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Summary. The kinetics of light-driven proton trans-
port by bacteriorhodopsin has been studied in a
model system consisting of a planar lipid bilayer
membrane to which purple membrane fragments
have been attached. After excitation with a 10-nsec
laser flash a fast negative current-transient occurs,
followed by a positive transient which decays to
zero, The time course of the photocurrent may be
represented by a sum of four exponentials with time
constants t,=12psec, 17,=17 pusec, v5=>57 usec, 1,
=950 psec (at 25°C). In a D,0 medium 7, and 74
are increased by a factor of 2.6 and 2.9, respectively,
whereas 1, remains unaffected. The observed com-
ponents of the photocurrent can be correlated to
photochemical reaction steps inferred from flash-
photometric experiments on the basis of the ob-
served time constants, the activation energies, and
the effects of pH and D,0. From the photocurrent
signals information may be obtained on the magni-
tude of the charge displacement associated with the
elementary transitions of the bacteriorhodopsin mol-
ecule.

After light-excitation, bacteriorhodopsin returns to
the ground state via a series of intermediates and
thereby translocates protons through the membrane.
The kinetics of this light-driven proton pump has
been studied so far mainly with purple-membrane
sheets in aqueous suspension (Stoeckenius, Lozier &
Bogomolni, 1979). From these studies the spectral
characteristics as well as the lifetimes of a number of
intermediates in the photocycle could be obtained.
In order to understand the pumping mechanism, the
spectroscopic transitions have to be correlated with
the elementary steps of proton translocation through
the bacteriorhodopsin molecule. Information on pro-
ton transfer kinetics may be obtained by studying

photoelectric transients in oriented purple-mem-
brane samples. Orientation has been achieved by a
number of different methods, for instance by attach-
ing purple membranes or bacteriorhodopsin vesicles
to lipid-impregnated filters (Drachev, Kaulen &
Skulachev, 1978; Blok & Van Dam, 1979; Dancs-
hazy etal, 1979) or to thin Teflon films (Trissl &
Montal, 1977; Hong & Montal, 1979). In other ex-
periments oriented purple-membrane multilayers
have been formed using the Langmuir-Blodgett tech-
nique (Hwang, Korenbrot & Stoeckenius, 1978). An-
other method consists of orienting purple-membrane
sheets in water by an electric field (Keszthelyi &
Ormos, 1980).

In this paper we present an analysis of photo-
current transients observed after flash-excitation of
purple membranes bound to planar lipid bilayers.
The quasi-stationary properties of this system have
been described previously (Dancshiazy & Karvaly,
1976; Shieh & Packer, 1976; Herrmann & Rayfield,
1978; Bamberg et al., 1979; Seta, Ormos, d’Epenoux
& Gavach, 1980). From the photocurrent response
at steady illumination in the presence and absence of
artificial proton channels in the bilayer it has been
concluded that purple-membrane sheets become at-
tached to the bilayer as shown in Fig. 1, with the
extracellular face preferentially oriented toward the
black film (Bamberg etal, 1979). With the experi-
mental set-up described in the following, photocur-
rent transients could be analyzed in the time range
between 1 psec and about 1 msec. The lower limit is
given by the bandwidth of the measuring system,
whereas the upper limit results from the fact that
slow photoelectric processes tend to have small cur-
rent amplitudes. The observed photocurrent could
be represented by four exponentials which could be
partly correlated to known photochemical reaction
steps on the basis of the time constants, the acti-
vation energies, and the effects of pH and D,O.
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Fig. 1. Attachment of purple membranes to a planar bilayer after
addition to the left-hand aqueous phase (Bamberg et al, 1979).
The purple membrane sheets bind preferentially with the extracel-
lular side facing the bilayer

Materials and Methods

Optically black lipid films were formed as described previously
(Bamberg etal, 1979) in a membrane cell filled with agueous
electrolyte solution (0.1 M NaCl plus 5 mm Tris maleate, pH 7.0, if
not otherwise indicated). The membrane-forming solution con-
tained 1% (wt/vol) diphytanoyllecithin (r-1,2-diphythanoyl-3-
phosphatidylcholine) and 0.025%, (wt/vol) octadecylamine (Fluka,
puriss.) in n-decane. The lecithin was synthetized by K. Janko
(Janko & Benz, 1977); n-decane was from Merck (standard for
gas chromatography). In a few experiments asolectin or di-O-
oleylphosphatidylethanolamine have been used instead of diphy-
tanoyllecithin; this did not affect the results. After addition of the
purple membrane suspension, the black film was usually stable
for many hours.

The membrane cell was made of black Teflon with a trans-
verse septum inclined at 45° to the laser beam in order to allow
optical control of the membrane formation process by a low-
power microscope. The membrane was formed at a hole in the
septum with a circular cross-section of 1.4mm diameter. The
Teflon cell was enclosed in a Peltier thermostat which could be
operated between —20 and +60°C. The temperature was mea-
sured in the aqueous solution close to the membrane with a
thermistor.

Purple-membrane fragments were a gift of Dr. NLA. Dencher
(Basel). The aqueous suspension of the membrane fragments was
stored in frozen state at — 20 °C. Before use for membrane experi-
ments the suspension was sonified in the dark for Smin at 10°C
(Bransonic, Mod. 12). Aliquots of 50 mm?® of the suspension hav-
ing an optical density of 4 at 570 nm (/=1 cm) were added under
stirring to one compartment (volume approx. 7 cm?) of the mem-
brane cell. Photosensitivity slowly increased, reaching a half-maxi-
mum value after about 20 min. After stirring for about [ hr the
experiments were started. Under the conditions of these measure-
ments, the bacteriorhodopsin was in the light-adapted form.

The membrane was excited by light pulses of about 10 nsec
duration from a dye laser (Molectron DL 10/UV 12). In all ex-

periments, rhodamine 6G was used as a dye and the emission
wavelength was set at 575 nm. In order to obtain a homogeneous
intensity distribution, only the central part of the laser beam was
used; the beam diameter in the plane of the membrane was
0.8 mm, corresponding to an illuminated membrane area of
0.50 mm?. The laser beam entered the cell from the bacteriorhod-
opsin-free front compartment. The energy per flash was moni-
tored with a calibrated Joulemeter (Molectron, Mod. J3) using a
semi-transparent mirror by which half of the beam intensity could
be deflected into the Joulemeter. The maximum energy per flash
falling onto the membrane was approximately 10 pJ, correspond-
ing to an energy density of about 2 mJ/cm?, or about n~5.8
x 10** guanta/em? {at 575 nm). Since the absorption cross-section
of bacteriorhodopsin at 575 nm is about 6~2.1x 10~1¢ e¢m?, cor-
responding to an extinction coefficient of e~54000 M~ ! cm™*
(Oesterhelt, 1976), one has on=~1.2, meaning that at the highest
light intensity used in these experiments almost every chrom-
ophore becomes excited by a single flash. In most experiments,
the light intensity was reduced with grey filters to 2-20% of the
maximum value.

Platinized platinum electrodes were used throughout. The
photocurrent signals were amplified in a Burr Brown Mod. 3554
BM preamplifier which was mounted directly above the mem-
brane cell inside the Faraday shield and which was adjusted to
the actual values of the membrane capacitance and electrolyte
resistance. The feedback resistance was 10 MQ and the input
resistance about 100 Q. The preamplified signal was stored in a
transient recorder (Biomation 805) and read out at an expanded
time-scale into a signal averager (Nicolet 1074 or Tracor TN
1710). Depending on the signal amplitude, between 512 and 8000
single signals were averaged. The maximum repetition rate of
flash excitation was 20 Hz, but in most experiments repetition
rates of 1-5 Hz were used. The averaged signal was stored in
digital form on tape (Kennedy 7000) and processed on a Tele-
funken TR 440 computer. For the computer analysis of the experi-
mental transients the method developed by Provencher (19764, b)
was used. This method allows the analysis of data composed of a
sum of exponential decay functions plus random noise plus an
unknown constant “baseline.” The fit program does not require
an initial estimate of the number of exponential functions nor of
the time constants and amplitudes.

A number of tests have been carried out with the experimen-
tal set-up prior to the purple membrane experiments. In order to
check for effects of electromagnetic stray signals created by the
laser discharge on the measuring circuit, a light shutter was
placed before the membrane and data were collected with re-
petitive laser operation as in the actual experiments. It was found
that any disturbance of the measuring circuit was below the limit
of detectability after 1 psec. The bandwidth of the amplifier and
the performance of the data analysis system were tested in an
experiment in which a squarewave generator (with a risetime of
0.1 psec) was placed between electrodes and amplifier, whereas
the black film with attached purple membranes was formed as
usual, Application of a square-wave voltage resulted in a mea-
sured current signal with a risetime of 04 usec which is de-
termined by the bandwidth of the amplifier. The same result was
obtained with a dummy circuit in place of the membrane, consist-
ing of a capacitance of 4.7 nF in series with a resistance of
200 Q.

The time resolution of the actual photocurrent measurement
is limited by the time constant ¢ ;=R C3-5 psec, where
R,~500-1000 Q is the series resistance of the measuring circuit
(electrolyte solutions plus electrodes plus input resistance of the
amplifier), and C~35 nF is the total membrane capacitance (see
below). In a number of experiments the external medium con-
tained 1 M instead of 0.1 M NaCl; in this case the series resistance
was R;~200 Q and the time constant r,~~1 psec. Addition of a
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further external series resistance (for instance 2 k) resulted in an
increase of risetime of the photocurrent signal of the expected
magnitude (according to t,=R,C), without affecting the longer
time constants (t,, 75, 7,) of the photocurrent.

In order to check for possible light effects on the elctrodes, a
photocurrent experiment with bound purple membrane was car-
ried out as usual. Thereafter the photoactive membrane was de-
stroyed, the lipid removed from the Teflon septum, and a second
membrane formed with fresh lipid solution while the aqueous
purple-membrane suspension still remained in the cell. Appli-
cation of light pulses immediately after membrane formation gave
no photosignal; the photoresponse then slowly developed within
about half an hour which is the time required for adsorption of
purple-membrane sheets to the bilayer.

In some experiments the purple membrane suspension in the
rear compartment was exchanged for a bacteriorhodopsin-free
solution after the membrane had become photo-active. After the
exchange the photoresponse of the membrane remained un-
changed. This suggests that the binding of the purple-membrane
sheets to the planar bilayer is virtually irreversible.

Time and Amplitude Resolution
of the Measuring Circuit

The electrical properties of the compound membrane may be
described by the equivalent circuit shown in Fig. 2 in which G,
and C, are the conductance and capacitance of the purple-mem-
brane sheet and G,, and C,, are the corresponding quantities of
the underlying bilayer membrane. Circuit elements corresponding
to the uncovered part of the bilayer have been omitted, since all
experiments to be discussed in the following have been carried
out under short-circnit conditions where the voltage across the
bilayer vanishes (apart from a small voltage drop across the series
resistance 1/G, see below). In order to analyze the relationship
between the externally measurable current signal I{t) and the
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Fig. 2. Equivalent circuit of the compound membrane shown in
Fig.1. G, and C, are the conductance and capacitance of the
purple membrane sheet, and G, and C,, are the corresponding
quantities of the nnderlying bilayer membrane. G, includes contri-
butions from leakage pathways in the space between purple mem-
brane and planar bilayer. 1/G, is the series resistance of the
measuring circuit (electrodes plus solution plus input resistance
of the amplifier). 1,(t) is the photocurrent transient generated in
the purple membrane by a flash of light. I(z) is the externally
measured short-circuit current

primary photocurrent I,(t), we consider a hypothetical photo-
system in which an infinitely short flash generates a primary
photocurrent transient of the form

L(6)=1,,exp(—t/t). 1

7, may be chosen to be one of the intrinsic time-constants of the
photosystem to be measured. Assuming for the moment that the
light-induced charge displacement occurs across the entire thick-
ness of the photoactive membrane, the current generator may be
placed in parallel to C, and G, (Fig. 2). Simple circuit-analysis
then leads to the following expression for the current I(z) in the
external circuit (in the limit of zero series resistance of the cell,
ie., 1/G,~0):

I(r):gﬂ%- ij' [r (1 —IT-) exp(—t/1,)
WG, T, .
- (1 wi) exp(~t/‘r)] P
_Co+C, c

= =" 3
6,46, ™G, @)

7,, Is the RC time constant of the lipid bilayer; for an undoped
membrane; t,, is of the order of 1-10 sec. The time constant t of
the compound membrane has been experimentally determined to
be about t~0.2 sec (Bamberg et al, 1979). As the intrinsic time
constants t; to be measured are in the range of microseconds to
milliseconds, the relations t; <7, 7,<t hold. Under these con-
ditions Eq. (2) reduces to

C
HOES —:C I,,exp(~t/t). 4

m P

This equation means that by capacitive coupling the primary
photosignal I,,exp(~t/t) is attenuated by the factor C,AC,
+C,). With an estimated ratio of C,/C,~0.2 (Bamberg et al,
1979), the attenuation factor becomes about 0.17. It is seen from
Eq.(4) that the use of a black film which has a high specific C,,
value (around 0.5 uF/cm?) as a support for the purple membrane
is favorable for a low attenuation of the photocurrent signal. (If
the light-induced charge displacement occurs over only part of
the purple membrane, then C, in Eq. (4) has to be replaced by the
capacitance of the dielectric layer across which the charge moves,
whereas C,, now contains, in addition to the black film capacit-
ance, contributions of those purple membrane layers which are
not involved in charge displacement.)

At short times the influence of series resistance R,=1/G, can
no longer be neglected. The existence of a series resistance leads
to a small voltage drop across the entire membrane. For this
reason the capacitance C,, of the bilayer area not covered by
purple membrane has to be taken into account, too. This can be
done by adding a capacitance of magnitude C,, in parallel to C,
and C,. Since at short times the compound membrane exhibits a
purely capacitative behavior, the conductance pathways across
the bilayer and purple membrane sheets can be neglected (G, =0,
G,=0). The photocurrent signal after a light flash at t=0 is then
obtained as (for times ¢ <t and £ <7,,):

I.C .
=g r:rs Lexp(—1/1) —exp(—1/7,)] ©)
C C,C
=, C=C +_n"r 6
o G, ’"+C,,,+C,, ©

7, is the time constant of the measuring circuit and C the total
capacitance of the membrane. If the circuit time constant is small
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(z,<7,), Eq. (5) reduces to Eq.(4). On the other hand, if the relax-
ation time of the photoprocess under study is much shorter than
the time constant of the circuit (7,3 7,), Eq.(5) assumes the form

1= 2 S oxp(— 1) g

I m
C +C,
This means that even for a very fast process (,—0) the measuring

circuit responds with a signal of finite amplitude which is pro-
portional to the charge @ =1,,1; displaced during that process.

Results

The time course of the photocurrent I(t) after a 10-
nsec laser flash at 575 nm is shown in Fig. 3. The
polarity of the current is defined as indicated in
Fig. 1, 1e., I >0 corresponds to a movement of posi-
tive charge towards the supporting membrane. Dur-
ing the first 10 usec after the flash a negative current
is observed which rises steeply toward positive val-
ues and thereafter declines to zero. {The finite slope
of the falling phase of I{f) within the first 5 psec is
an artifact caused by the time constant of the circuit
which was about 3 psec in this case.) The shape of
I(#) for t = 5 psec can be represented with high accuracy
by an expression consisting of a sum of four exponen-
tial terms:

I(t)= Z a;exp(—t/t). ®)

Lok

Using three instead of four exponential terms does
not adequately fit the experimental I(z) curves, ie.,
with a three-exponential fit a deviation between
theoretical and experimental curves was observed
which was consistently greater than the experimental
scatter. On the other hand, introducing further terms
does not significantly improve the fit. The analysis
was therefore carried out with four exponential func-
tions throughout. In almost all experiments the cal-
culated fit curve was identical with the experimental
curve for times ¢>10psec within the width of the
drawing line in a plot such as Fig. 3B.

As discussed in the Appendix, a relation of the
form of Eq.(8) is predicted for a photosystem in
which the primary photoproduct P, decays in four
consecutive monomolecular reaction steps with rate
constants k;=1/1;:

p-p t,p-t,p B.p M, p. )

In reality the transition from the ground state P, to
the product P, may proceed via intermediate steps
too fast to be resolved at the given bandwidth; fur-
thermore, the last step may be followed by other
slow reactions having an undetectable current ampli-
tude. If the condition k,>k,>k >k, is fulfilled
(each following reaction much slower than the pre-
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Fig. 3. Photocurrent I(t) after a 10-nsec laser flash at 575 nm, represented at two different time scales. The curves have been directly
reproduced from the original recorder plot. The polarity of the current is defined as indicated in Fig. 1, ie, I>0 corresponds to
movement of positive charge towards the supporting membrane. The finite slope of the falling phase of I(f) within the first 5 psec is an
artifact caused by the limited bandwidth of the amplifier. The signal represents an average over 3000 single excitations. A qualitatively
identical signal but superimposed with considerable noise is obtained in a single-flash experiment. The light intensity was 2 pJ,
corresponding (with an illuminated membrane area of 0.50 mm?) to 4mJ/em®. The temperature was T=22°C. Positive peak currents at
light saturation reached about 50nA (~10pA/cm?) at 22°C. For times > 10 usec a highly accurate fit of the experimental I(t) curve is
obtained according to Eq.(8) with 7, =39 psec, 7,=21.0 psec, 7, =644 psec, 1, =420 psec, a, = —708 nA, a,=56.8nA, a;=17.6nA, a,
=1.23nA. The fitted curve (not shown) is almost indistinguishable by eye from the experimental curve for 1> 10 psec (apart from the
noise components)
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ceeding one), the current amplitudes a; are given by
(see Appendix):

a;=e o, Nk; (10)

where e, i1s the elementary charge and N the number
of bacteriorhodopsin molecules which have been ex-
cited by the light flash. The dimensionless coef-
ficients o; describe the magnitude of charge displace-
ment in the external circuit associated with the tran-
sition P— P ;.

In order to test the performance of the data
analysis system, a control experiment was carried
out in which a square wave generator was inter-
posed between membrane cell and preamplifier.
When the falling phase of the voltage pulse was
analyzed in the usual way, only one exponential
process with a time constant of 1-5 psec was found,
corresponding to the product of membrane capaci-
tance times the resistance of the cell (electrolyte plus
electrodes), whereas at longer times (up to 50 msec)
no further exponential process was detected even at
the highest sensitivity.

The dependence of photocurrent on light inten-
sity J, is represented in Fig. 4 where the current
amplitudes g; [Eq. (8)] are plotted as a function of
J;. It is seen that the amplitudes are linearly related
to light intensity up to about 2 pl. All determi-
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Fig. 4. Current amplitudes a; [Eq. (8)] as a function of intensity J,
of the laser flash. J, was varied using a series of calibrated grey
filters. The repetition frequency was 5Hz; T=25°C. All data
have been obtained from a single membrane. The lines have been
drawn to guide the eye.

nations of kinetic constants were carried out in this
linear range. Deviations from linearity at high light
intensities probably result from saturation of the
photosystem and/or from accumulation of hydrogen
ions in the narrow space between the purple mem-
brane fragment and the black film (Hellingwerf,
Schnurmans & Westerhoff, 1978). A homogeneous
intensity distribution over the illuminated part of the
membrane was found to be important, otherwise
deviations from linearity already occurred at lower
intensities. It was also checked whether the time
constants 7; were independent of J;. This condition
was fulfilled within the linear range of the photo-
current signal, except for time constant t, (see be-
low). In a further series of control experiments the
influence of repetition frequency of the light pulses
on the time course of the photocurrent was studied.
The values of the time constants 7, 7, and 7, were
found to be independent of repetition frequency in
the range of 1-5Hz in which most experiments were
carried out. The time constant 7, was found to in-
crease with decreasing repetition frequency v from a
value of about 350 usec at v=1Hz to 950 psec at v
=0.1 Hz (25°C, J, =0.5 1J). A further reduction of v
to 0.01 Hz did not change 7, any more. A similar
increase of 7, was observed when the light intensity
J, was reduced to about 50nJ at fixed repetition
frequency. The value of 7,=950 usec represents the
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Fig. 5. Time constants 7; of the photocurrent signal as a function
of reciprocal temperature. The experimental points for 7, have
been obtained with 1M NaCl in the aqueous phase, corresponding
to an RC time constant of the measuring circuit of 7, ~1 psec.
The light intensity was 1.0-1.5 uJ and the repetition rate 5 Hz. 7,
decreases to about 950 usec at 25°C in the limit of low light
intensity and low repetition rate
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Fig. 6. Ratios of current amplitudes as a function of temperature.
The absolute value of g, was about 9nA at 25°C

limiting value for low light intensity and low rep-
etition frequency. The reason for this behavior of
7, is not clear so far; possibly 1, is particularly
sensitive to changes of pH in the intermembrane
space.

Varying the NaCl concentration in the range of
0.1-2.5M or replacing 0.1 NaCl by 0.1M MgCl,
had no influence on the photocurrent kinetics at
times <5 psec. Using as a buffer 0.1 m Hepes, pH 7,
instead of Smwm Tris maleate (as in all other experi-
ments) had no effect either. The only influence of
salt concentration was a change of the time constant
7,=CR, of the measuring circuit via the series re-
sistance R, (see above). Similarly, adding gramicidin
or the lipid-soluble uncoupler carbonylcyanide-p-tri-
fluoromethoxyphenylhydrazone (FCCP) to the system
in order to increase the conductance of the planar
bilayer (Bamberg et al, 1979) did not affect the
photocurrent kinetics.

The kinetic parameters obtained at different tem-
peratures in the range between —2 and 35°C are
summarized in Figs.5 and 6. A lincar relationship
between In(z;) and 1/T in the Arrhenius plot of
Fig. 5 was observed for all four processes. The corre-
sponding activation energies E; which were obtained
according to the relation t;ocexp(E;/RT) are given
in Table 1 together with the values of the rate con-
stants k;=1/7; at 25°C. Because of bandwidth limi-
tations the fastest process (process 1) could only be
analyzed at low temperature (below 20 °C); the value
of 7, given at 25°C has been obtained by extrapo-
lation. From Fig. 6 and Table 1 it is seen that the
magnitudes of the current amplitudes g; are ordered
in the same sequence as the rate constants k;=1/1;;
according to Eq.(10) there is always a tendency for
slow processes to have a small current amplitude, as
a; is proportional to k,. Because of the small ampli-
tude of process 4, the values of a,/a, and 1, are less
accurate than the other parameters. As the number
N of excited bacteriorhodopsin molecules in Eg. (8)
is not known and, furthermore, is likely to vary from
experiment to experiment, only ratios of current ampli-
tudes are given in Fig. 6.

The results of measurements at different pH val-
ues are represented in Figs.7 and 8. It is seen that
the pH dependence of the time constants it rather
complicated and is likely to be determined by sever-
al protonable groups having different pK values. A
prominent effect is the increase of the time constant
74 of the slowest process with pH. Furthermore, it is
seen from Fig. 8 that the relative current amplitudes
a,/a; and a,/a, show opposite pH effects.

‘From flash photolysis studies it is known that
certain steps in the photocycle of bacteriorhodopsin
are slowed down in D,0O (Korenstein, Sherman &
Caplan, 1976; Lozier & Niederberger, 1977). Such
isotope effects also occur in the photocurrent tran-
sients (Figs. 9 and 10). In D,0O the rate constants of
processes 2 and 3 at 25 °C are decreased by a factor
of 2.6 and 2.9, respectively, whereas the change of k,

Table 1. Rate constants k,=1/z; at 25 °C and activation energies E,=R -d In,/d(1/T), as obtained from Figs. 5

and 9°
k, k, ks k, E, E, E, E,
(sec™) (sec™1) (sec™ ) (sec™1)
(kJ/mol)
H,O 8 x 10° 59 x10% 1.7 x 10* 1.1 x10° 41 56 49 39
D,0 8 x10° 2.3x 104 5.9 x 103 0.64 x 103 41 54 54 60

@ In the D,O experiments the external medium was a solution of 1M NaCl and SmM Tris maleate in
D,0. (A few D,0O experiments have been carried out with 0.1 M instead of 1 M NaCl, which gave almost
identical results). The purple membrane was for at least 24 hr in contact with D,O prior to the measurement.
The value of k, at 25 °C have been obtained by extrapolation from lower temperatures.
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Fig. 7. pH dependence of the time constants 7, at 23-25°C. The
membranes were formed in a solution of 0.1 M NaCl and 5 mm
Tris-maleate, and the pH was adjusted by adding the appropriate
amount of HCl or NaOH. In order to check the reversibility, an
experiment was performed in which the pH was lowered from 7
to 3 and then readjusted to 7. The second measurement at pH 7
gave nearly identical values of the time constants and current-am-
plitude ratios as the first one, although the absolute amplitudes
were reduced to about 40% of the original value, possibly due to
desorption of purple membrane fragments. A similar check of re-
versibility at high pH could not be carried out because of membrane
instability. The lines were drawn to guide the eye
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Fig. 8. pH dependence of current-amplitude ratios (experimental
conditions as in Fig. 7)
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Fig. 9. Effects of D,O on the time course of the photocurrent:
time constants 7, as a function of reciprocal temperature. The
external medium was a solution of 1M NaCl and Smm Tris
maleate, pD~7, in D,0. The purple membrane fragments were in
contact with D,O at least 24 hr prior to the measurement
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Fig. 10. Effects of D,0O on the time course of the photocurrent:
current-amplitude ratios as a function of temperature. The experi-
mental conditions were the same as in Fig. 9. The absolute value
of ay was about 2.5nA at 25°C

is only about I.5-fold and k; remains unchanged
{Table 1).

Discussion

The flash-excitation experiments described here
demonstrate that purple membrane fragments at-
tached to a black lipid film represent a suitable
model system for studying fast photoelectric signals
associated with proton transport by bacteriorhodop-
sin. Previous gquasi-stationary measurements have
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shown that the purple membrane binds preferen-
tially with the extracellular side to the black film
(Bamberg et al., 1979). After excitation by a 575-nm
flash, a fast inward photocurrent transient is ob-
served corresponding to a movement of positive
charge towards the cytoplasmic side of the membrane,
opposite to the direction of stationary light-driven
proton flow. This inward current is followed by a
slower outward current transient. These observations
qualitatively agree with previous photoelectric ex-
periments with purple membranes bound to col-
lodium or Teflon films (Drachev et al., 1978 ; Hong &
Montal, 1979). A similar behavior (fast negative cur-
rent transient followed by a slower positive tran-
sient) has also been observed with purple membrane
fragments which have been oriented in free solution
by an electric field (Keszthelyi & Ormos, 1980},

As discussed previously (Bamberg et al, 1979),
the model system used here possibly contains a frac-
tion of purple membrane fragments bound to the
black film with the reverse orientation; this would
mean that the observed photosignal represents the
difference between two opposite currents. This, how-
ever, should not affect the measured values of the
time constants and current-amplitude ratios, as long
as binding to the planar bilayer membrane does not
modify the properties of the bacteriorhodopsin mol-
ecule. Such a modification is unlikely, since the
photoelectric action spectrum of purple membranes
bound to planar bilayers is virtually identical with
the absorption spectrum in free suspension (Bam-
berg et al, 1979). For an orientation-independent ki-
netic behavior it is further necessary that any differ-
ence in pH or electrical potential between bulk so-
lution and intermembrane space remains small.
Changes of the electrochemical potential of H* in
the intermembrane space are unlikely to affect the
kinetic results (apart from a possible effect on 1, see
above), since the addition of gramicidin A or FCCP
had no effect on the phototransients. Both agents
have been shown to strongly increase the proton
permeability of the black film underneath the purple
membrane (Bamberg et al., 1979).

Another problem in the analysis of the experi-
mental results concerns the question to what extent
the single components of the photocurrent transient
originate from processes within the bacteriorhodop-
sin molecule or whether charge movements of a
more unspecific nature contribute to the observed
signal (Hong & Montal, 1979). In the course of the
photocurrent measurement the voltage across the
compound membrane (planar bilayer plus attached
purple-membrane sheet) is clamped to zero (apart
from a small potential drop across the series re-
sistance R,=1/G,, see Fig.2), but any light-driven

charge movement in the purple membrane creates a
voltage across G, and an equal but opposite voltage
across G, . This voltage may decay by unspecific
conductance processes within G, and G, and thereby
may give rise to an additional current signal in the
external circuit. The possibility that this decay ap-
pears as a component in the recorded current-tran-
sient may be excluded, however, on the basis of
the expected time constant of this process which
should be of order of t~(C,+C)/(G,+G,). t has
been determined to be about 0.2 sec (Bamberg et al.,
1979) which is much longer than the time constants
of the current transient. Even when the measurement
was extended to the time range of 0.1-1.0sec, the
current signal from the voltage decay process could
not be detected because of its small amplitude. An-
other possible source of signal distortion is the for-
mation of multiple layers of purple membrane on
the surface of the black film. While this possibility
cannot be strictly excluded, we consider stack for-
mation as rather unlikely under the given concentra-
tion conditions. We therefore assume in the follow-
ing that the single components of the photocurrent
transient result from processes within the bacterio-
rhodopsin molecule.

A tentative correlation between the components
of the photocurrent transient and the photochemical
reaction steps inferred from flash-photometric ex-
periments can be established on the basis of the
observed time constants, the activation energies and
the effects of pH and D,O. The fast negative com-
ponent of the photocurrent with a (extrapolated)
time constant of 7, =12usec at 25°C is tentatively
assigned to the K — L transition of the photocycle
which has a spectrophotometrically determined half-
time of about 1 psec (Stoeckenius et al., 1979). The
same assignment has been proposed by Keszthelyi
and Ormos (1980) who observed a time constant of
4 usec for the fast negative component of the photo-
voltage signal of field-oriented purple-membrane
sheets.

The two intermediate processes have similat time
constants, 7,=17pusec and t,=57 usec (at 25°C).
When processes 2 and 3 are lumped together using a
fit program with three (instead of four) exponentials,
a time constant of 32 psec is assigned to the com-
pound process which is similar to the half-time of
about 27 psec for the L— M transition at 25 °C (cal-
culated from data of Dencher & Wilms, 1975). The
finding that the experimental photocurrent transients
could not be fitted adequately with a sum of three
exponential indicates that processes 2 and 3 are real.
This assumption is consistent with spectrophoto-
metrical observations indicating that the M product
occurs in two different forms (Eisenbach, Bakker,
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Korenstein & Caplan, 1976 ; Hess & Kuschmitz, 1977;
Korenstein & Hess, 1977; Hoffmann, Graca-Miguel,
Barnard & Chapman, 1978 ; Korenstein, Hess & Kusch-
mitz, 1978; Marcus & Lewis, 1978). It is not known
so far whether the two forms of the M intermediate
are part of a linear reaction sequence or whether a
branching of the chain occurs somewhere before the
M product (Hess & Kuschmitz, 1977; Korenstein
et al., 1978). The notion that components 2 and 3 of
the photosignal are associated with the L—M transi-
tion is further supported by the similarity between
the observed activation energies, E,=56 kJ/mol,
E3==49 kJ/mol and the spectrophotometrically deter-
mined activation energy E=159 kJ/mol of the LM
reaction (Dencher & Wilms, 1975).

The slowest component of the photocurrent tran-
sient has a time constant 7,=950pusec (at 25 °C).
This value is similar to the time constant for the
M — N transition which has been determined spec-
trometrically to be about 1 msec at room tempera-
ture (Stoeckenius ectal., 1979; see also Sherman,
Korenstein & Caplan, 1976; Rosenheck et al.,, 1978).
It cannot excluded that process 4 is involved in the
rebinding of the proton to bacteriorhodopsin. This
assumption is consistent with the observation that
the time constant t, increases and the relative
amplitude a,/a, decreases with increasing pH of the
medium (Figs. 7 and 8).

The effect of D,O on the photocurrent kinetics
supports the interpretation of the time constants giv-
en above. From flash-photometric experiments it is
known that the rate constant of the L— M transition
is decreased by a factor of 4-5 and the rate constant
of the M—0 transition by a factor of 2-3, whereas
the K— L process is little affected (Korenstein, Sher-
man & Caplan, 1976; Lozier & Niederberger, 1977;
Stoeckenius et al., 1979; Keszthelyi & Ormos, 1980).
The time constant of component 1 of the photo-
current (which probably corresponds to the K—L
transition) is found to be virtually the same in H,O
and D,0O (Table 1 and Figs.5 and 9), in agreement
with the spectroscopic observations. Components 2
and 3 are found to be slowed down in D,O, 7,
increasing 2.6-fold and 7, 2.9-fold, whereas 1,
changed only by a factor of about 1.6, If processes
2 and 3 are lumped together by using a fit program
with three instead of four exponentials, the increase
in time constant of the compound process is about
fourfold in D,0O as compared with H,O, similar to
the results of spectroscopic studies (where the L—»M
transition has been analyzed in terms of a single
exponential process). The marked isotope effect on
7, and 1, is consistent with the notion that pro-
cesses 2 and 3 are associated with proton dissocia-
tion from the binding site.

The temperature dependence of the relaxation
times in H,O and D,0O could be represented by a
linear relationship between Int;, and 1/T in the Ar-
rhenius plot of Figs.5 and 9 in the whole tempera-
ture range between 0 and 40 °C. Thus, these experi-
ments provide no evidence for a phase transition in
the purple membrane in this temperature range
(Sherman et al., 1976).

The photoelectric signals contain information on
the charge displacement associated with the elemen-
tary transitions of the bacteriorhodopsin molecule. If
&, transitions from state B, to state F._; take place
per unit time in the membrane, a displacement cur-
rent of magnitude e, o, @,(t) is recorded in the exter-
nal measuring circuit (e, is the elementary charge).
The “displacement coefficients” o, describe the
magnitude of charge movement associated with the
transition P.—P._,. If N bacteriorhodopsin mol-
ecules are excited by a flash at time t=0, the total
charge g, transferred by process i in the external
circuit is given by

q;=e,0; | ®;di=e, o N. (11)
0

If the membrane is considered as a homogeneous
dielectric film of thickness d interposed between two
conducting phases, and if one elementary charge is
moved over the distance /; during the transition, the
displacement coefficient is simply given by o,=I/d
(Frehland & Lauger, 1974). Since a lipid membrane
with embedded proteins represents a strongly in-
homogeneous dielectric medium, this simple inter-
pretation of o, is not generally valid, however. As
the number N of excited bacteriorhodopsin mol-
ecules in the membrane is not known, only ratios of
displacement coefficients can be obtained (In prin-
ciple, N can be evaluated from the time integral of
the photocurrent; this method, however, cannot be
used here since contributions to the time integral at
long times remain undetected due to low current
amplitudes). According to Eq.(A14) the ratios o /as,
o,/o; and o,/oy can be expressed by the experimen-
tal values of the current-amplitude ratios a;/a;
=A/A; and the rate constants k;, assuming that
processes | to 4 are arranged in a linear sequence.
(In cases where k, >k, > ky>k, holds, the approxi-
mate relation (10) can be used). Values of «,/o;,
o,/o; and a,/o, obtained in this way are given in
Fig. 11. It is seen that o,/o, and o,/0; are virtually
temperature-independent between 5 and 25°C, while
loeyJoes] increases with temperature. The charge dis-
placement by process I is about five times that of
process 3 (at 15°C) and in opposite direction. Pro-
cesses 2 and 3 exhibit nearly equal charge displace-
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Fig. 11. Displacement coefficients «; of processes 1, 2 and 4 (re-
ferred to o3) as a function of temperature. o;¢, is the amount of
charge moving in the external circuit during the transition from
state P, to state P._; of the protein (¢, is the elementary charge).
The values of a0, have been calculated from the data repre-
sented in Figs. 5 and 6 using Eq. (A14)

ments (o,/0,~1), whereas the ratio «,/o; is about
0.4. Varying the pH between 3 and 11 has little
influence on a,/ay; o,/a; increases from 0.38 (at
pH 3) to about 1.5 (at pH 11). In D,0O at 3°C the
following values are obtained: o, foy=—9.1, a,/a,
=0.69, o, /o5 =0.69.

The displacement coefficients «; not only contain
contributions from proton transfer along the pump-
ing pathway, but also account for any movements of
polar groups during conformational transitions of
the protein. Thus, the finding that «, is negative
does not necessarily mean that in process 1 the pro-
ton moves backward (with respect to the direction of
overall proton transport). Rather, the large negative
value of a, could mean that the K—L transition
involves a major conformational change. In any
case, the analysis of photoelectric signals yields in-
formation on the pumping process not available
from optical studies, and any mechanistic model of
the pump must account for the observed values of
the displacement coefficients.
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Appendix A

Current Transients Associated
with the Photochemical Reaction Cycle

We consider the following reaction sequence in which a molecular
species B, is transformed by light absorption into an excited
species P, which decays in the dark via intermediates B, B, ... to
the final stable state P, _, (in the case of a cyclic reaction, P, is
identical with Fy):

h k k. kn
B—>P—PF-—>PF. .B—"F_,. (A1)
ki, k,,... are the reaction rate constants. We assume that all

reactions are virtually irreversible so that back reactions may be
neglected. We denote the number of molecules in state P, by Ni(f)
and assume that at time 7<0 all molecules have been in state Py
and that at t=0 N molecules are transformed into state P, by a
flash of light. The boundary conditions then are

N,0)=N (A2)
N©O=0 (i=2,3,...,n+1) (A3)
NO)+ N, O+ ...+ N, ()=N  (:20) (A4)

The rate of change of the N, is given by

dN,
7;1-: —k, N, (A5)
dN,
dtl:_kiM+ki71Nif1 (i=2,3...n) (A6)
AN,
ok N,
o =kl (AT)

The solution (for n=2) may be written in the form

N,(t)=N exp(—k,t) (A8)
NO=NK ko, 3 W’—iik—”ﬁ
i=23 (A9)
N, (0)=N [1~k1 ky ook, é expk(v'a’i‘(z)] (A10)
a, =k — k) ky—k) .k =k ) Ky — k) (k= k)
- H1 (k). (A1)
T

In general, each transition B— P, is associated with a displace-
ment of electric charge in the membrane dielectric which, in turn,
leads to a charge displacement in the external circuit. The magni-
tude of charge displacement in the external circuit associated with
a single transition P,—P_, may be denoted by o,e, (e, is the
elementary charge). For instance, if the photoreactive membrane
is a homogeneous dielectric of thickness d interposed between two
aqueous electrolyte solutions, and if an elementary charge is moved
over the distance [; within the dielectric during the transition
PP, 4, then o= [,/d (Frehland & Lauger, 1974). If m protons
are transferred from one aqueous phase to the other during the
photocycle, then o, +o,+...+o,=m. The current I(t) in the ex-
ternal circuit (at zero voltage) is the sum of the contributions of
all transitions:

I(f)=e, i o k; Ni(t). (A12)

i=1



A. Fahr, P. Liuger, and E. Bamberg: Proton Transport by Purple Membrane 61

Introduction of Egs. (A8)-(A10) yields

n

I)=e,N Y A, exp(—k,1) (A13)
v=1
ki k kikyk ki...k,
Ay=a ko, e L Lt AR B
syt a3 Ay
kik kikyk ki...k
Ay, P, 2234 g SR
. a2 as; y2
An:ocnk1”'k". (A14)
a

According to Egs. (A13) and (A14) the current transient I(z) con-
tains the following information: the relaxation times yield the rate
constants k,, k,, ..., k,, whereas from the amplitudes A4, the “dis-
placement coefficients” x,, a,, ..., can be determined which
describe the elementary charge displacements associated with the
individual reaction steps.

A simple situation is given when each following reaction is
much slower then the preceding one, i.e., when k; > k> k3... >k,
holds. Under these conditions Eq. (A13) reduces to

Ity~e,Nlo kyexp(—k, t)+ayk, exp(—k,t)+...
+a,k, exp(—k,1)]. (A15)

In this case the current amplitude of each individual reaction is
proportional to its rate constant k;,. This means that the slower
reactions (k; small) are difficult to observe in the current transient.

In the experimental analysis of photocurrent transients the
situation may occur that some reactions are too fast to be detect-
ed at the given time resolution of the measuring device, whereas
other reactions are very slow and have an amplitude below the
resolution limit. It may be shown that in this case only the rate
constants belonging to the reactions of intermediate rate enter
into the expression for I(f). In order to illustrate this point,
we consider the specific case of a photoprocess with
k> (k. k3, k)>ks, kg, ... k,. In this case Eq. (A13) reduces to
(for times larger than 1/k,):

I{t)=e,N[A4, exp(—k,t)+A; exp(—kyt)
+ A, exp(—k,1)] (A16)

ky ks kykyk,
A, =00, k,+
2R T L T, T g —ky) ey — k)

kyky kokyk,
A=ty ————+o, —————
? : kz _ks * (kz —ks) (k4_k3)
kykik
A4=a4*__ziﬁ___ (A17)

(kz _k4) (ks - k4)

Thus, the parameters oy, kq, o5, ks, ... of the undetectable reac-
tions do not appear in the expressions for the amplitudes 4,, 4,
and A,. By change of notation 2—1, 3—2, 4-3), Egs. (A16) and
(A17) become identical with the corresponding expressions for the
case n=3.
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