Volume 76, number 1

FEBS LETTERS

April 1977

BACTERIORHODOPSIN: A MOLECULAR PHOTOELECTRIC REGULATOR

bacteriorhodopsin by blue light
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1. Introduction

Most studies on the function of bacteriorhodopsin
(BR), the purple protein—pigment complex forming
the molecular basis of light-energy conversion for a
new type of photophosphorylation have been per-
formed on puruieu membrane uagulcuta, culpluy1 Mg
biochemical and photochemical methods [1-8].

BR works as a light-driven vectorial proton-pump
mediated by its photochemical cycle: a proton is
ejected by the illuminated BR into the extracellular
medium while a proton is taken up, during the dark
reformation of BR, from the intracellular space [2,9].
1ne reconversion Ul ‘me meacnea DI\ into purple-
complex can be accelerated by 412 nm illumination,
from which the acceleration of turnover number of
the proton-pump was postulated [1,10—13]. That
BR behaves as a molecular photoelectric generator
was also demonstrated by using proteoliposomes and
thin lipid membranes [14—16). The reconstruction
of certain functions of the Halobacterium haiobium
envelope in bimolecular lipid membranes (BLM) con-

tainine RR in an ariented fashion has auite recentlv

taining BR in an oriented fashion has quite recently
been achieved by the present authors {17—19].
Although the action spectrum followed the absorption
spectrum of BR, the steady-state photoelectric
response observed could not be correlated to any
elementary step in the photochemical cycie, but
rather reflected the overall process. It was noticed that
the photovoltaic resnonse of 2 BR-BLM under white-
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light illumination was less than expected on the basis
of monochromatic illumination with the 500 nm and
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554 nm components of the same white light,
respectively [17,19].

The present report is concerned with this unusual
phenomenon. It is shown that the bleached BR (412
form, which we suggest to call leuco-BR = LBR) under
blue-light excitation operates as a proton-sink (or
partly as a light-driven reverse proton pump?) for
protons produced and pumped through the membrane
by the photo-excited BR. This effect is considered
to cause the quenching of the photopotential generated
by BR irradiated in its green absorption band and there-
by, the reduced photoelectric efficiency of white-light.
The phenomenon seems to be of fundamental impor-
tance in the ceiiuiar reguiatory mechanism of
Halobacteria.

2. Materials and methods

The BR used was obtained by standard procedures
of extraction and purification from H. halobium
strain NRL R;M,; [20]. The BLM serving as host for

the nurnle membrane fraoments was made from a
the purpic memorane fragments was mace Ifroma

modified membrane-forming solution under the same
conditions as described earlier [18,19]. The dark
resistance and capacitance of the BR—BLMs used were
typically about 2 - 108 Q.cm? and 0.4 uF.cm™2,
respectively.

The optical arrangement used is given in fig.1. The

nhotoelectric resnonse was measured with a Keithley
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Type 603 differential electrometer amplifier connected
to a Kipp and Zonen Type BD-5 fast micrograph. The
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Fig.1. Optical arrangement used in the double-excitation
experiments. ML high-pressure mercury vapor lamp, L glass
lens, HF glass heat-filter in water jacket, CLM cold-light
mirror, NF neutral density-filter set, F broad-band glass
filter (F, VG 4, F, BG 12), SM semi-transparent mirror.

BR-BLM was illuminated either separately or simul-
taneously through appropriate heat filters by two

200 W high-pressure mercury vapor lamps fed by
stabilized power supplies. Exciting light beams with
different spectral compositions were selected by
broad-band glass filters BG 12 and VG 4 (Carl-Zeiss,
Jena), respectively. The filters were chosen so that
the spectral distributions of the transmitted light
beams match the main absorption bands of BR and/
or LBR, respectively (fig.2). The direct excitation of
the protein moiety of BR in the ultraviolet region was
avoided by using glass optics. All the experiments were
carried out at room temperature in a darkened room.
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Fig.2, Absorption spectra of BR and LBR, and transmission
spectra of the broad-band glass filters used (the absorption
spectrum.of the bleached BR is taken from ref. [1]).
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3. Results and discussion

BR-BLMs exhibited a fast-rising, large amplitude
photovoltaic effect (10—25 mV) if illuminated with
either broad-band blue (340 nm <A< 490 nm) or
green (490 nm <A< 640 nm) light, similarly to the
white-light experiments [17—19]. The sign of the
photoresponse suggests that possibly positively
charged species, such as protons, crossed the mem-
brane. Upon white-light illumination the photovoltaic
response showed a sigmoid-like dependence on the
logarithm of incident light-energy density [17,19]. It
was found that, above a certain illumination level, the
contribution of the 554 nm component of white-light
to the photoresponse was systematically less than the
photopotential generated alone by monochromatic
554 nm light beam with the same energy density. A
closer inspection of the photochemical cycle of BR
called attention to the possible involvement and role
of LBR in controlling the photo-induced membrane
potential and proton-gradient.

To prove this hypothesis the following experiments
were carried out: A BR-BLM was illuminated in its
green absorption band through a VG 4 filter. This
illumination allowed a sufficiently high excitation
level with green-light to bring the photoelectric
response near to saturation. As seen in fig.3a, a further
increase in the intensity of the green-light through
light-pathway II (fig.1) did not lead to any increment
in the photoelectric steady-state. If, instead of this
additional green-light, blue-light matching the absorp-
tion spectrum of LBR hit the BR-BLM illuminated
by high-intensity green-light, the steady-state level
of the photovoltaic signal dropped (fig.3a). The
removal of the superimposed blue exciting-light
resulted in the restoration of the original steady-state
level due to green-light, demonstrating the complete
reversibility of this ‘negative photoeffect’ or
quenching effect of blue-light. If the BR-BLM was
first illuminated by blue-light and afterwards simul-
taneously exposed to blue- and green-light, the
photovoltaic steady-state increased up to the
level achieved by double excitation in the previous
experiment (figs.3a and 3b). If now the blue compo-
nent of the exciting light was removed, while the
green one was left on, a further rise in the steady-state
photosignal occurred (fig.3b). The dependence of the
additional photoeffect due to the superimposed blue-

37



Volume 76, number 1

§ 535 3 3 § £ %%
P Ris i § i 3%3
§ §6 § . s . s
B oBEd 4 & i §ii
bbb [ T '

10my
Q) by
Tmin

Fig.3. Time course of photoeffects of a BLM containing
bacteriorhodopsin upon double excitation: (a) green-light

as background illumination, superimposed green and blue-light
illumination as indicated. (b) Blue-light as background
illumination, superimposed green-light excitation as indicated.
Incident light-energy density of green-light was 53 mW-em™?,
that of blue-light 7 mW-cm™* far from the saturation level

for the LBR photoeffect.

light excitation on the intensity of the green “back-
ground’ illumination, obtained on another BR-BLM,
is given in fig.4. It is clearly seen that the quenching
of the green-light induced photoeffect, i.e., the
superimposed photoresponse with opposite sign,

relative intensity of the green light
+
1

0? w2

Fig.4. Dependence of blue-light induced additional photo-
effect on the light-energy density of incident green-light
(e#—-») and the dependence of the green-light induced
photoeftect on the light-enargy density of incident green-
light (0——0). The maximum incident energy-densities were
the same as in fig.3. The blue-light starts controlling the
green-light induced photovoltage at the incident energy-
density 1.1 mW-cm™?, Maximum number of incident photons:
10'® photons-em™2-s~! for green-light, 10'? photons-cm™%.57*
for blue-light.
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occurs when the intensity of the green light is high
enough.

The interpretation of the above experimental
findings is the following. According to the photo-
chemical cycle of BR [1] the overall process of BR
bleaching by light can be written in the form

hv+ BR--BR*~>LBR+H'
(pumped through the membrane) (1)

(f1v denotes light quanturn, BR* is an electronically
excited BR), while the following overall recombina-
tion process is enacted in the dark:

LBR + H' - BR. (2)

The present-day knowledge concerning the details
of the dark reverse reaction does not tell us anything
about the origin of the proton needed for re-protona-
tion of LBR to BR, and all the possible pathways of
reconversion of LBR into BR have not yet been
cleared up [4—8,21]. On the basis of fig.3 and since
BR incorporated into a BLM is photoelectrically
active in its whole absarption spectrum above 375 nm
[17—19], it is obvious that the inhibitory effect of
blue-light cannot be accounted for by the excitation
of BR in its short-wave region. Consequently, the
quenching of the greenight induced photoeffect by
blue-light must be connected with the only blue-light
absorbing product of green-light excitation of BR, the
LBR which absorbs light exactly in that spectrum
region where quanta are transmitted by the BG 12
filter (fig.2). Thus, the experimental results presented
in figs 3 and 4 coincide with Oesterhelt and Hess’s
observations obtained with consecutive green- and
blue-light illuminations that the rebinding of protons
by LBR, i.e., the overall reaction [2] can be accelerated
by light if LBR is irradiated in its blue absorption
band [1,10—13]. The light-induced reformation of
BR can be visualized by the overall scheme

' + LBR > LBR* + H' ~ BR, (3)

LBR first goes into an electronically excited state
{(LBR*), after which LBR* captures a proton,
probably forming an excited complex which, follow-
ing de-excitation, returns to ground state. The sign
of the additional photoresponse attributed to the
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blue-light excitation of LBR indicates that LBR*
may:

(i) Pick up a proton from that compartment into
which protons are pumped by green-light excited BR.

(ii) Inhibit the proton release into the aqueous
phase.

In the latter and less probable case it is assumed
that proton formed following the deprotonation of
the Schiff-base of BR still resides within the protein
moiety when blue-light excitation occurs. Both above
processes suggest that the species LBR* has a fairly
high proton-affinity, governing a proton movement
opposite to the pump towards and into (but probably
not through) the membrane.

The above phenomenon is a clear-cut evidence that
LBR offers a pathway different from the dark process
for the reformation of the purple-complex. There is
no way at present to say anything about the details
of this light-induced reconversion of BR. It appears
rather certain that LBR and LBR* take up protons
at opposite interfaces. It is clear that under high-
intensity white-light illumination, besides overall
processes (1) and (2), generating and maintaining
protonic and electric gradients, the process given in
the overall scheme (3) also takes place, which spoils
and/or quenches in part the primary photoeffect.
Whether LBR¥* is only a proton-sink or whether it can
in part work as a reverse proton-pump is not known.
The data presented favor the former mechanism,
although theoretically, the latter cannot be completely
excluded yet.

Beyond doubt, the blue-light excitation of LBR
does speed up the regeneration of BR [1,10-13],
but it does not accelerate the turnover number of
the proton-pump. Consequently, concomitant
illumination with green- and blue-light does not
increase the attainable photoelectric power via
speeding up the proton-pump even in model systems.

The remarkable deviations in the blue-regions of
different (photophosphorylation, photosensory,
photoelectric) action spectra [3,17—19,22,23] can
be certainly attributed to the simultaneous excitation
of BR and LBR. Our results further permit prediction
of the intensity-dependences of the different photo-
induced action spectra, especially in the blue spectral
region. )

It is easy to see that the combination of the overall
processes (1), (2) and (3) represents a feed-back
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controlled system at molecular level. This mechanism
may operate even in Halobacteria when the spectral
composition of the illuminating light corresponds to
the positions or at least to the overlap region of the
absorption spectra of BR and LBR. In the molecular
feed-back system process (3) plays the role of safety
outlet valve or shunt. At low intensity of illumination
the LBR concentration is also low therefore, the
blue-light being mainly absorbed by BR drives the
proton-pump and reaction (3) runs at a very low rate.
At high excitation level the LBR concentration is

also high, consequently the blue-light component is
partially absorbed by LBR and the proton consuming
process described by (3) is intensified, which reduces
the light induced photopotential. Thus, the function
of LBR in the proton-pump is two-fold: it makes
complete the proton-pump on one hand, and modera-
tes the influences of the intensity and spectral distri-
bution of illuminating light on the light-induced
electrochemical-gradient on the other hand.

The possible existence of such a regulatory mecha-
nism in Halobacteria emerges from the fact that:

(i) The packing density of BR in Halobacterium
membranes is certainly much higher than that in our
model system.

(ii) Light-energy densities in the corresponding
spectral regions of the solar spectrum are considerably
higher than those used in these experiments (e.g.,

20 mW-cm™? for the solar spectrum and 0.25 mW-cm™2
for these studies in the green band of BR [24]).

Under these conditions BR may be involved in
controlling the membrane potential, intracellular pH,
forming a molecular moderator and regulator of vital
importance and serving as a molecular basis of
adaptiveness.
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