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Resonance Raman and Optical Transient Studies on the Light-Induced Proton

Pump of Bacteriorhodopsin Reveal Parallel Photocycles’
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ABSTRACT: The photocycle of bacteriorhodopsin (bR) was studied at ambient temperature in aqueous
suspensions of purple membranes using time-resolved resonance Raman (RR) and optical transient
spectroscopy (OTS). The samples were photolyzed, and the fractional concentrations of the retinylidene
chromophore in its parent state, BRsy, and in the intermediate states Lsso, Ma12, Nsgo, and Ogqq were
determined in the time domain 20 us—1 s and in the pH range 4-10.5. Twokinetically different L components
could be identified. At pH 7 one fraction of L (~65%) decays in 80 us to M (deprotonation of the Schiff
base), whereas the residual part is converted in ~0.5 ms to N. The RR spectra reveal only minor structural
changes of the chromophore in the L — N transition. These were attributed to a conformational change
of the protein backbone [Ormos, P., Chu, K., & Mourant, J. (1992) Biochemistry 31,6933]. Withdecreasing
pH the L — N transition is delayed to >2 ms following a titration-like function with pK, ~ 6.2. The decay
of My, monitored by OTS can be fitted for each pH value by two different amplitudes and time constants
(Mf, 7f; M, 75, f = fast, s = slow). Both Mf and M consist of subcomponents which can be distinguished
by their different reaction pathways (but not by OTS). Mf occurs in the reaction sequences L — Mf —
N — BR and L — Mf — O — BR. The population of the first sequence, in which N is formed with the
time constant 7 {~2—4 ms, pH 6-10.5), increases with pH. M is also found in two different reaction
sequences of the form L — Ms — BR. The quantitative analysis reveals that each “titration effect” can
be related to a certain fraction of bR. It is proposed that each fraction can be identified with a “subspecies”
of bR which undergoes an independent and individual cyclic reaction. A complete reaction scheme is set
up which represents the manifold of observed phenomena. It is concluded from the pH dependence of the
lifetimes of M*and N that the reconstitution of BRs in the reaction steps Ms — BR and N — BR requires
the uptake of a proton from the external phase. It is argued that this proton catalyzes the reisomerization
of retinal, whereas the Schiff base is internally reprotonated from Asp-85. A model for proton pumping
is proposed in which the proton taken up from the external phase to catalyze the reisomerization of retinal

is the one which is pumped through the membrane during the photocycle of bR.

Bacteriorhodopsin (bR), a retinal-binding protein in the
purple membrane of Halobacteria, acts as a light-driven proton
pump. This unique function had first been elucidated by
Oesterhelt and Stoeckenius (1973) [for a review, see
Stoeckenius and Bogomolni (1982)]. Stimulated by light,
bR’s retinylidene chromophore, BRs7, runs through various
intermediate states and, under physiological conditions, is
reconstituted within a few milliseconds. Evidently, this cyclic
reaction (photocycle) of the chromophore controls the proton
pump activity.

Six intermediate states can be characterized by their
different kinetic and spectroscopic behavior. By convention
they are classified by capitals in alphabetic order according
to their appearance time in the photocycle: Jgoo (0.5 ps), Ksso
(5 ps), Lsso (1-2 us), Ma12 (80 us), Nisgo (0.5-3 ms), and Oeso
(2-3 ms). The subscripts denote the respective absorption
maxima of the optical spectra in nanometers, and the values
in brackets refer to the time constants of appearance under
normal conditions (room temperature, neutral pH). It is
generally accepted that the primary step from BRsy to J
involves photoisomerization from the all-trans to the 13-cis
configuration of the retinal chain (Polland et al., 1986; Dobler
et al., 1988). All subsequent steps in the photocycle are
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thermally controlled. With the exception of My, the imine
bond of the chromophore (Schiff base), by which the retinal
is linked to the protein backbone, is protonated.

It has been suggested that the step from J to K is due to
vibrational relaxation within the chromophore (Doig et al.,
1991). The subsequent transition from K to L involves
considerable structural rearrangement of the chromophore
which might be functionally important (Lohrmann & Stock-
burger, 1992). During the transition from L to M, the Schiff
base becomes deprotonated, a step which is thought to be
important for the proton pump mechanism. At the stage of
N, the Schiff base is again protonated, but the retinal chain
is still in 13-cis configuration. Finally, in O the all-trans
configuration is reestablished, but the chromophore is not yet
fully relaxed (Smith et al., 1983). Under normal conditions
the parent state BRsyg is recovered within ~6-8 ms.

In the original work on the photocycle it had been proposed
by Lozier et al. (1975) that the various intermediates follow
alinear reaction sequence according to their appearance time.
However, it turned out that the reaction is more complex.
Thus, the decay of M was found to be biphasic with a fast (Mf,
7f) and a slow (M, 75) component (Hess & Kuschmitz, 1977;
Ort & Parson, 1978; Ohno et al., 1981; Scherrer & Stoeck-
enius, 1985; Groma & Dancshéizy, 1986). Forinstance, under
normal conditions (pH 7, 20 °C) ~f and 7% have values of 2.3
and 6.4 ms, respectively, whereas the amplitudes of Mf and
Msare of comparable magnitude (data from the present paper).
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Similarly, it was found by Diller and Stockburger (1988) that
the decay of L also occurs with two different time constants.

In an earlier study we had proposed that the complexity of
the phenomena in the photocycle might be caused by the
existence of slightly different “conformational substates” in
which bR undergoes different and independent cyclic reactions
(Diller & Stockburger, 1988). A similar proposal was made
by Dancshizy et al. (1988). However, it turned out that the
kinetic heterogeneity does not correspond to a structural
heterogeneity of the chromophore in the parent state. It
therefore was proposed by Diller and Stockburger (1988) that
itisthe protein envelope which exists in various conformational
substates which control the reaction steps of the chromophore
but do not influence its structure in a spectroscopically
detectable way.

It was one of our objectives to prove the “heterogeneous
concept” and to make an attempt for a more detailed
description of the proposed conformational substates. This
notion was introduced by Frauenfelder and his school
(Frauenfelder et al., 1988). In the present context we are
concerned with a distinct class of fairly stable substates whose
lifetime is longer than the period of the cyclic reaction of bR
and which therefore may influence the cyclic reaction in a
different way. As synonyms for such distinct substates, we
usethe terms “species” or “subspecies”. Inanycase werestrict
the discussion to “functionally active” subspecies.

During the first steps of the photocycle (BR-K-L), the
reaction appears to be homogeneous, i.e., each bR molecule
undergoes the same reaction pathway with the same first-
order rate constants. Only in the period in which the Schiff
base donates its proton to the protein environment (L-to-M)
or takes up a proton from the protein matrix (M-to-N) does
the heterogeneous kinetic behavior become obvious. Exper-
iments on the photocycle therefore should reveal those
subspecies which control the internal proton-transfer reactions
in a different way.

The proton transfer from and to the Schiff base is not solely
controlled by the primary acceptor (this has been identified
as the ionized carboxyl side chain of the residue Asp-85;
references are given later) or by the proximal donor group.
It can rather be assumed that this function is controlled by
an ensemble of internal side chains in a cooperative way. Due
to a certain degree of flexibility of the proton matrix, it is
unlikely that this ensemble has a completely homogeneous
structure and “chemical potential” in the whole manifold of
bR molecules. Consequently different substructures of this
ensemble are conceivable as the basis for the above defined
subspecies of bR.

A general strategy to identify functionally active subspecies
is to watch the cyclic reactions of bR as a function of an
external parameter (e.g., temperature or pH) and to look for
inhomogeneous changes in the kinetic behavior. It turned
out that in this respect a most useful parameter is the pH of
thesample. Itiswellestablished that the parent chromophore,
BR s, isstable over a wide pH range (pH 3-12). This suggests
that the global structure of the protein is not changed in this
range. On the other hand, there are numerous reports of a
strong pH dependence of transient phenomena in the pho-
tocycle. We mention as a typical inhomogeneous behavior
that in the range pH 6-9 the amplitudes of Mfand M change
in the opposite direction as a function of pH (Li et al., 1984;
Scherrer & Stoeckenius, 1985). Another interesting obser-
vation was that the L-to-M transition is accelerated by a factor
of ~10in the range pH 8-10. This effect could be described
by a “titration-like” function with a well-defined apparent
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pK, value (Hanamoto et al., 1984; Balashov et al., 1991) and
therefore was ascribed to the dissociation of an internal side
chain. This suggests that the dissociation of internal side
chains may explain at least part of the pH-dependent effects.

In the present work we have studied the pH dependence of
the photocycle (pH 4-10) on the time scale between L and
the recovery of BRsyq using time-resolved resonance Raman
(RR) and optical transient spectroscopy. Various new pH-
dependent phenomena were found which could be described
by titration-like functions with apparent pK, values. Inorder
todecide whether a certain titration effect concerns the entire
manifold of bR or only a certain fraction, it was crucial to
determine the fractional concentrations of the chromophoric
species as a function of time and pH.

Optical transient spectroscopy (flash photolysis) is the most
convenient method to study the photocycle of bR. Thus,
numerous reports are found in the literature which cover the
period between K and the recovery of BRsy. In particular
we mention those studies in which absorbance changes,
AA(A,t), were measured with high precision so that a “global-
fit analysis™ could be performed (Nagle et al., 1982; Xie et
al., 1987; Maurer et al., 1987a,b; Hofrichter et al., 1989;
Miiller et al., 1991). As a result, one obtains the apparent
time constants of the system and their amplitude spectra.
Many attempts were made to set up the complete reaction
scheme on this basis. However, since the fractional concen-
trations of the intermediates were not considered, such attempts
could not identify a potentially heterogeneous scheme.

This deficiency was overcome by V4ré and Lanyi (1991a~
¢), who inferred the fractional concentrations of BRssp and
its intermediates as a function of time from the optical
difference spectra. This technique is reliable as long as the
optical absorption spectra are sufficiently well separated. This,
however, is not the case for the intermediate N, whose
absorption spectrum (Amax = 560 nm) strongly overlaps with
the spectra of BRsyo and Lsso (BRsy is still the major
component in photolyzed samples) so that the fractional
concentration of N cannot be obtained with due accuracy. It
is obvious that such uncertainties donot allow a correct analysis
of those cyclic reactions in which N is involved. This problem
can be overcome by using the characteristic vibrational bands
in the RR spectra as we have done in the present study.

It was found that the various “titration effects” in our kinetic
RR and complementary optical transient studies do not concern
the entire manifold of bR molecules but only fractions of it.
Each fraction can then be identified with one of the functionally
active subspecies which now can be characterized by the pX,
of the respective titration effect. On this basis a complete
reaction scheme will be set up in which each of the subspecies
undergoes an independent cyclic reaction. It will be shown
that homogeneous schemes cannot explain the manifold of
observed phenomena in a consistent manner.

Important conclusions on the essential proton-transfer steps
in the period between L and the recovery of BRs7o could be
inferred from the complete reaction scheme. The analysis
reveals that the basic reaction steps in the different photocycles
underlie the same mechanisms. It is proposed that in the
reconstitution phase the proton is donated back from Asp-85
to the Schiff base, which contradicts the widely accepted idea
that the Schiff base is reprotonated from the cytoplasmic side.
It is further concluded that the reisomerization of retinal is
catalyzed by a proton which is taken up from the cytoplasmic
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side. Itispostulated that during the cyclic reaction this proton
passes through a hypothetical “internal reactive site” where
it initiates the reisomerization of the chromophore and the
reconstitution of the protein. It is proposed that this is the
proton which is pumped in a single turnover through the
membrane. This model is different from the widely accepted
modelin which the Schiff base acts asan active proton-transfer
switch.

MATERIALS AND METHODS

Purple Membranes. Purple membranes (PM) wereisolated
from Halobacterium halobium cells as described by Oesterhelt
and Stoeckenius (1974). Samples of PM were provided by
the laboratory of D. Oesterhelt (Max-Planck-Institut fiir
Biochemie, Martinsried, Germany). All experiments were
performed at 20—23 °C with highly diluted aqueous suspensions
of PM, set to an optical density (OD) of 1 at 570 nm (16 uM
bR).

Adjustment of the pH. The pH in the PM suspensions was
varied in the range 3.5-9 by using a citrate buffer system. The
respective pH values were set by adding 0.1 M citric acid at
different amounts to 0.1 M Na,HPQ,. To this solvent was
added a highly concentrated suspension of PM at a volume
ratio of 1:40 to obtain suspensions of OD =1 at 570 nm. In
the range pH 9-10.5, instead of citric acid, concentrated
NaOH was added in small amounts to reach the desired pH
values. In a few experiments the solvent was prepared with
phosphate buffer (0.1 M KH,PO,/Na,;POs).

Deviation of Surface from Bulk pH. For the citrate buffer
concentrations used, the cation (Na*) concentration changes
from 102 to 165 mM in the range pH 5-7 (Rauen, 1964).
Above pH 7, Na* quickly approaches the limiting value of
200 mM. From the works of Ehrenberg et al. (1989) and
Sheves et al. (1986) it can be estimated by application of the
Gouy-Chapman equation that at 136 and 181 mM Na* the
surface pH values are lower by 0.27 and 0.216 units,
respectively, than the bulk values. The difference approaches
a value of 0.196 units for 200 mM Na*.

Pump—Probe RR Experiments. Such experiments were
performed with a combination of CW lasers and a flowing
sample. For this purpose a spinning cell was used (Figure 1)
in which the liquid sample is moved with constant velocity
across the laser beams. Since the lateral diffusion of purple
membrane patches in the laminar stream is much slower than
a full rotational period (T;) of the cell, the distribution of
photoproducts, which follows the intensity profile of the pump
beam, remains unchanged during 7;. A delaytime, 8, between
photolysis in the pump beam and Raman excitation in the
probe beam is defined by the lateral distance of the two beams
and the flow velocity (v). Inall cases, 7, was large compared
to the period of the photocycle so that fresh sample always
entered the pump beam.

The photochemical decay of the parent chromophore, BR,
in a volume element which had passed the center of the pump
beam of a Gaussian intensity profile is given by

BR = BR,exp[-/5At;] (1)

with Jp = vzo5(A\p)®%(7/8)!/? and Atp = dp/v, where the
subscripts B and P refer to the parent chromophore and the
pump beam, respectively. Intheserelations, ypisthequantum
yield of the primary photochemical process, og is the optical
absorption cross section, @3 is thE_ maximum photon flux
density, Ap is the wavelength, and dp is the 1/e2 diameter of
the pump beam. /j is the averaged value for the photo-
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FIGURE 1: Optical layout of a pump—probe Raman experiment, Time
resolution was obtained by flowing the liquid sample in a cylindrical
cell across the CW pump and probe beams. The two beams were
focussed by lenses (Ly, fi = 160 mm; L,, /> = 80 mm) into the cell,
whose internal dimensions were 42 mm (diameter) and 5 mm (height).
An image of the probe beam waist was formed on the entrance slit
of the spectrometer with an enlargement factor of 4.5. The distance
between the probe beam and the rotation axis of the cell was 20 mm,
Its rotational frequency was varied between 10 and 505!, giving flow
velocities (v) of 1.26 and 6.28 m s-!, respectively. The pump beam
was interrupted periodically (~ 10 s™!), which enabled us to record
probe-only and pump-and-probe spectra quasisimultaneously.

chemical rate coefficient in the beam, and Atp is the residence

time of a sample element within the diameter dp [for more
details, see Schneider et al. (1989) and Lohrmann et al.
(1991)]. Thedegree of photolysis is determined by the product

IgAtp, which is sometimes called the “photoconversion pa-
rameter”. Inorder toobtain RR spectra of the intermediates
with good quality, a sufficiently high degree of photolysis is
required, i.e., /gAfp, = 1. On the other hand, unwanted
secondary photoreactions of intermediates would perturb the
kinetic analysis. To meet these requirements, we have used
pump beams in the red at 647 nm (krypton laser, Coherent
CR 2000) or at 633 nm (He-Ne laser, Spectra Physics 125)
where photoreactions of the green- and blue-absorbing
intermediates L, N, and M can be largely neglected.
Detection of Raman Spectra. For excitation of Raman
scattering, we used the green and blue lines of an argon laser
(Coherent, Innova 70). Photoreactions of BRsy and its
intermediates in the probe beam were kept low by choosing
photoconversion parameters below 0.2. A mixture of BRsyg
and its green-absorbing intermediates L and N was probed,
with the green line at 514 nm, whereas the blue line at 476
nm was used to monitor BR and its intermediates L, M, and
N simultaneously. The scattered light was monitored per-
pendicularly to the probe beam by a conventional Raman
spectrometer (Spex 14018 double monochromator, photo-
multiplier EMI 9659 QB). This was controlled by a micro-
computer in combination with a Spex Compudrive (CD2A).
The Raman signals were collected into the memory of a counter
device (Ortec 874) as photon counts per second for each
spectral position. Overview spectra between 700 and 1700
cm! were recorded with a step width of 1 or 2 cm-!. For
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FIGURE 2: RR spectra inthe C=Cstretching region from anaqueous
suspension of purple membranes (pH 5, 22 °C, OD =1 at 570 nm).
The spectra were obtained with a flow velocity v = 1.26 m s-! using
the equipment descriped in Figure 1. Pump beam: Ap = 633 nm,

dp = 160 um, and Py (laser power) = 80 mW. Raman probe beam:

Ar = 476 nm, dg = 80 um, and P, = 3.3 mW. The band-fitting and
difference procedures are described in the text.

precise measurements in a narrow range (1490-1610 cm™!),
a step width of 0.2 cm~! was used. Inall cases, the dwell time
at each spectral position was 1 s and the spectral bandwidth
was ~4 cmL.

In our optical device (Figure 1), the pump beam was
interrupted periodically (~10s-!) bya chopper. By coupling
the chopper with two different memories in the counter device,
we were able to accumulate probe-only and pump-and-probe
spectra in a quasisynchronous way. The probe-only Raman
signal of the parent species then can be used as an internal
standard for the quantitative analysis of the spectra. Up to
100 scans were added to obtain spectra of sufficiently good
quality for band-fitting analysis and difference procedures.

Analysis of the Pump-Probe Spectra. The analysis of a
typical pump-probe RR experiment is illustrated in Figure
2. The conditions were chosen in a way that, besides the
parent species, only the intermediates L and M made
contributions to the Raman signal. The spectral records were
analyzed by a least-squares band-fitting procedure with
Lorentzian line shapes using spectral parameters which had
been obtained in separate experiments for the individual
species. From the bands in Figure 2, the “normalized RR
intensities” were calculated, which are defined as the integrated
intensities of the characteristic ethylenic RR bands in the
pump-probe spectrum with respect to the integrated intensity
of the C==C stretch of BRsyp at 1529 cm™! in the probe-only
spectrum (Diller & Stockburger, 1988). The relative con-
centrations (in brackets) are related to the normalized RR
intensities (Jrr) by

Y Il + [BR] = D fiA)Irg()) + Ig(BR) = 1 (2)

7 T
where i refers to the intermediates, R refers to the Raman
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probe beam, and the factors fi(Ar) = opr(Ar)/0i{(Ar) relate
the RR scattering cross section of BRsyg to those of the
intermediates. Itis evident from this definition that IJrr(BR)
is equal to the relative concentration of BRsyg in the pump-
probe spectrum.

In Figure 2¢ the contribution of BR 570 was subtracted from
the pump-probe spectrum. The subtraction factor (sf) is given
by the relative concentration of BRs7 in the pump-probe
spectrum, i.e., by Ir(BR). Such “difference spectra” will be
used in this paper to illustrate the time dependence of the
various intermediates.

Laser Flash Photolysis Experiments. Aqueous suspensions
of purple membranes (OD = 1 at 570 nm, 20 °C) were
photolyzed in a fluorescence cuvette (10 X 10 X 50 mm) using
a frequency-doubled Q-switched Nd:YAG laser (Lumonics
HY 400; 532 nm, 8-ns pulse duration). The pulse energy was
attenuated to 3.7 mJ and the beam was expanded to obtain

a photoconversion parameter (/zAf) of 3.4. Under such
conditions, OD changes of 28% at 570 nm were induced in
the sample by a single laser flash.

For the probe beam the light of a tungsten lamp was
dispersed by a monochromator and aligned perpendicularly
to the laser beam. Probe and laser beams were centered to
each other in the middle of the fluorescence cuvette, where
they had diameters of 4 and 7 mm, respectively. Lightadaption
(i.e., all bR molecules are pumped by light into the active
parent state BRsyp) was accomplished by preillumination of
the sample with more than 100 laser flashes. Both beams
were linearly polarized, and the angle between their polar-
ization vectors was set to the “magic value” of 54.7° in order
to exclude the influence of orientational motion of the
chromophore on the transient signals. Behind the sample,
the probe beam passed through a second monochromator to
discriminate the probe light from the scattered laser light. At
its exit slit the transient signals were detected by photomul-
tiplier tubes (R106 or R928 from RCA) and analyzed by a
transient recorder (Le Croy 8828 C). The response time of
the electronic entrance circuit was 10 us for the measurements
on the ms time scale and 60 ns for the us time scale. The time
base for the transient signal was varied between 80 and 400
ms, and 8192 (=213) data points were linearly distributed
over each selected time base.

Different probe wavelengths were selected between 400 and
700 nm, and for each value the pH of the sample was varied
in steps between 3 and 12. Energy fluctuations between
sequential laser flashes were below 1%. Up to 500 flash-
induced transient signals were averaged for each fixed value
of the wavelength and the pH. The repetition rate was 0.5
s7l. The transient signals were converted into absorbance
changes. A sum of exponentials was used for fitting such
curves, following the procedure of Provencher (1976). The
residuals between the measured and calculated time courses
as well as their autocorrelation functions served as criteria for
the best fit. When there was no improvement while going
from nton+ 1 exponentials, #n was chosen as the most suitable
number.

RESULTS AND DISCUSSION

Intermediates M and M*. We begin with a description of
the pH-dependent kinetic behavior of the intermediate My,
which is important for the analysis of the photocycle. We
have studied transient absorbance signals at 412 nm over the
range pH 4-10. A good fit to the data for the decay of M
in the entire pH range could be achieved by the superposition
of two exponentials, Mf(+f) and M5(+¢) (Figure 32). A drastic
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FIGURE 3: (a) Thetwodecay constants of M, 7¢and rf, deduced from
optical transients at 412 nm (20 °C). (b) Relative amplitudes:
Miy = MY/ (M + Mo); Ml = 1 - Miy,

increase of 7 is observed for pH > 7.5. This effect had been
report earlier (Scherrer & Stoeckenius, 1985; Ottoetal., 1989).

The pH dependence of the relative amplitudes M’ = Mf/
(Mf + M?) and M}, = Ms/(Mf + M?) is shown in Figure 3b.
It can be seen that M’ and M®, change significantly as a

rel rel
function of pH. Later it will be shown that on a calibrated
scale it is mainly Mf which increases with pH (cf. Figure 16).
The increase of MY, (decrease of M, with increasing pH
can be described by a midpoint value of pH 7.5.

It turned out that in the range pH 4-8 the formation of
M1, as deduced from the transient absorbance signal at 412
nm, can be well fitted by a single time constant (r;). Under
the conditions of Figure 3 this has a value of ~80 us. It
follows from our earlier RR experiments on the decay of L
(Diller & Stockburger, 1988) that this time constant is directly
correlated with the “fast” decay component of L (Lg).

In agreement with the work of Hanamoto et al. (1984), we
found that for pH > 8 the time constant for the formation of
M decreases to ~7.5 us. Under the conditions of Figure 3,
this effect can be described by a titration-like curve with a
pK, value of 9.2.

Definition of the Intermediate N by Its Resonance Raman
Spectrum. The intermediate N plays a key role in the
photocycle of bR. This requires a detailed description and a
precise definition. Anintermediate N with a protonated Schiff
base which appears as a direct product of M had already been
invoked in the early work on the photocycle of bR (Lozier et
al., 1975). However, this proposal was merely based on the
observation that a green-absorbing species exists on the same
time scale as M. Later it was found that under certain
conditions (purple membrane suspension at high pH, high pH
plus high salt concentration, or in detergents) a green-absorbing
species adopts the longest lifetime of all intermediate states
in the photocycle. This made it possible to characterize this
species spectroscopically (Dancshédzy et al., 1986; Drachev et
al., 1987; Kouyama et al., 1988). Its formation could be
correlated by Kouyama et al. (1988) with the decay of Mf,
and therefore the name N was proposed.
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FiGURE 4: RR spectra from an aqueous suspension of purple
membranes (pH 8, 22 °C, OD = 1 at 570 nm) using the equipment
described in Figure 1 with a flow velocity v = 1.26 m s~'. Pump
beam: same conditions as in Figure 2. probe beam: Ag = 514 nm,

dp = 80 um, and Po = 3.5 mW. The upper probe-only spectrum
represents the parent chromophore. The pump-probe spectrum in
the middle, obtained with a delay time & = 3.5 ms, represents a
mixture of BRssoand N. The lower trace reflects the pure spectrum
of N obtained from the difference procedure described in the text.

In Figure 4 is shown how the RR spectrum of a green-
absorbing intermediate which might be a direct product of Mf
can be obtained in a pump-probe experiment as described in
Materials and Methods. A delay time of 3.5 ms between
pump and probe events was chosen, which is somewhat higher
than 7f (cf. Figure 3). The probe beam at 514 nm guarantees
selective RR excitation in the green and thus excludes a
significant contribution of My;>. The pure spectrum of the
intermediate in Figure 4c was obtained by subtracting the
probe-only spectrum in 4a to such an extent that the band at
880 cm1, which is characteristic of BRs7g, vanishes.

The RR spectrum of the green-absorbing intermediate
described by Kouyama et al. (1988) had first been obtained
by Alshuth and Stockburger (1986) when they studied the
photocycleat pH 9.6. It was concluded in particular from the
isotope effects observed in D,0 suspension that the structure
of this species must be very similar to the structure of L. It
therefore was described as an L-like intermediate (cf. Figure
5d). RR spectra of this intermediate under similar conditions
were also obtained by Fodor et al. (1988) and Nakagawa et
al. (1991). It was reported by Diller and Stockburger (1988)
that at neutral pH a similar species is formed in a fairly fast
process (200-300 us). Since no M precursor could be
identified, this intermediate was assigned to a direct product
of L and was therefore called L’ (Diller & Stockburger, 1988).
A spectrum of this species obtained for a delay time of 600
us is depicted in Figure 5b.
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FIGURE 5: RR spectra of L and N for different pH values and delay

times. All other experimental conditions are the same as given in
Figure 6 for L and in Figure 4 for N.

It is thus suggested that the green-absorbing intermediate,
defined by its distinct RR spectrum (Figure 5), is formed in
different reaction pathways. In the present paper we adopt
the name N for this intermediate. However, it must be noted
that this does not mean that N necessarily is a direct product
of M.

Structure of N. It turns out from Figure 5 that the spectra
of N and L are very similar. Consequently, their structures
must also be closely related. This is so in particular for the
protonated Schiff base (Diller & Stockburger, 1988). InL,
characteristic bands of this group in HO are the C==N stretch
at 1642 cm~! and a weak band at 1398 cm~! which is due to
an N-H in-plane bending mode. Inthe case of N these bands
appear at 1643 and 1395 cm™! (cf. Figure 5). Still more
characteristic are the isotope effects of the Schiff base bands
in D,O where the nitrogen is deuterated [cf. Figure 14 in
Alshuth and Stockburger (1986); there N is denoted by “L").
These effects are completely analogous in L and N. Thus, in
D,0 the C=N stretch is downshifted by ~25 cm-! and the
bandwidth is narrowed [for an interpretation of this effect,
see Hildebrandt and Stockburger (1984)]; the N-H rock at
~1395 cm~! vanishes, and finally a new relatively strong band
arises at 985 cm~! which could be assigned to the isolated
C-H out-of-plane bending mode of the Schiff base group
(Stockburgeretal., 1986). Thisanalogyinallspectral details
strongly suggests that the geometry and the electronic structure
of the Schiff base group are the same in L and N. This allows
the conclusion that the immediate environment of the Schiff
base, including the negative counterion, is the same for both
species. In particular this would imply that L and N have the
same negative counterion to the positively charged Schiff base.
There is much evidence from different types of experiments
that the counterion in L is the carboxylic side chain of the
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residue Asp-85 (cf. below for a more detailed discussion).
Consequently, in L and in N, Asp-85 would be deprotonated.

It was proposed that the 13-cis configuration of the retinal
chaininLis preserved in N (Fodor et al., 1988). Onthe other
hand, distinctive spectral differences occur in the C=C
stretching region where the low-frequency peak in L at 1539
cm! is shifted to 1532 cm! in N. This band can be assigned
to the “in-phase” C=C stretching mode (sometimes called
the ethylenic mode) of the retinal chain whose frequency is
extremely sensitive to w-electron delocalization (Grossjean et
al.,, 1990). Itiswellestablished onan empiricaland theoretical
basis that a proportionality exists between the frequency of
the ethylenic band of a bR chromophore and the Ay value
of its optical absorption band (Kakitani et al., 1983). Using
frequencies of 1528 and 1539 cm~! and Apax values of 570 and
550 nm for BRsy and L, respectively, and a frequency of
1532 cm! for the ethylenic band of N, one obtains from a
linear interpolation a value for Ayax = 560 nm for N, in good
agreement with the optical data (Kouyama et al., 1988;
Drachev et al., 1987).

Itis of basic interest to understand the structural difference
between L and N which is reflected by the downshift of the
ethylenic mode from 1539 to 1532 cm~!. According to the
arguments above, this shift cannot be caused by structural
changes in the vicinity of the Schiff base group. It has been
argued by Lohrmann and Stockburger (1992) that the big
upshift of the ethylenic mode from 1518 cm™! in K to 1539
cm~! in L is at least partially caused by an interaction of the
retinal moiety with a positively charged group which ap-
proaches the retinal moiety during the K-to-L transition. In
this picture the downshift of the ethylenic band when going
from L to N would imply that the positive charge is again
removed from the retinal moiety. It is thus obvious from the
RR spectra that it is the environment of the retinal moiety
which has changed in N compared to L.

Protein Backbone Conformationin L and N. The N state
could also be identified by difference Fourier transform
infrared (FTIR) spectroscopy (Pfefferiéet al., 1991; Braiman
et al., 1991; Ormos et al., 1992). This technique reveals not
only the light-induced changes of the chromophore but also
conformational changes of the polypeptide chain. It wasfound
by Ormos (1991) that, as a function of temperature, the protein
backbone undergoes a sharp conformational transition at
~250 K which later was correlated with the M-to-N transition
(Braimanetal., 1991; Ormosetal., 1992). However, it turned
out thatin the site-specific mutant D212N (Asp-212isreplaced
by Asn), in which M is not found, the intermediate N appears
as a direct product of L, simultaneously with the protein
conformational transition, with a time constant of ~220 us
at 20 °C and pH 8 (Cao et al., 1993). It was therefore
concluded that the de- and reprotonation of the Schiff base
isnot a prerequisite for the formation of N, but that this event
is associated with the observed conformational transition of
the protein backbone.

If one denotes the protein states in L and N by P(L) and
P(N), the only condition for the observation of N in the
photocycle then would be that the transition P(L) — P(N)
takes place. Since P(N) can be formed also when the Schiff
base remains protonated, one expects a direct L — N transition
in the photocycle of wild-type bR. Such a transition was
reported by Diller and Stockburger (1988). Since, on the
other hand, the reaction sequence L —M — N is also observed
in the photocycle, it appears that the protein state P(N) can
also be formed when the chromophore is in the M state.
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FIGURE 6: RR spectra of L and N (pH 7.4, 22 °C) in the C=C
stretching region from a pump-and-probe flow experiment (v = 6.28
m s!) with delay times between 24 us and 3.6 ms. Pump beam: X,
= 647 nm, dp = 160 um, and Py(laser power) = 350 mW. Raman
probe beam: Ar = 514 nm, dy = 60 um, and Py = 5 mW. The
difference procedure is the same as in Figure 2.

Formation of N, Probed at 514 nm (pH 7.4). The spectra
in Figure 6 display the region of the characteristic C=C
stretching vibrations. Under such conditions the spectra are
mainly composed of bands of the green-absorbing interme-
diates L and N, whereas the blue-absorbing My;; does not
contribute significantly. The spectrum at a delay time of 24
us is due exclusively to L, which is characterized by its two
peaks of equal intensity at 1539 and 1552 cm~L. On the other
hand, the spectra for § > 1 ms can be exclusively attributed
to N according to its characteristic peaks at 1532 and 1548
cm-! of unequal intensity. Starting from the low limit § = 24
us, the contribution of L decreases, whereas that of N rises,
with increasing delay time. This allows the conclusion that
the formation of N in the time domain upto ~ 1 msis correlated
with a “slow-decaying” L component.

This behavior is further elucidated by a quantitative
evaluation of the data as given in Figure 7. In this procedure
thenormalized RR intensities of the sum L + N were obtained
from the respective double peaks of the two species in the
C==C stretching region. Then the relative contributions of
L and N were inferred from the composite spectra. For this
purpose a calibration curve was constructed from the pure
spectra of L and N which correlates the position of the low-
frequency peak in the composite spectra with the relative
contributions of the two species. The time dependence of the
RR intensity of N obtained in this way is given in Figure 7
by triangles, whereas the slow decay of the RR intensity of
L (L) is indicated by the dashed curve. From this curve one
deduces an exponential decay time of ~360 us for L.

It has been proposed that N is a direct product of Mf
(Kouyama et al., 1988; Fodor et al., 1988). One would
therefore expect that N has a rise time of ~2 ms (cf. Figure
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FIGURE 7: Time dependence of the RR intensity of the C=C
stretching bands of L and N from experiments performed as described
in Figure 6. The fractional contribution of N to the total RR intensity,
L + N, is given in good approximation by Av/ Avpax, Wwhere Av is the
downshift of the low-frequency peak in the spectra of Figure 6 and
Avmey = 7 cm-! refers to the shift of the low-frequency C=C stretch
when going from L (1539 cm™!) to N (1532 cm™!). A somewhat
different procedure is described in the text.

3a). However,itisevident that under the conditions of Figure
7 the rise of N is dominated by a component which is
considerably faster. This “fast-rise component”, Ny, is
correlated with the slow-decaying L component (Lyg). For its
reaction sequence one obtains

Tir

™
=L — Ny — BRygyg (3)

The dotted line in Figure 7 shows the time dependence of Ny,
according to eq 3 using 7t = 0.5 ms and 7 = 6 ms. For §
< 0.6 ms there is good agreement with the experimental data.
The deviations at longer delay times indicate that a second
slow-rising N component is involved.

It must be noted that our data do not allow the definite
exclusion of an intermediate M in eq 3. Following the decay
of Ly, this M component should have a rise time of 360 us.
In order to fit the formation of Ny, (dotted line in Figure 7),
its decay time should be 170 us. It can be estimated that the
maximum concentration of this M component in the photocycle
would be only ~10% of the total amount of M and therefore
would be hard to identify experimentally. In the following
such an intermediate M component will not be further
considered.

Formation of N, Probed at 476 nm (pH 7.6). Additional
insight into the formation process of N can be obtained from
RR spectra excited at 476 nm. At this wavelength RR
scattering from M is of similar strength as from L, N, and
BRs7osothat the fractional concentrations of these four species
can be monitored in the same experiment. In Figure 8a a
series of spectra (at pH 7.6) over the time range 0.4—3.6 ms
isdisplayed for the region of the characteristic C=Cstretching
bands. The various records were normalized to equal height
of the peak at 1566 cm~!1, which represents the ethylenic band
of M. Since the fast decay of L occurs with a time constant
of ~80 us, this component is completely converted to M
already for the shortest delay time of 0.4 ms. On the other
hand, the slow-decaying L component can still be identified
at 0.4 ms. With increasing values of & this component is
converted to N.

The fractional concentrations of BRs;pand itsintermediates
were obtained as described in Materials and Methods.
According to Figure 14, the maximum accumulation of the
intermediate O at pH 7.6 is only ~5% of ABR (in this paper
the notation “ABR” is used for the fraction of bR which is
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FiGURE 8: RR bands of L, M, and N in the C=C stretching region
for delay times in the range 0.4-3.5 ms: (a) pH 7.6; (b) pH 5. Other
experimental conditions were the same as in Figure 2.

converted tointermediates in the photolysis beam). Therefore,
the contribution of O will be neglected in the following
consideration. In this approximation one obtains from eq 2
for the sum of the fractional concentrations

Sulrr(L) + fulggM) + fulgg(N) + Izr(BR) =1 (4)

The factors f; for the probe wavelength 476 nm were
determined on the basis of eq 4. Thus fi ~ 1 was inferred
from mixtures which contain nearly equal amounts of BRs7o
and L but only a small fraction of M. f = 1 £ 0.1 was
inferred from the data in Figure 13a,b which contain
contributions from BRs7, L, and M. Finally fx = 1.5+ 0.1
was obtained from our set of data in Figure 9, which contains
asignificant contribution of N. Thenormalized RR intensities
Irr(i) were deduced from the integrated intensities of the
strong C==C stretching bands: BRs7 (1528 cm™!), L (1539
+ 1552 em™), M (1566 cm™!), and N (1532 + 1548 cm™!).

The results are displayed in Figure 9. The error limits of
the data points essentially depend on the accuracy by which
the C=C stretching bands of the various species could be
separated by band-fitting and difference procedures. Evi-
dently, this accuracy strongly depends on the quality of the
original RR spectra. Depending on the amplitude of the bands,
the standard deviation lies between 10 and 20%. However,
the quality of the data is demonstrated independently by the
good agreement of the time-dependence of Mf + Ms obtained
from the RR experiments (triangles) and from our optical
transient studies under identical conditions (dotted line).

For understanding the time dependence of LN in Figure
9 in addition to Ny, in eq 3, a “slow-rise component”, Ng;, has
to be considered according to

2 ¢ I ™
Ly > M = N — BRgy, &)
80us 2ms 6ms

where Lg refers to a fast-decaying L component, and the
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FIGURE 9: Fractional concentrations of L, M, and N in the time
range 0.2-7 ms at pH 7.6. Up to § = 3.5 ms the experimental
conditions were the same as in Figure 2. For 4 2 3.5 ms the conditions

for the pump beam were modified: Ap = 647 nm, dp, = 500 um, and
Py = 500 mW. The decomposition of the total RR intensity in the
C=C stretching region reveals the components Ng, Ny, and L. In
analogy to eq 3, Ny was calculated as a direct product of L, using
75 = 0.5 ms and 7~ = 6 ms. N, was calculated according to eq 5.
The initial amplitudes of L,y and L were chosen to fit the measured
total RR intensity. The dotted line displays the decay of M obtained
by optical transient studies at 412 nm for an identical sample of PM.
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FiGURE 10: Fractional concentrations of L, M, and NatpH 5. Other
conditions are as in Figure 9.

given time constants refer to the conditions in Figure 9. A
good fit to LN in Figure 9 is obtained by a superposition of
N;rand Ng in eqs 3 and 5 with equal initial values of L and
L4 (see also the caption to Figure 9).

Formation of N Depends on pH. A comparison of the two
series of spectra in Figure 8 reveals that at pH 5 and for § <
2 ms the intermediate N is not accumulated to a detectable
level. A quantitative evaluation is given in Figure 10, Like
in the case of pH 7.6, also at pH 5 can two L components be
distinguished. Again, the fast decay occurs with a time
constant r; = 80 us and is correlated with the rise of M. This
correspendence can be seen more clearly in Figure 10 of Diller
and Stockburger (1988). However, the decay of the slow L
component is delayed to several milliseconds. Only for § >
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FIGURE 11: RR spectra in the C=C stretching region obtained from
a pump-and-probe flow experiment for different pH values and a
fixed delay time of 1 ms. All other experimental conditions were the
same as in Figure 2.
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FIGURE 12: N/Np,y is given in good approximation by Av/Avgax
where Ay is the downshift of the low-frequency peaks (indicated by
arrows in the spectra of Figure 11) with respect to the C=C stretch
of L at 1539 cm™!, Awpax = 7 cm™! is the shift of the low-frequency
C==Cstretch when going from L toN. The pH dependence of N /N,
can be fitted well by a titration-like curve with pK, = 6.2, if N is
correlated with the ionized form, Aj, of an acidic group, AyH,
according to N/Nuex = [AJ]/([A]] + [AH]). The increment M/
Mmex is deduced from the data in i’igure 13 as a function of pH. A
good fit is obtained by a titration-like curve with a pK, = 5.6, if M

is correlated »y_ith}he ionized form, Ay, of an acidic residue, A/H,
according to M/Mp,; = [A;]/([A;] + [A/H]).

2 ms does a downshift of the band at 1539 cm™! indicate the
onset of the Lyg — N transition (Figure 8b).

The acceleration of this transition in the range pH 5-7.6
can be concluded from the series of spectra in Figure 11
obtained for § = 1 ms. In this presentation the decay of Ly
and the formation of Ny can be deduced from the shift of the
peakat 1539 cm! (pure L) to 1532 cm™! (pure N) as indicated
by the arrows. On this basis the formation of Ng can be
displayed by the titration-like function in Figure 12. This
suggests that the formation of Ny is supported by the
deprotonated state A of an internal AyH group of the protein
backbone whose pK, is ~6.2. It also means that the presence
of Aj accelerates the protein transition P(L) — P(N) in the
Ly state of the chromophore. It is proposed that the
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FIGURE 13: Normalized RR intensities (/gg) of BR,L, M,and N +
L asa function of time for different pH values. Thedata were deduced
from experiments described in Figure 2. Panels a—d: LIxg (*), BR
(0), M (a). (0) L (panels a and b) or L + N (panels ¢ and d).

dissociation equilibrium (A;H = A] 4+ H*) is established
already in the ground state of bR. Belyow it will be shown that
the slow-rising N component (N;) also depends on pH (cf.
eqs 18 and 19). _

The Increment M. In Figure 13 normalized RR intensities,
probed at 476 nm, are displayed for pH values between 4 and
7.1 in the time domain 0.2-1 ms. Since for 476 nm f1 ~ f
= |, these quantities directly give the fractional concentrations
[BRs70], [L], and [M]. It can be seen that in this pH range
the maximum of [M] increases from ~50% to ~65% of ABR
at the expense of the slow L component (In Figure 13 ABR
is given by (1 — Irr{BR)) for low values of & for which the
reconstitution of BRsy is negligibly small). This increment
of M will be called M.

If [M/Mpax] is displayed as a function of pH, one again
obtains a titration-like curve which can be associated with the
dissociation of a single proton from an internal group of the
protein backbone. Itsapparent pK, valueliesat ~5.6 (Figure
12). This behavior suggests that the formation of M is
controlled by the deprotonated form of this group. It had
been demonstrated in our earlier work by a specially designed
“difference experiment” [Figure 11 in Diller and Stockburger
(1988)] that the increment M can already be identified for
6 = 20 us. Since, on the other hand, the rise time of M (73)
is unchanged in the range pH 4-7, we conclude that the time
constant for the formation of M is close to 7, (~80 us).

It thus turns out that the slow L component, observed at
pH 5, is converted with increasing pH to Ng or to M,
respectively. Both reaction pathways appear to be controlled
by the dissociated states of internal groups. The fact that the
respective pK, values are of comparable magnitude (Figure
12) suggests that the same internal group, AyH, might be
operating in both cases. It must be noted that in the model
described below the two different reaction pathways will be
correlated with two different species of bR so that AyH may
have somewhat different pK, values in the two reaction
pathways as is found experimentally.

Different Species of bR. The identification of kinetically
different components of L can be explained by the existence



Bacteriorhodopsin Photocycles

of different subspecies of bR which undergoindependent cyclic
reactions. Later, experiments will be described which support
the validity of this concept or exclude other models.

Inthe following the classification of subspecies will be started
with the kinetic behavior of L at pH 5. Under such conditions
the manifold of bR molecules can be divided into two classes,
bR(«) and bR(8), according to their ability to form M or not.
According to this definition, the fractional concentration [bR-
()] is proportional of [Mma,] in Figure 10. One obtains

[bR(a)] = fTk)) [Mg,,]/ABR (6)

where f{k;) is a function of rate constants. Taking intoaccount
that [Mmax] is essentially determined by the rate constants for
the rise (k;) and decay (kg¢) of M according to the linear
sequence bR(a) = M — P (products), one obtains f(k;) =
explka/(ka — k) In (k4/k:)] (Sherman et al., 1979). Since
under the conditions of Figure 10 k; = (73)~! ~ (80 us)~! and
ks =~ (6 ms)~!, a value of 1.06 is calculated for f{k;). With
ABR = (1 — [BR]min) = 0.5 and [Max] = 0.23 from Figure
10 onefinally obtains [bR(«)] =0.5. Then from the definition
[bR(a)] + [bR(B)] = 1 a value [bR(B)] =~ 0.5 is inferred. The
same result can also be obtained when L in Figure 10 is
decomposed into its two components, and bR() is inferred
from the maximum of the slow L intermediate.

The two classes bR(a) and bR(8) can further be subdivided
according to their kinetic behavior as a function of pH. For
bR(B) one obtains from the above described evolution of the
millisecond L component the two subspecies bR(3,1) and bR-

(8.2).
bR(8,1)

>2ms
pPH 5: e L wwee (N) wee BR )
pK, ~ 6.2
~0.5 ms ™
pH 7.6: s L — Nj = BR 8)
bR(,2) vrms
pH5: ww L e (N) e BR 9
pK, ~ 5.6
L I ™
pH 7.6: cenee L->M— N, == BR (10)

In the reaction pathways of bR(8,2) it is assumed that M
belongs to the Mf family and therefore decays with time
constant 7f to N in analogy to the scheme in eq 5. Direct
evidence for this assignment is provided by the data in Figure
15, which will be discussed below.

The fractional concentration [bR(8,2)] can beinferred from
the relation [bR(8,2)] ~ [M]/ABR. From thedata in Figure
13 one obtains [bR(8,2)] =~ 15% (see The Increment M above).
This gives a value of =~35% for [bR(8,1)].

A division of bR(a) into subspecies is suggested on the
basis of the two components Mf and Ms. Since MY, and
M}, change significantly with pH (Figure 3b), such a
classification must be specified for a certain pH range. At
the lower pH limit the two M components approach a constant
level, and this will be used to define two subspecies according
to

[bR(e,1)] = [Mpy] us[bR(a)] = 0.3

[bR(a,2)] = [M] s[bR(e)] = 0.2 (11)

rel
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FIGURE 14: Rise and decay times of Ogqyg as functions of pH probed
at 700 nm by optical transient measurements (20 °C). In the lower
part [Ome:]/ABR, defined in the text, is displayed as a function of

pH.
The related photocycles can be described by

T2 S
PH 5, bR(a,1): ssenl = MPeee(M*)BR  (12)

2 I
pH 5, bR(a,2): L — Mf— (0)«BR  (13)

Later it will be shown that in the cycle of bR(«a,2) the
intermediate Ogqp is formed. It will further be argued that
in the cycle of bR(«,1) only a short-lived M intermediate
(M*), which, however, is not accumulated, appears between
Ms and BRs7. It will be demonstrated that the two cycles
change drastically with increasing pH.

The Intermediate Osqg. It is well established that in the
transient spectra of bR positive absorbance changes arise
between 620 and 700 nm with time constants of 2—-3 ms. They
were attributed to an intermediate called Og4p which was
thought to be a direct product of N (Lozier et al., 1975;
Kouyama et al., 1988). In Figure 14a the time constants for
the rise and decay of the 700-nm absorbance are given in the
range pH 4-10. Figure 14b shows the maximum value of the
fractional concentration of O (with reference to ABR) as a
function of pH, inferred from the optical transients at A\, =
660 and 700 nm. This quantity can be calculated from the
peak heights of the negative (AOD-) and positive (AOD?)
loops in the optical transients which reflect the bleaching of
BRsy (ABR) and the subsequent formation of O. After
excitation, these peaks appear with delays of ~0.4 and ~3
ms, respectively. One obtains

AOD* «(BR)
AOD™ «0) 4,

Reference was made to AOD-at pH 4 in order to avoid errors
caused by pH-dependent effects on the bleaching of BRs7.
Equation 14 was evaluated for A; = 660 nm using a value of

[Opax] /ABR = (14)
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€(O)/e(BR) = 16 at 660 nm, which was inferred from Figure
3 of Viré et al. (1990). Since at A, = 700 nm no reliable
values for ¢(O)/¢(BR) are available, the data were normalized
t0 [Omax]/ABR (pH 4-5) at A, = 660 nm. In Figure 14b only
values for A\, = 700 nm are given, since for pH > 7 the AOD*
signals at 660 nm are perturbed by contributions from the
decay of N to BRs7. The decrease of {Omax]/ABR in the pH
range 6.5-8.5 can be associated with a midpoint value of 7.2.
The strong pH dependence of O had also been reported earlier
(Li et al., 1984, and references therein).

In the recent literature the O intermediate was assigned by
most authors to a direct product of N (Kouyama et al., 1988;
Chernavskii et al., 1989; Ames & Mathies, 1990; Vard et al.,
1990; Chizhov et al., 1991). This assignment, however, is
difficult to reconcile with the pH dependence of N and O,
which goes in the opposite direction (cf. Figures 12 and 14).
If N were a direct precursor of O, its decay time should match
the rise time of O. At neutral pH and room temperature N
has a lifetime of ~6 ms (Figure 9), whereas the rise time of
O is ~2.5 ms (Figure 14).

Fromourdataitis rather suggested that O is a direct product
of Mf. Thus, it can be inferred from Figures 3a and 14a that
intherange pH 4-6, where O obtains its highest concentration,
the rise time of O directly matches the decay time of Mf. On
the other hand, in the range pH 4-6 the decay of O matches
the recovery time of BR (cf. Figures 14a and 15a). This
behavior is consistent with a reaction sequence Mf — O —
BR 70, which had already been proposed earlier (Sherman et
al., 1979).

A characteristic feature of O is its pH dependence, which
can be described by a titration-like function with a pKj of
~7.2 (Figure 14b). If this is associated with the acid-base
equilibrium of a distinct internal group (A,H), the negative
slope of the curve indicates that the existence of the protonated
form is a prerequisite for the formation of O. This is just the
opposite behavior of that we had found for the formation of
Nfr and M

The peculiar pH dependence of O suggests that this
intermediate occurs in the photocycle of a subspecies of bR.
In the range of pH 4-6, where O has its maximum concen-
tration, the only Mf component occurs in the photocycle of
bR(a,2) in eq 13. This Mf component therefore can be
considered as the precursor of O, so that eq 13 can now be
written in the form

T2 o fg

bR(a,2), pH < 7.2: =L — Mf— OwBR  (15)
There is no doubt that O has a protonated Schiff base. If one
accepts that Oisin all-trans configuration (Smithetal., 1983),
the transition from Mf to O involves both the reprotonation
of the Schiff base and the reisomerization of the retinal chain.
Later it will be argued that the formation of O requires the
participation of twointernal protons. Theinternal group A H
in its acidic form may act as a donor for one of the protons
or may mediate this process indirectly.

When A H is deprotonated already in the unphotolyzed
species according to a pK, of 7.2, one proton must be taken
up from the external phase so that for pH > 7.2 the decay of
M to O would besignificantly delayed. Wetherefore correlate
for pH > 7.2 the Ms component whose lifetime strongly
increases with pH in the alkaline region (cf. Figure 3) with
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bR(«e,2). This gives

BR(,2), pH > 7.2: el — M® = (0)--BR  (16)

In this reaction the formation of O would be significantly
delayed for pH > 7.2. Since, on the other hand, the conversion
of O to BRs7o should be independent of pH, the intermediate
concentration of O in eq 16 would decrease for pH > 7.2 in
agreement with experimental evidence.

Anindependent criterion for the validity of the assignments
in eqs 15 and 16 would be that the fractional concentration
0f 0.2 for bR (,2) in the original definition of eq 11 is consistent
with the reactions in eqs 15 and 16. In the case of eq 15 a
value of [bR(e,2)] can be inferred from [Opmax] /ABR (Figure
14b) and the various rate constants of this reaction. In close
analogy to eq 6, one obtains for pH 5 with 7, = 80 us, 7f =
3 ms, and 73 = 8.4 ms a value of 0.23 in good agreement with
eq 11. Inthecase of eq 16, [bR{«,2)] is equal to the fraction
of bR which reacts through Ms in the high-pH limit (pH 10).
In this limit M is accumulated in all reaction channels (cf.
Figure 16). One therefore obtains

[bR(c,2)] = [MYOM® + MY ol D BRG] (17)

The first factor on the right-hand side is identical with
M;,, in Figure 3b, and the second one is unity by definition.
This gives [bR(«,2)] = 0.2 in agreement with eq 11. These
results confirm the proposed assignment of bR(«,2) to the
reactions in eqs 15 and 16.

Photocycles of bR(a,1). The M®component was correlated
at low pH with bR(e,1) (eq 12) but in the high-pH limit with
bR(a,2) (eq 16). This means that with increasing pH M?
disappears in the photocycle of bR(«,1). The fact that the
relative amplitude of Mf increases as a function of pH with
a midpoint value at pH 7.5 (Figure 3b) suggests that in the
high-pH limit Mf has replaced M® in the photocycle of bR-
(a,1). Onthe other hand, we found in our experiments at pH
7.6 that Mfis a precursor of the slow-rising N component (N,
in Figure 9and eq 5). This suggests the following description
for the photocycle of bR(a,1):

bR(a,1)
T2 S
pH < 7.5: el = M%.BR (18)
L) o ™
pH > 7.5: wuL — M’ — N_.BR (19)

Again it appears that the change in the cyclic reaction of a
certain species, in this case the formation of the intermediate
N, is controlled by the protonation state of an internal group.
The various cyclic reactions which were proposed in the
preceding discussion are summarized in a complete reaction
scheme (Scheme I). More details will be discussed in the
following section.

COMPLETE REACTION SCHEME

In the preceding analysis four different subspecies of bR
could be distinguished on the basis of their specific cyclic
reactions as well as by titration effects with different apparent
pK, values. It is tempting to correlate these pK, values with
single dissociable groups which control the reactions in the
various subspecies. However, cooperative or surface effects
cannot be excluded. No attempt will be made in this paper
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Scheme I: Complete Reaction Scheme+
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971 (20 °C): 1.2 us (pH < 9), 0.8 us (pH > 9). 7, (20 °C): 80 us
(pH < 9), < 7 us (pH > 9).

to identify such groups. The fact that the various titration
effects only concern fractions of bR is in favor of the
heterogeneous concept. In this picture each of the related
subspecies has a slightly different structure in the unphotolyzed
state.

It is suggested that the different structural features we are
speaking of have a fairly localized character (e.g, different
conformations and environments of side chains) but do not
change the overall structure of bR. In this context it is
important to note that RR spectra of the parent chromophore
BRs7 remain unchanged over the range pH 4-10.5. This
means that for all bR species defined in Scheme I the geometry
of BRs70 and the environmental influences on its 7-electron
system are the same. This implies that the structural
inhomogeneities which control the different kinetic behavior
must be located at some distance from the chromophore. The
classification of bR in Scheme I was based on the kinetic
behavior at pH 5. This procedure is arbitrary. For instance,
another useful classification would be to collect all reactions
with N intermediates intoa single class. However, thereaction
system in Scheme I is invariant to any type of classification.

In the following, Scheme I will be tested in the light of
additional experimental data. Then we will ask whether other
models might also explain the observed phenomena.

Optical Transients Monitored in the Range 550-600 nm.
In the region of strong absorption of BRsy a negative
absorbance change is observed which peaks ~300 us after
theexcitation pulse. This negative signal is duetothe bleaching
of the chromophore in the reaction sequence BRs70 — Lsso
— My;;. The main bleaching effect is caused by the fast
decay of L to M (~80 us). The decay of the negative signal
is due to the conversion of M to products accompanied by
positive absorbance changes. The essential contributions
therefore are expected for M-to-BRs7pand M-to-N transitions.

In Figure 15 the time constants and amplitudes for the
decay of the negative signal, monitored at 580 and 600 nm,
are displayed in the range pH 4-10. The time constant 7°in
Figure 15a which reflects the recovery of BRs7y matches the
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FIGURE 15: (a) Recovery times of BR, 7%, and 7f, deduced from
optical transients at 580 nm (O) and 600 nm (A) (20 °C). (b)
Relative amplitudes of A, = 48/(4* + AN); A, =1 - A,

decay time of M* in Figure 3a over the entire pH range. This
allows the conclusion that in all photocycles which involve M®
no intermediate state is significantly accumulated between
Ms and BRsyo. Later it will be shown, however, that there
exists a short-lived intermediate (M*) between the two species
(cf.eqs 31 and 32). The time constants 7f in Figure 15a only
slightly change with pH and are in good agreement with 7{
for the decay of Mf (Figure 3a). The relative amplitudes of
the 7 and +f components are displayed in Figure 15b. The
fact that for pH < 6 no fast component could be identified
indicates that the Mf-to-O transition (eq 15, Figure 14b) is
not detectable at 580-600nm. Moreover,since the formation
of N¢ from Lgg does not lead to a negative bleaching signal,
the amplitude A4, can be exclusively attributed to the
transition from Mf to N.

The data points in Figure 15b would give a step function
for the relative amplitudes around pH 6.5. This, however, is
not realistic. It rather reflects the limits of the analysis
procedure, which does not allow us to identify the small
amplitudes of the fast component below pH 6.5. In spite of
such uncertainties, it is evident from the rise of the amplitude
A’ in Figure 15b that the contribution of M!-to-N transitions
in the photocycles of bR increases steadily for pH > 5.5. This
supports our proposals for two different Mf-to-N transitions
described by pK; values of 5.6 (eq 10) and 7.5 (eq 19),
respectively.

pH Dependence of M/ and M*. As can be seen from the
data in Figure 3, the decay of M can be fitted for each pH
value by two different time constants and amplitudes. On
this basis the two components Mf and M® are defined.
However, it turned out from the preceding analysis that each
of these two M components involves pH-dependent subcom-
ponents which stem from different cyclic reactions (Scheme
1). The amplitudes of Mf and Ms therefore can be displayed
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FiGURE 16: Normalized fractional concentrations of the various M
components described in the text.

as
M= > MOl M=) IMO]y  (20)
i i

where i denotes those species of bR which involve Mf or Ms
intermediates in their cyclic reactions. The pH dependence
of a single subcomponent is given by

MM = [M™()] /(DK () (21)

where the first term gives the highest level which is reached
at the low- or high-pH limit, and the f; values are normalized
titration-like functions determined by respective pK, values.
In analogy to eq 6 the first term is directly proportional to the
fractional concentrations [bR(i)]. Since all M*f subcompo-
nents are rapidly formed (7, ~ 80 us) and decay slowly (several
milliseconds), the proportionality factor in eq 6 is practically
the same for all subcomponents and close to unity. With
reference to ABR one obtains [Mf”(i)]:m = [bR(?)], where
the index n indicates this normalization procedure. On this
basis we calculated

[M*]5u = [bR(a,)][1 - fo(PK, 7.5)] +
[bR(,2)],(pK, 7.2) (22)

with [bR(e,1)] = 0.3 and [bR(a,2)]} = 0.2 fromeq 11 (cf. also
Scheme I). In this relation f; is a titration-like function with
a positive slope. The result is displayed in Figure 16a and
shows that [M*]y is a rather smooth function of pH.
When [M°] ), is combined with the experimental values for
the relative amplitudes in Figure 3b, one obtains the data
points for [Mf] oy Which are inserted in Figure 16b as circles.
The result demonstrates that [M'] oy increases by a factor of
4 in the pH range 4-10.5. A goodP fit (dashed line in Figure
16b) to the data requires that besides the Mf components in
bR(a,1), bR(e,2), and bR(B,2) (cf. Scheme I) an additional
Mfcomponent witha pK, of 9.2 and a fractional concentration
of 0.35 has to be introduced. This amplitude is equal to [bR-
(8,1)], suggesting that, parallel to the titration of bR with pX,
= 9.2 (cf. first section in Results and Discussion), in the
photocycle of bR(8,1) L is converted to Mf instead of to Ny,
as at neutral pH (Scheme I). This is in line with observations
in our RR experiments that at pH 10 L decays nearly
completely to M on a time scale of 10 us. At neutral pH the
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FIGURE 17: Data from a pump-probe RR experiment at pH 10.5
with a rotating cell. Other experimental conditions are as in Figures
2 and 9. Details are given in the text.

protein state P(N) which controls the formation of N is
established in bR(S,1) within ~0.5 ms. This should also be
the case at pH 10 and would imply that in the high-pH limit
N is formed in bR(3,1) via Mf. This means that in this limit,
according to Figure 16, ~80% of bR reacts through Mf and
N and ~20% reacts through Ms,

It is the result of this section that the complex pH dependence
of the decay of M as displayed in Figure 3 can be explained
in a quantitative manner on the basis of Scheme I. This
supports the validity of Scheme I.

Pump—Probe RR Experiment at pH 10.5: A Way To Check
Scheme I. Fundamental conclusions on the reaction mech-
anism of bR can be obtained from the RR experiments we
have carried out at pH 10.5 using a spinning cell (Figure 17).
Under such conditions the lifetimes of N and M® are 440 and
102 ms, respectively, so that the two intermediates are only
partially reconverted to BRs7 in a single rotational period (7
= 100 ms).

Typical RR spectra recorded under such conditions are
depicted in Figure 12 of Diller and Stockburger (1988), In
the present work we recorded RR spectra in the C=C
stretching region for delay times between 0.2 and 7 ms and
for § = 99.8 ms, i.e., just before a sample element reenters the
pump beam. For excitation at 476 nm the spectra consist of
contributions from BRs79, M, and N. The intermediate L is
not accumulated since it decays rapidly to M (~7.5 us). The
fractional concentrations [C(i)] were obtained from the
relation

[CH] = £Ira@)/ Y fiTre()] (23)
i

where i refers to BRsjp, M, and N and Irr(i) refers to the
relative RR intensities of these species. These quantities were
inferred, as described earlier, from the RR bands in the C==C
stretching region. For the factors f; we used fiy = 1 and fn
= 1.5 as in Figure 9 (fpr = 1 by definition). The results are
summarized in Figure 17.

It can be seen that N fluctuates only slightly during a single
period from an upper level [N] = 0.63 to a lower level
[N] = 0.51. The two M components can be easily distin-
guished. Thus, the decay of Mf immediately sets in after the
pump event with 7f ~ 3 ms and can be correlated with the
synchronous increase of N. The residual fraction of M can
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be attributed to M* (7* = 102 ms). In the pump beam the
formation of M “immediately” follows the photolysis of BR 579
which is due to the rapid formation of M (~7.5 us) at pH
10.5. Ontheother hand, N does not change its concentration
during the pump event, which means that secondary photo-
reactions of N are not efficient.

The observed phenomena can be described by two inde-
pendent reaction sequences, which can formally be written as
BR — Mf— N — BR and BR — Ms — BR and are related
to fractional concentrations [bR(N)] = [bR(«,1)] + [bR-
(8,1)] + [bR(B,2)] and [bBR(M?)] = [bR(«,2)] (cf. Scheme
I). In order to deduce quantitative values, consideration of
the experiment in Figure 17 is necessary.

It can be shown that in the sample element which has passed
the pump beam » times the relative concentration of an
intermediate / with respect to [bR({)] is given by

n
[3,0] = Y Xla(1 - X)]™" (24)
n=l
where X = ABR, and a = ¢-7+/T:is an exponential factor which
describes the decay of the intermediate 7 in the dark during
the rotational period (77). In the limit n — = one obtains the
equilibrium values

(SM] =X/[1-a(1-X)], [SM]=alS®H] (25)

From Figure 17 it can be concluded that X = ABR =~ 0.6, 7
= 440 ms, and 7* = 100 ms. Under such conditions it follows
from eq 24 that the equilibrium in eq 25 is established within
a few rotational periods (T; = 100 ms) of the cell, i.e., in less
than 1 s. On the other hand, the diffusion time of membrane
patches out of the illuminated cylindrical ring is >10 s (Diller
& Stockburger, 1988). This implies that bR is probed in the
equilibrium state of eq 25. One thus obtains

[S(N)] = 0.881; [S(N)] = 0.701
[S(M®)] =0.706; [S(M®)] = 0.265 (26)

The fractional concentration of bR(N) is given by [bR(N)]
= [N][S(N)]-Y; the fractional concentrational of bR(M?) is
obtained similarly. With [N] = 0.63 and [M*] = 0.2 from
Figure 17 and eq 26 one obtains

[BR(N)] = 0.72, [bR(M?)] =0.28 27

These results have to be compared with the respective values
of 0.8 and 0.2 obtained in the previous section from the
amplitudes of Mf and M¢ in the high-pH limit. Inview of the
entirely different methods by which the data were obtained,
the agreement is fairly good. The RR experiments in Figure
17 strongly favor our model in which Mf and N on the one
side and M*on the other side occur in independent photocycles.
In the following this view will be further supported by the
exclusion of other models.

Conformational Changes of the Protein Backbone in M!
and M°. We have argued above that a conformational
transition of the protein backbone from state P(L) to state
P(N) is a necessary condition for the appearance of the N
chromophore in the photocycle. Consequently, inall reaction
sequences L — Mf-— N the transition between the two protein
states has to take place during the lifetime of M. This would
define two different M states, Mf[P(L)] and Mf[P(N)].
Remember that the time constant for the conversion of P(L)
to P(N) was found to be ~0.5 ms in bR(G,1) where it is
directly reflected by the L — N transition (Scheme I). A
similar value should be expected for the P(L) — P(N)
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conversion in the Mfstate. It can further be concluded that
the P(N) state favors the reprotonation of the Schiff base in
the L —Mf— N sequences. Ontheother hand, itissuggested
that in those subspecies of bR which have Ms® states but no
N in their cyclic reactions (Scheme I) the protein state P(N)
is not established and the reprotonation of the Schiff base
cannot occur in the M* state.

Other Models to Explain Mf and M*. In order to explain
the biphasic decay of M, a branching reaction in the photocycle
has been proposed (Li et al., 1984; Maurer et al., 1987b). The
question is whether our results at pH 10.5 (Figure 17), where
the two M states can be easily distinguished, might be explained
by such a model. This would mean that the two independent
sequences BR — Mf — N — BR and BR — M* — BR we
had invoked to explain the results of the experiment in Figure
17 would be the two branches of a single photocycle according

to
M/ — N .7n
BR---~< .- BR (28)
M .T’

This scheme can be modeled by dividing ABR into two fractions
whose relative magnitudes are given by the amplitudes of Mf
and M= ([Mf]:[M®] = 4:1 at high pH; cf. Figures 3b and 16).
On this basis we calculated with the experimental data in
Figure 17 (ABR = 0.6; 7y = 440 ms, 7* = 102 ms) the mean
value (averaged over a single rotational period) for [N]/{M¢]
ineq 28 in the stationary state. A value of 16.5 was obtained,
compared to 4.2 deduced from the experimental data in Figure
17. This discrepancy indicates that the branching model
cannot explain the experimental results and therefore can be
definitively excluded.

Another interesting model to explain the biphasic decay of
M was proposed by Otto et al. (1989) and Ames and Mathies
(1990). It is based on the observation that for pH > 8 the
lifetimes of both N and M? increase with increasing pH. It
was proposed that in a linear photocycle an M < N back
reaction takes place so that an intermediate quasistationary
equilibrium, M = N, is established during the long lifetime
of N. Inthis model the fast decay of M is associated with the
establishment of the intermediate M = N equilibrium so that
i = (kmw + knm)™!, whereas the slow decay of M would be
determined by the slow decay of N. In other words, ¢ should
be equal to 7n. This, however, is not found. For instance, in
the experiment of Figure 17 (pH 10.5) 7n is 4.4 times longer
than 75

Additional evidence for the inequality of ri and 7* in the
range pH 8-10 is provided by Figure 18. There, the data for
7~ (pPH 2 8) were obtained from optical transient experiments
at 640 nm. It can be estimated from the absorption spectra
of N and BRs;0 (Drachev et al., 1987) that at 640 nm eggr =~
2en. The long-lived transient observed at this wavelength
therefore can be attributed to the decay of N. For comparison,
the pH dependence of ¢ is indicated in Figure 18 by the
dashed line. It can be seen that for pH = 8 7y is larger than
7 by factors of 2-5. This behavior can be also inferred from
the work by Kouyama et al. (1988; cf. Figures 4 and 7). We
therefore conclude on the basis of the various experimental
evidences that the biphasic decay of M cannot be explained
by an intermediate M = N equilibrium.

Back Reactions ina Homogeneous Cycle. Until now it has
been widely accepted that bR is a homogeneous species. This
would imply that each bR molecule undergoes the same
reaction pathway (homogeneous cycle). In order to account
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FIGURE 18: Decay time, r, obtained from optical transients at 640
nm for pH = 8 at 20 °C. The two values at neutral pH were deduced
from RR experiments. For comparison, the pH dependence of *
(Figure 3)isinserted as a dotted line. Atalkaline pH 7*is significantly
lower than 7n. At neutral pH 7* approaches 7n.

for the observed kinetic phenomena, which do not fit into a
homogeneous sequential cycle, reversible reaction steps were
proposed by various authors (Ames & Mathies, 1990; Varé
& Lanyj, 1991a—c; Chernavskii et al., 1989).

For principal reasons back reactions cannot be excluded a
priori. The question, however, is whether they are efficient
enough to account for the observed phenomena. Thus, in the
previous section it was shown that a potential back reaction,
M <N, cannot be responsible for the observed biphasic decay
of M.

It was proposed by Ames and Mathies (1990) that the
biphasic decay of L is reproduced in a homogeneous scheme
by introducing an L «<— M back reaction. However, it can be
seen from the data in Figure 9 that for pH 7.6 such a step
cannot be very efficient, since for § > 1 ms L has completely
disappeared, whereas M still has a significant amplitude. This
phenomenon has been invoked by V4r6 and Lanyi (1991b) to
postulate a single irreversible step in their homogeneous
scheme.

On the other hand, it is tempting to attribute the kinetic
behavior of L and M we found for pH 5 (Figure 10) to the
establishment of an intermediate L = M equilibrium. Thus,
the slow parallel decay of L and M might suggest that L is
strongly coupled to M. This explanation was indeed favored
inour earlier work (Alshuth & Stockburger, 1986). However,
in the light of our new kinetic and structural information
from pH-dependent experiments, we came to a completely
different conclusion in the present study, namely, that at pH
5 in a fraction of bR (bR(B8)) the decay of L is significantly
delayed.

In this context we wish to mention a relaxation experiment
we carried out in our laboratory (Diller, 1988). In this
experiment a fraction of M ( ~50%) was reconverted to BRs7o
by blue light at a delay time of 400 us after photolysis; 200
us after blue light excitation, no equilibration of N and M
could be identified. This shows that under such conditions N
and M are not coupled to each other.

The finding that back reactions in the photocycle of bR are
not very efficient is understandable from a more general point
of view. Thus, one hastoconsider that theintermediate states
which can be identified via the chromophore are “selected
metastable states” of the entire system: chromophore plus
protein matrix. A transition from a certain metastable state
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to the following one in the reaction sequence then must go
through a variety of short-lived substates of the entire system.
Whereas back reactions between such substates may have a
significant probability, one would expect that each of the
selected metastable states has a somewhat lower free energy
than its metastable precursor so that back reactions between
such metastable states have a low probability.

CONCLUSIONS

So far we have been concerned with establishing a reaction
scheme which accounts for the complex kinetic behavior of
bR. Inthissection the various reactionsteps which are involved
in this scheme and which are important for the biological
function will be analyzed. It will beseen thatthe basicreaction
steps (e.g., isomerization and proton translocation) in the
various photocycles underlie the same mechanisms.

Reconstitution of BRsy7o. We first consider the “reconsti-
tution phase” in sequences with M intermediates. This starts
with the decay of M and ends with the recovery of BRs and
involves the reprotonation of the Schiff base and the rei-
somerization of the retinal chain as the essential steps. AtpH
7 the three reconstitution pathways Mf — N — BR, Mf —
O — BR, and M* — BR can be distinguished (¢f. Scheme I).
For pH > 7.5 the recovery of BRsy is significantly slowed
down with increasing pH (Figures 15 and 18). Let us first
consider the reconstitution via N, which can be displayed in
the form

o [HY)
pH>75 M'—=N — BR (29)
™

where [H*] stands for the proton concentration in the aqueous
phase. Inthiscasethereprotonation of the Schiff base precedes
the reisomerization of retinal. Since 7f is practically inde-
pendent of pH (cf. Figure 3), the Schiff base must be
reprotonated from an internal donor. On the other hand, the
drastic decrease of 7 for pH > 7.5 (Figure 18) suggests that
the reisomerization step is controlled by the uptake of a proton
from the aqueous phase. In the “diffusion-controlled limit”
the rate for the reaction of a proton in the aqueous phase with
a molecular species (e.g., a conjugated base) is given by ky
= k,[H*], with a typical value of k; =~ 4 X 101® M- 5! (Eigen
etal., 1961). It can be concluded from the data in Figure 18
that, for pH — 10, kn(=1/7n) approaches the diffusion-
controlled rate, k4. This means that in the high-pH limit the
rate-limiting step for the reisomerization process is the diffusion
of a proton to the membrane surface, and that each proton
which is trapped there initiates the process. On the other
hand, in the low-pH limit (pH < 7.5) 7n approaches a lower
level of g few milliseconds which is independent of pH.
Following the generally accepted idea that in the first phase
of the photocycle a proton is ejected to the extracellular side
and in the reconstitution phase a proton is taken up from the
cytoplasmic side, the observed behavior can be modeled in the
following way. At the cytoplasmic surface of the protein
molecule there exists at least one specific binding site for a
proton (trap). In the interior of the protein, maybe close to
the chromophore, there exists another specific binding site for
protons which we call the “internal reactive site” (irs). Before
N is formed the irs is empty. During the lifetime of N a
proton migrates from the cytoplasmic surface trap to the irs.
Once this is occupied by a proton, the isomerization sets in.
It is conceivable that the proton uptake primarily induces a
conformational change of the protein backbone, which is
followed by the reisomerization. Atlow pH (<7.5) thesurface
trap is always populated. In this limit 7y is determined by
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the time of proton needs to migrate from the surface (probably
through a proton conduction channel) to the irs plus the time
for the isomerization itself. In the high-pH limit the surface
trapis empty so that the process becomes diffusion-controlled.

It thus turns out that in the reconstitution process via Mf
— N (eq 29) two distinct proton translocation processes are
involved, namely, the reprotonation of the Schiff base from
an internal donor group and the uptake of a proton from the
cytoplasmic surface, which catalyzes the reisomerization
process.

Now we consider those recovery processes in which N is not
formed. In Scheme I two cases occur in which the recon-
stitution starts from Ms. These processes can be formally
written as

[H*]
pH<75 M : BR; pH>» 7.5: M* : BR (30)
It is suggested that in both cases the same reconstitution
mechanism takes place. Inthe high-pH limit the decay of M®
strongly decreases with increasing pH (cf. Figure 3), and it
could be shown that this process is catalyzed by the diffusion-
controlled uptake of a proton from the aqueous phase (Otto
et al,, 1989). This demonstrates that a proton migrates from
the cytoplasmic surface to the active site toinduce the recovery
of BRs7 from Ms. The problem is now to resolve the sequential
order of reprotonation and reisomerization during the Ms-
to-BR recovery and to ask which of the two processes is
catalyzed by the uptake of an external proton. Since N is not
involved in this process, it can be excluded that reprotonation
of the Schiff base precedes the reisomerization as in eq 29.
The recovery therefore can be described in the form

reisomerization . reprotonation

M1 - Muams —  BRgy (31)
where M.,

wans 18 @0 intermediate of the chromophore in all-
trans configuration with a deprotonated Schiff base. The
alternative is now whether the proton which is taken up from
the cytoplasmic side catalyzes reisomerization or simply serves
for reprotonation of the Schiff base. Let us assume that the
latter would be the case. This would imply that in the high-
pH limit the reprotonation would be the rate-limiting step
and M, would be accumulated during the cycle. Since
distinct differences in the RR spectra of My, and M3..;s can
be expected, M, .. should be found in RR experiments at
high pH. This, however, is not the case: We therefore conclude
that it is the reisomerization which is catalyzed by the uptake
of a proton and at high pH is the rate-limiting step.

This conclusion is supported by a comparison of the
“thermal” with the “blue-light-induced” recovery of BRsyo
from M. This latter phenomenon has been frequently
described in the literature [see, for instance, Oesterhelt and
Hess (1973), Ormos et al. (1980), and Butt (1990)]. In the
course of the light-induced back reaction from M to BRs7 an
intermediate state, M*, is formed which decays thermally to
BRs7o with a time constant of ~150 ns at room temperature
and pH 7 (Kalisky et al., 1978, 1981). It was inferred from
time-resolved RR studies that M* is isomerized to the all-
trans configuration of retinal (Stockburger et al., 1979). This
means that once the light-induced isomerization of the retinal
chain is accomplished (within a few picoseconds), the
reprotonation of the Schiff base follows “instantaneously” (150
ns), i.e., from an internal proton donor group. The recovery
of BRs7o from M thus can be displayed in the general form
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HYS | o«
e;3-::1‘.@ e Mtrans - BR570 (32)
(hw)

where (H*) means that cis—trans isomerization is catalyzed
by the occupation of an internal reactive site (irs). Hence,
inthe dark the rate-limiting step in eq 32 is the proton-induced
reisomerization. In the case of light-induced cis—trans
isomerization the rate is limited by the speed of the repro-
tonation of the Schiff base.

The recovery of BRsy in the sequence Mf — O — BR in
our interpretation would be a special case of eq 32 in which
O s placed between M,',m and BRsy and the irs is populated
from an internal group A H.

In summary we conclude that in all recovery processes the
reisomerization step is catalyzed by the protonation of an
internal reactive site, whereas the reprotonation of the Schiff
base occurs from an internal donor. It is only the sequence
of the two processes which is different. This behavior may
be explained by the different stability of the M state in the
various subspecies of bR. Thus, we have argued above that
the reprotonation of the Schiff base (Mf — N) requires that
the protein state P(N) is established. Our analysis further
suggests that the reprotonation of the Schiff base, i.e., the
formation of N, is not a prerequisite for the spontaneous
reisomerization of retinal on a millisecond time scale as had
been proposed (Tavan et al., 1985). This is corroborated by
the observation that at high pH, where a proton for the
occupation of the irs is not available, the N state has a lifetime
of severals seconds (Kouyama et al., 1988).

Inthe photocycle of the subspecies bR(8,1) the intermediate
M is not formed, and the reconstitution of BRs7o can be
described by the sequence L — N — BR. From the discussion
above it can be concluded in this case also that the reisomer-
ization is catalyzed by the uptake of an external proton.

Functionally Important Residues. Before we discuss our
own conclusions further, a brief review of the current ideas
on the role of functionally important residues is appropriate.
In the structural model of Henderson et al. (1990) the Schiff
base is connected to the extracellular surface by a fairly open
hydrophilic channel and to the cytoplasmic side by a narrow,
more hydrophobic pore. Three functionally important residues
(Asp-85, Asp-212,and Arg-82) arelocated in the extracellular
channel a few angstroms “below” the Schiff base, whereas
another key residue, Asp-96, is found in the cytoplasmic pore
about 10 A “above” the Schiff base.

The first evidence for a negative counterion to the positively
charged Schiff base in BRsyo was inferred from the acid-
induced transition of the purple chromophore (BRs) to a
blue form (BRgos) [pKa = 3; cf. Mowery et al. (1979)]. It was
proposed by Fischer and Oesterhelt (1979) that the formation
of the blue form is due to the neutralization of a carboxylate
group which is located in the vicinity of the Schiff base.

The identity of the counterion could be determined in
experiments with site-specific mutants of bR. It was found
that the formation of a purple chromophore which is active
in proton pumping requires a negatively charged carboxylic
side chain at residue 85, whereas a neutral side chain at this
position leads to the functionally inactive blue chromophore
(Butt et al., 1989; Otto et al., 1990; Subramaniam et al.,
1990). Further support for the role of Asp-85 as the proximal
counterion can be inferred from the observation that the
protonated Schiff base is significantly destabilized when Asp-
85 is replaced by the neutral residue Asn (Otto et al., 1990).
On the other hand, it was found that the purple chromophore
is also formed when the neighboring charged residues Asp-
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212 and Arg-82 are substituted by neutral residues (Otto et
al., 1990; Rothschild et al., 1990). These observations imply
that of all the charged residues in the vicinity of the Schiff
base it is the carboxylate side chain of Asp-85 which comes
closest to the Schiff base and therefore has a direct influence
on the color and the function of the chromophore.

Nevertheless, the side chain of Asp-85 cannot be in direct
contact (hydrogen bonding) with the Schiff base. Thus it was
found that a few tightly bound water molecules are located
in the immediate environment of this group (Hildebrandt et
al., 1984; Papadopoulosetal., 1990). This view is corroborated
by NMR studies (de Groot et al., 1989, 1990).

The prominent role of Asp-85 as a counterion also becomes
evident from a comparison of the RR spectra of the active
purple (BRs7o) and the inactive blue (BRgos) chromophore.
This reveals that in BRsy the structure is well defined (all-
trans) and homogeneous, whereas in BRggs the chromophore
adopts different configurational (all-trans, 13-cis) and con-
formational states (Massig et al., 1985).

Microscopic evidence for the function of Asp-85 as the
primary acceptor of the Schiff base proton in the L-to-M
transition was provided by a series of infrared experiments.
Thus a positive peak at ~1762 cm™! in the M—BR difference
spectra which appears synchronously with M could be
correlated with the carbonyl stretching vibration of an aspartic
acid residue which becomes protonated in the L-to-M transition
(Siebert et al., 1982; Engelhard et al., 1985). Instatic FTIR
experiments in conjunction with site-directed mutagenesis the
1762-cm~! band could be assigned to the carbonyl band of the
protonated carboxylic side chain of Asp-85 (Braiman et al.,
1988). The acceptor function of Asp-85 is further supported
by the observation that the M state is only formed when a
deprotonated carboxylic group exists at residue 85 (Otto et
al., 1990).

It was found that the residue Asp-96 plays an important
role in the reconstitution mechanism of bR. Thus, in mutants
of bR where Asp-96 is substituted with Asn, Ala, or Gly, the
rates of the photocycle and of the proton pump are dramatically
reduced (Butt et al., 1989; Holz et al., 1989; Tittor et al,,
1989). This has stimulated the idea that the carboxylic side
chain of Asp-96 might act as an internal proton donor for the
reprotonation of the Schiff base (Otto et al., 1989; Miller &
Oesterhelt, 1990). In the following a different mechanism
will be proposed.

Asp-85 Is the Internal Donor for the Reprotonation of the
Schiff Base. Here we propose that the donor for the
reprotonation of the Schiff base is the Asp-85 residue which
had been protonated in the preceding L-to-M transition. In
the case where reprotonation leads to the formation of N, this
proposal is based on the following arguments.

It was outlined earlier in this paper that the direct L — N
transition in the photocycle of bR(8,1) (Scheme I) is a
consequence of the conformational transition in the protein
backbone described by Ormos (1991) [see also Ormos et al.
(1992) and Cao et al. (1993)]. From a comparative analysis
of the RR spectra in the present paper we have concluded that
in N, like in L, Asp-85 is the negative counterion and thus is
deprotonated. In the reaction sequence L — Mf— N the N
state appears after de- and reprotonation of the Schiff base.
In this case the protein transition apparently takes place in
the Mfstate. Since,asis well established, the L — Mfreaction
step is accompanied by the protonation of Asp-85 and,
according to our own conclusions, Asp-85 is deprotonated in
N, it is suggested that in the Mf — N reaction step the Schiff
base is directly reprotonated from Asp-85.

Eisfeld et al.

When samples under identical conditions were studied in
optical and infrared transient experiments, it was found that
the decay of the 1762-cm-! carbonyl band matches the decay
of theabsorbance of M at 412 nm (Siebert et al., 1982; Gerwert
etal., 1990). Sincethe decay of M indicates the synchronous
protonation of the Schiff base, this finding is in line with a
direct reprotonation of the Schiff base from Asp-85.

Insummary, we have presented different arguments which
support the idea that in all reaction pathways which involve
the M intermediate the Schiff base is reprotonated directly
from Asp-85. In this model Asp-85 acts both as acceptor and
donor for the Schiff base proton.

Excursion into Infrared Spectroscopy. Here we briefly
discuss recent FTIR studies on bR concerning the role of the
key residues Asp-85 and Asp-96. In the L-BR difference
spectrum at low temperature (170 K) a negative peak at 1742
cm~!and a positive one at 1748 cm~! were assigned to carbonyl
vibrations of Asp-96 (Braiman et al., 1988). It was proposed
by Gerwert et al. (1989) that in L, like in BRs79, Asp-96 is
protonated but undergoes an environmental change, giving
rise to a frequency shift of the carbonyl stretch from 1742 to
1748 cm~!. This interpretation seems to be in contradiction
with the observation that at higher temperatures the positive
peak at 1748 cm™! is missing, which leads to the conclusion
that Asp-96 is deprotonated in L (Chen & Braiman, 1991;
Ormos et al., 1992). In the light of the present paper, a
resolution of this problem could be that the two L chro-
mophores (L¢gand Ly in eqs 3 and 5) which we had attributed
to different species of bR behave in a way that Asp-96 is
protonated in Lgg but deprotonated in Lgg. This could explain
the result of Ormos et al. (1992) that under conditions where
the transition Ly — M is already accomplished but L, is not
yet converted to N (240 K) only the negative peak at 1742
cm-! appears in the L-BR difference spectrum. The ap-
pearance of the positive peak at 1748 cm~! at 170 K could be
explained by the fact that at this temperature M is not yet
formed, so that Ly is the dominating L chromophore (L¢g:Lsg
~ 65:35 at neutral pH; cf. Scheme I).

It could be shown that the N-BR difference spectra contain
as a chracteristic feature a positive/negative band pair of
nearly equal intensity at 1755/1742 cm™!, respectively (Pfeff-
erlé et al., 1991; Ormos et al., 1992). Whereas the negative
peak at 1742 cm! can be correlated with Asp-96, the
assignment of the positive peak at 1755 c¢cm~! is more
complicated. It was proposed by Braiman et al. (1991) that
the band at 1755 cm™! is due to the protonated state of Asp-
85, which undergoes an environmental change during the M—-N
transition, shifting the carbonyl band from 1762 cm~! in M
to 1755 cm™! in N. On the basis of this interpretation, the
negative peak at 1742 cm~! was taken as evidence that Asp-96
is deprotonated in N, whereas Asp-85 remains in the
protonated state. It was further concluded that Asp-96 acts
as the proton donor in the reprotonation pathway of the Schiff
base (Braiman et al., 1991; Bousché et al., 1991).

This model is in contradiction to our proposal for a direct
reprotonation of the Schiff base from Asp-85. Thus, an
alternative interpretation of the band pair 1755/1742 cm-! in
N is required. Here we propose that Asp-96 is protonated in
N but undergoes a shift of its carbonyl stretch from 1742 cm-!
in BRs70 to 1755 em™! in N. This interpretation is in close
analogy to the one proposed for the intermediate L (Lgq)
(Gerwert et al., 1989). The bigger shift may be due to the
protein transition P(L) — P(N) which precedes the formation
of N. Interesting phenomena in the C==0 streching region
of Asp-96 and Asp-85 were reported by Braimanetal. (1991).
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They found that on a time scale of ~1 ms (20 °C, neutral pH)
a distinct positive peak arises at 1755 cm™! [this effect had
been reported earlier by Siebert et al. (1982)]. It was noted
that this peak appears to evolve from the positive carbonyl
band of protonated Asp-85 at 1762 cm! which refers to the
M state, and that both peaks subsequently decay in parallel
on a time scale of several milliseconds. From this behavior
it was concluded that Asp-85 remains protonated but un-
dergoes a frequency shift from 1762 to 1755 cm™L.

In the light of the present study we propose a somewhat
different interpretation. Above we had attributed the band
pair 1755/1742 cm™! in the N-BR difference spectra to a
frequency shift of the carbonyl band in protonated Asp-96.
On a time scale of ~1 ms one would expect that, due to the
transition Ly — N, (eq 3), the intensity at 1755 cm~!increases,
whereas the negative peak at 1742 cm™! remains unchanged
(we have argued above that Ly is characterized by a single
negative peak at 1742 cm! in the difference spectrum). On
the other hand, one might also expect on a 1-ms time scale
intensity shifts of the carbonyl band of Asp-85 which are
caused by the protein transition P(L) — P(N) in the Mf state
of a reaction sequence L — Mf— N. This could explain the
observed intensity shift from 1762 to 1755 cm~!. This
explanation would imply that in the P(N) protein state the
carbonyl bands of Asp-96 and Asp-85 both lie at nearly the
same position (~1755 cm-1).

The parallel decay of the two peaks at 1762 and 1755 cm™!
in terms of our model would reflect the decay of M* to BRs7
and of N to BRsyg in parallel cycles with time constants of 7¢
and 7y, respectively (Scheme I).

The Role of Asp-96. There is convincing evidence that
Asp-96 plays a key role in the reconstitution of BR. This has
raised the idea that its function is that of a proton donor in
the reprotonation pathway of the Schiff base. However, in
this paper we have argued that the Schiff base is directly
reprotonated from Asp-85. This suggests that Asp-96 might
be involved in the reisomerization process which, as we have
proposed above, is triggered by the uptake of a proton from
the cytoplasmicside. Inthis model Asp-96 would beintegrated
ina hydrogen-bonding chain and would control the conduction
of protons from the cytoplasmicsurface to an internal reactive
site (see Scheme II: there Asp-96 is attributed to the group
A,H). In the reconstitution pathway Mf — O — BR (egs 15
and 16) we had proposed that this site is protonated from an
internal donor. It might be that in this special case (~20%
of bR; cf. Scheme I) Asp-96 takes in this donor function.

A Model for Proton Pumping. Molecular models for proton
pumping which are presently discussed in the literature are
all based on the idea that the Schiff base acts as an “active
proton transfer switch” (Schulten & Tavan, 1978). So it was
proposed that in the L — M transition the Schiff base donates
a proton to Asp-85 as the primary acceptor on the extracellular
side and in the subsequent M — N transition takes up a proton
from Asp-96 on the cytoplasmicside. Molecular details which
account for the energetics and vectoriality of the pump were
described in the various reports (Braiman et al., 1988;
Henderson et al., 1990; Mathies et al., 1991; Rothschild et
al., 1992; Oesterhelt et al., 1992; Lanyi, 1992).

In Scheme II the de- and reprotonation of the Schiff base
and of the hypothetically introduced internal reactive site (irs)
are combined with the temporal evolution of the chromophore
in two different types of reaction pathways (cf. eqs 29 and
32). Notethattheirs wasintroduced toaccount for the proton-
induced reisomerization of retinal. Scheme II can be con
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Scheme II: Two Different Reaction Pathways of the
Photocycles
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4 (a) Reprotonation of the Schiff base precedes reisomerization. (b)
Reisomerization precedes reprotonation. These pathways are combined
with proton-transfer reactions as described in the text.

sidered as a basic model for the proton pump: on the time
scale of the L-to-M transition a proton is released from the
irs to the extracellular side, and the decay of N (Scheme Ila)
or M* (Scheme IIb) is coupled to the uptake of a proton by
the irs from the cytoplasmic side. In this model the proton
which is pumped passes through the irs and not through the
Schiff base as in the switch models.

In spite of the principal difference between our model and
the switch models, the proton release during the L — M
transition is described in both cases in a similar way. This
is not surprising since every model has to account for the
observation that, synchronously with the L — M transition,
a proton appears at the extracellular surface (Heberle &
Dencher, 1990, 1992). This suggests a strong coupling between
the deprotonation of the Schiff base and the ejection of a
proton which might be mediated by a secondary proton donor.
In the models of Mathies et al. (1991) and Braiman et al.
(1988) the secondary donor was attributed to the guanidinium
side chain of Arg-82. In our model this role might be played
by the irs. However, the question arises whether the proton
ejection is coupled at all to the deprotonation of the Schiff
base or whether there is only an “accidental coincidence”
between these two events. This latter point of view is
corroborated by the following arguments. We found that
under normal conditions (pH 6-8) 35% of the bR molecules
go through a cyclic reaction in which M is not formed [bR-
(8,1) in Scheme I]. Since on the average in each cycle a
proton is pumped [for a discussion, see Schneider et al. (1989)],
it is suggested that this is also the case in the cycle of bR(8,1)
in which M is not formed. This would mean that the
vectoriality of the proton pump cannot be correlated with the
de- and reprotonation of the Schiff base as proposed in the
switch models.

Here we propose that the vectorial behavior is largely
controlled by conformational changes of the protein backbone
during the cyclic reaction. This view is corroborated by the
observation of such changes by FTIR (Rothschild, 1992) and
other techniques (Ort & Parson, 1979; Koch et al., 1991).
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After the primary photochemical event, excess energy is
stored in the intermediate K (Birge et al., 1991; Rohr et al,,
1992) which is used for functionally important rearrangements
of the chromophore and its environment during the transition
from K to L. This can be concluded from RR spectroscopic
evidence (Lohrmann et al., 1991; Lohrmann & Stockburger,
1992) and time-resolved dichroism measurements (Wan et
al., 1991). Then at the stage of L the system as a whole is
prepared for the decisive subsequent reaction steps. We
propose that in L a unidirectional proton conduction channel
from the irs to the extracellular side is prepared which
guarantees the vectorial release of a proton to this side of the
membrane. A model for the molecular structure and function
of such a channel has been recently proposed by Olejnik et
al. (1992).

Atthestage of M (or during M — N) a second unidirectional
conduction channel from the cytoplasmic surface to the irs
would be opened so that a proton could diffuse in a few
milliseconds from the cytoplasmic surface to the irs. The
formation of this channel might be correlated with the P(L)
— P(N) protein transition first described by Ormos (1991).
Once the irs is occupied, reisomerization sets in. Then the
cytoplasmic channel would be closed, and the original BRs7o
state would be reconstituted.
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