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ABSTRACT We have measured the light-induced short-circuit current generated by a
planar membrane containing bacteriorhodopsin incorporated by vesicle fusion. The
experimental results are consistent with an equivalent electrical circuit analogue that
assumes that the vesicles remain intact after fusion and that the current generator
equivalent of the light-driven proton pump is linearly dependent on bias voltage.

The transient response to light of the planar membrane has also been examined.
Slow response times are seen to be associated with the capacitive charging and dis-
charging of the fused vesicles. A study of the leading edge of the light response curve
of the planar membrane yields information about the transient response of the light-
driven proton pump. We propose that the translocation of protons across the mem-
brane is associated with a first-order process characterized by a rate constant A.

INTRODUCTION

Purple membrane derived from Halobacterium halobium contains a single protein,
bacteriorhodopsin, as well as lipids and is part of a photophosphorylating system
(1,2). The protein, bacteriorhodopsin, functions as a light-driven proton pump (3, 4).
The cyclic changes in the absorption spectra of the chromophore after a light flash
have been studied extensively (5-8). Indicator dyes have been used to measure the
kinetics of the light-induced proton release and uptake by purple membrane (6,7, 9).

One of the several methods which have been used to incorporate bacteriorhodopsin
into a bimolecular lipid membrane (BLM)' involves the fusion of vesicles containing
purple membrane with the BLM (10, 11). This method has several possible advantages:
Since the purple membrane sheets are oriented in the vesicles (9) (protons are pumped
inward under illumination), there is reason to believe that the purple membrane sheets
will also be oriented when incorporated into a BLM. The method of vesicle fusion to
incorporate bacteriorhodopsin into a BLM can be used quite generally to incorporate
other membrane proteins into planar membranes. The membrane proteins do not need
to be exposed to a hydrocarbon solvent (i.e. decane) environment. The electrical char-
acteristics of the BLM can be measured before and after the addition of the bacterio-
rhodopsin.

V Abbreviations used in this paper: BLM, bimolecular lipid membrane; CCCP, carbonylcyanide m-chloro-
phenylhydrazone; DNP, 2,4-dinitrophenol.
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An analysis of the equivalent electrical circuit for these planar membranes contain-
ing bacteriorhodopsin yields information about the electrical transport characteristics
of the proton pump.

GLOSSARY OF SYMBOLS

Concentration of carbonylcyanide m-chlorophenylhydrazone (CCCP).

Capacitance of the i " element.

Measured short-circuit current.

Time derivative of I,,.

Equivalent current generator for one vesicle.

Proton pump current for one vesicle.

Light intensity.

Average number of proton pumps in one fused vesicle.

Number of vesicles fused to the BLM.

Resistance of the i"" element.

Charge on a proton.

Bias voitage or the potential difference between the interior of the vesicle and either
chamber.

Constant that may be identified with the cutoff voltage of the equivalent current generator.

RC relaxation time.

The decay constant of the proton pump (Ily = gAn,,; see Fig. 10).

The excitation rate constant of the proton pump (see Fig. 10).

$Q~z2= k.é\.,;\;.;gﬁ

t?ﬂﬁg

METHODS

Our experimental arrangement includes two Teflon chambers separated by a Teflon septum with
a 1-mm diameter hole across which the BLM is formed. Aqueous salt solutions of 100 mM
NaCl, 5 mM CaCl, (to promote vesicle fusion [10]) and 5 mM Tris-maleate buffer (pH 7.0)
are present in each chamber. A glass window is present in one chamber for viewing and illu-
minating the membrane. Silver-silver chloride electrodes are used for electrical contact with the
solutions, and are shielded from light.

The electrical circuit used to measure membrane resistance R,,, capacitance Cy,, and short-
circuit current I, is illustrated in Fig. 1. High-impedance operational amplifiers (models 42L
and AD 523L, Analog Devices, Inc., Norwood, Mass.) are used for current and voltage measure-
ment. The outputs from these are fed to an analog-to-digital converter and then to a PDP-11/20
computer (Digital Equipment Corp., Maynard, Mass.) for storage and analysis. This allows
measurements on a time scale ranging from 50 us to several seconds.

The BLM was illuminated by a 150 W projection lamp through an optical system of our own
design which contains Corning glass filters nos. 4-94 and 3-70 (yellow-green, Corning Glass
Works, Corning, N.Y.). The maximum light intensity incident on the membrane was 20 + 2
mW /cm? when measured with a calibrated photovoltaic diode (SEE 010 International Light,
Inc., Newburyport, Mass.) and an electrometer (610C, Keithley Instruments, Inc., Cleveland,
Ohio). The light intensity was varied by means of neutral density filters.

All experiments were performed at room temperature (22 + 2°C). Purified egg lecithin (12)
was used to form both the planar membranes and vesicles. BLM’s were formed from a solution
of the lipid in n-decane, 20 mg/ml. Purple membrane samples were a gift from Dr. Janos Lanyi
of the Ames Research Center (Moffet Field, Calif.). The purple membrane sheets were in-
corporated into vesicles by sonication with an egg lecithin suspension for 25-30 min on ice. A
probe-type sonicator (Instrumentation Associates, Inc., West Chester, Pa.) was used at the 1.0 A
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FIGURE | A schematic of the experimental apparatus is shown. M labels the planar membrane.
Vs and I are the operational amplifiers (Analog Devices models AD523L and 42L) used to mea-
sure the membrane voltage and current.

setting. The lipid concentration was 15 mg/ml and the protein concentration was 1 mg/ml, in
100 mM NacCl, 5 mM Tris-maleate, pH 7.0.

Typically 50 ul of the vesicle suspension was added to one 20-ml chamber of the Teflon cell.
The vesicles were allowed to fuse with the BLM for 4 or 5 h with stirring and were then removed
by perfusion. Usually the BLM had a resistance of more than 10 © and a capacitance of
3,000 pF before vesicles were added. After vesicle fusion, the surface of the BLM developed a
silver sheen. A decrease in capacitance and increase in resistance (both by about a factor of
two) was observed, presumably due to a thickening of the insulating layer separating the salt
solutions.

CCCP and 2,4-dinitrophenol (DNP) were obtained from Sigma Chemical Co., St. Louis, Mo.
They were dissolved in absolute ethanol and added to the aqueous solutions in this form.

RESULTS

Two qualitative observations lead us to postulate a model in which the vesicles remain
intact after fusion with the planar membrane: (@) An increase in the short-circuit cur-
rent is observed when the membrane permeability to protons is increased (see Fig. 4).
(b) A large displacement current is observed from the planar membrane when the light
is turned on (see Fig. 6). A schematic drawing of vesicles fused with a planar mem-
brane is shown in Fig. 2 along with the equivalent electrical circuit. Each of the im-
pedances Z; in the equivalent circuit contains a resistor in parallel with a capacitor.
All of the work presented in this paper deals with short-circuit measurements, so that
Z,, may be neglected (13).

We have observed from the study of more than 30 different BLM’s containing bac-
teriorhodopsin that the positive electrical current between the chambers is always away
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FIGURE2 A schematic drawing of vesicles fused with a BLM is shown along with the correspond-
ing equivalent circuit. Each of the impedances Z; contains a resistor in parallel with a capacitor.
Iy represents the membrane current and V), is the voltage across the membrane.

from the chamber (right) to which the vesicles are added. This result indicates that
the proton pumps are at least partially oriented in the BLM after fusion. The sche-
matic drawing of a vesicle fused with a planar membrane in Fig. 3 A reflects this
orientation.

R, and C, of the equivalent electrical circuit in Fig. 3B are the resistance and
capacitance between the right chamber and the interior of one vesicle. [, is the equiv-
alent current generator for all the proton pumps in one purple membrane sheet. R,
and C, are the resistance and capacitance between the left chamber and the interior of
the vesicle. ¥, represents the potential difference between the interior of the vesicle
and either chamber. The conservation of current at the node b requires

lp(Vb,I) = Vb/R + CdV[,/dt with l/R = l/R] + l/Rz and C = C| + Cz.
(D

Steady-State Response

The steady-state behavior (¢ — =) is found by setting C dV,/dt = 0. Furthermore,
we assume that the equivalent current generator /, has a linear dependence with respect
to bias voltage. That is,

(Ve 1,)) = L(t,))(1 = V/V0), (2)
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FIGURE 3 (A) A schematic drawing of a vesicle fused with a BLM is shown. BLM labels the
planar membrane and the purple membrane sheet is labeled bR. The left chamber aqueous solu-
tion is labeled L, while R labels the right chamber. The barrier between the interior of the vesicle
and the left chamber may be a multilayer. (B) The equivalent electrical circuit for a single fused
vesicle is shown. R, and C are the resistance and capacitance between the right chamber and the
vesicle interior. R and C; refer to the left side of the fused vesicle. 1, is the current generator
equivalent of the proton pump.

where [ is the proton pump current and depends on the light intensity J, but not on
V,. V.isaconstant. This linear variation may be valid only when ¥} is small compared
to V.. The node equation then becomes I, = V,(1/R + I/ V,). The current i, flow-
ing through R, is given by V,/ R, and the measured short-circuit current is I, = Ni,
where N is the number of fused vesicles. Combining these equations we obtain:

1/I,y = Ry/NI,R + Ry/NV.. (3)

The magnitude of the short-circuit steady-state current generated by a BLM contain-
ing bacteriorhodopsin under illumination increased when DNP or CCCP was added to
reduce the membrane resistance.

Both DNP (14) and CCCP (15, 16) specifically increase the membrane permeability
to protons but not to other ions. The effect of CCCP as a proton translocater has been
studied in detail (16). CCCP can be used at a convenient value of pH 7.0 and was
therefore chosen for our more thorough quantitative measurements.

According to Le Blanc (16), the variation of bilayer resistance with CCCP concentra-
tion may be written 1/R = 1/R, + ac, where R, is the background resistance, a is a
constant dependent on the geometry, and ¢ is the molar CCCP concentration. This im-
plies that at moderate CCCP concentrations R,/ R is independent of CCCP concentra-
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FiGURE4 The reciprocal of the steady-state short-circuit current (1//,,) generated by a BLM
containing bacteriorhodopsin during illumination is shown as a function of the reciprocal of the
CCCP concentration for four different light intensities.

tion and R, is inversely proportional to ¢. Therefore Eq. 3, derived from the equiv-
alent circuit in Fig. 3 B, predicts that a plot of 1/1,, versus 1/¢ should be linear with
a positive (light-dependent) intercept. Fig. 4 shows this predicted linear behavior when
the bilayer resistance is lowered by adding CCCP to the chambers.

The rate I, at which the bacteriorhodopsin pumps protons should depend on light
intensity J. The data presented in Fig. 5 show a linear behavior when 1/1,, is plotted
versus 1 /J. That s,

1/Iy(t > ©) = K, + K,/J. (4)
Eq. 4 follows from Eq. 3 if 1//, is proportional to 1/J.

Transient Response

Fig. 6 shows the transient short-circuit current from a BLM containing vesicles incor-
porated by vesicle fusion. The basic shape of this transient response curve follows from
Fig. 3. When the light is turned on, protons are pumped to the interior of the fused
vesicle and the potential at the node b increases. The measured short-circuit current
consists of two contributions: a leakage current through R, and a displacement cur-
rent through C,. As the potential of node b approaches its steady-state value, the dis-
placement current dies away, leaving only the steady-state current for /,,. When the

116 BioPHYSICAL JOURNAL VOLUME 21 1978



4 -
3 -
e
=4
2 ,|
z
_I_;
/0
o
| —/
0 1 1 1 1 1 1 i ]
0 0.l 0.2 03 04

% IN mw)cm?2

FIGURE 5 The reciprocal of the steady-state short-circuit current (1/7,,) generated by a BLM
containing bacteriorhodopsin during illumination is shown as a function of the reciprocal of the
light intensity (1/J). The CCCP concentration is 1.5 uM.

light is turned off, the displacement current again appears but is now of the opposite
sign from the leakage current because the potential at node b is decreasing. There-
fore, if the displacement current is larger than the leakage current, the short-circuit
current I, reverses sign and slowly decays to zero.

Again using conservation of current at the node b of the equivalent circuit in Fig. 3
(Eq. 1) and a linear cutoff for the equivalent current generator (Eq. 2), we have I, =
Vo(1/R + L)/V,) + CdV,/dt. The gross features associated with Fig. 6 depend on
the capacitative charging and discharging of the fused vesicles. The transient response
of the light-driven proton pump to a unit step of light is taken to be instantaneous on
the time scale of Fig. 6.

Thelight is turned on at ¢t = O and off at ¢ = ¢,. Therefore, we take I,(t) = 0 for
t <0; Iy(t) = Iyfor0 < t < ty; and Iy(¢) = O for ¢t > #,. If this time dependence for
Iy(2) is inserted into the node equation, a differential equation for Vy(¢) results, which is
easily solved: V() = I,R'(1 — e™"/""), where 1/R'= 1/R + I,/V, and 7' = R'C.
Sincei, = V,/R, + C,dV,/dt we have:

I, = Niy = NI(C,/C)[4 + Be "] 0 <1t < ¢, (5)
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FiGURE 6 The transient short-circuit current from a BLM containing vesicles incorporated by
vesicle fusion is shown. The light is turned on at the up arrow (1 ) and off at the down arrow (! ).
Curve 6A is without CCCP and curve 6B is with a CCCP concentration of 0.1 uM. The solid line
in 6B comes from Egs. 5 and 6. The deviation from the predicted exponential of Eq. 5 may occur
because Eq. 2 is invalid at high values of V},.
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whered = 7'[/7;, 7, = R,Cy,and B =1 - A.

Thelight is turned offat ¢ = 5. The differential equation for ¥, becomes V,/R +
CdV,/dt = 0 with the solution ¥V, = V% /R where V° = V,(t = t,). It follows
thati, = V°(1/R, — C,/RC)e~"R¢ and we have

Iy = Niy = (NVYR)(1 — my/7)e ™", 1 > 14 (6)

with 7 = RCand r, = R,C,.

The solid curve shown in Fig. 6 B is derived from Egs. (5) and (6) so that the poten-
tial of the node b, V,, is continuous during the light-on-light-off cycle. The values
of 7/ = 185 ms, 7 = 1.25 5, and 7, = 5.5 s are chosen for a best fit to the data.
7' is determined from the rate of decay of the charging current. The ratio of the peak
charging current to the steady-state current determines 7,, and 7 is determined from
the rate of decay of the discharging current. The peak discharging current is then
determined by the values of 7', 7, and 7,.

At very low light intensities /o should be proportional to J. Since by definition
/7" = 1/RC + I,/CV,, a plot of 1/7' versus J should be linear at low light inten-
sities. High light intensities should saturate the light-driven proton pump (/,). A
plot of 1/7' versus J is shown in Fig. 7 and shows saturation at high (20 mW/cm?)
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FIGURE7 A plotof 1 /7’ versus light intensity Jis shown. The data are for the same membrane

with and without CCCP. 7’ is derived from curves like those shown in Fig. 6 using Eq. 5. The sat-
uration of 7’ and therefore the light-driven proton pump ( /o) is evident.
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light intensity. Therefore, due to the saturation of the light-driven proton pump at
high light intensity, I, is not proportional to J. However, from the definition of 7
and 7', we have (1/7' — 1/7)"' = CV,/I,. A plot of (1/7' — 1/7)7! versus 1/J
is shown in Fig. 8 and is found to be linear even at our highest light intensities; There-
fore

1/I, = K5 + K¢/J, (7

where K; and K, are constants.

An examination of the leading and trailing edges of the transient response curve on
a much shorter time scale gives information about the transient response of the proton
pump to a unit step of light. The expansion of the leading edge of Fig. 6 is shown
in Fig. 9 for three different light intensities. The slope of the lines shown in the figure
yield the initial slope of the short-circuit current, f,,(t — 0), which is seen to be
light dependent. A small time delay on the order of 1.5 ms is due to the time required
for the electric shutter to open. The rise time of the leading edge is of order 10 ms.

© NO CCCP
2t A 0. uM cCep

o

L / g
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/
° o) l 0;2 l O.l4 I 016

-l 2

J in mw em
FIGUREE Aplotof (1/7' -1 /‘r)_l versus the reciprocal of the light intensity (1/J) is shown.
The data is the same as that of Fig. 7. The curve is linear in spite of the saturation of the light-
driven proton pump. The slope K4 and intercept K3 (see Eq. 7) of this curve allow a computation

of ratio A/ u J (see text).
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FIGURE 9 An expansion of the leading edge of the transient short-circuit current from a BLM
is shown (see Fig. 6) for three different light intensities. The straight lines show the initial slope of
the short-circuit current, £, (¢ — 0), when the light is turned on. The initial response of the short-

circuit current is directly proportional to the initial response of the light-driven proton pump (see
text).

For times less than 10 ms after the shutter is opened, V, is small but the time rate
of change of V, is not small. Therefore we may neglect the leakage current compared
to the displacement current through the capacitors C, and C,.

Under these conditions the equivalent circuit of Fig. 3 reduces to that of Fig. 10 A.
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FIGURE 10 (A) The equivalent circuit for describing the planar membrane immediately after the
light is turned on. (B) The cycle proposed to describe the proton pump action. Light excites
the proton pump from the ground (dark) state L to an excited state M. The decay from the state M
involves the translocation of protons across the membrane. uJis the rate constant for excitation
up from the ground state and A is the rate constant for the decay from state M.
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FiIGURE 11 A plot of the initial slope of the short circuit current is shown as a function of the
light intensity J. The result is consistent with Eq. 10 derived from the model shown schematically
in Fig. 10. (see text).

Then Io(t) = CdV,/dtandi, = C,dV,/dt = I,(t) C,/C. 1t follows that shortly after
the shutter is opened we have:

Iy(t = 0) = Niy = N(C,/C)o(t — 0). (8)

Thus the initial response of the short-circuit current when the shutter is opened has
the same form as the initial response of the light-driven proton pump.

A plot of I,(t — 0) versus light intensity J, derived from curves like those shown
in Fig. 9, is shown in Fig. 11. The curve is seen to be linear and passes through the
origin. ,,(t — 0)is therefore directly proportional to J. Using Eq. 8, we find that

io = Ks.] (9)

where K is a constant.

Varying the bilayer resistance by the addition of CCCP does not change the data
shown in Fig. 11. That is, we find the initial slope of the short-circuit current
I(t — 0) to be independent of CCCP concentration.

DISCUSSION

The reason that the short-circuit current increases when CCCP is added to the aqueous
solutions bathing the BLM follows from Fig. 3. According to Eq. 2, the equivalent
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current generator depends on the potential difference between the interior of the fused
vesicle and the bathing solutions. If the bilayer membrane of the system is relatively
impermeable to protons, then a large potential can develop between the interior of the
vesicle and the bathing solutions. This reduces the current generated by the equivalent
current generator I,. The measured short-circuit current is therefore small. Treat-
ment with CCCP increases the permeability of the bilayer membrane, thus reducing the
interior potential and allowing the current to increase. More protons escape to the
left chamber (of Fig. 3 A), which results in an increase in the measured short-circuit
current. A configuration in which the interior of the fused vesicle is open to the op-
posite chamber (11) would show no change in the short-circuit current when the BLM
is treated with CCCP.

The linear dependence on bias voltage (Eq. 2) for the equivalent current generator
in Fig. 3 is required for the derivation of Eq. 3. This voltage dependence of the proton
pump can be interpreted as a voltage-independent current generator I, shunted by a
resistance R, = V./l, (where I, is light-dependent and V, is a constant). This may
reflect a light-dependent passive transport mechanism (pore) in parallel with an active
proton pump. If the pore is open for a given amount of time during the photoreaction
cycle, its conduction will depend on the turnover rate of the proton pump. This may
account for the dependence of R, on .

Eq. 7 shows the phenomenon of saturation of the light-driven proton pump with
light. An examination of the steady-state data also shows this saturation phenomenon.
At very high CCCP concentration R, is small. Since I, = NV, /R,, that implies ¥V,
is very small. The value of I), as [CCCP] — » is found from the intercepts of the
lines in Fig. 4. Since V, may be taken small, I,([CCCP] — ») is proportional
to I, and the light dependence of I, reflects the light dependence of Iy. Fig. 12 shows
the saturation of I, ([CCCP] — «) with increasing light intensity and therefore re-
flects the saturation of I,.

Eq. 7 may be compared to the Michacelis-Menten equation (17), which defines the
quantitative relationship between enzyme reaction rate and substrate concentration.
The bacteriorhodopsin is identified as the enzyme, the number of proteins in one patch
as the enzyme concentration, the photon of light is the substrate, the light intensity
is the substrate concentration, the translocation of a proton is the product, and the
short-circuit is the rate of velocity. This result suggests we treat the reaction as a
first-order process.

We therefore make the assumption that the pump action involves essentially two
states or configurations for the protein. Light excites the light-driven proton pump
from a ground state L, possibly through some fast intermediates, to an excited
state M. The decay from state M is associated with the translocation of protons across
the membrane. This cycle is shown schematically in Fig. 10 B. Since flash spectroscopy
(5-8) is associated only with the absorption properties of the chromophore in the
protein, the relationship between the kinetics of the translocation of protons and the
photoreaction cycle of the chromophore is not clear at this time.

We take the decay rate from state M to be An,,, where A is the decay constant
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FIGURE 12  The short-circuit current extrapolated to infinite CCCP concentration [, ([CCCP} —
=) (from Fig. 4) is shown as a function of light intensity J. The data (see text) again shows a satu-
ration of the light-driven proton pump at our highest light intensities.

(of order 10 ms from Fig. 9) and n,, is the number of pumps in one vesicle in state M
at a given time. The average rate of excitation for a single protein up from L is taken
to be uJ, where u is a constant and J is the light intensity. Therefore dn, /dt =
uJn; — Any. The total number of proteins in one vesicle (purple membrane
sheet) is fixed: n = ny, + n;. Solving the differential equation, we get ny(J,7) =
[udn/(pd + N)J(1 — e~®/+N1) Therate at which protons are moved across the mem-
brane is Any,: therefore the current I, due to the proton pumps in one vesicle
becomes:

LJ,1) = qAny(J, 1) = [qhedn/(u] + N](1 — e~®*N), (10)

where ¢ is the charge of a proton. Eq. 2, used for the derivation of the equations de-
scribing the data, requires that /; be independent of bias voltage. Thus we expect
X to be independent of bias voltage. All of the experimental data presented in this
work are consistent with the light dependence, time dependence, and voltage depen-
dence given in Eqgs. 2 and 10.

For example, from Eq. 10, f, (t = 0) = gAuJn, in agreement with Eq. 9. Eq. §
follows from Eq. 10 since, for the data of Fig. 8, (uJ + A)tis a large quantity.

It is interesting that the ratio of A to uJ in Fig. 10 can be found using Fig. 8 and Eq.
10. Wehave (1/7' ~ 1/7)~' = CV,/I; and from Eq. 10 CV, /I, = CV.(uJ + A)/
(gAunJn). Therefore, (1/7' — 1/7)~' = K(1 + A/uJ) where K is a constant. The
intercept in Fig. 8 gives K = 0.1 s and the slope gives K A/ = 2.8 s mW/cm? Thus
A/uis 28 mW/cm? and at our highest light intensity A\/uJ = 1.4. Therefore, at our
highest light intensities, uJ is about 0.7 A,
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Although the leading edge of the transient response short-circuit current is essen-
tially an exponential with respect to time (see Fig. 9), it is distorted by the development
of a leakage current. The same complication enters into an analysis of the trailing
edge. With the equivalent circuit of Fig. 3 and Eq. 10 it should be possible by more ex-
tensive work to get a reliable absolute value for A.
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