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ABSTRACT: The equilibria between metarhodopsins I and II (MI and MII) and the binding of MII to retinal
G protein (G) were investigated, using the dual wavelength absorbance response of rod disk membrane
(RDM) suspensions to a series of small bleaches, together with a nonlinear least-squares fitting procedure
that decouples the two reactions. This method has been subjected to a variety of theoretical and experimental
tests that establish its validity. The two equilibrium constants, the amount of active G protein (that can
bind to and stabilize MII) and the fraction bleached by the flash, have been determined without a priori
assumptions about these values, at temperatures between 0 and 15°C and pHs from 6.2 to 8.2. Binding
of G to MII in normal RDM exhibits 1:1 stoichiometry (not cooperative), relatively weak, 2-4 × 104

M-1 affinity on the membrane, with a pH dependence maximal at pH 7.6, and a low thermal coefficient.
The reported amount of active G remained constant even when its binding constant was reduced more
than 10-fold at low pH. The method can readily be applied to the binding of MII to other proteins or
polypeptides that stabilize its conformation as MII. It appears capable of determining many of the essential
physical constants of G protein coupled receptor interaction with immediate signaling partners and the
effect of perturbation of environmental parameters on these constants.

Members of the G protein coupled receptor (GPCR)1

family number in the thousands, functioning to transduce
extracellular signals that cells depend on for most of their
life processes. GPCRs are postulated to exist in several
intramolecular conformations. It is thought that signals
(agonists) activate them by stabilizing the particular receptor
conformation that binds to and activates G proteins. Recep-
tor-bound G proteins lose their GDP and stabilize the receptor
in the agonist-activated conformation. This paradigm appears
to be qualitatively supported by data from many receptor
systems that show the midpoint of agonist binding curves
to be shifted to lower agonist concentration in the presence
of G protein (the agonist-receptor high-affinity state) [see
Kenakin (1) and references therein]. When GTP binding
subsequently releases the bound G protein, the receptor
returns to its low agonist affinity state.

The kinetics and thermodynamics of receptor-G protein
interactions have resisted quantitative analysis partly because
these proteins are restricted to the surfaces of cellular
membranes where they are less accessible to common
biochemical techniques. Difficulty in obtaining natural or
recombinant receptor and G proteins in amounts necessary
for many experimental approaches has also slowed progress.

Receptor-G protein interactions in rod disk membranes
closely mirror those of other GPCRs. In its least active state,
rhodopsin contains the inverse agonist and chromophore, 11-
cis-retinal, which is covalently attached to the receptor
protein. Light absorbed by rhodopsin can isomerize this
chromophore toall-trans-retinal, the agonist of rhodopsin
activation. Resultant protein charge redistribution and con-
formational changes produce rapid changes in rhodopsin’s
visible light absorption spectra, ultimately forming a pH and
temperature-dependent equilibrium between metarhodopsins
I (MI, λmax 480 nm) and II (MII,λmax 387 nm) (2, 3). These
spectroscopic properties of rhodopsin’s activation path
intermediates, together with the natural abundance of rhodop-
sin and retinal G protein, make possible the quantitative
investigation of GPCR signaling events that have been
virtually impossible to study in other GPCR systems.

MII is the first rhodopsin-bleaching intermediate able to
bind the rod G protein, transducin (4), forming MII‚G, the
visual homologue of the agonist-receptor high-affinity state.
Binding to G stabilizes MII (5), removing it from the MI-
MII equilibrium and, in the absence of guanine nucleotides,
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producing an enhanced absorbance at 390 nm (6). Since
MII ‚G has the same absorbance as MII, only that portion of
MII ‚G formed at the expense of MI contributes to the
absorbance increase. The two reactions are thus coupled, the
magnitude of the increase depending both on the amount of
MII ‚G formed and on the MI-MII equilibrium.

Determination of equilibrium constants for coupled sets
of reactions is a common problem in biochemistry. Evalu-
ation of a bimolecular binding constant normally requires
titration of one of the reactants into the other, measuring
the amount of product formed and free reactant remaining
for each titration point. Nevertheless, analysis can be
particularly difficult when it is not possible to separate the
reactions for individual study or when it is desirable to
examine the coupled set in situ, where the classic titration
of one reactant will affect the final amounts of all of the
coupled products. Membrane-phase reactions, in particular,
make this a cumbersome if not completely daunting task.

Rod disk membranes (RDM), however, contain rhodopsin
and G protein in a ratio (10-20:1) substantially different
from the expected stoichiometry of their reaction (1:1). By
using a series of brief light flashes, the ambient G protein
can be titrated with small pulses of bleached rhodopsin. The
smaller amount of G protein will be bound (at reasonable
binding affinity) well before the rhodopsin is exhausted. By
activating R with small pulses of bleaching light, an entire
titration of ambient G with bleached rhodopsin (R*) can be
performed on a single sample. The optical density changes
at 390 nm can then be fit to a quantitative chemical reaction
model that decouples the two reactions. This permits the
simultaneous determination of all the essential parameters:
the initial concentrations of rhodopsin (R) and active G
protein (G), the MI-MII ( Ka) and MII + G - MII ‚G (Kb)
equilibrium constants, and the fraction bleached (f ) by each
flash.

This method eliminates the need for any a priori assump-
tions such as the amount of G protein, the fraction of
rhodopsin bleached per flash, or the MI-MII equilibrium
constant, as have been previously used in estimating the
MII ‚G binding constant (7). It has proven particularly
valuable where many titrations are needed to explore the role
of intensive variables such as pH, temperature, ionic strength,
or phosphorylation stoichiometry that may simultaneously
alter several features of the coupled equilibria. In this study,
the method was used to determine the pH and temperature
dependence of the four parameters,G, Ka, Kb, andf, between
pH 6.2 and 8.2 and from 0 to 15°C.

We describe the mathematical analysis that calculates the
best-fitting values for these four parameters from the kinetic
record of a single titration, and present several experimental
and computational tests of its reliability.

Mathematical Analysis.The “enhanced” reaction of R*
with G is,

the GDP being released as soon as G binds to MII. Added
GTP (8) or one of its analogues [or GDP, in sufficiently
high concentration (9)] releases MII from G, returning the

390 nm optical density to the lower value of the MI-MII
equilibrium alone. Thus, in the presence of GTP, the
“unenhanced” reaction is

This effectively reduces to

The solution for enhanced MII formation requires two
conservation and two equilibrium equations:

Unenhanced MII formation requires just two equations:

The equations are readily solved for [MI], [MII],
[MII ‚G], and [G]free (part I in the Appendix) as a function
of the parameters [G]total, Ka, Kb, andf, the fraction bleached.
The predicted change in optical density is

where the differential extinction coefficients are for the
indicated transitions at the wavelength pair used in the
spectrophotometric measurements.

EXPERIMENTAL PROCEDURES

Fresh bovine eyes were obtained from a local slaughter-
house (MOPAC, Inc, Soudertown, PA) and the retinas
dissected under infrared light using image converters. Rod
disk membranes (RDM) were prepared by sucrose flotation
(10) in isotonic buffer (20 mM MOPS, 100 mM KCl, 2 mM
MgCl2, 1 mM DTT, and 0.1 mM EDTA, pH 7, 0°C). They
were stored in the same medium on ice at a rhodopsin
concentration of 150-200 µM. Hypotonically stripped rod
disk membranes (sRDM) were prepared by washing RDM
three times in hypotonic buffer (10 mM MOPS, 1 mM DTT,
and 1 mM EDTA, pH 7.0, 0°C) as described (11) to remove
G protein and other peripheral proteins. The amount of
remaining G protein was assayed using the serial bleach
titration method of this paper, and additional washes were
performed as necessary to reduce the residual G protein
detected to less than 0.05µM per 10µM rhodopsin. Urea-
stripped rod disk membranes (usRDM) were prepared from
sRDM by suspending in hypotonic buffer containing 5 M
urea, incubating on ice for 1 h, centrifuging, and washing
once with hypotonic buffer. The sRDM and usRDM were
stored in isotonic buffer as above.

R98
light

f MI y\z
Ka

MII

[R*] ) [MI] + [MII] + [MII ‚G]

[G]total ) [G]free + [MII ‚G]

Ka ) [MII]/[MI]

Kb ) [MII ‚G]/([MII] × [G]free)

[R*] ) [MI] + [MII]

Ka ) [MII]/[MI]

∆OD ) ∆[R*] ∆ε(RhfMI) +
(∆[MII] + ∆[MII ‚G])∆ε(MIfMII)
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GRâγ was purified from bovine retinas by the method of
Baehr et al. (12) and individual subunits, GR and Gâγ, by the
method of Kroll and Phillips et al. (13). Purity was checked
using overloaded Coomassie stained SDS-PAGE gels.
Concentrations were determined by UV spectroscopy using
ε280 ) 36 700 for GR‚GDP, 55 700 for Gâγ, and 92 400 for
GRâγ‚GDP, as summed from (M-1cm-1) tyrosine) 1300,
tryptophan) 5500, GDP) 8800, and the relevant amino
acid composition. Purified proteins were snap frozen in 100
µL aliquots and stored in liquid nitrogen. Aliquots were
rapidly thawed just before use. Optical density was monitored
kinetically at 390 nm, where MII absorbance is near its
maximum. Reference beam OD at 417 nm, near the isos-
bestic (isochromic) wavelength for the MI-MII transition,
was subtracted to minimize effects of light scattering.

For the experiments used to determine the pH and
temperature dependence of the parameters, an aliquot of the
stock suspension of RDM was diluted into pH-adjusted
MOPS buffer to a final rhodopsin concentration of 10-12
µM. GTPγS (500 µM) was added in one-half of the
experiments to prevent accumulation of MII‚G. Samples were
cooled to the desired temperature in the thermally jacketed
cuvette holder of an SLM-Aminco DW2000 dual beam
spectrophotometer. Absorption spectra were measured in split
beam mode, with MOPS buffer in the reference cuvette.
Bleaching kinetics were measured in a single cuvette in dual
beam mode, with the wavelength alternating (chopped)
between 390 nm (sample) and 417 nm (reference) every 2
ms. The bleaching flash entered the cuvette from the side,
orthogonal to the measuring beams.

For the titration experiments with G protein, suspensions
of RDM, sRDM, or usRDM were diluted into MOPS buffer
at pH 7, 1°C, to which varying amounts of G protein (either
GRâγ or GR + Gâγ) in MOPS buffer were added. Comple-
mentary amounts of MOPS buffer not containing G were
added to maintain the same dilution factor, yielding a final
concentration of about 10µM rhodopsin.

Each sample was bleached 19 times at 50 s intervals, using
flashes of constant intensity delivered from an EG&G
(Electro-Optics, Salem, MA) xenon flash unit (FX-199 tube
with a PS-302 power supply and a 7µF external capacitor)
operated at 500-1000 V. The flashes were filtered to block
(>2 OD) wavelengths shorter than 414 nm or longer than
690 nm. Each flash bleached 3-6% of the remaining visual
pigment, depending on the voltage of the flash unit. With
the amount of G protein and the binding constant,Kb, in the
range normally encountered, 19 3% bleaches were generally
sufficient to accurately determine the parameters. The number
of bleaches was increased to 39 when necessary to ensure
near exhaustion of ligand, when either G protein was
augmented or binding to MII was weak, e.g., at low pH.

The energy of each of 50 consecutive flashes was
periodically measured with an IL-700 integrating radiometer
(Radiometer, Inc., Evanston, IL) and found to be constant
to within a 1.1% standard deviation from the mean. Bleach-
ing by the measuring beam was determined to be 0.25%
during each 50 s interval when the monochromator was set
for a three nm band-pass at the differential wavelength pair
used.

Rhodopsin concentration was determined for each sample
from its initial absorption spectrum usingε500 ) 40 000 M-1

cm-1 and the Dartnall correction for light scattering2 (14).
For kinetic measurements, the differential extinction coef-
ficients used were-5500 M-1 cm-1 for the transition from
rhodopsin to MI and 33 000 M-1 cm-1 for the transition from
MI to MII at this wavelength pair. These were determined
by analyzing bleaches at pH 9, 0°C, where almost all of
the bleached rhodopsin goes to MI, and G protein titration
experiments, where virtually all of the rhodopsin bleached
by the initial flash forms MII‚G. Since the differential
extinction coefficients were obtained from experiments in
which the rhodopsin concentration had been determined by
this method, the choice of extinction coefficient for rhodopsin
is arbitrary, canceling out in the calculations.

A single RDM preparation was analyzed at five different
pHs (approximately 6.3, 6.7, 7.1, 7.6, and 8.1) and at four
temperatures (nominally 0, 5, 10, and 15°C) with and
without GTPγS (40 experiments). Each set of experiments
was completed within the week that the eyes were harvested.
The pH of each sample, measured at room temperature after
each experiment, was corrected to the experimental temper-
ature using the thermal dependence of the pK of MOPS,
-0.012 pH units/°C (15). The entire set of experiments was
performed three times, for a total of 60 enhanced and 60
unenhanced experiments.

RESULTS AND DISCUSSION

Method of Analysis of Kinetic Data.Figure 1 shows typical
kinetic recordings for unenhanced (A) and enhanced (B)
formation of MII, at five pHs and at a temperature near
0 °C. The optical density during unenhanced formation of
MII steadily increases or decreases, depending on whether
the pH of the sample is below or above the isochromic point,
where the optical density increase due to MII formation is
just enough to offset the decrease in optical density due to
the formation of MI. These incremental changes in optical
density diminish uniformly with successive bleaches in
proportion to the remaining unbleached visual pigment. The
records exhibiting enhanced MII formation (B) show an
abnormally large initial increase in optical density, due to
formation of MII‚G. Note that at pHs above the isochromic
point, the enhanced kinetic records are biphasic, initially
increasing until the G is largely exhausted, and then
decreasing in parallel with the unenhanced records.

Time-averaged values of the optical density were calcu-
lated from data preceding the first flash, and from that
following each flash, starting from the time at which the
reaction had essentially reached equilibrium. Nineteen
consecutive differences in optical density (∆ODs) were
calculated from these averaged values. These∆ODs were
analyzed using the equations in part I of the Appendix by a
Nelder-Mead nonlinear least-squares fitting routine (Sim-
plex) (16) to determine the total amount of G, the fraction
of rhodopsin bleached by each flash, and the two equilibrium
constants,Ka and Kb. Rhodopsin concentration in solution
([R]sol) was usually determined from the initial RDM or
sRDM spectrum, while rhodopsin concentration on the
membrane ([R]mem) was assumed constant at 10 mM for
unbleached RDM preparations (see Membrane Localization
of Reactants, below).

2 [Rhodopsin]) (1.1OD500 - 0.77OD600 - 0.33OD400)/40 000 M-1

cm-1.
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Figure 1, panels C and D, plot the unenhanced and
enhanced equilibrium data (∆ODs) obtained from the lowest
pH kinetic traces shown in Figure 1, panels A and B. Simplex
analysis curves that best fit these data and the values
determined for the parameters are superimposed. With the
pH and temperature closely matched, values forKa andf for
enhanced and unenhanced experiments are virtually identical,
showing that the analysis successfully decouples the two
reactions. The contributions to MII‚G from MI and MII are
in the ratio of 1 toKa, since at equilibrium the fraction of
bleached rhodopsin in MI is 1/(1+ Ka), while that in MII is
Ka/(1 + Ka), and the equilibrium is preserved when MII‚G
is formed.

Our Simplex program calculates the equilibrium concen-
trations of all of the rhodopsin intermediates and the free G
after each bleach. Figure 2 shows how these concentrations
evolve during the course of a 39-flash experiment for an
RDM sample to which an additional 1.5µM purified G had
been added. Note that MII‚G never attains a value equal to
the starting concentration of G protein, nor doesGfree go to
zero, even after many bleaches, since the latter could at most
bleach 10µM rhodopsin, which would not bind all the G
protein. [In fact, photoequilibrium would prevent even this
much rhodopsin from being bleached (17).] This demon-
strates that the amount of G determined by Simplex analysis
includes both the free G and bound G (MII‚G).

Membrane Localization of Reactants.While the rhodopsin
concentration in solution varies with the experimental dilution

factor, the rhodopsin concentration on an unbleached RDM
is constant. Concentrations on a membrane or other surface
should properly be expressed as moles per unit area.
However, to make our values comparable to those reported

FIGURE 1: Optical density kinetics of five unenhanced (A) and five enhanced (B) preparations, recorded at 390/417 nm, in response to
flash bleaches every 50 s. Temperature was 1°C, pH as shown. Records showing enhancement have a large initial increase in OD at all
pHs due to formation of MII‚G. Equilibrium optical density differences between consecutive flashes (C and D) determined from lowest pH
records in panels A and B. Symbols (+) are the changes in OD measured for each flash; the curve in panel C and the upper curve in panel
D are the Simplex best-fit values for these∆ODs. The middle curve in panel D, calculated fromKa and f, is what the∆ODs would have
been had there been no enhancement. The difference between the upper and lower curves in panel D shows the amount of MII‚G formed
by each flash. Parameters preceded by a star (*) were determined by Simplex analysis; R was fixed at the measured concentration.

FIGURE 2: RDM (10 µM) preparation, containing∼0.45 µM G
protein and augmented with an additional 1.5µM G, bleached 39
times, and analyzed by the Simplex program. Graph shows
evolution of rhodopsin intermediates and free G protein with
successive bleaches. The Simplex program calculated total active
G (MII ‚G + Gfree) to be 1.961µM. Note that MII‚G never reaches
this value, nor does Gfree go to zero. Calculated values for
unenhanced MI (upper) and MII (lower) dotted curves, based on
the same values ofKa andf as for the enhanced data, are included
for comparison.
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in the literature, we express them as moles per unit volume,
using the known thickness of the membrane. Since each
rhodopsin molecule occupies an area of 36-40 nm2 on the
membrane (18), which has an effective thickness of about
4.5 nm, rhodopsin membrane concentration was calculated
to be 10 mM. All of the reactions considered here (and
GPCR-G protein interactions in general) occur on the
membrane, so the reactants appear in the above equations at
their membrane concentrations. The Simplex program uses
the ratio of the solution-average rhodopsin concentration
([R]sol) to that on the membrane ([R]mem) after each iteration
to calculate the solution-average concentration of all of the
reactants and from them the optical density.

Equilibrium data from unenhanced preparations, to which
GTPγS had been added, generally showed a small amount
of enhancement with the first bleach. A possible explanation
is that about 4% of the membranes isolated from a bovine
rod are plasma membrane3 which reseal with the G binding
sites inside, effectively isolating a small fraction of the G
from GTPγS (19). This enhancement was reduced to about

1% if the preparation was briefly sonicated with GTPγS,
consistent with this fraction of vesicles having been inverted
(data not shown). To minimize the effect of this slight MII
enhancement on our analysis of unenhanced data, this first
data point was excluded from the Simplex analysis of this
class of experiments.

Correction for MIII Formation. At temperatures much
above 1°C, and especially at low pHs, the decay of MII
was too rapid to be ignored. This produced a steady loss of
optical density after the reaction forming MII‚G should have
reached equilibrium, as illustrated in Figure 3A. At the range
of temperatures in our experiments, the free retinal formed
should be negligible (20) so that the only decay product
should be MIII. Although this may not be a homogeneous
product (21), it was sufficient for our purposes to treat it
like one, with an average differential extinction coefficient
of about-10 000 M-1 cm-1.

These kinetic records were analyzed using the two∆ODs
illustrated in Figure 3B.∆OD1 is the change in optical
density between the end of one 50 s interval and the
beginning of the next, and∆OD2 is the change in optical
density during the latter interval. Each is measured from the
best-fit lines to the last 40 s of each interval.∆OD1 is
attributable to the change in concentration of rhodopsin, MI,

3 A bovine rod 1.5µm in diameter and 30µm long has, at 33 disks/
µm, a thousand disks with a total area of∼3500 µm2. The plasma
membrane has an area of∼140 µm2, ∼4% of the total area.

FIGURE 3: (A) Four unenhanced kinetic records of RDM preparations at pH 7 but at different temperatures, illustrating the increasingly
rapid loss of OD between flashes with increasing temperature, due to conversion of MII to MIII. (B) Two∆ODs following each bleach
were determined as shown. (C) Uncorrected (lower) and corrected kinetic records (upper trace), where smoothed values of the downward
slopes of the lower trace (measured by∆OD2) were added back, showing what the record would have been had there been no loss to MIII.
(D) The two sets of∆ODs were analyzed simultaneously in terms ofKa, f, k3 andk-3, giving a measure of the amount of MIII formed.
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MII, and MII‚G due to bleaching and photoregeneration by
the flash after they have reached thermal equilibrium.∆OD2
is due to the same changes resulting from the bleach by the
measure beam during the 50 s before the next flash, together
with the formation of MIII during that time.

The rate of MIII formation should smoothly increase with
the amount of MII formed during a series of bleaches, over
the temperature and pH range studied. The 19∆OD2s were
therefore smoothed by fitting to a single exponential. Where
the best-fit value was negative (downward slope), an
equivalent upward slope was added to the kinetic record,
effectively eliminating any slope in the modified record
(Figure 3C), which was then used in subsequent equilibrium
analysis. This method maintains conservation of rhodopsin
and its intermediates, showing what the data would have been
if no MIII had formed, but it does not correctly treat
photoregeneration from MIII. In effect, the method assumes
that MIII has an efficiency of photoregeneration equal to an
average of the efficiencies of photoregeneration of MI and
MII (0.74 and 0.03 for our bleaching flash), weighted
according to their relative concentrations, which will nor-
mally vary from one experiment to another.

A quasi-equilibrium method for estimating formation of
MIII (Figure 3D) was developed to gain information about
the kinetic parameters for the MII-MIII reaction, and to
determine whether the standard equilibrium method produced
significant error in the equilibrium constants. Since MIII
formation never reached equilibrium under the conditions
of these experiments, it had to be analyzed in terms of its
first-order rate constants. In this method, the∆OD1s were
fit as before, but the∆OD2s were simultaneously fit, using
a kinetic analysis that tracked the rates of formation of MIII
from MII (k3) and regeneration of MII from MIII (k-3),
together with the known rate of bleaching by the measuring
beam. We did not include MII‚G with MII in calculating
the forward rate with the Simplex program. Iterations were
done every 5 s using a modified midpoint method, the
amounts of MI, MII, MII‚G, and MIII being corrected after
each interval. After 50 s, the resulting change in OD was
calculated, and compared with the measured∆OD2 for that
interval.

This gave us a measure of the amount of MIII formed in
each experiment, permitting us to test limiting estimates for
the relative quantum efficiency of photoregeneration from
MIII, which was assigned the value of zero or that of MI. It
provided reasonable estimates for the temperature and pH
dependence ofk3 andk-3, and confirmed that our standard
method of analysis did not significantly affect the calculation
of the equilibrium parameters.

Estimate of Errors.Probable errors of the best-fit values
were obtained using a standard Monte Carlo method (Ap-
pendix III), since the Simplex program does not directly
provide such estimates.Ka, the most precisely determined
parameter, was found to be accurate to within 2% on
individual experiments,f to 4-5%, total G to about 8-10%,
andKb to about 20%.

Validation of Simplifying Assumptions.Apart from the
question of MIII formation, the Simplex analysis requires
several simplifying assumptions that may be only ap-
proximately true. Once it was realized that the log decrement

method4 commonly used to calculate the fraction bleached
generally gave erroneous values unless corrected for even
very small amounts of photoregeneration (17), it became
apparent that other approximations would also have to be
checked to determine whether they produced similarly
unexpected errors. For instance, successive flashes of equal
intensity do not, in general, bleach exactly the same fraction
of remaining visual pigment. If all of the bleached rhodopsin
were immediately converted to colorless product, such as is
the case for retinal oxime in the presence of hydroxylamine,
then each succeeding flash would bleach a progressively
larger fraction of the remaining rhodopsin, since, as the
optical density decreases, there is less screening by other
absorbers. This is also true when the bleaching product is
MII or MII ‚G, since their absorption spectra overlap only
slightly with that of rhodopsin.

When most of the bleaching product is MI, (e.g., at low
temperature and high pH), the fraction bleached by succes-
sive flashes actually decreases, since the absorption spectrum
of MI has its maximum close to that of rhodopsin and an
extinction coefficient that is 25% larger. Thus, MI screens
rhodopsin better than rhodopsin itself. This is illustrated in
Figure 4, which shows the change in the fraction bleached
as a function ofKa, corrected for screening but not for
photoregeneration, which necessarily depends on the indi-
vidual bleaching apparatus (17).

Another common assumption is that each flash bleaches
the rhodopsin suspension uniformly across the width of the
cuvette. Even in a semi-micro cuvette, however, there is
significant attenuation of a bleaching flash across its four
mm width. More than 30% of the 500 nm intensity passing
through an RDM suspension containing 10µM rhodopsin

4 If the amount of rhodopsin bleached by each of a series of flashes
of constant intensity is proportional to the remaining rhodopsin, then
the size of the bleach will decrement by a constant ratio. If the logarithm
of the bleach size is plotted vs bleach number, the plot will be linear,
with the slope of ln(1- f). Note, however, that the converse is not
true; a log-linear slope does not necessarily imply that the bleach is
proportional to the remaining rhodopsin.

FIGURE 4: Effect of shielding by bleaching products on the fraction
of rhodopsin bleached by successive flashes of constant intensity
as a function of decreasing rhodopsin concentration. With suf-
ficiently high Ka, the fraction bleached increases as the RDM
suspension becomes progressively more transparent in the absorp-
tion region of rhodopsin. At lowKa, where most of the bleached
rhodopsin is MI, the suspension becomes progressively more
opaque, since MI is similar to rhodopsin in its absorption spectrum,
and has a higher extinction coefficient.
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is lost in this distance. Since the experimental absorbance is
monitored orthogonally to the bleaching axis, the magnitude
of the error produced by the inhomogeneity in optical density
resulting from this flash attenuation profile might be ap-
preciable. The error would be eliminated if there were
complete intermixing of unequally bleached vesicles in the
cuvette during the 50 s interval between flashes, but it is
difficult to determine the extent of mixing. These uncertain-
ties were resolved by computational modeling.

For this purpose, sets of artificial data were generated using
specific values for the parameters. The data were then
analyzed with the Simplex program to see if it reported the
same values for the parameters that had been used to create
the data. The modeled cuvette was 10 mm long by 4 mm
wide, with a measuring beam passing through the long axis
and a bleaching flash through the short axis, matching our
experimental configuration. The modeling program utilized
the output spectrum of the filtered bleaching flash, with the
intensity measured at the position of the cuvette using an
integrating radiometer and calibrated in absolute units of
photons per flash. In the theoretical calculations, because of
cumulative uncertainties in the absorption spectra of the
intermediates and their quantum efficiencies of bleaching and
photoregeneration, the measured intensity of a flash that
bleached about 3% of a real visual pigment had to be adjusted
to give an exact 3% bleach of a hypothetical sample. This
obviated the need to make any correction for reflections of
the bleaching flash by the optical faces of the cuvette.

The program calculated the overlap between the flash and
the absorption spectra of rhodopsin, MI, and MII shown in
Figure 5 and MII‚G, which was assumed to have the same
spectrum as MII. Absorption spectra for the metarhodopsins
are not known exactly, but it was sufficient for this purpose
to represent them by Gaussian curves with the correct molar
extinction coefficients, wavelengths of maximum absorbance,
and bandwidths. In analyzing the artificial data, we used the
differential extinction coefficients taken from the curves. We
assumed a temperature of 0°C, so we did not have to
consider formation of MIII. Spectral data were tracked at
each of 259 wavelengths between 300 and 700 nm, the
wavelengths at which our spectrophotometer reported its data.

The cuvette was then divided into 30 “slices”, cut
orthogonally to the direction of propagation of the bleaching

flash, so that, with a total volume of 400µL, each slice
represented a volume 1 cm wide by 1 cm high by 0.013 33
cm thick. Using known quantum efficiencies for bleaching
and photoregeneration,5 we computed the light absorbed at
each wavelength for each species of photopigment in each
slice, the amount of bleaching or photoregeneration this
produced and the amount of bleaching light at each wave-
length that was transmitted to the next slice.

At the time these calculations were done, it was not known
whether G protein binding would stabilize MII against
photoregeneration. We therefore analyzed some of our G
protein titration data assuming either that MII‚G photore-
generated with the same quantum efficiency as MII or that
it did not photoregenerate at all. If MII‚G was assumed to
photoregenerate, the fit to the data was consistently worse,
and increasing amounts of MII‚G resulted in increasingly
poor fits (Figure 6). Our calculations therefore assumed no
photoregeneration from MII‚G. Subsequently, Arnis and
Hofmann (23) reached the same conclusion, based on
experiment evidence.

After completing these calculations, the thermal equilib-
rium values for MI and MII within each slice were computed.
The program then either left the values of each species in
each slice unchanged (unstirred) or replaced the concentration
of each species with its average within the cuvette (stirred),
so that the two limiting cases could be compared. The
fractional optical transmissions of the two measuring beams
at 390 and 417 nm were computed for each slice and then
averaged, and from this, the optical density of the suspension
that would be measured after each bleach was determined.
From this, a data set was generated that could be analyzed
by the Simplex. A major advantage of the artificial data was
that the exact amount of rhodopsin bleached and photore-
generated by each flash was known, so that the true fraction
bleached could be calculated. With real data, we could not

5 Quantum efficiencies: bleaching of rhodopsin, 0.67; photoregen-
eration from MI and MII, 0.45 and 0.54. Taking into account the overlap
between the filtered output of our bleaching flash and the action
spectrum for each species, the efficiencies of photoregeneration from
MI and MII, normalized to a value of 1.0 for rhodopsin bleaching,
were 0.732 and 0.0298.

FIGURE 5: Absorption spectra of rhodopsin, metarhodopsin I,
metarhodopsin II, and metarhodopsin III that were used to generate
the artificial data employed to evaluate the accuracy of the Simplex
analysis.

FIGURE 6: Increase in fitting error (SSR) from Simplex analysis
of the G protein titration data when MII‚G was assumed to
photoregenerate like MII, compared to error when photoregeneration
was assumed not to occur from MII‚G. (This figure was presented
at the annual meeting of the Association for Research in Vision
and Ophthalmology in May 1994.)
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directly check the accuracy of the reported fraction bleached,
since the amount of bleached rhodopsin could only be
calculated by using that value.

Table 1 compares the exact starting data with results
obtained from the Simplex analysis of that data. The artificial
data assumed a constant flash intensity, adjusted to give a
3% bleach of a previously unbleached 10µM rhodopsin
suspension. On subsequent flashes, the fraction bleached
changed depending on the amount of rhodopsin remaining
and the amount of shielding by the bleaching products. The
calculations by the Simplex were greatly simplified, however,
by assuming a constant bleach rather than a constant flash
intensity. As can be seen, the reported results rarely differed
from the exact values by more than 1-2%. Neither assump-
tion (constant bleach or complete mixing) significantly
affected the calculated values of the parameters.

The solution rhodopsin concentration directly determined
from its absorption spectrum was normally used in the
Simplex analysis of real experiments. If, however, the
rhodopsin concentration was intentionally left as a free
parameter, the Simplex analysis found its correct value, again
to within 1-2% (Table 1), demonstrating the linear inde-
pendence of the parameters.

Duplicates.Ten separate 19-flash experiments were per-
formed using aliquots of the same prediluted RDM prepara-
tion. The 10 values forG, Ka, Kb, andf were averaged, and
their standard deviations determined. The same sets of data
were also analyzed using the Monte Carlo method, and the
means and standard deviations of the ensemble determined.
The results are compared in Table 2, with the standard
deviation expressed as a percentage of the mean. The good
agreement between the two methods confirms the adequacy
of the assumptions made in using the Monte Carlo method,
and the reasonableness of the estimated errors obtained from
that analysis.

RDM Dilution. Aliquots of the same RDM preparation
were analyzed over an 8-fold range of rhodopsin solution
concentration; this was done with two different preparations.
In the binding of MII to G, the relevant concentrations are
those on the membrane. The membrane concentration of MII
will not change with dilution, and the membrane-bound
fraction of G protein, in equilibrium with a small aqueous
fraction, will decrease only slightly. Thus,G, Ka, and Kb

should be essentially constant, and the values found by the
Simplex analysis proved this to be true (data not shown).
The fraction bleached, however, would be expected to decline
with increasing initial rhodopsin concentration due to greater
screening. Figure 7 shows the fraction bleached vs rhodopsin
concentration as determined for the two experiments and
shows values forf calculated by the artificial data program
at different rhodopsin concentrations. The increase in screen-
ing adequately explains the observed loss in fraction
bleached.

Titration with G Protein. RDM, sRDM, or usRDM
preparations were augmented with known, increasing amounts
of G protein, and then assayed by the 39-flash Simplex
analysis (Figure 8A). This experiment was carried out twice
with RDM (12 titrations), three times with sRDM (20
titrations), and once with usRDM (five titrations) combined
with GRâγ, or with GR plus Gâγ. The results are shown in
Figure 8B, where the total amount of G (MII‚G + Gfree)
determined by the Simplex program is plotted against the

Table 1: Results of Simplex Analysis of Synthetic Dataa

values obtained from Simplex analysis

[R] fixed at 10µM [R] left as a free parameter

parameter value used stirred unstirred stirred unstirred

unenhanced R 10.0µM 10.00* 10.00* 10.093 10.139
Ka 0.5 0.5008 0.5005 0.4994 0.4989
f 0.03 0.0299 0.0298 0.0299 0.0298

enhanced R 10.0µM 10.00* 10.00* 9.977 9.874
G 0.6µM 0.6007 0.6004 0.6019 0.6071
Ka 0.5 0.5008 0.5020 0.5011 0.5036
Kb 25.0µM-1 24.491 25.260 24.468 25.130
f 0.03 0.0301 0.0299 0.0310 0.0302

a Synthetic, noise-free, 19-flash equilibrium data generated by a computer program using the values of the parameters on the left. Cuvette contents
were modeled assuming either no interlayer diffusion (“unstirred”) between bleaches, or complete diffusion (“stirred”), where the remaining [R],
[MI], [MII], and [MII ‚G] were set to their average values after each bleach. The data were then analyzed by the Simplex program with initial [R]
either fixed at 10 mM (*) or left as a free parameter. Values obtained from this analysis are shown in the four columns on the right.

Table 2: Comparison of Estimated Errors from Duplicates and from
Monte Carlo Methoda

method G (µM) Ka Kb (µM-1) f

direct measurement mean 0.1745 0.4801 30.43 0.039 04
sd 10.8% 1.95% 20.1% 5.6%

Monte Carlo mean 0.1746 0.4801 30.90 0.039 04
simulation sd 8.2% 1.4% 17.3% 4.2%
a Results obtained from duplicate experiments compared to those

from Monte-Carlo simulation. Standard deviations (sd) are expressed
as percentage of the mean.

FIGURE 7: Decrease in the fraction bleached per flash as the initial
rhodopsin concentration was increased, in two separate experimental
series. Dashed line shows the predicted loss from pigment screening.
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sum of the amount of G protein already present plus that
which was added. The total G protein was redetermined from
the actual cuvette contents of each run by quantitative
scanning of the Coomassie-stained SDS-PAGE gel bands
of each preparation and compared to standards of known G
protein concentration run on the same gel. The fractional
yield of G protein in augmented preparations (measured G
divided by G present plus added) was 1.00( 0.02 in RDM,
0.84( 0.03 in sRDM, and 1.02( 0.02 in usRDM. It made
no apparent difference whether we used GRâγ or GR + Gâγ

in the titrations.
Effects of Light Scattering.RDM and sRDM preparations

scatter light significantly in the visible wavelengths, affecting
both bleaching by the flash and measurement of optical
density by the spectrophotometer. The path of an individual
photon is altered by scattering, changing its path length in
the cuvette and affecting the probability that it will be
absorbed before it leaves the cuvette. Some photons travel a
longer path before reaching the far side of the cuvette; others
may be deflected out of the cell before traversing its full
length. Whether the mean path length is shorter or longer

than the length of the cell depends on its geometry; the wider
the cell, the more likely it is that the scattered path will be
greater than the cell’s length. With a longer mean path length,
the bleach will be greater for the same flash intensity.

With a cell that is 1 cm wide and 0.4 cm long, as seen by
the flash, we found that normal RDM preparations bleach
up to 10% more per flash than those that scatter less. This
includes preparations that are older, have been hypotonically
stripped of their peripheral proteins or sonicated to reduce
the average vesicle size, and detergent extracts of rhodopsin
(data not shown). In this case, the effect of scattering on the
fraction bleached is real and will be accurately reflected in
the Simplex analysis.

One consequence of this effect of scattering is that a flash
cannot be calibrated using detergent-clarified rhodopsin to
accurately determine the fraction bleached. The same flash
bleaches significantly more pigment in an RDM preparation.

Scattering WaVelength Dependence.A 417 nm reference
beam may not completely correct for the scattering at 390
nm. This causes a spurious change in the measured optical
density increment, making it seem larger since scattering
increases with decreasing wavelength. If the scattering is
proportional to the amount of rhodopsin bleached or the
amount of MI or MII formed, this can be taken into account
in the differential extinction coefficients for the Rh-MI and
MI-MII transitions, which include light lost through scat-
tering as well as absorbance changes produced by these
transitions.

If the differential light scattering is not proportional to the
amount of rhodopsin bleached, but depends, for example,
on the amount of MII‚G formed (the so-called “binding
signal”), the error will not be corrected by the extinction
coefficients. Hofmann studied the binding signal extensively
and concluded that use of the wavelength pair 380/417 nm
almost totally eliminated these scattering contributions (8).
Our more closely spaced reference and measure beams (390/
417 nm) should provide an even better match.

Orthogonality of Parameters.The reliability of the method
depends in large part on the near-orthogonality of the five
parameters. The dependence of∆OD in either enhanced
(solid line) or unenhanced (dashed line) preparations on each
of the parameters is shown graphically in Figure 9. In
constructing these families of curves, a set of standard values
was used: [R]sol ) 10 µM, [R]mem ) 10 mM, [G]mem ) 0.5
mM, Ka ) 0.33, Kb ) 100 µM-1, and f ) 0.03. In each
graph, one of the parameters was varied; the others were
assigned their standard values.

The shape of these parametric functions is perhaps best
illustrated by subdividing each flash into small increments
and rescaling the resulting∆OD. A dramatic example is
illustrated in Figure 9D, where, at very highKb, an abrupt
decrease in∆OD occurs when the G protein is exhausted.
The shape is also more easily appraised in semilogarithmic
plots, where exponential decreases in∆OD plot as straight
lines.6 The effect of varyingf is more easily seen if [R]mem

is varied inversely to hold the initial response constant.

6 In the analysis of actual data, semilogarithmic plots have the
disadvantage that they cannot be used to plot the biphasic response
seen in enhanced preparations at pHs above the isochromic point.
Experimental data are therefore all plotted linearly in this paper.

FIGURE 8: (A) Thirty-nine-flash records of RDMs titrated with
increasing amounts of added G protein or with 100µM GTPγS. G
protein content measured by Simplex analysis is shown in Table
2. (B) Stoichiometry of binding of G to RDM, sRDM, and usRDM.
Total G measured by Simplex analysis plotted against initial plus
added G in six sets of titration experiments: two RDM, one
usRDM, and three sRDM preparations. Slopes and standard
deviations are RDM (long dash, 12 measurements), 1.00( 0.02;
sRDM (short dash, 20 measurements), 0.84( 0.01; usRDM (solid
line, five measurements), 1.02( 0.03.
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The five families of curves (Figure 9, panels A-E)
illustrate the point that each parameter changes the shape of
the enhanced response in a unique manner. Changing the
rhodopsin concentration in solution (A) displaces the curve
vertically, a quite different effect from changing the rhodop-
sin concentration on the membrane (F). Changing the G
protein concentration (B) displaces and slightly stretches the
curve horizontally. ChangingKa (C) stretches the curve

vertically. ChangingKb (D) produces a major change in the
maximum slope of the curve, which, for strong binding,
occurs near the point where the total amount bleached equals
the amount of G protein. Changingf (E), while maintaining
a constant initial response, changes the slope of the asymptote
of the final part of the curve. Since the parameters are
essentially independent, reciprocal changes in two or more
of the variables cannot compensate for one another.

FIGURE 9: Enhancement curves synthesized to show characteristic shapes resulting from variation of a single parameter. Dashed lines show
corresponding values for unenhanced data. Standard conditions were [R]sol ) 10 µM, [R]mem ) 10 mM, [G] ) 0.5 µM, Ka ) 0.33,Kb )
100µM-1, andf ) 0.03. In each figure, one parameter was varied as shown; the others had their standard values. The sets of curves (A-E)
illustrate the point that these parameters are essentially orthogonal; each varies the curve in a unique manner. (F) This shows that changing
the initial rhodopsin on the membrane is not the same as varying it in solution; the former affects the probability of interaction with G
protein; the latter is simply a dilution of the membranes. Note that increasing [R]mem actually decreases the amount of enhancement. Since
[R]sol is held constant, the number of RDMs in the sample decreases, and since [G]mem is held constant, [G]total decreases. Note also that
[R]mem is not orthogonal to the other five; decreasing [R]mem, while holding [R]sol constant, produces a change similar to increasing [G].
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Limitations of the Method.This independence of variables
repeatedly proved itself in practice, provided there was
enough bleached rhodopsin to bind most of the G protein.
This assured that the last several∆ODs in a bleach series
would decrease nearly exponentially. While the Simplex
algorithm does not determinef from just the last few data
points, if that portion of the data is almost log-linear, it
imposes tighter constraints on the value off. To the extent
that determination off is incorrect, the other parameters will
also be in error. IfKb is weak (<10 µM-1) or f is small
(<2%), it may be necessary to use a brighter flash or to
increase the number of bleaches to meet this requirement.

Binding of MII to free G on the membrane is relatively
fast, and even at 0°C is completed well within the 50 s
interflash interval. However, a small fraction of G (about
one-sixth of total G in a 10µM RDM suspension, for aKD

of 0.02 µM) is in the aqueous phase, in equilibrium with
the free G on the membrane (24). This contributes to a slower
component of MII‚G formation, since, as the free G on the
membrane is depleted by binding to MII, the membrane-
partitioning equilibrium causes some aqueous phase G to
shift onto the membrane, and this shift may not be complete
within 50 s. When this happens, a small portion of the
binding due to early flashes is displaced to later times. In
this case, the program will still correctly calculate the total
amount of G present, but will somewhat underestimate the
value for Kb. The data acquisition protocol was therefore
modified so that longer times could be allowed between the
first few flashes. This allowed us to estimate the magnitude
of the error inKb when using constant interflash intervals,
which proved to be not more then about 10%.

There are three other instances where the Simplex analysis
may be less effective. (1) If the value ofKa is greater than
3, most of the bleached rhodopsin will already be MII, so
that too little MI remains available to be converted to
MII ‚G for much enhancement to occur. The value forKb

will thus become increasingly uncertain. (2) If the pH and
temperature place the MI-MII equilibrium near its isoch-
romic point, the small change in optical density makes the
determination off more uncertain. This results in corre-
sponding uncertainties for the other parameters. In such cases,
it may help to fix the value for one of the other parameters,
if known independently. (3) If the fraction bleached is too
large, so that all the enhancement occurs on the first flash,
there is no upper limit to the value ofKb that will give a
precise fit to the first data point, and the Simplex will report
a very large, meaningless value. This can occur with too
bright a flash or too little G protein. It is impossible to
determine Kb from a single saturated data point; MII
enhancement must extend over at least two bleaches to derive
a meaningful value forKb.

While the accuracy of the measurements is substantially
improved when all four parameters are determined for each
preparation, the cost of doing so is some degree of precision.
Although the four parameters are essentially orthogonal in
noise-free data, as was demonstrated above, this is no longer
strictly true if the data is noisy, and as more variables are
provided to the Simplex, the uncertainty in their best-fit
values generally increases. Where it is possible to specify
one or more of the parameters precisely, as was usually done
with [R]sol, the uncertainty in the other values is reduced.

Temperature and pH Dependence of Parameters.In these
experiments, it was possible to examine the data from several

points of view. The dependence of each parameter on pH,
temperature, or particular set of experiments could be
considered. Enhanced and unenhanced values could be
compared or the correlation between parameters shown (e.g.,
Figure 7). Several points may be noted:

MI-MII Equilibrium Constant (Ka). The general formula
for the pH and temperature dependence ofKa developed in
the earlier paper on the MI-MII equilibrium (3), ln(Ka) )
-9464/T - 1.608pH + 44.87, whereT is the absolute
temperature, suggests that there is a tradeoff between
temperature and pH. An increase in temperature has the same
effect onKa as a decrease in pH, where∆pH ) -constant
× ∆T/[T(T + ∆T)]. Thus, the pH can be adjusted to
compensate for differences in temperature, yielding a single
smooth curve whenKa is plotted against the adjusted pH.

This is shown in Figure 10,7 where the pHs were adjusted
using a single constant to give a best fit of theKas to a single
exponential at 0°C (solid curve). An increase in temperature
from 0 to 5°C is equivalent to a change of-0.344 pH units,
an increase from 0 to 10°C is equivalent to-0.675 pH units,
and an increase from 0 to 15°C is equivalent to-0.995 pH
units. Also plotted on this figure is the value ofKa previously
predicted (25) (dashed curve), which suggests that the
numerical values from our previous work slightly underes-
timateKa. Note that the methods used in the two papers are
different; the earlier paper solved forKa in terms of individual
rate constants derived from kinetic measurements, while the
present work depends solely on equilibrium values. More
recent kinetic measurements give calculated values ofKa

virtually identical to those reported here (26). The present
data gives a pK for the MI-MII transition of 6.6 at 0°C,
somewhat higher than the earlier figure of 6.4.

Of the four parameters measured in this experiment,Ka is
determined the most precisely, so that differences between
preparations and even differences in the same preparation

7 When used as a parameter, temperatures are the nominal ones;
actual temperatures were held to within 1° of the nominal values. Error
bars for individual data points were obtained by a Monte Carlo method
(part III of Appendix). Where not shown, they are smaller than the
size of the symbol.

FIGURE 10: Ka as a function of temperature-adjusted pH. Error bars
omitted if smaller than the symbol. If∆pH ) -constant× ∆T/(T
+ ∆T), where∆T is measured from 0°C and∆pH is the correction
to the measured pH, the values forKa lie on a smooth curve. Solid
curve is the best fit to the present data. Dashed curve is the value
for Ka calculated previously (3).
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as it aged could be noted. In light of this sensitivity, the
agreement between the values forKa from the enhanced
(solid) and unenhanced (open) data is significant. Had there
not been good agreement between the enhanced and unen-
hanced values, we would have concluded that either the
program was not able to deconvolveKa andKb, or that the
two variables were not independent. Since thereis good
agreement, it can reasonably be concluded both that the
Simplex analysis was well able to deconvolve the two
coupled reactions and thatKa andKb are indeed independent,
as it is unlikely that any interdependence would just be offset
by a failure to deconvolve the two over the entire range of
temperature and pH studied.

MII ‚G Binding Constant (Kb). Figure 11 plotsKb vs pH
at four temperatures.Kb has a pronounced pH dependence,
maximal near pH 7.6, falling nearly to zero at pH 6, and
apparently falling beyond pH 8. This decline at low and high
pH could be explained by the presence of two protonatable
sites on the relevant binding surfaces of either MII or G.
When fit to a double titration curve, the two pKs are
approximately 7.15 and 8.0. FTIR studies have shown a
carboxylate of similar pK to be essential for G binding to
MII to reside on rhodopsin (22). Binding thus would require
the site with the higher pK to be protonated, but not the other.
For values ofKa above three, the uncertainty inKb greatly
increases, for the reason discussed above.

Binding of MII to G appears to be somewhat tighter at
higher temperatures (Kb larger), suggesting a hydrophobic
component in the binding site. This slight temperature
dependence ofKb contrasts with the pronounced temperature
dependence ofKa. Kb was found to decrease significantly as
preparations were increasingly augmented with G (about a
10-fold decrease inKb if G is increased from 0.5 to 3µM).
This suggests steric or electrostatic hindrance to binding at
high G concentration (data not shown).

G Protein. In contrast to the marked pH dependence of
Kb, the computed values for G proved to be essentially
constant with pH and temperature over the range studied.
The pH dependence of G had a slope (millimolar active G
protein on the membrane per pH unit) of 0.002( 0.005,
while the temperature dependence had a slope (millimolar
G per°C) of 0.0006( 0.0009; neither of which is significant.

Thus, the Simplex analysis is consistently able to determine
the same total amount of G protein, notwithstanding the large
pH dependence inKb. The drop inKb by a factor of 10 or
more apparently does not affect the ability of all the G to
participate in binding to MII.

Where we did find a significant difference in the amount
of G protein was among different preparations. Figure 12:
set 1, in February, averaged 0.428( 0.017 mM (mean and
standard error of the mean); set 2, in April, averaged 0.394
( 0.010 mM; set 3, in June, averaged 0.346( 0.013 mM
(each data set included 20 enhanced experiments). Whether
these differences were due to small variations in the
preparation conditions (the same method was used for all of
them), to a seasonal variation, possibly due to the nutritional
state of the cows, or to some other cause has not been
determined. What is clear is that every preparation must be
measured individually if these parameters matter; their values
cannot be determined once and then used for all other RDM
preparations.

Fraction Bleached.The value forf was nearly constant
over the temperature and pH range studied. There was good
agreement between enhanced and unenhanced data (not
shown). As noted above, there was a significant increase of
the uncertainty inf near the isochromic point for the MI-
MII transition, which affects the other parameters.

Other Conformers of the Metarhodopsins.Recently,
evidence has been developed that the traditional model of
Rh f L f MI480 S MII 380 is incomplete: that there is a
MI380 transiently formed along with MI480 (27-30), that at
least in certain detergents, there is an unprotonated form of
MII 380 that does not bind G protein (23, 31), or that there
are two protonated forms of MII380 (32). How would the
present analysis be affected by these new intermediates?

The MI380 intermediate has not been observed below 20
°C, and when it is seen, it disappears within 100 ms at all
pHs, so it should have no effect on our equilibrium
measurements. Other isoforms of MII do not appear to be
present at equilibrium in large amounts, and even if they
themselves do not bind G protein, they are in equilibrium
with isoforms that do. Our analysis shows that, with small
bleaches and added G protein, the fraction of MII in the form
of MII ‚G exceeds 95%. Thus, even if a nonbinding isoform
of MII were present in RDM in substantial amounts in

FIGURE 11: Kb plotted vs pH at four temperatures. Error bars
omitted if smaller than the symbol.Kb appears to have a maximum
at about pH 7.6 and approaches zero below pH 6.0. Curve is a
best-fit double titration curve, with pKs at 7.15 and 8.0.

FIGURE 12: Variability of measured G protein concentrations within
and among different RDM preparations. Standard errors of the mean
(20 measurements) are shown at the top of each bar. The
preparations were done by the same method in February, April,
and June of the same year.
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equilibrium with protonated MII, the equilibrium would be
shifted toward the binding isoform by the presence of G
protein. Ka and Kb might then have to be interpreted
somewhat differently, perhaps as the product of two equi-
librium constants. However, the state of knowledge concern-
ing these additional intermediates is too much in flux at the
present time, with too little agreement among investigators,
to justify further speculation.

CooperatiVe Binding. Several investigators studied the
interaction of rhodopsin with G protein in bleached urea-
stripped membranes and concluded that the binding is
cooperative, with two G protein molecules binding to each
bleached rhodopsin (33, 34). Both groups used a large excess
of bleached rhodopsin and varied the G protein concentration.
The former studied the effect of rhodopsin vs no rhodopsin
on the initial rate of GTPγS binding to G protein, while the
latter measured the light-dark difference in the amount of
G protein bound to RDM. Neither could measure the binding
stoichiometry directly; both inferred it from the sigmoidal
shape of the binding curves and the slope of associated Hill
plots.

From our analysis, it is concluded that a 2:1 stoichiometry
cannot be supported for normal RDM. The method described
here determines the total concentration of G protein that is
in equilibrium with MII and uses this, the amount of bleached
rhodopsin, and the binding constant,Kb, to determine the
number of MII‚Gs that are formed. On the reasonable
assumption that the extinction coefficient of MII‚G does not
differ significantly from that of MII, the MII‚G formed very
nearly equals (100( 2%) the G protein added. This is in
agreement with much earlier work by Kuhn et al. (35), who
inferred a 1:1 stoichiometry between photoexcited rhodopsin
and G protein on hypotonically stripped RDM.

Test of Two-Site Model.The alternative stoichiometries
for G binding to MII were examined quantitatively after
solving the coupled equilibrium and conservation equations
for two-site cooperative binding (part IV in the Appendix)
and determining how the binding of a fixed amount of G
protein would titrate with increasing amounts of bleached
rhodopsin. Sixty enhanced 19-flash equilibrium records were
averaged and then analyzed by a least-squares fitting routine
for one- and two-site models. The results are shown in Table
3 (Kb2 is the association constant between G and MII‚G,
forming MII‚G2).

Note that while the values obtained for the other param-
eters are quite similar in the one and two-site models,Kb2 is
about eight times weaker thanKb1, rather than 40 times
stronger, as was previously reported (34). The fitted ratio of
MII ‚G2 to MII ‚G, calculated by this analysis, declines from
about 0.16 to 0.017 as the amount of bleached rhodopsin

increases. The sum of squared residuals (SSR) improves only
slightly, which would be expected when an extra parameter
is added to fit data that is not perfectly noise free. Thus, the
Simplex analysis has essentially thrown out the second
binding constant, again strongly suggesting that there is no
cooperative binding of G protein to rhodopsin in normal
RDM.

In three titrations of hypotonically stripped RDMs (Figure
8B), only about 84% of the added G protein was reported
by the Simplex analysis as MII‚G or Gfree. The reasons for
this are not entirely clear. If the binding to MII (Kb) were
simply weaker in sRDM, this should not affect the measured
amount of G, which remains constant even ifKb is only a
tenth of its maximum (see above). The result might suggest
some degree of cooperativity. However, in preliminary
studies with urea-stripped RDM, 102( 2% of the added G
was reported as MII‚G or Gfree. Further studies of these
questions are presently underway, but it seems unlikely that
the binding of MII to G is cooperative in any form of RDM.

MII ‚G Binding Constant (Kb). There have been several
previous estimates of the strength of binding of activated
rhodopsin to G protein. Kuhn et al. (35) added known
amounts of purified G protein to hypotonically stripped
RDM, then bleached with a series of calibrated light flashes.
The increase in OD at 380 nm was compared to the light
scattering “binding signal” at 708 nm. The near stoichiometry
of the two signals led these investigators to conclude that
binding was so tight as to preclude a back reaction from
MII ‚G.

From its value based on solution-average concentrations,
the binding constant,Kb, appears to be quite high, on the
order of 20µM-1. On the membrane, however, where all
concentrations are 1000-fold higher, the true value ofKb is
a relatively weak 20 mM-1. Nonetheless, the reactants will
bind almost completely because of their very high membrane
concentrations, which substantially exceedKb

-1, or 50µM.
It can be easily calculated that ifG ) 0.5 mM andKa )
1.0, then 0.4 mM R* will be 99.9% bound to G, and even
0.5 mM R* will be 98.6% bound to G. This high-binding
fraction is easily mistaken for the complete, irreversible
binding inferred in earlier studies. Not only are higher
binding constants unnecessary to ensure effective yield under
these circumstances, but their higher Gibbs binding energy
would have a higher cost for release of G than is needed at
the lower membrane phaseKb in GTP activation from this
MII ‚G complex. Faster dissociation kinetics is a further
consequence of weak binding that may be useful in ensuring
rapid reaction progress.

Emeis et al. (5) investigated formation of excess MII in
RDM, or hypotonically stripped RDM augmented with G
protein, in response to a series of calibrated bleaches. They
also concluded that the binding was irreversible (although
our analysis of their data suggested a binding constant of
60-80 µM-1). Hofmann et al. (36) later reported aKd

(dissociation constant) of (1.0-1.2) × 10-7 M [equivalent
to aKb (association constant) of 8.3-10 µM-1]. At the same
time, Parkes et al. (25) reported aKb of 10-100µM-1, based
on the present method of analysis, although not fit by a least-
squares procedure.

Bennett and Dupont (7) titrated RDM using flashes
calibrated in detergent extracts of rhodopsin and assumed a
G protein concentration of 0.5µM per 10 µM rhodopsin.

Table 3: Simplex Analysis for One-Site and Two-Site Binding of G
Protein to MIIa

R
(µM)

G
(µM) Ka

Kb1

(µM-1)
Kb2

(µM-1) f SSR

one-site 10.0 0.293 0.547 11.84 0.0558 5.00× 10-9

two-site 10.0 0.326 0.548 10.60 1.321 0.0544 3.56× 10-9

a Results obtained by fitting averaged data (60 experiments) to one-
site and two-site binding models of G protein to rhodopsin, with [R]sol

fixed at 10µM. Common parameters are similar in value, butKb2 is
much smaller thanKb1, not 40 times larger, as was reported for urea
stripped RDM (28).
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Using a quadratic formula similar to that in part I of the
Appendix, they obtained a dissociation constant of about 10
nM (equivalent toKb ) 100 µM-1). Schleicher et al. (37)
used enhanced MII formation to study the binding of MII to
arrestin. They also employed a quadratic formula to obtain
the amount of active arrestin and the binding constant for
MII to arrestin. However, they used a bleach calibrated with
detergent extracts of rhodopsin, and assumed that the MI-
MII equilibrium constant was unchanged by the addition of
arrestin. They have not applied the same method to the
binding of MII to G protein.

Other studies have reported that binding of GTPγS to G
protein is pH dependent when activated by bleached rhodop-
sin (38-40). Each of the studies found activity approximated
by a bell-shaped curve with a maximum near pH 7.5,
although each reported the activity at pH 6 to be at least
half of maximal activity. This gave a measure of the relative
activity of the G protein, but did not identify the site
measured or give the amount of active G or its binding
constant to MII. These results are in general agreement with
the data shown here, except that our values forKb fall off
more rapidly below pH 7, at all temperatures studied.Kb

does appear to increase at higher temperatures, especially at
lower pHs, but these are conditions under which the
enhancement method becomes increasingly ineffective, since
Ka is already high.

Even the best of these other methods has the drawback
that the fraction bleached, the MI-MII equilibrium constant,
and, in Bennett and Dupont (7), the G protein concentration
were assumed a priori. All of our experience has been that
G protein content may vary significantly from one prepara-
tion to another, and that the fraction bleached, because of
changes in scattering and photoregeneration, cannot be
accurately calibrated independently (17), especially not by
using a detergent solution of rhodopsin as the standard.

CONCLUSION

The method of analysis described in this paper provides a
simple, quick, and effective means to simultaneously deter-
mine all four parameters involved in the binding of activated
rhodopsin to G protein. It requires only a double beam (or
dual wavelength) spectrophotometer and a computer with
appropriate software and can be completed in less than an
hour. Using this method, we have determined the pH and
temperature dependence of the two equilibrium constants,
confirmed their mutual independence, evaluated the pK of
the MI-MII transition and the one pK and the conjectural
second pK of the binding of G to MII, and demonstrated
that the binding of R* to G protein is not cooperative in
RDM. We explain the illusion of very tight binding of R*
to G, even though the on-membrane binding constant,Kb, is
relatively weak.
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APPENDIX

(I) Solution of Coupled Binding Reactions (One Site).A
general solution for the system of coupled reactions (25, 37)

requires two equilibrium equations:

and two conservation equations:

To solve these for the four unknowns, [MI], [MII],
[MII ‚G], and [G]free, use eq A1 to eliminate [MI] from eq
A3:

Then use eq A2 to eliminate [MII]:

Finally, use eq A4 to eliminate [G]free:

Transposing and collecting like powers of MII‚G:

The roots of this quadratic equation are determined from
the standard formula, (-b ( x(b2-4ac))/2a (only the
negative sign before the radical gives a physically meaningful
solution), and the solution of the other three unknowns is
then trivial. From these the optical density after each bleach
can be calculated using the equation

where the two∆εs are the differential extinction coefficients
for transitions from rhodopsin to MI (-5500 M-1 cm-1) and
for MI to MII (33 000 M-1 cm-1) at the wavelength pair
(390 nm/417 nm) at which the data is measured. The formula
assumes that, apart from photoregeneration, at equilibrium
all of the bleached rhodopsin has been converted to MI and
that some of it forms MII or MII‚G.

For each flash, the program first determines the total
amount of rhodopsin bleached, taking into account photo-
regeneration from the bleaching products. It then usesGtotal

and the equilibrium constants to recalculate the equilibrium
values for MI, MII, MII‚G, andGfree. From these, it calculates
the optical density after each flash compares them with the
data and readjusts the estimates for the free variables until
it finds a best fit to the data.

(II ) Effect of Photoregeneration on the Fraction Bleached.
It was pointed out in an earlier paper (17) that correct

Ka ) [MII]/[MI] (A1)

Kb ) [MII ‚G]/([MII][G] free) (A2)

[R*] ) [MI] + [MII] + [MII ‚G] (A3)

[G]total ) [G]free + [MII ‚G] (A4)

[R*] ) [MII]/ Ka + [MII] + [MII ‚G]

) [MII]( Ka+1)/Ka + [MII ‚G]

[R*] ) ([MII ‚G]/[G]free)(Ka+1)/(KaKb) + [MII ‚G]

[R*] ) [MII ‚G]/([G]total - [MII ‚G])(Ka+1)/

(KaKb) + [MII ‚G]

[MII ‚G]2 - {[R*] + [G]total + (Ka + 1)/

(KaKb)}[MII ‚G] + [R*] × [G]total ) 0

OD ) [R*] ∆ε(RhfMI) + ([MII] + [MII ‚G])∆ε(MIfMII)
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determination by the decrement method of the amount of
visual pigment bleached by a series of small bleaches requires
a knowledge of re, the relative efficiency of photoregenera-
tion from those bleaching products present at the time of
each flash. The amount bleached by thenth flash is the
fraction bleached by a given flash times the amount of visual
pigment remaining after the earlier bleaches, less the amount
of product formed by those earlier bleaches times the fraction
bleached times their relative efficiency of photoregeneration.
That is,

where the three functions are defined asBn, the fraction of
rhodopsin or isorhodopsin bleached byn flashes,Rn, the
fraction of rhodopsin or isorhodopsin remaining aftern
flashes,bn, the fraction bleached by thenth flash. Defining
the apparent bleach as

then the true bleach is

Although isorhodopsin has a lower quantum efficiency
than rhodopsin for both bleaching and photoregeneration,
we found that it could be treated like rhodopsin without
producing a significant error in the calculations (17). Since

eq A5 can be written as

This is the form used iteratively in the Simplex method to
solve for the concentration of the intermediates.

Where the only bleaching products present at equilibrium
are MI and MII, as is true in unenhanced RDM preparations,
re is just the weighted sum of these two fractions:

whereKa is the MI-MII equilibrium, and re1 and re2 are
the relative efficiencies of photoregeneration from MI and
MII, respectively. For a given value ofKa, re remains
constant through the series of 19 bleaches.

With MII enhancement, three species are present at
equilibrium: MI, MII, and MII‚G. It was not known at the
time that the experiments were analyzed whether binding to
G protein stabilized MII against photoregeneration. The data
were therefore fit to models with and without photoregen-
eration from MII‚G. If there is photoregeneration from MII‚
G, then

Using the defining equations for the equilibrium constants,
this can be expressed as

If there is no photoregeneration from MII‚G then

which reduces to

While Ka and Kb are constant throughout the series of
bleaches, the value forGfree changes, declining toward zero
as MII‚G is formed. Thus, in analyzing an enhanced
preparation, the value for re must be recalculated after each
bleach. After a sufficient number of bleaches, whereGfree is
essentially zero, the equation for re reduces to the corre-
sponding one for the unenhanced case, so that the enhanced
and unenhanced curves are asymptotic.

Both photoregeneration and nonphotoregeneration equa-
tions were tried to see which gave the better fit to the data
from the G protein titration, and the results were unambigu-
ous (Figure 6). The fit was always worse if photoregeneration
from MII ‚G was allowed, and it got increasingly worse as
the amount of MII‚G increased. We therefore assumed no
photoregeneration from MII‚G in our Simplex analysis. The
same conclusion was subsequently reached by Arnis and
Hofmann (23), based on their experimental data.

The value for re is known to be a function of pH and
temperature through its dependence onKa. Whether re1 and
re2 themselves are temperature dependent remains unknown.
The values for re1 and re2 for our apparatus were only
determined for bleaches at zero degrees, because of the
difficulty in measuring re at temperatures much above zero.
We have assumed that re1 and re2 do not change significantly
for temperatures up to 15°C.

(III) Monte Carlo Method for Appraising the Reliability
of Each Parameter.To estimate confidence limits associated
with each parameter value, it was assumed that the standard
deviations about the values actually obtained did not differ
significantly from those about the true values (see, for
example, Numerical Recipes in C, 1988) (41). Using the best-
fit parameters obtained from the actual data, an exact set of
equilibrium data was calculated. Normally distributed (Gauss-
ian) deviations were generated using theBox-Mullermethod
described in ref41 and the random function generator
provided by our computer. Individual deviations were then
multiplied by an appropriate scale factor, so that the average
error in the artificial data was similar to that of the real data.

This artificial data set was in turn analyzed by the Simplex
and new values for the parameters determined. The process
was repeated one thousand times for each set of real data,
giving 1000 values for each parameter, from which standard
deviations could be calculated. Finally, the standard devia-
tions of the parameters in the artificial data were multiplied
by the square root of the ratio of the sum of the squared
residuals (SSR) of the real data to the SSR of the artificial

bn ) Rn-1f - Bn-1 × re× f (A5)

fapp) 1 - (bn/bn-1)

f ) fapp/(1 + re)

Bn-1 ) 1 - Rn-1

bn ) [Rn-1(re + 1) - re] f

re ) re1
[MI]

[MI] + [MII]
+ re2

[MII]

[MI] + [MII]
)

re1+ re2Ka

Ka + 1

re ) re1
[MI]

[MI] + [MII] + [MII ‚G]
+

re2
[MII] + [MII ‚G]

[MI] + [MII] + [MII ‚G]

re )
re1+ re2Ka(1 + Kb[G]free)

1 + Ka(1 + Kb[G]free)

re ) re1
[MI]

[MI] + [MII] + [MII ‚G]
+

re2
[MII]

[MI] + [MII] + [MII ‚G]

re )
re1+ re2Ka

1 + Ka(1 + Kb[G]free)
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data, to make the average errors of the real and artificial
data exactly equal.

A particular set of random errors would sometimes cause
the Simplex to converge on a grossly improbable value for
one or more of the parameters. This would distort both the
average and standard deviation of the ensemble. The results
from such a set of artificial data were therefore discarded if
any one parameter differed from its corresponding value
obtained from the real data by more that a factor of 10.

(IV) Solution of CooperatiVe Binding Equations (Two Site).
Analysis of cooperative binding of two G proteins to one
rhodopsin involves three equilibrium and two conservation
equations:

where R* is the total amount of bleached rhodopsin and G
is Gfree. The first three equations can be written in terms of
[MI]:

Then the last two equations can be written in terms of [MI]
and [G]:

Solving both equations for [MI], equating them, and cross
multiplying by the denominators:

Expanding these terms, and combining like powers of [G]:

Dividing by KaKb1Kb2:

The cubic equation can be solved by standard methods
(see, for example, ref41). If we abbreviate the coefficients
of the cubic equation as:

and define

thenD ) P3 - Q2 is the discriminant.
If D >) 0, there are three real roots, only one of which

is positive. SetX ) tan-1{x(D)/Q}, and get its principal
value (-π/2 < X e π/2). The three roots are

and G equals the one positive root.
If D < 0 there is only one real root. LetE ) [x(-D) +

abs(Q)]1/3. ThenG ) -sign(Q)(E + P/E) - a/3.
From the value of [G], the bleaching intermediates and

the OD can be determined, assuming that MII, MII‚G, and
MII ‚G2 all have the same spectral absorbance. Solving eq
A6 for MI,
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