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We have measured the time-resolved charge displacement currents of baeteriorhodopsin (BR) from Halobacterium 
halobium in multilayer arrays of well-oriented purple membranes in photoelectric cells with the sandwich electrode 
configuration: SnO2 [BR lAg. The purple membrane cells were irradiated by dye laser pulses entering the cells through 
the light-transmitting SnO 2 electrode. The photochemical cycle of BR was found to be reversible in these solid films, 
and we observed a major decay component for the M intermediate with a decay time of 46 ± 3 ms as measured by the 
transient optical absorption at 412 nm. We also observed a minor component ( ~ 5% of the total amplitude) with a decay 
time of 0.97 + 0.15 s. We measured the early action spectrum for the instrument limited amplitudes of the photoelectric 
behaviour: this action spectrum differed from the absorption spectrum of the absorbing BR pigment. However, the 
action spectrum measured 500 ps after flash excitation was in agreement with the absorption spectrum of BR. We 
attribute the nature of the early action spectrum to the presence of red and blue absorbing species which are not capable 
of pumping protons across the purple membrane hilayer. We also measured the charge displacement currents when the 
purple membrane cells were perturbed by small applied voltages with a specific polarity: for conduction of negative 
charges in the same direction as vectorial proton transport, enhanced transient photocurrents resulted. We interpret 
these enhanced photocurrents in terms of an enhancement of observed charge separation resulting from a reduced back 
reaction from the K intermediate of the photocyde. 

Introduction 

Bacteriorhodopsin is the only protein isolated from 
the purple membrane fraction of Halobacterium 
halobium [1], and it possesses a photochemical cycle 
with the classic intermediates K, L, M, N and O which 
can be monitored by absorption spectroscopy from 
nanoseconds to seconds [2]. The molecular architecture 
of this proton pump has been the subject of recent 
biophysical investigations, including the measurement 
of the orientation of the plane of the retinylidene chro- 
mophore relative to the purple membrane plane [3,4]. 
One recent model [4] for the movement of charges in 
the BR photochemical cycle places the orientation of 
the N - H  bond towards the exterior of the membrane, 
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based on linear dichroism results, although an opposite 
orientation has been assigned in another model [5]. In 
both of these models, the Schiff base of BR is 
hydrogen-bonded to its counterion, probably Asp-212. 
Upon photoisomerization from the 13-trans to 13-cis 
forms of the chromophore, the Schiff base is carried 
away from the proximity of Asp-212 and Tyr-185. In 
the K and L intermediates, the Schiff base is probably 
hydrogen bonded to Asp-85; and in the L to M transi- 
tion, the Schiff base proton is transferred to Asp-85. In 
the C-T model [6], an isomerization-induced conforma- 
tional change (T to C) permits the reprotonation of the 
Schiff base by a residue other than Asp-85 so that 
proton pumping from the cytoplasm to the exterior of 
the membrane is the final result. 

It is clear that the primary photochemistry and sub- 
sequent events involve the creation of dipoles and the 
movement of individual charges. These two kinds of 
charge displacements have been detected together, but 
not resolved, in various samples of oriented purple 
membrane patches in aqueous suspensions [7,8], at in- 
terfaces [9,10], and also in a number of solid state 
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systems: formed by electrodeposition [11-18], by incor- 
poration in polyacrylamide gels [19,20], and by a Lang- 
muir-Blodgett protocol [21]. However, the molecular 
details giving rise to the photocurrents remain to be 
elucidated, including the question of separating the 
contribution of dipole creation from that of charge 
migration. It is known from the photochemistry of 
rhodopsin that the early charge separation plays a role 
in the storage of photochemical energy [22,23]. In ad- 
dition, optical second-harmonic generation [3] and spec- 
troscopic [24] measurements point towards a mecha- 
nism in which the protonated Schiff base in bacterio- 
rhodopsin is separated from a negative counter ion, 
probably Asp-212, during the primary photoisomeriza- 
tion. 

By an analysis of purple membranes as displacement 
current generators, Keszthelyi's group [7] first proposed 
that protons undergo a slingshot type of mechanism in 
which they first recoil then advance in the direction of 
vectorial proton transport. The same group also showed 
[8] that the displacement current with a negative phase, 
relative to the proton pumping, is associated with the 
charge displacement events of the primary photochem- 
istry resulting in the K intermediate. Indeed, all ori- 
ented BR samples are characterized by the distinctive 
bipolar character of the charge displacement currents 
which is common to oriented BR membrane systems 
[7-21]. However, another important consideration [3,15] 
is that changes in electronic charge density of the retin- 
ylidene chromophore occur at the same time as the 
photoisomerization; and the electronic charge distribu- 
tion also should influence the protein's structural alter- 
ations. 

The object of the present study was twofold: (1) to 
characterize the integrity of the photochemical cycle in 
these solid state films which are dehydrated relative to 
aqueous suspensions and (2) to examine the early events 
of the charge displacement currents on a microsecond 
timescale to examine the photochemical mechanism of 
dipole splitting and subsequent charge migration. We 
adopted a first approach to these questions by measur- 
ing the action spectra of the charge displacement cur- 
rents in solid films in the early 1-500 ~s time domain. 
Previous action spectra have only been measured for 
hydrated membranes [10] or have only been measured 
under steady-state conditions [18,20,21] and thus lacked 
any detailed kinetic information. We chose to use multi- 
layers of purple membranes because they can be per- 
fectly oriented by an electrodeposition technique [11], 
and they give well resolved charge displacement cur- 
rents in the time domain. One further advantage of 
measuring charge displacement currents in the solid 
state is that there is no ambiguity concerning proton 
migration at and beyond the aqueous interface [7]. For 
instance, voltage clamp measurements [25] have demon- 
strated the possibility of two components for the dis- 

placement currents: an oriented dipole mechanism and 
interfacial charge transport. Thus, in aqueous systems, 
it is essential that the bitayer aqueous interfaces be 
characterized in order to interpret the kinetics of the 
photochemical charge displacements, including any 
back-reactions [25,26]. In the solid-state multilayer sys- 
tem, there is essentially no interracial charge transport 
and the samples are still reversibly active [13]; but the 
question of the photochemical efficiency in these dehy- 
drated solid films remains unanswered to this day. With 
regard to reversibility, we report some optical measure- 
ments which show that the photochemical cycle of BR 
in this solid-state system is slower, but that it can still 
be reversibly cycled. 

Materials and Methods 

Purple membranes were isolated from the S-9 strain 
of Halobacterium halobiurn according to established 
methods [27]. Prior to electrodeposition, the purple 
membranes were resuspended and centrifuged three 
times in deionized and quartz-distilled water so that the 
conductivity was less than 0.1/~S/cm. A template was 
used to shape the SnO 2 electrode to the desired form on 
standard 25 × 75 mm glass slides, and the SnO 2 was 
deposited by reactive sputtering in an Edwards vacuum 
sputtering system with 10% oxygen and the balance 
argon at a total pressure of 10 -3 torr. The purple 
membranes were electrodeposited on these SnO2 elec- 
trodes by applying an electric field of about 30 V/cm 
across a 3 mm cell to achieve the orientation, electro- 
phoresis, and deposition of the purple membrane frag- 
ments (usually in less than ten seconds) on the optically 
transmitting SnO 2 electrodes on glass slides [11]. We 
performed electrical measurements on these dried solid 
films which had absorbances between 0.1 and 1.0 at 568 
nm for light-adapted slides at 50% relative humidity. On 
certain slides with absorbances less than 0.3, we were 
able to measure the thickness of the purple membrane 
multilayers at a relative humidity of 50% using a Varian 
Model 980-4000 interferometric microscope (with a 
Fizeau plate). These measurements provided a calibra- 
tion of (5600 + 400) A for an absorbance of 0.1 at 568 
nm for electrodeposited light-adapted purple membrane 
fragments: this calibration has not been reported previ- 
ously to the best of our knowledge. This measurement 
permits an estimate of the extinction coefficient for 
solid films of electrodeposited purple membranes: a = 
(1.79 + 0.13). 10 3 c m  -1.  

For electrical measurements, a second silver elec- 
trode was evaporated in vacuo on top of the purple 
membranes so as to achieve the sandwich geometry, 
SnO2 IBR lAg. All measurements of the electrical activ- 
ity were performed at a relative humidity of 50% which 
was maintained by equilibration with a saturated 
calcium nitrate solution at 25 °C in a closed box. The 



electrodes were connected to the high impedance input 
of an operational amplifier in a current-integrating cir- 
cuit which stored the integrated charges on a 0.5 nF 
capacitor and produced a voltage at the output which 
was proportional to these stored charges. Upon electri- 
cal connection to a thin film sample, the amplifier 
circuit had a rise time of approx. 1.5/~s and an RC time 
constant of 11 ms for holding the integrated charges: 
The RC time constant of the thin film must have caused 
some distortion of the time profile of the photoelectric 
transients. However, the time constant of the photoelec, 
tric response under open circuit conditions was similar 
to those of other thin film bacteriorhodopsin membrane 
electrodes [11], but we did not use shunting resistances 
which could affect the photoelectric signals due to 
changes in the effective RC time constants. We did 
observe significant changes in the time profiles when 
various shunting resistances were employed, and we 
chose to avoid this difficulty. Finally, an integrating 
amplifier was used for these measurements so as to 
avoid problems with oscillating feedback responses at 
the input of the operational amplifier which were usu- 
ally present in the current /vol tage conversion mode of 
amplification for thin film photocells due to their intrin- 
sically small electrical capacitance values (see later). We 
acknowledge that much faster time responses can be 
obtained by using current /vol tage conversion ampli- 
fiers for thicker aqueous cells with much larger electri- 
cal capacitance values [19], but the requirement of ho- 
mogeneous light absorption prevented us from substan- 
tially increasing the solid film thicknesses in the cells of 
this work. 

The sandwich cells were excited through the light- 
transmitting SnO 2 side of the cells by laser pulses at 0.2 
Hz with a full width at half-maximum (FWHM) of 0.6 
ns from a Photochemical Research Associates (PRA) 
LN102 dye laser which was pumped by a PRA LN1000 
nitrogen laser. By selecting suitable dyes, we able to 
produce light pulses from the dye laser between 470 nm 
and 700 nm (at 2 nm intervals) which gave saturating 
electrical responses at light energy levels of approx. 100 
/~J for purple membrane samples with a 0.3 absorbance. 
When we measured the action spectra for these samples, 
we were careful to diffuse the dye laser beam so that the 
measured amplitudes always responded linearly with 
the energy input of about 1-20 /xJ as measured by a 
Gentech ED-100 thermoelectric light pulse energy meter 
at each wavelength. It should be noted that the laser 
light was unpolarized at the sample position after pas- 
sage through a diffusing lens and frosted glass plate. 
Each action spectrum was calculated in terms of the 
number of photons incident on the purple membrane 
multilayers by correcting for a small absorption by the 
SnO 2 electrode at all wavelengths. In fact, the silver 
electrode acted as a mirror for these visible light pulses 
so that the incident photons traversed the purple mem- 
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brane multilayer two times, but we deemed multiple 
internal reflections to be of minor importance from a 
consideration of the Fresnel coefficients for internal 
reflections, assuming a refractive index of 2.0 for SnO2 
and 1.5 for the purple membranes. 

By assuming an idealized equivalent circuit with a 
resistance and capacitor in parallel for the sandwich 
cells, we estimated the circuit element values at 50% 
relative humidity using a standard a.c. impedance tech- 
nique with frequencies between 0.005 Hz and 100 Hz. 
The calculated resistance was usually between 50 and 
200 M~2 for samples with absorbances between 0.3 and 
1.0, and this value was strongly influenced by the water 
content of the samples. However, the capacitance was 
usually between 0.5 nF and 1 nF, which agreed with the 
order of magnitude estimate of the geometric capaci- 
tance calculated by assuming a dielectric constant be- 
tween 3 and 8 for the membranes. (The active area of 
the purple membrane sandwich cell was approx. 0.45 
cm 2, and the thickness was typically 1-3  /~m.) On 
application of small (up to + 50 mV) voltages to well 
behaved cells, there was no evidence for any significant 
rectifying behaviour in these cells when we inspected 
the current-voltage curves over the frequency range 
from 0.005 Hz to 100 Hz. 

Some cells with the least noise in their current-volt-  
age curves were chosen for the experiment in which we 
measured the charge displacement currents while apply- 
ing d.c. voltages of 20 mV to 100 mV across the cells. 
According to the measured 100 M~2 internal resistances, 
these applied voltages should have resulted in d.c. cur- 
rents of about 1 nA. We were able to measure some of 
these d.c. currents in the range of 0.1 to 1.0 nA, using a 
Keithley Model 616 digital electrometer. Since we were 
using polarizable electrodes in this work, d.c. currents in 
the range below 1 nA indicate a small leakage between 
the electrodes as compared with the much larger micro- 
ampere transient photocurrents. Furthermore, the cur- 
ren t /vol tage  plots of the impedance measurements 
showed some current fluctuations for most samples, 
indicating that the leakage currents were variable. 

In the steady-state absorption spectra, all solid ori- 
ented films were measured at an angle of incidence of 
90 ° , and under these conditions, we were unable to 
detect any dichroic absorption in these samples using 
polarizing filters. We also carried out some time-re- 
solved AA optical measurements on the immobilized 
and oriented BR films on SnO 2 slides using a JK Lasers 
System 2000 Nd-YAG laser with a F W H M  of 20 ns at 
532 nm, and a xenon arc lamp was used as a monitoring 
beam in conjunction with a 412 nm interference filter. 
The analyzing beam was incident at an angle of 45 ° to 
the film, and the observed ~ A values were independent 
of the angle of incidence between 40 ° and 50 °. The 
detector was a Hamamatsu $1722-01 photodiode with 
an amplifier which had a time response of about 100 ns. 
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The laser pulse was diffused so that no more than 1 mJ 
at 532 nm was incident on the purple membrane sam- 
ples. Finally, the detector was sufficiently removed from 
the sample to minimize the collection of scattered light 
from the monitoring beam. 

Results and Discussion 

From previous measurements [13] of the permanent 
electric dipoles of purple membrane fragments at pH 7 
in aqueous suspensions, it has been determined that 
protons move in the direction of the positive charge of 
the purple membrane's permanent electric dipole. As 
the purple membranes were electrodeposited on an SnO 2 
anode, this implies that the direction of pumping of 
protons i n  these oriented multilayers is towards the 
silver electrode as shown in Fig. la. In Fig. lb, the early 
version [28] of the photochemical cycle of BR shows the 
major optical intermediates involved in the operation of 
the proton pump. Subsequent versions of the photo- 
chemical cycle contain branching pathways including 
light- and dark-adapted cycles [2], but the main features 
of the original version are intact in more recent updates 
of the photochemical cycle [29]. 

Optical measurements 
In Fig. 2, we compare the absorption spectrum of an 

aqueous suspension of purple membranes at pH7 with 
that of an electrodeposited multilayer film on SnO 2. 
Both preparations of purple membranes were light 
adapted, and we observed Xma x = 568 nm in both cases. 
There should be a sensitivity of the absorption spectra 
of BR [28] to dark adaptation forming BR 558 (with 
Xmax = 558 nm) and to light adaptation forming B R  568 

(with Xma x = 568 rim) which we also observed in our 
oriented multilayer films of purple membranes (not 
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Fig. 1. (A) Schematic view of a sandwich cell with the vectorial 
direction shown for proton pumping relative to the external SnO z and 
Ag electrodes; (B) the photochemical cycle of bacteriorhodopsin 

according to Ref. 28. 
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Fig. 2. Typical absorption spectrum of a purple membrane suspension 
in deionized water at pH 7 at 298 K (dotted line); typical absorption 
spectrum of electrodeposited purple membranes oriented on SnO 2 at 

298 K (solid line). 

shown). We note that there are some differences in the 
spectra of the solid films relative to that of aqueous 
suspensions, particularly the existence of the broad red 
shoulder on the the solid film spectrum of Fig. 2. The 
spectrum of the solid oriented film was corrected for 
any absorption by the SnO 2 electrode, however there 
was some residual SnO 2 absorbance caused by changes 
in the SnO 2 electrode following electrodeposition in the 
region of X < 400 nm (not shown in Fig. 2). In addition, 
the red shoulder of the solid film spectrum was en- 
hanced for samples which were electrodeposited for 
periods of time longer than 10 s. The spectrum of the 
oriented film of Fig. 2 was obtained for a sample which 
was electrodeposited for 15 s, and shorter electrodeposi- 
tion times resulted in samples with spectra having 
weaker absorbances in the red (e.g., see Fig. 4). 

We made some measurements of the transient optical 
absorption of the intermediate M (or M 412) a t  412 nm 
which we refer to as AA412. We found that the decay of 
AA412 w a s  approximately exponential with a decay time 
of 46 _+ 3 ms (see Fig. 3a), slower than the usual 20 ms 
[19] observed for purple membrane fragments in aque- 
ous suspensions. However, there was an additional small 
fraction (approx. 2-5%) of the amplitude of AA4t  2 

which decayed with a time constant of 0.97 _+ 0.15 s. 
This slow decay component was also enhanced for 
samples with long times of electrodeposition. We note 
Kononenko et al. [17] detected much longer lifetimes 
for the decay of M 412 in their electrodeposited samples, 
but the latter's electrodeposition times (30-240 s) were 
much longer than those of this work (15 s maximum); 
and the prolonged applied currents probably affected 
the former samples. 

On comparing the absorption spectra of Fig. 2, the 
similar bandwidths and absorption maxima suggest that 
the molar extinction coefficients for the two systems 
could be similar. However, a careful comparison of 
extinction coefficients would require a molar concentra- 
tion measurement of the solid film so that the molar 
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Fig. 3. (A) Typical time-resolved optical absorptmn measured at 412 
nm in a solid state cell with electrodeposited purple membranes at 298 
K with an optical absorbance of A568 = 0.5, excitation at 532 nm with 
one saturating 1 mJ laser flash. (B) Typical time-resolved integrated 
displacement current obtained by averaging with 16 dye laser flashes 
(each with approx. 50 /zJ at 570 nm) with excitation through the 

transparent SnO 2 electrode for a sample with A568 = 0.3 at 298 K. 

extinction coefficient (units of 1 mo1-1, c m - l )  of het- 
erogeneous aqueous suspensions could be related to the 
absorption coefficient, a (units of cm-1), for homoge- 
neous absorption in the solid films. In the absence of 
this molar concentration estimate, we shall simply as- 
sume that the extinction coefficients for the two systems 
are similar based on the similar absorption spectra. 
Empirically, we found that flash induced changes in 
optical density (AA) for electrodeposited samples main- 
tained at 50% relative humidity were comparable to the 
AA values (approx. 0.05) from equal absorbances (ap- 
prox. 0.5) of purple membranes in aqueous suspensions 
[28]. Assuming comparable extinction coefficients for 
the hydrated and dehydrated membrane systems, we 
conclude that there was only a small (~< 5%) deactiva- 
tion of BR in our electrodeposited thin films relative to 
aqueous suspensions. Therefore, the photochemical cycle 
was slowed down (recycling of M 412 to BR568), but it 
appeared to be reversibly cycled upon repetitive excita- 
tion of our solid state films at 0.2 Hz. We will return to 
this important question. 

Action spectra of the photocurrents 
A typical charge displacement photocurrent mea- 

sured for our sandwich cells is shown in Fig. 3b, where 
the measured time dependent voltage is proportional to 
the integrated charge displacement currents. We will 
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Fig. 4. Absorption spectrum of light-adapted BR multilayers on a 
SnO 2 electrode (corrected for SnO 2 absorption) with A568 = 0.5 (solid 
line); action spectrum of the fast negative integrated displacement 
current amplitudes A (broken line); and action spectrum of the slow 
or final positive integrated displacement current amplitudes B (dotted 
line). The experimental errors in the A and B amplitudes are each 
+ 10% of the A amplitudes, and the A/B data was measured at 2 nm 

intervals at 298 K. 

subsequently refer to them as (time-resolved) integrated 
current amplitudes. We observed some variability in the 
ratio of the B amplitude (taken 500 #s after the laser 
flash) relative to the A amplitude (the instrument-limited 
response taken at approx. 5 t~s after the flash) from 
sample to sample, but the B amplitude was usually 
more than 2-times larger than the A amplitude. The B 
amplitude can be correlated with the final charge dis- 
placement currents of protons inside the purple mem- 
branes. We then calculated the action spectra of the A 
and B integrated current amplitudes and compared 
them with the absorption spectrum of a light-adapted 
sample as shown in Fig. 4. Here, the B integrated 
current amplitudes have been normalized to the absorp- 
tion spectrum maximum, and the A amplitudes had the 
same A / B  amplitude ratio as that of the experimental 
time-resolved traces. Although the action spectrum of 
the B amplitudes is slightly red-shifted and weak in the 
X > 620 nm region, there is a reasonable agreement with 
the optical absorption spectrum of BR. We can con- 
clude that the final integrated charge displacements 
have an action spectrum closely resembling the absorp- 
tion spectrum of light-adapted BR which indicates that 
the BR photochemical cycle is functioning in a nearly 
reversible manner in these sandwich cells. 
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Fig. 5. Spectrum of the ratio of the A/B (fast over slow) integrated 
displacement current amplitudes from Fig. 4 which shows a red 

enhancement of the fast or negative integrated current amplitudes. 
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Fig. 6. (A) Time-resolved integrated displacement current amplitudes for a purple membrane sandwich cell at 298 K, measured under normal 
conditions with A568 = 0.3 and excited with a single 50/~J laser flash at 570 nm. (B) Time-resolved integrated displacement current amplitudes 
measured for the same sandwich cell at 298 K excited with one laser flash at 570 nm, while applying 50 mV d.c. across the cell with the polarity 

indicated on the inset. 

However, the instrument-limited A current ampli- 
tudes of Fig. 4 do not have an action spectrum com- 
parable to that of the BR absorption spectrum. In 
addition, the ratio of the A / B  integrated current ampli- 
tudes, shown in Fig. 5, varies as a function of the 
exciting wavelength. This sensitivity to excitation wave- 
length could suggest the presence of more than one 
light-absorbing species in these films, and we return to 
this question later in the conclusions. 

Perturbed photocurrents 
In order to provide more information concerning the 

nature of the charge carriers in this early time regime, 
we carried out a series of experiments where small d.c. 
currents were imposed upon the sandwich cells during 
the measurements of the flash-induced charge displace- 
ment currents. From our previous measurements of the 
impedance properties of our sandwich cells, we con- 
cluded that nanoamprre d.c. electronic or ionic currents 
flowed through the cells upon application of small 
(20-100 mV) d.c. voltages across the external elec- 
trodes. We observed that the connection of the BR 

sandwich cell to an external d.c. power supply resulted 
in more noise being present during the measurement of 
the integrated charge displacement currents, but  it was 
still possible to make single laser flash measurements 
with acceptable signal-to-noise ratios (see Fig. 6). 

A strong effect on the measured integrated current 
amplitudes was observed when the polarity of the d.c. 
current was such that electrons or negative ions flowed 
from the SnO 2 electrode to the silver electrode, that is in 
the same direction as the transport of protons during 
the photochemical cycle of bacteriorhodopsin in these 
sandwich cells. As shown in Fig. 6, there was about a 
3-fold enhancement of the early negative part of the 
charge displacement current with no appreciable in- 
crease in the integrated current amplitude observed at 
several 100 /~s after flash excitation. Significantly, this 
enhancement effect was not observed in the case where 
the d.c. current polarity was reversed. Also, samples 
which had absorbances close to 0.5 were strongly per- 
turbed on applying 50 mV acrosss the cells while sam- 
ples with optical absorbances close to 1.0 were per- 
turbed by applying 100 mV voltages. Increasing the 



voltages past these thresholds resulted in increased noise, 
but it did not result in a further significant enhance- 
ment of the integrated charge displacement currents. 
Thus, the enhancement effect was already maximal at 
about 50 mV per 0.5 A unit. Using our calibration of 
the thickness of the cells, we determine that 0.5 in 
absorbance corresponds to a BR multilayer thickness of 
about 2.8 /~m. Therefore, we can calculate that the 
electric field applied across the cells in these experi- 
ments is about 1.8 • 104 V/m,  which is about 103-times 
smaller than the electric field used by Kononenko et al. 
[17] to perturb the spectra of purple membranes in the 
dark. Therefore, we conclude that it is very unlikely that 
the external electric field imposed on our cells was 
responsible for the perturbation effects observed in 
these experiments. This would imply that the d.c. cur- 
rents or particularly the local electric fields associated 
with the currents were directly responsible for the per- 
turbations observed in the time-resolved charge dis- 
placement currents. These latter currents can be as large 
as microamp~res/cm 2 [19], and yet they were ap- 
parently being perturbed by d.c. currents as small as 
nanoamp~res/cm 2. This could be explained if the role 
of the d.c. currents were to displace charges in the pores 
of the BR protein such that the photochemistry was 
triggered in pores which have become polarized. The 
major effect was observed at the instrument limited rise 
time of the negative integrated photocurrent maximum. 
Significantly, the amplitudes of the final integrated 
charge displacement currents were not affected as shown 
in Fig. 6. Therefore, we assume that the final proton 
charge displacement current was unaffected; but the 
charge carriers preceding the protons were influenced 
by the small applied potentials and concomitant 
nanoamp~re d.c. currents. We cannot make a direct 
comparison with the currents measured under voltage- 
clamp conditions which are essentially closed-circuit 
measurements made on membranes with aqueous inter- 
faces, but these latter measurements [30] show some 
voltage asymmetry for the light-driven steady-state 
membrane currents in planar bilayer membranes. In 
contrast, we observe no voltage asymmetry for the final 
'steady-state' proton displacement currents, which is 
probably due to the small value of our applied poten- 
tials reduced to those across single purple membrane 
bilayers. 

It is well established that calcium, magnesium, and 
chloride ions, among others, are bound [31] in the 
purple membrane fragments isolated from the high-salt 
medium, and measurements by elemental analysis [311 
find 0.93 Ca 2+ and 3.4 Mg 2÷ as the molar ratios per 
mole of pigment in well-washed purple membranes. 
Indeed, deionization or loss of calcium and magnesium 
ions from purple membranes results in 'blue'  mem- 
branes which are found to be incapable of pumping 
protons [31]. Therefore, we consider that ionic currents 
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Fig. 7. Typical time-resolved integrated displacement current ampli- 
tude measured at 298 K for a sandwich cell with deionized blue 
membranes with a maximum optical absorption of A6o5 = 0.4, excited 
with a 50 #J laser flash at 590 nm. The electrode polarity and ordinate 
sensitivity was the same as that of Fig. 3B, but the respective time 

scales were different as indicated on the respective figures. 

were probably responsible for the small d.c. currents in 
our cells; but it seems unlikley that protons were mobile 
in these films, in the absence of photochemistry [32], 
firstly because of the buffering capacity of the groups in 
the protein and secondly because of the limited pres- 
ence of water: only about 100 molecules of water per 
bacteriorhodopsin molecule at 50% relative humidity 
[13]. 

Finally, we produced some oriented solid films of 
deionized blue membranes from deposited purple mem- 
branes by electrodepositing at p H - - 6  and by passing 
the electrodeposition current through the deposited pur- 
ple membranes for approx. 1-2  min. We show that 
deionized blue membranes do have a photochemical 
charge displacement activity, as shown in Fig. 7, where 
there is a positive amplitude followed by a small nega- 
tive amplitude for charge displacements in the time 
profile. Here, the inverted character and much slower 
kinetics of the charge displacement currents (relative to 
those of purple membranes) together with the lack of a 
positive millisecond component are taken as evidence of 
an incomplete photochemical cycle, including a lack of 
proton pumping ability [31]. 

Conclusions 

The measurement of charge displacement currents in 
the solid state cells has the advantage of eliminating the 
aqueous interface from considerations of the nature of 
the charge carriers implicated in the photochemical 
charge displacement mechanism. However, the kinetics 
of the major component of the M 412 decay showed that 
the reversibility of the photochemical cycle was about 
two times slower than that observed for hydrated purple 
membranes. In spite of this slower decay, the photo- 
chemical yield of M 412 was found to be comparable to 
that of the hydrated membrane reference. Therefore, we 
found no major deactivation of the dehydrated solid 
films; and their charge displacement currents possessed 
the expected bipolar (negative and positive) time pro- 
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file. However, we note that the 5% slow decay ampli- 
tude of the AA412 was probably indicative of some 
damage to the photocycle because this amplitude be- 
came much greater in samples where the electrodeposi- 
tion times were much longer, that is, more than 15 s. In 
addition, the amplitude of the red shoulder was greater 
in the absorption spectra for these samples. In an ex- 
treme case, the membranes were deionized and blue, 
and their displacement currents were inverted and slower 
relative to those of purple membranes, as shown in Fig. 
7. 

On the basis of the previous discussion of the nature 
of the mobile charge carriers, involved in maintaining 
the nanoamp+re d.c. currents, it is clear that the candi- 
dates are electrons or more likely cations and/or  an- 
ions. We consider the current of these charge carriers, 
not the small external electric field of only approx. 10 4 

V/m, to be fully responsible for the perturbation of the 
charge displacement currents observed in Fig. 6. Upon 
applying d.c. currents with negative charges moving 
towards the exterior of the membrane, we observed an 
enhancement of the negative phase of the charge dis- 
placement current. We conclude that the migration of 
some mobile charge carriers are in fact affecting the 
negative phase of the photochemical charge displace- 
ment currents. 

We postulate that mobile charge carriers such as 
unbound chloride ions could migrate through the pores 
of the protein towards the exterior of the membrane (or 
that alternatively unbound cations migrate in the oppo- 
site direction). The ionic current would create a local 
electric field which would tend to pull negative charges 
in the same direction as the negative current, that is 
towards the exterior of the membrane. Then during 
photochemical excitation, the splitting of the contact 
ion pairs could be enhanced by the presence of this 
local electric field created by the migration of negative 
charges away from the local environment towards the 
exterior side of the membrane. This concurs with the 
model (4), in which the negative counterion to the Schiff 
base (possibly Asp-212) is closer to the exterior side of 
the membrane than to the cytoplasmic side. Assuming 
that the negative phase of the charge displacement 
current is correlated with the splitting of the contact-ion 
pairs, this splitting could be enhanced by the current of 
negative carriers towards the outside of the membrane. 
Therefore, we concur with the generally accepted view 
of a two step mechanism overall: (1) photochemical 
dipole splitting followed by (2) proton pumping to- 
wards the exterior of the membrane. 

It is significant tha t  the final photochemically in- 
duced charge displacement currents had the same am- 
plitudes in either the perturbed or unperturbed systems 
(see Fig. 6). This would imply that the application of 
the nanoamp~re d.c. currents perturbed only the initial 
phase of the charge displacement mechanism (the split- 

ting of the contact ion pairs) and not the final proton 
displacements. This suggests that two kinds of current 
are being measured in the time-resolved charge dis- 
placements: (1) photochemically induced contact ion- 
pair splitting, perhaps involving Asp-212, in the early 
phase which can be perturbed by applying d.c. currents, 
and (2) photochemically displaced protons which can- 
not be perturbed by applying the same dc currents. 

We now consider this interpretation with respect to 
the nature of the action spectra of Fig. 4, measured for 
the time resolved charge displacement amplitudes. The 
final amplitudes have an action spectrum which is in 
reasonable agreement with the absorption spectrum of 
BR in these solid films. However, the action spectrum 
of the early displacement current amplitudes does not 
agree with the BR absorption spectrum. The photo- 
chemical mechanism of dipole splitting and protein 
reorganization in the early time domain could give rise 
to the observed early action spectrum if there were some 
photostimulation of photointermediates absorbing in 
the red and blue wings of the BR absorption spectrum. 
On the basis of the measured optical decay of the M 412 
intermediate, its major decay time was 46 ms; but it did 
have a small ( ~< 5%) amplitude with a slower decay time 
of 0.97 + 0.15 s. This could possibly suggest some trap- 
ping of the K, L, M, N and O photochemical inter- 
mediates as an alternative to the photocycle damage 
mechanism previously mentioned. However, we ob- 
served no significant spectral differences from the spec- 
trum of light-adapted BR for samples which were repe- 
titively pulsed at 0.2 Hz with dye laser pulses. There- 
fore, it is unlikely that M and other BR photocycle 
intermediates were trapped in significant amounts (e.g. 
>/5%) in our solid state cells; and we note that the 
trapping of M is usually carried out at low temperatures 
under specific conditions [33]. 

However, we propose that there must be some trap- 
ping of red- and blue-absorbing intermediates to ex- 
plain the form of the early action spectrum. One possi- 
bility is the trapping of small amounts of 'blue' mem- 
branes and their stable photoproduct, 'pink' mem- 
branes [34]. Particularly, we note the existence of the 
red sensitivity of Figs. 4 and 5, which suggests that 
several photochemically active species are present in 
these oriented membranes, albeit with small optical 
absorbances (according to the absorption spectra of 
Figs. 2 and 4). Also, the red shoulder of the solid film 
absorption spectra was enhanced upon prolonging the 
electrodeposition times. According to the result of Fig. 
7, excitation of a small population of blue membranes 
would result in a different time-resolved charge dis- 
placement profile which is initially in the positive direc- 
tion. However, we cannot explain the observed enhance- 
ment of the negative A amplitudes in the red wing of 
the action spectrum, based on our observation of a 
(completely opposite) positive initial current polarity 



for the blue membranes. In addition, we observed that 
the small perturbing voltages, with the correct polarity, 
consistently resulted in stronger A photocurrent ampli- 
tudes for all photoexcitation wavelengths in the region 
between 470 nm and 670 nm for purple membrane  
samples with absorption spectra similar to that of Fig. 
2. This suggests that the voltage sensitivity of the A ~  
ratios in these oriented purple membrane films is a 
property of photochemical centers of the purple mem- 
branes which absorb light between 470 nm and 670 nm. 

However, it seems probable that other, yet to be 
discovered, trapped intermediates in these films are 
responsible for the nature of the early action spectrum 
(measured at 5 /~s after excitation) which is correlated 
with the dipole splitting mechanism. These trapped 
intermediates would have their optical absorption in the 
blue and red wings of the action spectrum, and their 
photochemical activities would result in a negative ini- 
tial photocurrent; but would not result in a significant 
proton pumping activity, However, the later action 
spectrum (measured at 500 /~s after excitation) repre- 
sents the reversible fraction of photochemical centers 
which can form M 412 and participate in some proton 
pumping, albeit probably limited to the bilayer [17]. 

It  is significant that the negative current amplitudes 
of Fig. 6 can be increased substantially by imposing 
nanoamp~re currents on the cells. This observation sug- 
gests that there is some inhibition of the observed 
dipole splitting component  of the photocurrents and 
that this inhibition can be partially removed. It  is known 
[1,35] that several backreactions occur between the photo 
intermediates and BR 568, particularly from the K inter- 
mediate, close to the primary photochemistry which has 
a quantum yield of 0.6 or more [35]. It  is most probable 
that this latter back-reaction is being modulated in 
certain BR molecules by the applied d.c. currents so 
that we observe an enhanced dipole splitting yield with 
our microsecond time resolution. However, we note that 
these activated photochemical centers only exhibit nega- 
tive polarity photocurrents and that they do not result 
in any increase in the proton pumping as measured in 
the late action spectrum as shown in Fig. 4. Another 
possibility which should be considered here is the pro- 
posal [35] that there are two kinds of light-adapted 
bacteriorhodopsin: those with a primary quantum yield 
of approx. 0.27 and those having a slightly displaced 
counterion with a primary quantum yield of approx. 
0.74. It is possible that the back reaction from the K 
intermediate in these two populations of  reaction centers 
could be modulated differentially. Therefore, we pro- 
pose that the presence of two kinds of photochemical 
center could explain the existence of perturbable dis- 
placement currents and the apparent nonequivalence 
between the early action spectrum and the absorption 
spectrum in the oriented films of BR. 

The mechanism of the photochemical cycle in these 
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solid films is important  because solid films of oriented 
purple membranes  have been employed routinely in 
various spectroscopic measurements including the re- 
cent measurements of the orientation of the retinylidene 
pigment in the purple membrane [3,4]. A recent study of 
structural details revealed by neutron diffraction [33] 
also employed thin films of purple membranes.  We 
conclude that there is only a small inhibition (~< 5%) of 
the photocycle in our electrodeposited solid films as 
compared with that of aqueous purple membrane sus- 
pensions. Thus, it is still possible to study the majority 
of reversibly active photochemical centers, albeit in the 
presence of some photochemical centers which only 
have negative photocurrents. Therefore, we suggest that 
it is important  to measure  AA412 in solid state films of 
purple membranes  in order to characterize their photo- 
chemical efficiencies with respect to the formation of 
the M 412 intermediate relative to that of purple mem- 
brane samples in aqueous suspensions at p H  7. 
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