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ABSTRACT Rhodopsin is a retinal protein and a G-pro-
tein-coupled receptor; it shares with both of these families the
seven helix structure. To generate the G-interacting helix-loop
conformation, generally identified with the 380-nm absorbing
metarhodopsin II (MII) photoproduct, the retinal Schiff base
bond to the apoprotein must be deprotonated. This occurs as
a key event also in the related retinal proteins, sensory
rhodopsins, and the proton pump bacteriorhodopsin. In MII,
proton uptake from the aqueous phase must be involved as
well, since its formation increases the pH of the aqueous
medium and is accelerated under acidic conditions. In the
native membrane, the pH effect matches MII formation kinet-
ically, suggesting that intramolecular and aqueous protonation
changes contribute in concert to the protein transformation.
We show here, however, that proton uptake, as indicated by
bromocresol purple, and Schiff base deprotonation (380-nm
absorption change) show different kinetics when the protein is
solubilized in suitable detergents. Our data are consistent with
a two-step reaction:
+ nH*

MI = MII, == MII,.

The first step, with an activation energy E, = 160 kJ/mol, is
linked to Schiff base deprotonation; it is endothermic and
depends on the hydrophobic milieu around the protein. The
second step is slightly exothermic; E, = 60 kJ/mol and n = 2.
The transformation of the protein determines the apparent pK,
of 6.75. From the known pH dependence of G-protein activa-
tion, we conclude that MII, and MII, must be successively
formed to generate full catalytic activity for nucleotide ex-
change in the G protein.

The visual process in rods begins with the absorption of light
in rhodopsin (Rh, Anax = 500 nm), an intrinsic membrane
protein in the discs of the rod outer segment. Rh’s chro-
mophore retinal forms a protonated Schiff base with Lys-296,
centrally located in the last of the seven transmembrane
helices of the apoprotein (1). After rapid cis/trans isomer-
ization of retinal, photoexcited Rh relaxes via intermediates
with different chromophore—protein interaction and absorp-
tion spectra (2, 3). Metarhodopsin II (MII, Apax = 380 nm)
forms in milliseconds; its Schiff base is still intact but
deprotonated (2, 3). The deprotonation causes the absorption
shift to 380 nm (4). It is mandatory for Rh to adopt a
conformation in which it interacts with the G protein trans-
ducin (4, 5). The MII form remains active for minutes, in
equilibrium with the 480-nm intermediate MI (3, 6). Kinetics
(3, 6-9) and pH dependence (2, 6) of MII suggest the
existence of isochromic MII species.

Besides the protonation change at the Schiff base, light
induces the exchange of protons between Rh and the aqueous
milieu (10). An initial uptake of protons occurs with kinetics
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similar to MII formation (11), and MII is favored above MI
by acidic pH (2, 3). Schiff base deprotonation and proton
uptake may contribute to one concerted reaction in the
protein, which means that the spectroscopic species would
not form without the accompanying ‘‘essential’’ protonation
(2, 3, 6), according to the classical reaction scheme:

MI + nH* = MII, (]
where 0.6 < n < 1.0 (6), disregarding transient ‘‘nonessen-
tial’’ protonation changes (3, 6, 12). Differences in kinetics
and pH dependence of MII formation and H* uptake, which
contradict Eq. 1, were noted in earlier work (11, 13) but
artefacts of the pH assay could not be excluded (11). In later
studies on Rh and bacteriorhodopsin, artefacts have been
shown to include delays due to H* diffusion to the indicator
dye (14), the influence of local pH on the membrane surface
(15), G-protein-dependent additional H* uptake (16), or the
diffusional barrier of the disc membrane (17).

To avoid these problems, we have purified Rh in detergents
with flexible alkyl chains. They accelerate the MII absorption
change by two orders of magnitude, as compared to the
native membrane environment or digitonin (18). If proton
uptake is obligatory for the MII conformation change, it must
be accelerated as well and maintain its kinetic match to MII
formation. As will be shown below, this is not the case.
Proton uptake occurs with significantly slower kinetics than
MII formation, and its dependence on pH, temperature, and
ionic strength identifies it as a requirement of a separate
transformation of the protein.

MATERIALS AND METHODS

Sample Preparation. Disc membranes were isolated from
bovine rod outer segments and Rh was solubilized and
purified in octyl glucoside (OG) or dodecyl maltoside (DM),
as described (18). The purified Rh was washed with buffer-
free saline in an Amicon cell with YM-30 membrane.

Flash Photolysis. We used a two-wavelength flash photom-
eter (16) and recorded the 380-nm and 595-nm absorption
changes simultaneously in a two-channel digital oscilloscope
(NIC 2090). All samples contained 2 uM Rh, 130 mM NaCl,
and 12.3 uM bromocresol purple (BCP).

Calibration. Absorption changes were recorded at 380 nm
for MII and at 595 nm for indicator dye BCP. To correct the
proton uptake (AH*) signals for photoproduct absorption at
595 nm (ca. 10%), we measured one unbuffered and one
buffered aliquot for each sample, using 50 mM Hepes for pH
7 and 50 mM Mes for lower pH; the difference represents the
pure AH* signal. The effect of the change of ionic strength by

Abbreviations: OG, octyl glucoside; DM, dodecyl maltoside; Rh,
rhodopsin; MII, metarhodopsin II; MII signal, absorption change
due to MII formation; AH* signal, indicator absorption change due
to proton uptake by Rh; BCP, bromocresol purple.
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the buffer is negligible and the AH* does not contribute
significantly to the MII signal of the unbuffered sample,
because the BCP absorption changes negligibly at 380 nm and
the indicator dye does not affect the absorption change in the
protein.

The AH* signal was calibrated by adding small amounts of
HCI (4.3 uM) to the dark sample, as described (16).

EXPERIMENTAL RESULTS

Separation of AH* and MII in Detergents. We have simul-
taneously measured the flash-induced absorption change at
380 nm (MII signal) due to deprotonation of the Schiff base
and the absorption change at 595 nm (AH" signal) indicating
the pH change in the medium due to proton uptake. In
washed disc membranes, the signals have similar kinetics
(data not shown); only at high temperatures AH™ is slightly
slower than MII.

However, for purified Rh, solubilized in OG, the half mean
time of MII formation is 7(MII) = 1 ms; the one of proton
uptake is 7(AH*) = 25 ms. In DM, we find 7(MII) = 7 ms and
7(AH*) = 25 ms (Fig. 1). In both detergents, computer fits for
the MII signals yielded approximately biphasic kinetics with
a dominating fast component.

The important qualitative conclusion from Fig. 1 is that a
species with 380-nm absorption—i.e., with a deprotonated
retinal Schiff base bond—can be almost completely formed
while proton uptake, as indicated by the AH™ signal, is still
far from its completion.

Kinetic Analysis of MII and AH*. AH* signals are slower
than H™ diffusion. The observed kinetics of proton uptake is
so slow that it cannot be explained by diffusion time. For
bacteriorhodopsin, the transfer times of aqueous H* to the
indicator dye pyranine were maximally 1 ms (14). The fact
that the AH* signals are much slower provides a first
indication for a separate transition in the protein, linked to
proton uptake.

Arrhenius plots. This notion is further corroborated by
measurements of MII formation and pH effect in DM at
temperatures between —10°C and 40°C. Arrhenius plots for
the MII signal show a straight line (Fig. 2). For AH*, it can
be approximated by two linear sections, with activation
energies Ea, and E,p. At temperatures below ca. 8°C, the plot
for AH* approximates the one for MII, indicating that MII
formation becomes the rate-limiting step.

From MII signals in DM, we obtain an activation energy of
Eaa. = 156 kJ/mol, similar to native membranes (6, 9), in spite
of the quite different reaction rate. The same E, was found
in OG within the measurable temperature range (data not
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FiG. 1. Kinetics of MII formation and proton uptake (AH") in
solutions of purified Rh, solubilized in OG or DM. Both reactions
were simultaneously measured at pH 7, 3°C; OG and DM were 50
mM and 0.4 mM, respectively.
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FiG. 2. Kinetics of MII and AH* in purified Rh in DM. (Inset)
Measured example on an expanded time scale, recorded at T = 5°C,
pH 7, in 0.4 mM DM. A computer fit to the data, according to an A
— B — C scheme (see text), is overlaid with the data. In the
Arrhenius plot, triangles and circles represent the observed rate kqps
(inverse reaction time, In2/71,) of MII and AH*, respectively.
Freezing was prevented by sucrose; closed symbols, samples with
25% sucrose; open symbols, without sucrose.

shown). The slope of AH* above ca. 8°C indicates a reaction
with Epp = 63 kJ/mol. The relatively large Eap, provides
strong further evidence for a separate transformation in the
protein, reflected in the H* uptake.

Sigmoidal time course. In DM, AH" signals, measured at
low temperatures and at sufficiently high pH (pH > 6.8),
assume a sigmoidal time course (Fig. 2 Inset). It can be
approximated by a two-step reaction A — B — C. Computer
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Fic. 3. pH dependence of MII and AH" in purified Rh in DM.
(Upper) Typical signals. (Lower) MII signals are plotted on relative
scales (AAre] = AA/AAmax, Where AAmax is the maximally possible
amplitude of the respective signal). T = 5.5°C; 0.4 mM DM. The solid
line fits Eq. 3c; the dotted line is a linear regression.
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calculations with MII and AH* signals for steps A — B and
B — C, respectively, gave good fits. The irreversible two-
step scheme is a first approximation to the equilibration
scheme given below (Eq. 2).

pH and Temperature Dependence. Fig. 3 shows MII and
AH* signals recorded at pH 6 and 7. Under the conditions,
only the AH" signal depends markedly on pH. Lowering the
pH by one unit accelerates this signal about 10-fold, with a
corresponding increase of the final amplitude. The curves in
Fig. 3 Lower show the titration of proton uptake and MII
formation. The lines are computer fits to the data, using a
linear regression for MII and a hyperbolic function for AH*,
which plots an equilibrium between a protonated and unpro-
tonated species, separated from one another by a free energy
gap (see below, Egs. 3). The resulting titration curve yields
an apparent pK of 6.75. The maximal H* uptake is 2 H* per
photolyzed Rh, consistent with the quadratic fit to the
titration curve in Fig. 3.

For the temperature dependence we find MII amplitudes
virtually independent of temperature, while the relative am-
plitude of AH* decreases from 0.65 (—10°C) to 0.35 (50°C)
(pH 6.5; Fig. 4). Model fits (Eq. 4) from data at pH 6, 6.5, and
7.0 yield the reaction enthalpy.

Ionic Strength Dependence. The MII and the AH* signal
depend on ionic strength. We have found that the MII signal
accelerates with increasing ionic strength, with almost con-
stant amplitude, whereas AH* decreases with an ICso = 500
mM (NaCl) (Fig. 5).

Reaction Scheme. The experimental results are consistent
with a reaction scheme where proton uptake and release can
only occur via the product MII,:
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FiG. 4. Temperature dependence of MII formation and AH* in
solutions of purified Rh, in DM. (A) Amplitudes of MII signals,
plotted on relative scales (AAre1 = AA/AAmax, Where AAmax is the
maximally possible amplitude of the respective signal), at pH 7
(closed triangles) and pH 6 (open triangles). (B) Amplitudes of AH*
signals, normalized as in A. The different symbols belong to pH 7
(triangles), pH 6.5 (circles), and pH 6.0 (rectangles). Data points in
A and B are from simultaneous measurements. The solid lines plot
Eqgs. 3c and 4.
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FiG. 5. Ionic strength dependence of MII and AH* in DM-
solubilized Rh. (Upper) Examples of recorded signals, at scales that
allow kinetic comparison. (Lower) MII and AH* signals are plotted
on a AA scale. Both reactions were simultaneously measured at 4°C,
pH7.

k1

N +nH?
MI 5 MII, 5— MII, (21

The spectrophotometrically observed MII is the sum of MII,
and MII,.

With ky; = kf; [H*]? (pseudo-first order), we can define
equilibrium constants: K, = [MIL)/[MI]; K, = MIly/
(IMILJH*]") = Ko (1/[H*]).

This yields AG® for steps a and b:

InK, = —~AGS/RT [3a]
InKy, = —~AGY/RT — 2.3-n-pH. (3b]

To fit the data in Fig. 3, we used the equation (ref. 6; for
AAr see Appendix):

AAri(595)/ AAi(380)
= 1/[1 + exp(AGp/RT + 2.3-n-pH)]l. [3c]

This fit yields AG® and n (and, hence, AG 3y = RT-2.3-n-pH)
for the reaction MII, = MII, in Table 1. Kt pH 6.75, AG3y
and AG° balance each other, so that K = 1; this is the
apparent pK of the protonatable groups. Note that the SEM
of the AG (£5 kJ/mol) means an uncertainty of the apparent
pK in the titration curve of +0.4 pH unit (Fig. 3).

To obtain AH® for MII, = MII, in Table 1 from fits of the
temperature dependence (Fig. 4), one uses Eq. 3c and

AG°/RT = AH°/RT + AS°/R. 4]

AH? and AG® for MI == MII, carry large errors, mainly from
K, (Appendix).

One obtains the free activation energy AG#* (Table 1) by
analogy to Eq. 3b from the equilibrium constant of absolute
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Table 1. Thermodynamic parameters of transitions between
metarhodopsin forms

Thermodynamic parameter

Reaction AH° AGpy AG®, kJ/mol
MI = MIL* 55 + 17 0 1+23
MII, = MII,! -20+3 64/72/80 + St -2+5
AH* AGH AG#*, kJ/mol
MI = MIL$ 156 + 4 0 67/57/53 £ 2

MIL, = MII,t 61 3 32/36/40 = 2% 32/28/24 + 2%

All values are for T = 5°C; R = 8.3 J'mol~1-K -1, The parameters
were determined in samples as indicated. AG#, free activation
energy.

;‘Washed membranes (for the large error of AH° and AG?, see text).
DM.

1At pH 6.0, 6.75, and 7.5, respectively.

$Washed membranes, DM and OG.

rate theory (see ref. 6 and citations therein). Since the on rate
of the AH* signal is 10 times faster at pH 6 than at pH 7, n*
=1; AH*¥ = E5 — RT.

Limits of the Description. (i) The data exclude the net
uptake of protons in forming MII, but not a catalytic pro-
tonation during the transition (13), leading to a complex pH
dependence of the overall reaction (6). (i) Eq. 2 describes
only the rapidly formed MII species, but not the slow MII
intermediate (3) arising in seconds (from MIIy). (iii) Even on
the time scale of milliseconds, a more complex scheme may
apply (19). Note, however, that the observed slow MII signal
component, similar to the AH* signal kinetics, is expected
from Eq. 2, when MII, molecules reenter the spectrally
visible transition MI — MII, via the back reaction MII, —
MIL,.

DISCUSSION

Proton Uptake from the Aqueous Phase Is Not Required to
Form MII. The light-induced proton uptake by rhodopsin
occurs after the 380-nm photoproduct is already formed.
Essential protons from the aqueous phase are not required for

5°C

Octyl glucoside
Dodecyl maltoside

Disc membrane
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its formation, as previously assumed (2, 3, 6). Since the
380-nm absorption change reflects the deprotonation of the
retinal Schiff base bond to the apoprotein during the MI/MII
conversion (4), we conclude that the proton uptake from the
medium occurs after the internal proton translocation. Mod-
els requiring one concerted reaction in the protein, which
involves both proton movements, do not apply.

Proton Uptake Occurs in a Separate, Later Transformation.
The barrier to the internal translocation of the Schiff base
proton dominates the overall MI/MII conversion in mem-
branes. When this barrier is lowered in detergent, a separate
transformation of the protein emerges by the biphasic Ar-
rhenius plot and the sigmoidal kinetics of proton uptake. The
classical scheme in Eq. 1 must be replaced with the two-step
scheme in Eq. 2 (illustrated in Fig. 6).

The Two Reaction Steps Depend Differently on the Molec-
ular Environment. In Fig. 6, formation of state MII, requires
translocation of the Schiff base proton to another internal
group within Rh’s hydrophobic core. Only in MII,, does the
protein assume a conformation that requires and/or results in
the additional net uptake of aqueous protons.

The transition to MII, bears the dependence of the MI/MII
conversion on the membraneous or micellar host. It has been
related to a free volume change in the hydrophobic space (18,
20), as symbolized in Fig. 6 by the lateral expansion. Its large
activation energy and standard free energy change (Table 1)
indicate a major conformational change. The parallel shift of
the Arrhenius plot in different detergents shows that its
thermal activation is mainly entropy driven. It is also the step
responsible for the known endothermic characteristics (2, 3)
of the MI/MII conversion.

The transition to MII, may determine the dependence of
MII on properties of the aqueous phase, as was shown for pH
and ionic strength. The data fit the simplest idealized scheme,
in which (i) MII, is always unprotonated and MII, is always
protonated (2 H*) and (ii) the free energy gap is the sum of
a pH-dependent and a pH-independent term (AGgy and AG®
in Egs. 3 and Table 1). The dependence on ionic strength
indicates the exposure of negative charges in MII,, consistent
with the measured protonation change.

20kdJ/mol

Ml Mil,

FiG. 6. Free energy scheme and reaction model of metarhodopsin conformations. (Upper) Free energy levels and barriers for the MII
intermediates MI, MII,, and MII,. They were taken from the free energy gaps (sum of AGgy = RT:2.3-n'pH and the intrinsic AG®) and the
activation free energies in Table 1. The MII, level relative to MI cannot be determined with accuracy (Table 1) and is omitted. (Lower) Reaction
model illustrating how the G protein activating form of Rh develops. After Rh and fast intermediates (not shown), the metarhodopsin products
are successively formed: MI, sterically triggered, as symbolized by the horizontal bar; retinal Schiff base, SB (still protonated); MII, (SB
deprotonated and change of free volume in the hydrophobic core of the membrane); and MII,, (like MII,, but with an additional conformational
change presenting the G-compatible helix-loop structure). Only one of the two aqueous H* bound to MII} is shown; its location is unknown.
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Catalytic Activity Requires Both Reaction Steps. The func-
tional importance of the second reaction step follows from its
pH dependence. Rh’s activity as a catalyst of nucleotide
exchange in the G protein mimics the actual pH-dependent
amount of MII in its equilibria with MI and MIII (3, 6), in the
native membrane (21), and in DM micelles (ref. 22; S. Jéger,
S.A., and K.P.H., unpublished data). The titration curves for
the G-protein activation rate and for the formation of MII,
from its precursor MII, (Fig. 3) resemble each other. The low
pH required to form MII, (Fig. 3) may surprise; however, the
surface pH on disc membranes will be lower than the
cytoplasmic bulk pH (15).

We propose (see Fig. 6) that the MII, — MII, transition
reflects the development of the helix-loop conformation that
produces the three-loop interaction pattern of MII-G inter-
action (1). This independent second transition can explain
why mutants can exist that are impaired in the interaction
with transducin but show an apparently normal 380-nm
absorption change (1, 23).

Resulting Questions. Interesting properties of the MII state
remain to be assigned to MII, or MII,. They include (i) the
altered orientation of the chromophore, (ii) electrical effects
occurring at the time scale of MII formation, (iii) the access
of small solutes to the chromophore, (iv) the net volume
change of the protein, and (v) FTIR bands related to other
than chromophoric groups (3, 24).

Finally, when we compare Rh to the bacterial rhodopsins,
the H* uptake may be viewed as incomplete proton pumping.
Translocation of the Schiff base proton is a necessary pre-
cursor of the aqueous proton movement, like in bacteri-
orhodopsin, where kinetic evidence exists for two distinct M
states (25). Bacterial sensory rhodopsins share with Rh a
steric trigger mechanism, which mediates between retinal
isomerization and the signaling conformation (24, 26). More-
over, the transducer protein associated with bacterial sen-
sory rhodopsin I influences the protonation of the Schiff base
(27), analogous to G-protein-dependent extra MII in Rh (3,
23). The two-step mechanism described here may apply more
generally.

APPENDIX
Eq. 3c is based on relations between the relative amplitudes
of the absorption signals (Fig. 3) and the equilibrium con-
stants K, and K,. From
AA(380) = (IMIL,] + [MILp]))/(IMI] + [MII,] + [MIL))
AA(595) = [MIL,)/(IMI] + [MIIL,] + [MII]), one obtains
K, = {AAri(380) — AA(595)/[1 — AA(380)]}

Kp = AAri(595)/[AAei(380) — AAri(595)].

Proc. Natl. Acad. Sci. USA 90 (1993) 7853

See ref. 6 for ka;, k1, and Kops.
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