, the pH of which was adjusted to 7.2 before and
after irradiation. To make a quick and accurate change of pH in
the sample after irradiation, we used an optical cell with two
separate compartments. In one experiment, the detergent-
purified rhodopsin sample (pH5.2) was placed into one compart-
ment of the optical cell, and the same volume of buffer solution
was placed into the other compartment. After the spectrum was
recorded (curve 1 in Figure 1a), rhodopsin in the sample was
irradiated with >550 nm light for 30 s to convert it to a mixture
of MI andMII. Under these conditions, mainlyMII was formed

Scheme 1

FIGURE 1: Direct observation of the conversion of MII to MI upon
changing the pH of the MI/MII mixture. All of the spectra were
recorded at 0 �C. (a) Curves 1 and 2 are the spectra of CHAPS-
solubilized rhodopsin and its photoproduct produced by irradiation
of rhodopsin with >550 nm light for 30 s at pH 5.2. Curve 3 is
the spectrum of the photoproduct after changing the pH to 7.2.
(b) Curves 1 and 2 are the spectra of CHAPS-solubilized rhodopsin
and its photoproduct produced by irradiation of rhodopsin with
>550 nm light for 30 s at pH 7.2. (c) Curve 1 is the difference
spectrum calculated by subtracting curve 1 from curve 2 in (a). Curve
2 is the spectrumcalculated by subtracting curve 1 fromcurve 3 in (a).
Curve 3 is the spectrum calculated by subtracting the curve 1 from
curve 2 in (b). (d) Curves 1 and 2 are the spectra of rhodopsin in ROS
and its photoproduct produced by irradiation of rhodopsin with
>550 nm light for 30 s at pH 6.1. Curve 3 is the spectrum of the
photoproduct after changing the pH to 7.1. (e) Curves 1 and 2 are
the spectra of rhodopsin in ROS and its photoproduct produced
by irradiation of rhodopsin with >550 nm light for 30 s at pH 7.1.
(f) Curve 1 is the difference spectrum calculated by subtracting curve 1
from curve 2 in (d). Curve 2 is the spectrum calculated by subtract-
ing curve 1 from curve 3 in (d). Curve 3 is the spectrum calculated by
subtracting curve 1 from curve 2 in (f).
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(curve 2 in Figure 1a). The irradiated rhodopsin sample was then
mixed with the buffer solution of the other compartment by
inversion of the optical cell. This manipulation raised the pH of
the sample to 7.2 and changed the spectrum in a manner that
indicated an increase of MI component in the sample (curve 3 in
Figure 1a). In the other experiment, the rhodopsin sample
(pH 5.2) and the buffer in the respective compartments of the
optical cell were first mixed by inverting the cell. The spectrum of
the mixture (pH 7.2, curve 1 in Figure 1b) was identical with that
of the rhodopsin sample before mixing with the buffer (curve 1 in
Figure 1a). The sample was then irradiated with >550 nm light
for 30 s, resulting in the formation of amixture containingmainly
MI (curve 2 in Figure 1b).

The difference spectrum calculated by subtracting curve 1
from curve 3 in Figure 1a was compared with that calculated by
subtracting curve 1 from curve 2 in Figure 1b (Figure 1c). These
two spectra overlapped perfectly with each other, indicating that
MII in the pH 5.2 sample was indeed converted to MI when the
pH of the sample was raised to 7.2. We also performed similar
experiments using ROS samples. The results (Figure 1d-f)
clearly showed that the conversion of MII to MI by raising the
pH also occurred in the membrane-embedded condition.

Figure 2 shows a series of experiments in which the pHs of
CHAPS-solubilized rhodopsin (pH 7.8) and rhodopsin in ROS

(pH 8.7) samples were lowered to 6.7 and 7.3 by mixing with the
buffer, respectively. The fact that the difference spectra were over-
lapped (Figure 2c,f) clearly showed that MI formed under alkaline
conditions can be converted to MII upon lowering the pH. All of
these results clearly showed thatMIandMII canbe interconvertible
depending on the pH environment; that is, MI and MII are in a
direct pH-dependent equilibrium. This is the first direct and clear
evidence for the complete equilibrium of these intermediates.
Effect of Synthetic Peptide on the MI/MII equilibrium.

It has been reported that irradiation of rhodopsin in the presence
of transducin or the C-terminal peptide of the transducin
R-subunit causes the formation of a larger amount of MII than
expected based on the pH of the sample. Thus, next we examined
whether intermediates present in the equilibrium mixture, but
not their precursors, bind to the peptide. First, we prepared a
rhodopsin sample containing the C-terminal peptide (curve 1 in
Figure 3a) and irradiated it with >550 nm light for 30 s (curve 2
inFigure 3a). Then, using the optical cell with two compartments,
we irradiated a rhodopsin sample containing no peptide and then
added the peptide into the rhodopsin sample. The difference
spectrum calculated by subtracting the spectrum recorded after
addition of the peptide from that before irradiation has almost
the same shape as that calculated from the spectra of the peptide-
containing rhodopsin sample before and after irradiation. These
data imply that the peptide can bind directly to the intermediates
in the equilibriummixture. We also demonstrated that reduction
of the peptide concentration by dilution with buffer causes the
loss ofMII formation (data not shown), indicating that themode
of interaction of the peptide with MII is reversible. It should be
noted that the difference spectrum calculated by subtracting
curve 2 from curve 3 in Figure 3c has the same shape as that
calculated by subtracting curve 1 from curve 2 in Figure 2c,
indicating that the binding of the peptide to MII does not affect
the absorption characteristics of MII.

FIGURE 2: Direct observation of the conversion of MI to MII upon
changing the pH of the MI/MII mixture. All of the spectra were
recorded at 0 �C. (a) Curves 1 and 2 are the spectra of CHAPS-
solubilized rhodopsin and its photoproduct produced by irradiation
of rhodopsin with >550 nm light for 30 s at pH 7.8. Curve 3 is
the spectrum of the photoproduct after changing the pH to 6.7.
(b) Curves 1 and 2 are the spectra of CHAPS-solubilized rhodopsin
and its photoproduct produced by irradiation of rhodopsin with
>550 nm light for 30 s at pH 6.7. (c) Curve 1 is the difference
spectrum calculated by subtracting curve 1 from curve 2 in (a). Curve
2 is the spectrumcalculated by subtracting curve 1 fromcurve 3 in (a).
Curve 3 is the spectrumcalculatedby subtracting curve 1 fromcurve 2
in (b). (d) Curves 1 and 2 are the spectra of rhodopsin in ROS and its
photoproduct produced by irradiation of rhodopsin with >550 nm
light for 30 s at pH 8.7. Curve 3 is the spectrum of the photoproduct
after changing the pH to 7.3. (e) Curves 1 and 2 are the spectra of
rhodopsin in ROS and its photoproduct produced by irradiation of
rhodopsin with >550 nm light for 30 s at pH 7.3. (f) Curve 1 is the
difference spectrum calculated by subtracting curve 1 from curve 2 in
(d). Curve 2 is the spectrum calculated by subtracting curve 1 from
curve 3 in (d). Curve 3 is the spectrum calculated by subtracting curve
1 from curve 2 in (f).

FIGURE 3: Effect of the high-affinity synthetic peptide on the equi-
libriumbetweenMIandMII.All of the spectrawere recordedat 0 �C.
(a) Curves 1 and 2 are the spectra of rhodopsin inROS (pH7.5) in the
presence of the high-affinity synthetic peptide (HAA; final concen-
tration 20 μM) and its photoproduct produced by irradiation of
rhodopsin with >550 nm light for 30 s. (b) Curves 1 and 2 are the
spectra of rhodopsin in ROS and its photoproduct produced by
irradiation of rhodopsin with >550 nm light for 30 s. Curve 3 is the
spectrum after addition of the high-affinity synthetic peptide (HAA;
final concentration 20 μM) obtained by using a special optical cell
with two compartments. (c) Curve 1 is the difference spectrum
calculated by subtracting curve 1 from curve 2 in (a). Curve 2 is the
spectrum calculated by subtracting curve 1 from curve 2 in (b). Curve
3 is the spectrumcalculated by subtracting curve 1 fromcurve 3 in (b).
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pHProfile of theMI/MII Equilibrium in the Presence of
Peptide. Using ROS samples, we next examined the pH profile
of the MI/MII equilibrium in the presence of peptide to obtain
insight into the mechanism of interaction between the rhodopsin

intermediate and the peptide. We used two kinds of peptides: one
was a peptide consisting of the C-terminal 11 amino acids of GtR
and the other was its high-affinity analogue developed byMartin
et al. (16). If the peptide can bind to MII to affect the MI/MII
equilibrium, the presence of peptide would shift the apparent pKa

of the MI/MII equilibrium. However, the experimental results
clearly showed that addition of the peptide increased the MII
fraction at high pH instead of a simple shift of pKa (Figure 4). In
particular, the addition of high-affinity peptide at 10 μM con-
centration resulted in the presence of ∼60% of MII in the
equilibrium mixture even at pH 8.5, in which MII constituted
only a few percent of the total intermediates in the absence
of peptide. We also performed experiments using CHAPS-
solubilized rhodopsin samples and obtained results similar to
those shown in Figure 4 (data not shown).

The above results suggested that the equilibrium state contains
at least two kinds ofMII: one is anMII that forms an equilibrium
with MI independent of the environmental pH, and the other is
anMII that receives one proton from the outer environment.We
tentatively referred them to asMII andMII 3H

þ and formulated
a reaction scheme according to these plus the previously pub-
lished results (Scheme 2) (17). Then we formulated two schemes
inwhich interactionmodes with peptide were differently included
(Schemes 3 and 4). In Schemes 3 and 4, we assumed that both of
MII (MII andMII 3H

þ) and onlyMII 3H
þ have binding affinities

to the peptide, respectively. The relative amount of MII was
calculated based on these schemes (see Appendix), and experi-
mental data were fitted with the theoretical curves (Figure 4e).
The obtained data could be fitted with the curves calculated from
Scheme 3 better than with the curves from Scheme 4. It should be
noted that the binding of peptide to MII 3H

þ was necessary for
better fitting.

It is important to verify whether or not the K values obtained
from Scheme 3 are in agreement with the experimental facts
reported previously. It was reported that HAA has 100-fold higher
affinity to the active state than GtRCT (16). The K3 and K4 values
we obtained are 2.64 � 10-2 μM-1 and 1.50 � 10-3 μM-1 in
the presence of 540 μM GtRCT, 1.09 � 10 μM-1 and 4.76 �
10-1 μM-1 in the presence of 5 μM HAA, and 6.80 μM-1 and
4.37 � 10-1 μM-1 in the presence of 10 μM HAA, respectively.
Thus K3 and K4 values in the presence of HAAwere 200-300-fold
higher than those in thepresence ofGtRCT,which is consistentwith
the previous report. Interestingly, our data indicated that each
K3 value is 10-fold larger thanK4 value. This indicates thatMII has
10-fold higher affinity to transducin-derived peptide thanMII 3H

þ.

FIGURE 4: pH-dependent shift of the equilibrium between MI and
MII in the presence or absence of synthetic peptides.All of the spectra
were recorded at 0 �C. (a) A set of difference spectra between
rhodopsin in ROS and its irradiation photoproduct at pH 5.0, 5.6,
6.1, 6.5, 7.1, 7.5, 8.0, and 8.6 (curves 1-8, respectively). (b) A set of
difference spectra between rhodopsin in ROS and its irradiation
photoproduct in the presence of 540 mMGtRCT at pH 5.0, 5.4, 6.0,
6.5, 7.1, 7.6, 8.1, and 8.5 (curves 1-8, respectively). (c) A set of
difference spectra between rhodopsin in ROS and its irradiation
photoproduct in the presence of 5 mMHAA at pH 5.3, 6.0, 6.5, 6.9,
7.6, 8.0, and 8.4 (curves 1-7, respectively). (d) A set of difference
spectra between rhodopsin in ROS and its irradiation photoproduct
in the presence of 10 mMHAA at pH 5.0, 5.4, 6.1, 6.5, 7.0, 7.5, 7.9,
and 8.4 (curves 1-8, respectively). The amount of bleached rhodop-
sin in (a)-(d) was 5.85 ( 0.42 μM. All of the difference spectra in
(a)-(d) were normalized so that the absorbance of bleached rhodo-
psin was 1. (e) Relative amounts of MII as a function of pH. The
amounts of MII produced by irradiation of rhodopsin in ROS with
>550 nm light for 30 s at various pHs in the absence of the peptides
(squares) and the presence of 540 μMGtRCT (triangles), 5 μMHAA
(open circles), or 10 μM HAA (closed circles) were plotted as a
function of pH of the sample. The amount of MII was estimated by
simulating each difference spectrum with absorption spectra of MII
andMI,whichwereobtainedby themethodpreviously reported (15).
Solid lines are the best-fitted curves calculated according to Scheme 3.
The equilibrium constants K1 and K2 were estimated to be 2.24 �
10-2 and 2.22 � 108 M-1, respectively, by best-fitting of the experi-
mental data in the absence of peptide according to the Scheme 2, and
these values were used for the fitting of the data in the presence of
peptides according to the Scheme 3. Inset: The experimental data
obtained in the presence of 10 μMHAA are shown in closed circles,
which are best-fitted according to Scheme 3 (solid line). The broken
and dotted lines are the best-fitted curves calculated fromSchemes 4
and 5, respectively. Note that K3 was fixed at 1 in fitting based on
Scheme 5 because Knierim et al. (23) reported that maximum net
proton release from MII is 0.5 proton per MII in the presence of
peptide.

Scheme 2

Scheme 3

Scheme 4
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DISCUSSION

In the present study, we have confirmed the pH equilibrium
between MI and MII by directly measuring their mutual con-
versions. We also found a reversible effect of the C-terminal
peptide of GtR on the MI/MII equilibrium and obtained the pH
profile of the MI/MII equilibrium in the presence of the peptide.
The results showed that addition of peptide did not simply shift
the pKa of the MI/MII equilibrium but, rather, increased the
amount of MII at high pH without a large shift of pKa. The
experimental data were best fitted with a reaction scheme
(Scheme 3) in which the peptide can interact with MII that has
not yet acquired a proton from the solution environment.

Normally, proton dissociable groups bind protons at lower pH
and release them at higher pH. Although MI and MII con-
tain protonated and unprotonated Schiff base chromophores,
respectively, the shift of the equilibrium occurs in the opposite
compared to the normal way: that is, higher pH shifts the
equilibrium in favor of MI and lower pH shifts it in favor of
MII (10). These facts suggest that there is a dissociable residue in
the protein region accessible to the solution environment and it
controls the state of Schiff base protonation through an intra-
molecular hydrogen-bonding network. Although the molecular
entities constituting the hydrogen-bonding network have not
been identified yet, mutational studies have shown that Glu134 is
a candidate for the acceptor of a proton from the solution
environment (19). This was also strengthened by the FTIR
experiments (18, 20).

In the present study, we showed that MII could interact with
the peptide without proton uptake. Therefore, the proton uptake
byGlu134 is not essential for binding to transducin but, rather, is
important for the release of GDP or uptake of GTP. In fact, we
reported that there is an intermediate state that can bind GDP-
bound transducin but cannot induce the GDP-GTP exchange
reaction (21, 22). All of these data taken together indicate that the
MII state without proton uptake seems to bind transducin that
has already released GDP (empty state).

When we constructed the reaction schemes, we assumed that
the peptide could simply interact with MII states. However,
recent investigations by Knierim et al. (23) suggested that more
than one proton is released from the MII state when rhodopsin
binds to the peptide. Thus, we also tried to simulate the
experimental data by using a reaction scheme involving the
proton release from the MII-peptide complex (Scheme 5).
According to this reaction scheme, it is expected that the amount
of MII would first decrease as the pH of the sample is raised but
would then increase if the pH goes up further. However, the
experimental data did not show a reincrease of the amount of
MII at higher pH, indicating that proton release from the
MII-peptide complex did not occur under our experimental
conditions. It should be noted that our experimental data arewell
fitted with the assumption that only one proton is released from
the MII-peptide complex. In this scenario, the peptide can
interact with MII that has already acquired a proton.

In contrast to the vertebrate rhodopsins, invertebrate rhodop-
sins contain a metarhodopsin system whose Schiff bases are
directly affected by the solution environment (24). This is in
marked contrast with the fact that, like vertebrate rhodopsins,

most invertebrate rhodopsins have a conserved carboxylic resi-
due at the cytoplasmic surface. These observations can be
accounted for by the fact for that the hydrogen-bonding network
system including E113 does not exist in invertebrate rhodop-
sins (25, 26). These differences may reflect the small helical
rearrangements and thus less efficient G protein activation in
the case of invertebrate rhodopsin upon photon absorption
(27, 28). It seems likely that vertebrate rhodopsins acquired their
anomalous pH-dependent property of metarhodopsins during
evolution.

In conclusion, we obtained direct evidence that MI and MII
form a pH-dependent equilibrium. We also obtained evidence
that proton uptake by MII is not necessary for interaction with
transducin. In our next study, we will attempt to identify the
amino acid residues involved in the hydrogen-bonding network
system connecting Glu134 with the Schiff base chromophore.
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APPENDIX

To analyze the pH dependence of MI and MII in the absence
and presence of transducin-derived peptides, we considered the
reaction schemes (Schemes 2, 3, and 4) shown in the Results
section. In Scheme 2, the total amount of bleached rhodopsin
[Rh] is given by

½Rh� ¼ ½MI� þ ½MII� þ ½MII 3H
þ� ð1Þ

where [MI], [MII], and [MII 3H
þ] are the amounts of MI, MII,

and MII 3H
þ. From the law of mass action, the right side can be

written as

½Rh� ¼ ½MI�ð½1þK1 þK1K2½Hþ�Þ ð2Þ
where K1 and K2 are the MI/MII andMII/ MII 3H

þ equilibrium
constants, respectively, and [Hþ] is the proton concentration in
the sample. The amount of MI is given by

½MI� ¼ ½Rh�
1þK1 þK1K2½Hþ� ð3Þ

Therefore, the relative amount of MII is derived to be

½MII�rel ¼
½MII� þ ½MII 3H

þ�
½Rh� ¼ 1-

½MI�
½Rh�

¼ 1-
1

1þK1 þK1K2½Hþ� ð4Þ

In Scheme 3, the total amount of bleached rhodopsin is given
by

½Rh� ¼ ½MI� þ ½MII� þ ½MII 3H
þ�þ ½MII 3T� þ ½MII 3H

þ
3T�
ð5Þ

where [MII 3T] and [MII 3H
þ
3T] are the amounts of MII 3T and

MII 3H
þ
3T. From the law of mass action, the right side can be

written as

½Rh� ¼ ½MI�ð1þK1 þK1K2½Hþ�þK1K3½T� þK1K2K4½Hþ�½T�Þ
ð6Þ

Scheme 5
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where [T] is the amount of transducin-derived peptide. On the
other, the total amount of transducin-derived peptide is given by

½T�total ¼ ½T� þ ½MII 3T� þ ½MII 3H
þ
3T� ð7Þ

Hence, the amount of free peptide can be expressed as

½T� ¼ ½T�total
1þK1K3½T� þK1K2K4½Hþ�½T� ð8Þ

Substituting eq 8 into eq 6, we obtain

0 ¼ ½MI�2KaKb þ ½MI�ðKa þKbð½T�total -½Rh�ÞÞ-½Rh� ð9Þ
where Ka and Kb are expressed as

Ka ¼ 1þK1 þK1K2½Hþ� ð10Þ
and

Kb ¼ K1K3 þK1K2K4½Hþ� ð11Þ
K3 and K4 are the MII/MII 3T and MII 3H

þ/MII 3H
þ
3T

equilibrium constants, respectively. Ka and Kb are functions of
pH.By solving the quadratic equation (eq 9) for [MI], the amount
of MI is given by

½MI� ¼ f-ðKa þKbð½T�total -½Rh�ÞÞ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKaþKbð½T�total -½Rh�ÞÞ2 þ 4KaKb½Rh�

q
g=2KaKb ð12Þ

Finally, the amount of MII is obtained by the equation:

½MII�rel ¼ 1-
½MI�
½Rh� ¼ 1-f-ðKa þKbð½T�total -½Rh�ÞÞ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKaþKbð½T�total -½Rh�ÞÞ2 þ 4KaKb½Rh�

q
g=2KaKb½Rh�

ð13Þ
Weused eqs 4 and 13 for analyzing the experimental data. IfK3

is fixed as 0, eq 13 derives the relative amount ofMII in Scheme 4.
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