
Quantitative model for the cooperative interaction of the
bacteriorhodopsin molecules in purple membranes

Zsolt Tokaji*
Institute of Biophysics, Biological Research Center, P.O. Box 521, H-6701 Szeged, Hungary

Received 27 November 1997; revised version received 19 January 1998

Abstract The trimeric, asymmetric and sequential model for
the cooperative interaction of the bacteriorhodopsin molecules in
purple membranes [Zs. Tokaji, Biophys. J. 65 (1993) 1130^1134]
is being extended in the paper. Analyses of data from absorption
kinetic measurements with preexcitation and green background
illumination, and photoselection measurements on oriented
samples confirm the main features of this cooperative interaction
and support the validity of the extended model. This model
includes the observed heterogeneity of the non-excited state of
the bacteriorhodopsin molecules in purple membranes, and the
agreement with the data suggests that molecules in any other
state than the bacteriorhodopsin ground state can alter the
photocycle of their neighbors. The presented results seem to
contradict other models for the cooperation of the bacteriorho-
dopsin molecules.
z 1998 Federation of European Biochemical Societies.
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1. Introduction

The proton translocation mechanism of the light driven
proton pump bacteriorhodopsin (BR) is not fully understood
[1]. Many details are known about which residues participate
in the proton translocation [2,3], but only in the past few
years has it become obvious that the processes are coupled
to each other in the neighboring BR molecules [4^10]. This
interaction is called cooperativity, and it is probably an allo-
steric regulation in the purple membranes [6].

Recently, on the basis of absorption kinetic studies I sug-
gested a mechanism for the cooperative interaction [6]. Ac-
cording to this theory the cooperative interaction among the
BR molecules is trimeric, asymmetric and sequential. This
means that a photocycling BR molecule may alter the photo-
cycle of only one of its two neighbors in the same trimer, and
this alteration may appear in only one of the two possible
decay sequences of these two molecules.

In the meantime other models (containing di¡erent fea-
tures) for the cooperative interaction of the BR molecules
have also been suggested. These do not assume that the co-
operation is asymmetric and sequential [8^10] (and one of
them that it is trimeric [9]).

The statements of my model that the cooperativity is asym-
metric and sequential were originally somewhat heuristic, as
only indirect evidence had been collected that these features
were in fact true.

Another problem of the original model was that it did not
take into account that the states of the BR molecules in non-
excited purple membranes are to some extent heterogeneous,
i.e. in a certain concentration the BR molecules are not in the
state denoted by BR, but rather they are in N- or O-like states
[11,12].

It is interesting that according to the data published by
Radionov and Kaulen [13] the extent of the heterogeneity of
the non-excited sample is probably very similar in the D96N
mutant, too. However, note that in this mutant ^ if the life-
times of the di¡erent millisecond processes are separated from
each other by addition of azide ^ a fast decaying form of N
seems to correspond to Ms (or more precisely to the late form
of Ms designated MsP [7]). The relative weight of this form
increases from 15 to 40^45% with increasing actinic light den-
sity (just as does Ms in native BR [5]). (The reason for the
di¡erence that the form corresponding to Ms (MsP) contains
protonated Schi¡ base is probably the high protonating abil-
ity of azide.)

For these reasons it was necessary to collect evidence for
the asymmetry and sequentiality of the cooperative interac-
tion, and to extend the original model to become suitable for
use in calculations and evaluations. The results are presented
in this paper.

2. Materials and methods

The preparation of purple membranes and the absorption kinetic
measuring system were the same as described previously [5]. The ac-
tinic beams were provided by an excimer laser pumped dye laser and
in the double excitation experiments a nitrogen laser pumped dye laser
(with coumarin 307, 505 nm) as second excitation. For continuous
background illumination an Ar� laser (514 nm) was used. The energy
densities of the lights were characterized by the generated fraction
cycling in the sample [5].

The purple membranes were incorporated in a 1.5 mm thick slice of
10% polyacrylamide gel, with absorbance of less than 0.3 at 570 nm.
The samples contained 30 mM universal bu¡er (citric acid, monopo-
tassium sulfate, borate, diethyl-barbiturate) with 1 M NaCl.

For the measurements of the asymmetry the purple membranes
were oriented by electric ¢eld, and this state of the sample was ¢xed
by polymerization of acrylamide [14]. The distance between the ori-
enting electrodes was 1.5 mm. The ¢lm polarizers were used in the
actinic beam in front of the sample, and in the measuring beam
behind it.

The measured absorbance changes were evaluated by ¢tting expo-
nential components as described previously [4,5]. For the description
of the M decay (at 412 nm) two components were used the amplitude
factors of which were considered to be proportional to the amounts of
corresponding photocycle intermediates Mf and Ms, respectively (see
[6]).
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3. Results and discussion

3.1. The extended model for cooperativity
My original model for cooperativity [6] is asymmetric and

sequential but contains no contribution from the heterogene-
ity of the sample. Thus the relative weight of Ms (the inter-
mediate that is induced by cooperativity) should start from 0
at the low limit of actinic light densities. The experimental
observation is that the relative weight of Ms is usually about
15% at this condition (see e.g. [5]), and from other studies it is
known that the non-excited sample contains N- or O-like
states (i.e. is heterogeneous) [11,12].

The extended model constructed here supposes that the
molecules in these states interact with their neighbors as if
they were photocycling. This means that a molecule on the
suitable side upon excitation will turn over through the path-
way (MsCBR) that is usually induced by its neighbor photo-
cycling [7].

The other assumption is that all of the states of the BR
molecule other than the BR ground state are equally e¤cient
with respect to the alteration of its neighbor. This means that
the extent of the changes in the kinetics does not depend on
whether a part of the sample is in M, N, O, or in other states.

The third assumption is that the molecules in the non-
ground state have a photocycle without any M-like intermedi-
ate, and thus produce no direct contribution to the M kinetics
determined at 412 nm.

Let us suppose that the L fraction of the non-excited sample
is not in the ground state (this can originate from the hetero-
geneity of the sample or additionally e.g. from the in£uence of
a preexciting light pulse). The fraction cycling due to the
probe £ash is p.

The calculation is similar to the one carried out without
heterogeneity [6], but more cases have to be considered as
subcases of the states of the trimer with 1, 2 or 3 non-
ground-state molecules.

With (13L)3 probability the trimer contains only
ground-state molecules. For these trimers the number of
molecules choosing Ms instead of Mf is 0.5Pd + 1.5Pt =
0.5*3p2(13p) + 1.5p3 (where Pd and Pt are the probabilities
that the trimer contains two or three excited molecules, re-
spectively) [6].

With a 3L(13L)2 probability the trimer originally contains
one non-ground-state molecule. For this case the substates are
shown in Fig. 1.

With a 3L2(13L) probability the trimer contains two non-
ground-state molecules, and the substates are shown in Fig. 2.

Finally with a L3 probability the trimer contains three non-
ground-state molecules, and thus no signal and no Ms are
generated.

Summing up the probabilities of all the substates, and di-
viding this expression by the signal amplitude, which is
3p(13L) we get the relatively simple relationship

Ms=M � L� 0:5p�13L� �1�

where M=Mf+Ms, the number of molecules passing through
the M state(s).

By comparing Eq. 1 to the experimental data, L is equal to
the Y-intercept of the dependence of the relative weight of Ms

versus the fraction cycling in single £ash experiments. It is
about 15% in our conditions, and it is the result of the het-
erogeneity of the non-excited sample.

Eq. 1 can also be used for the interpretation of absorption
kinetic experiments with continuous background illumina-
tion, or with a preexciting £ash. In this case we have to sub-
stitute

L � Lo � �13Lo�pe �2�

where we now denote the intrinsic heterogeneity of the sample
as Lo, and pe denotes the probability that a molecule is excited
into the photocycle by preexcitation or by continuous back-
ground (pre-)illumination.

3.2. Sequentiality and heterogeneity
The suggested sequential feature of the cooperativity means

that the interaction appears or not depending on the decay
sequence of the excited molecules. (At this moment it is un-
clear which (relatively early) transition of the photocycle is
important in this respect. It may possibly be the LCM tran-
sition.)

If sequentiality holds true a preexciting laser £ash with a
su¤ciently long delay time between this and the second prob-
ing £ash should be twice as e¤cient as a single £ash with the
same energy. The reason is that if all of the photocycling
molecules are generated by a single £ash the probability
that the suitable decay sequence of two neighboring photo-
cycling molecules appears is 0.5. If the delay time is long
enough the newly excited molecule can only be the second,
thus if it is a suitable neighbor of an already photocycling
molecule the probability of alteration of its photocycle (i.e.
decay through Ms instead of Mf ) is not 0.5, but 1.

The result of the absorption kinetic measurement with pre-
exciting laser £ash is shown in Fig. 3A. From this it is obvious
that the expected e¡ect appears: the slope of the line at pre-
excitation is almost twice that at single £ashes.
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Fig. 1. The possible substates of a trimer which contained one non-
ground-state (`heterogeneous') molecule before excitation.

Fig. 2. The possible substates of a trimer which contained two non-
ground-state (`heterogeneous') molecules before excitation.
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From Eqs. 1 and 2 it is easy to calculate the expected slope
for the relative weight of Ms versus the fraction cycling gen-
erated by a single £ash (p) :

0:5�13L� �3�
and the same for a preexciting laser £ash (q) :

�13Lo��130:5p� �4�

From Fig. 3A, line 1 Lo = 14%, and from the di¡erence in
the Y-intercepts of lines 1 and 2, p = 0.09 for the second
(probe) £ash.

With these data for the preexcitation case shown in Fig. 3A,
line 2 the expected slope is 0.82, while the experimental data
show a slope of 0.86. So the agreement is good.

For the single £ash case Eq. 3 suggests a slope of 0.43,
while experimentally a slope of 0.5 is observed (line 1). So
the agreement is somewhat poorer.

However, if we take into account the possible imprecisions
of the determination of the cycling fraction, and thus compare
the expected ratios of the slopes of the two lines in Fig. 3A,
we get good agreement between the theory and the measure-
ments. The agreement is precise within 10%: The theoretically
expected and the experimentally determined ratios of the
slopes are 1.72, and 1.91, respectively.

It is worth noting that the determination of the cycling
fraction demanded no additional experiments, because it can
be measured directly in the double excitation experiments by
the extent of the decrease in the signal amplitude due to pre-
excitation [15].

At high pH a more precise experiment can be carried out on
the supposition that all of the non-ground-state molecules
cooperate equally e¤ciently with their neighbors. At high
pH a relatively large non-ground-state fraction can be built
up by a not too strong continuous, green background illumi-
nation, due to the su¤ciently large average turnover time of
the photocycling molecules.

The absorption changes at high pH in the presence of dif-
ferent intensities of a green (514 nm) background illumination
are shown in Fig. 3B. In this case, with increasing intensity of
the green light, the peak amplitude of the signal decreases due
to the build-up of a non-ground-state fraction, which does not
form M intermediates upon excitation, and the amplitude of
the slow phase of the M decay increases relatively due to
cooperativity [16].

The lifetimes of the two components of the M decay were
found to be constant. The relative weights of Ms (at di¡erent
intensities of the green background illumination) are shown in
Fig. 3C versus the fraction cycling.

This dependence is a straight line. According to the calcu-
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Fig. 3. A: Relative weight of the slow component of the M intermediate decay (Ms) versus the fraction cycling caused by single £ash itself (1)
and caused by a preexciting £ash (2). The latter e¡ect was measured in the kinetics due to a second (probe) £ash. The delay time was 200 Ws.
B: The change in the M kinetics in the presence of green background illumination. C: The relative weight of the slow component of the M de-
cay versus the fraction cycling generated by a green backround illumination. D: The ratio of the absorbance changes at 412 nm in an oriented
BR sample before and after reversing, if the angle between the polarizations of the actinic and measuring beams is +45³ or 345³, respectively.
The ratios start to di¡er from 1 only in the millisecond time range.
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lations the value of the Y-intercept should originate from
heterogeneity (14%) of the ground state, plus 12% from the
in£uence of the probe £ash which generated a 25% fraction
cycling without background illumination. The sum of these
values (26%) is in good agreement with the measured value
of the Y-intercept of 27%.

The expected slope for the line of Fig. 3C on the basis of
Eq. 4 is 0.75, which is in a very good agreement with the
measured value (0.76).

The very good agreement of the data with the calculations
shows that the constructed theory is probably not wrong,
including the assumption that any non-ground-state molecule
is equally suitable for altering the function of its photocycling
neighbor.

3.3. Deformation and asymmetry
On the basis of the explanation developed by myself for the

description of the cooperative interaction of the BR molecules
in the purple membranes the cooperative interaction should
act through a conformational coupling, and this coupling
should be asymmetric [6]. This means that of two excited
BR molecules of the same trimer only one may alter the pho-
tocycle of the other, and reversely not. In special conditions
this e¡ect should be observable as an asymmetry of an ori-
ented sample.

In order to produce such conditions ¢rst the purple mem-
branes were oriented (in an electric ¢eld) and ¢xed in a gel.
The membranes, the planes of which were parallel to the plane
of the gel slice, were excited and measured by linearly pola-
rized lights, propagating in the direction of the normals of the
membranes.

In this case it is not too di¤cult to see that if the angle
between the polarizations of the actinic and measuring beams
is 45³ (or similar), the signal measured in + and 345³ should
be di¡erent due to the asymmetry. The ratio of the absorption
changes measured in these two cases is shown in Fig. 3D.

Here the reverse cases were produced by rotating the cuvette
by 180³ around its vertical axis. The + and 3 angles refer to
the angles between the polarizations of the actinic and meas-
uring beams in a coordinate system ¢xed to the laboratory.
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