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ABSTRACT Light-induced release/uptake of both protons and other ions cause transient changes in conductivity in
suspensions of purple membrane (PM) fragments (Marinetti, Tim, and David Mauzerall, 1983, Proc. Natl. Acad. Sci.
US A, 80:178-180). We find that the release/uptake of nonproton ions with quantum yield >1 is observed at most pHs
and ionic strengths. Only at both low pH and low ionic strength is the conductivity transient mostly due to protons. Our
hypothesis is that during the photocycle, changes occur in the PM’s dense surface charge distribution that result in
changes in the number of counterions bound or condensed at the membrane surface. To test this, the PM structure was
perturbed with the nonionic detergent Triton X-100. Immediately after addition, Triton does not abolish the nonproton
ion movements; in fact at low detergent concentrations (0.02% vol/vol) the signal amplitudes increased considerably.
However, when PM is completely solubilized into monomers in Triton, the conductivity transients are due to protons
alone, though at lower quantum yield compared with native PM. These results suggest that changes in the surface
charge distribution in native PM’s photocycle could contribute to proton transfer between the aqueous phase and bR

itself.

INTRODUCTION

The purple membrane of Halobacterium halobium is a
highly ordered two-dimensional lattice containing a single
protein, bacteriorhodopsin (bR), which makes up about
75% of the mass, the rest being lipid. Bacteriorhodopsin is
known to be a light-driven proton pump, as first proposed
by Oesterhelt and Stoeckenius (1973). Proton pumping
occurs when bR is present in monomeric form, as shown in
experiments with it incorporated into phospholipid vesicles
(Dencher and Heyn, 1979). For reviews of the extensive
literature that has accumulated about this fascinating
system see Henderson (1977), Stoeckenius et al. (1979),
Stoeckenius and Bogomolni (1982), and Dencher (1983).

Light-induced proton translocation by bR is a fact well
established by measurements on PM fragments, whole
cells, cell envelope vesicles, and in both artificial phospho-
lipid vesicles and planar bilayers. The methods employed
have included pH indicator dyes (e.g. Lozier et al., 1976;
Govindjee et al., 1980; Dencher and Wilms, 1975; Drachev
et al., 1984), volume changes (Ort and Parson, 1978}, and
steady state measurements of light-induced pH changes
(e.g., Renthal, 1981; Dencher and Heyn, 1979; Happe et
al., 1977; Ramirez et al., 1983). We cite only representa-
tive examples—the literature contains numerous other
reports.

The PM is expected to have a substantial negative
surface charge both because of the charged amino acid side
chains of bR and from the lipids of the PM, some of which
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are negatively charged (Kushwaha et al., 1976). This is
suggested in the various models for the folding of the
polypeptide chain, both those consisting solely of trans-
membrane helices (Ovchinnikov et al., 1979; Engelman et
al., 1980; Agard and Stroud, 1982) and one that involves
helices and beta sheet (Jap et al.,, 1983). Experimental
evidence for a net negative surface charge comes from
electron microscopy studies that showed binding of PM to
polylysine-treated glass (Fisher et al., 1978) and ferritin
binding to the PM (Neugebauer et al., 1978). Orientation
of the PM in weak electric fields (Kimura et al., 1981;
Keszthelyi, 1980; Druckmann and Ottolenghi, 1981) indi-
cates it has a large permanent dipole moment. Attempts to
measure both the static surface potential and light-induced
changes in it have been performed using Electron Para-
magnetic Resonance (EPR) (Tokutomi et al., 1980; Car-
meli et al., 1980), resonance Raman (Ehrenberg and
Meiri, 1983; Ehrenberg and Berezin, 1984) and optical
absorbance (Carmeli and Gutman, 1982) techniques using
charged probe molecules as well as measurement of the
PM’’s electrophoretic mobility (Packer et al., 1984).

Most of the above measurements were interpreted in
terms of charge changes at the PM surface associated with
the release of protons during the photocycle since this
would be expected to lead to an increase in the negative
charge of the PM. Slifkin et al. (1978, 1979) reported
conductivity changes in PM suspensions and suggested
that ions other than protons could be involved; this was
subsequently proven (Marinetti and Mauzerall, 1983).
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Here we show that at high ionic strength, nonproton ion
escape and recapture with a quantum yield far in excess of
1 are always observed. These are abolished by complete
solubilization of the PM in the nonionic detergent Triton
X-100: the remaining conductivity changes are then small
and primarily due to protons. We suggest that the native
PM undergoes light-induced changes in the counterions
condensed on its surface and that the surface potential
changes responsible for this may contribute significantly to
proton pumping. A preliminary report of these results was
presented at a Biophysical Society meeting (Marinetti and
Mauzerall, 1985).

MATERIALS AND METHODS

The differential ac conductivity bridge was described previously (Ma-
rinetti and Mauzerall, 1983). (There is a typographical error therein: the
cell capacitance is 1.0 uF not 0.1 uF.) An Osborne 1 microcomputer was
used to perform nonlinear least-squares fits to obtain the amplitudes and
time constants of the conductance transients. Earlier experiments on PM
suspensions were performed at ambient temperature (25°-28°C); susbse-
quent work including that using bR monomers was done at 16°C in a
home-built temperature-controlled block. Temperature control is pro-
vided by a circulating bath (model 5003; Hart Scientific), rated at +
0.0005°C. The high thermal mass of the block (~40 kg of brass and 25
liters of coolant) gives the extremely high thermal stability required to
perform the conductivity experiments either at temperatures other than
ambient, or when using long time base sweeps. We measure a drift of
variable sign between the two cells of the bridge of <0.00015°C/s. This
drift is linear and it can be easily corrected by baseline subtraction.

Our method employs a high frequency ac bridge with a lock-in
amplifier to detect “off balance” signals between two identical conductiv-
ity cells. The high frequency eliminates electrode polarization effects and
gives millisecond time resolution. Slifkin et al. (1978, 1979) detected
conductivity changes using a modulation technique employing chopped
light. They also used the heating of the solution by absorbed light to set
the absolute detector phase since a temperature increase necessarily
increases the conductivity of all ions. We have employed the thermal
heating effect both for this purpose and to obtain absolute quantum
yields.

pH measurements were done using a Radiometer model 4 pH meter
with an Ingold 6023-03 combination electrode. All chemicals were
reagent grade; imidazole (Sigma Chemical Co., St. Louis, MO) was twice
recrystallized from benzene following treatment with activated charcoal.

Halobacterium halobium strain S-9 were grown from a slant kindly
provided by Dr. W. Stoeckenius and purple membranes were prepared as
described in Oesterhelt and Stoeckenius (1974). PM was stored in 3 M
NaCl at 4°C. Solubilization of bR into monomers in Triton X-100 was
performed following the procedure of Dencher and Heyn (1982). By
solubilized, we refer to material that does not sediment after a 90-min
spin at 38,000 rpm (Beckman Ti-50 rotor, L2-65 ultracentrifuge) after at
least 20 h incubation in the detergent (0.3-0.4% vol/vol) at room
temperature in the dark at pH 7 and low ionic strength. The transient
conductance experiments were performed on samples with an optical
density of between 0.5 and 0.7 at 570 nm. This is ~10 uM bR.

Conductance titrations to determine pK and equivalent conductance
information for buffers were done at room temperature using a conduc-
tance meter (model 35; Yellow Springs Instrument Co., Yellow Springs,
OH) with a YSI probe (model 3403; Yellow Springs Instrument Co.).
Calibrations were done with known concentrations of KCl. Concentration
and temperature dependences of the equivalent conductances of common
ions were interpolated from published tables (Dean, 1979; Washburn,
1929).

The analysis of the conductivity transients is based on Eq. 1 of
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where ¢ is the quantum yield of the ion transiently released or uptaken
during the photocycle, A is its effective equivalent conductance, Sp and St
are the transient and thermal signal amplitudes (see Results). N, is
Avogadro’s number, ¢ is the energy of the photon (3.4 x 10~" J at 584
nm), C is the heat capacity of the solution, and p is its density. The sum
extends over all ions in the solution where ¢, is the concentration, A, is the
equivalent conductance and the term in parentheses is the temperature
coefficient of the conductance. The latter is 0.022/°C for all ions except
H* and OH". If more than one ion is transiently moved after the light
flash, @A is the sum of the products for each ion.

The effective equivalent conductance above is the change per equiva-
lent upon introduction of the ion into the solution. For a simple ion like
sodium, this is identical to the equivalent conductance. For protons, it is
the weighted average of the conductance changes caused by an incremen-
tal addition of strong acid to the buffer system employed. This can be
calculated from the conductances of the protonated and deprotonated
forms of the buffer and its pK. (See Appendix). The product of the heat
capacity and density varies slightly from 1.0 in water to 0.967 in 1 M
NaCl.

EXPERIMENTAL RESULTS

The experiments presented below measure the transient
light-induced conductance changes in PM suspensions in
1.1 M NaCl in the pH range 4-8. We have also examined
the effect of the nonionic detergent Triton X-100 both
immediately after addition to the PM suspensions and
after complete solubilization into bR monomers. Before
describing the results, we must point out several important
features of our experimental methodology. First, the con-
ductivity of a solution is directly proportional to Z;c; A,
where c¢; is the concentration of ion i and A, is its equivalent
conductance. The actinic light flash can cause both the
concentrations of some ions to change, via the photochemi-
cal reaction cycle, and also the equivalent conductance of
all ions to increase due to the heating of the solution by the
degradation of the absorbed photons. This appears as a
constant baseline shift since thermal relaxation of the
sample + cell is very slow (~2 min) compared with the bR
photocycle. If the exciting light is in the linear range of
photoresponse, the ratio of the transient signal to the
thermally shifted baseline is directly proportional to the
absolute quantum yield—the method is internally cali-
brated (Marinetti and Mauzerall, 1983).

Second, we detect only small mobile ions. Changes in
conductance due to changes in the charges on the PM itseif
are negligible because: (a) the fragments are very large
and hence have low mobility; and (b) even though the
fragments are highly charged, much if not most of this
charge is screened by condensed counterions.

Third, transients due to proton release and/or uptake
can be distinguished from those due to other ions by
changing the composition of the buffer. For example,
transient uptake of protons by the PM fragments is
equivalent to an addition of a strong base. In an “acidic”
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buffer such as acetic acid/acetate, this would result in the
net creation of ions (neutral acetic acid goes to charged
acetate ion). In a “basic” buffer such as ammonia/
ammonium the same proton uptake would result in the net
loss of ions (charged ammonium goes to neutral ammonia).
Hence if we vary the composition of the buffer by trading
off two opposite kinds of buffers with similar pK values we
can cause the magnitude and sign of the conductance
transient to change in a predictable manner if the signal is
due to proton movements. (See the Appendix for the
calculation.) Conversley, if the signal does not show the
expected variation with buffer changes, it cannot be due to
protons.

Earlier we showed (Marinetti and Mauzerall, 1983)
that at low ionic strength at pH 4, the conductance changes
could be well described by fast proton uptake by the PM
after the flash. In acetate buffer this results in a positive
signal that decays as the protons are released by the PM at
the end of the photocycle. Fig. 1 shows the results at low
pH in 1.1 M NaCl, an ionic strength closer to physiological
conditions. Trace A is the PM “as is” with no external
buffers except for dissolved carbon dioxide (which lowers
the pH from 7 to about 5). The sharp spike in the first few
milliseconds after the flash is an electrical artifact due to
the laser discharge and can be seen in the absence of bR.
The transient signal, in this case negative, has a rise time
that is limited by the time constant of the lock-in amplifier
(1 ms). It relaxes with a decay time (1/e) of 8.8 ms to a
baseline shifted above that before the flash—this is the
heating effect discussed above. Traces B and C show the
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FiGURE 1 Light-induced conductance changes in purple membrane
suspensions at low pH in 1.1 M NaCl. Buffer and pH for each trace are
given in Table I, samples 1-4-1-H. Each trace is the sum of 64 flashes.

effect of adjusting the pH with HCl and NaOH to 3.7 and
3.99, respectively. Note that the amplitude of the signal is
sharply reduced. Traces D and E show the same sample
after acetate buffer is added at 2 and 25 mM, respectively.
The latter concentration is well in excess of the stray
carbon dioxide and any of the buffering groups on the PM.
Yet the signal amplitude is virtually unaffected. If the
transient signal were due to protons, it should have
changed sign but it does not. Finally, traces F, G, and H
show the effect of increasing the pH stepwise a total of 1
unit. The signal amplitude clearly increases, but it remains
negative and does not grow to the size observed in the
absence of buffer. The time constant of the signal remains
unchanged throughout. We conclude thatatpH4in 1.1 M
NaCl the ion movements we detect are in their majority
not due to protons.

The quantitative results from this and analogous experi-
ments at pH 5, 7,and 8 in 1.1 M NaCl are given in Table I.
The basic conclusion is that protons cannot be responsible
for the bulk of the conductivity changes detected. If one
compares the columns giving the observed and expected
relative amplitudes when the buffer composition is varied
at constant pH, there is a marked discrepancy: the
expected sign changes do not occur.

At pH 5 (Table I; samples 2 A-F), addition of acetate to
trimethylamine oxide buffered PM fragments does not
invert the signal sign. Instead of the expected zero-crossing
at sample 2 B, we observe a slight increase in signal
amplitude upon addition of acetate and no further changes
thereafter. The low pH proton uptake by low ionic strength
PM suspensions observed using absorbance changes in a
pH indicating dye (Dencher and Wilms, 1975) should give
a positive signal in acetate buffer whereas we observe
uniformly negative signals. It is true that the ionic strength
of the samples used here is much higher than used by
Dencher and Wilms (1975); also, the question of the order
of proton release and uptake is controversial. Mitchell and
Rayfield (1986) claim that protons are first released then
uptaken at low pH, in disagreement with our earlier report
of proton uptake (Marinetti and Mauzerall, 1983). At this
time we do not have any explanation for the difference. We
note that Bogomolni et al. (1986) have confirmed our
claim of proton uptake at low pH using a fast pH
electrode.

At pH 7 and 8, the transients are positive in sign. This is
expected for proton release into an imidazole buffer (Table
I; sample 3 A) but not for glycylglycine (sample 4 A).
Again, addition of the opposing buffer, in these cases
phosphate and glycine ethyl ester respectively, does not
cause the sign inversion expected if the transient was solely
due to protons.

These data do not exclude proton movements; rather,
the proton contribution to the observed transients is small
compared to that of other ions. While we cannot specify
what ions are responsible for the signal, we can conclude
that the quantum yield for the process is greater than 1.
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TABLE 1
bR IN 1.IM NaCl

Calculation

. . Calculation
Sample pH Buffers* ZcA;, Sy St Se/St A Relative Rt?latlvc for H* of A Dfacay
error signal per mole time
alone H
% ms
OAc
14 5.1 0 844 -176 1.9 ~-4.0 -376 14 1) ) 304 8.8
1B 37 0 844 0.3 1.9 -0.16 -15 81 0.04 1.14 349 —
1C 3.99 0 86.6 —0.7 1.7 -041 -40 39 0.10 1.14 348 9.5
1D 3.97 2.37 866 -0.65 19 -034 -33 39 0.09 0.21 64.4 8.4
1E 4.02 25.4 844 -075 17 -044 -41 36 0.10 -0.10 -30.2 8.9
1F 4.33 25.2 844 -090 19 ~-047 -44 30 0.11 -0.12 -374 9.4
16 4.65 25.1 858 -19 1.7 -109 -104 20 027 -0.13 -39.6 8.0
IH 5.02 25.0 848 -3.1 135 -230 -217 20 0.58 -0.13 -404 8.1
TMAO OAc
24 509 4.74 0 809 -95 35 -2 —243 15 (0)) (1) 42.7 10.0
2B 508 471 471 809 -85 2.4 -35 -315 21 1.3 -0.05 -20 9.6
2C 5.0t 4.69 937 823 -82 19 -43 -394 26 1.6 -0.35 —15.1 8.3
2D 503 463 232 844 -8.1 1.9 —-43 —404 26 1.6 -0.67 -28.4 8.0
2F 508 453 362 844 7.1 2.0 -36 —-338 32 1.3 -0.77 -3238 8.6
Imid  Phos
34 722 474 0 91.8 1.5 43 1.74 178 7 (1) (1) 358 16
3B 7.08 4.73 236 88.0 6.4 23 2.78 272 12 1.6 0.15 53 17
3C 712 471 471 895 5.5 23 1.47 146 12 0.84 -0.28 -10.0 19
D 723 468 936 91.8 1.3 2.5 292 298 11 1.68 -0.71 -254 21
3E 7.15 463 185 91.8 5.1 1.9 2.68 274 14 1.54 -1.05 -37.6 23
3F 723 450 450 93.3 72 2.6 2.76 287 10 1.59 -1.33 —47.6 18
GlyGly GlyOEt

44 798 471 0 95.7 108 1.2 9.0 960 17 (1) (1) -243 83
4B 8.10 4.69 235 98.1 129 1.3 9.9 1082 16 1.1 0.35 -86 93
4C 8.08 4.67 467 95.1 116 14 8.3 879 14 0.92 0.0t -0.3 91
4D 8.14 464 9.28 99.7 1.5 13 8.8 977 15 0.98 -0.27 6.8 93
4E 8.10 457 183 99.7 124 1.6 7.8 866 13 0.87 -0.58 14.0 81

*OAc - acetate; TMAO = trimethylamine oxide; Imid = imidazole; Phos = phosphate; GlyGly = glycylglycine; GlyOEt = glycine ethyl ester.

Bacteriorhodopsin in 1.1 M NaCl, pH 4 to 8. The data for each pH are set off, with the buffer composition indicated. The Zc;A; is obtained from the bulk
conductivity of the solution, calculated from the observed cell resistance compared against standard solutions of KCl or NaCl. S, is the amplitude of the
transient signal and St is the thermal signal in arbitrary units. One unit is equivalent to the following number of nanomho: 14-1H, 20; 24-2E, 9.6;
3A-3F, 21; and 44-4E, 46. From the ratio S,/Sy we calculate the ¢A, the product of the quantum yield of ion times its equivalent conductance (see
Methods). The relative error in ¢A is dominated by the errors in S, and Sy, which we have taken as one-half of the peak-to-peak noise in the traces. The
relative signal is the value of ¢A normalized both in sign and magnitude to the first sample in each set. The next column gives the relative signal expected
if the signal was due to H* alone, and with the quantum yield constant. The second to last column is the effective equivalent conductance change

calculated for the buffer mixture in each sample (see Appendix). The final column is the decay time (1/e) of the conductance transient.

Since the equivalent conductance for a nonproton ion will
never be greater than 100, we can put a lower bound on the
quantum yield for nonproton ions from the ¢A data given
in Table 1. Dividing the ¢A values by 100, it is clear that
the quantum yield is usually >1 and in the case of the
highest pH could be as high as 10. Note that any effect of
light saturation would only reduce the apparent quantum
yield—again, this is a lower bound estimate. (Some of the
data in Table I were collected at higher light intensities for
signal to noise reasons.) Thus there could still be protons
being pumped at quantum yields similar to those observed
by other workers (Govindjee et al., 1980; Ort and Parson,
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1978) but the proton contribution would be small com-
pared with the conductance changes due to the other ions.
Given the substantial relative errors in the calculated ratios
of the transient to the thermal signals (Sp/St), amplitude
changes up to ~30% would be difficult to distinguish from
noise. The one exception is at low pH (compare samples 1
A and 1 H) where there is a substantial population of free
protons compared with buffering ions. Free hydrogen ion
has an equivalent conductance 5 to 10 times larger than
any of the charged buffer species, so even a small compo-
nent of the total ion movement due to free protons would be
proportionally more visible. As noted above, there was a
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FIGURE 2 Effect of addition of Triton X-100 on light-induced conduc-
tivity changes in PM suspensions at pH 7 in 1.1 M NaCl. Solution
conditions are in Table II, samples 5-4-5-H. Note that traces C-H are at
five times longer sweep time; trace C is a repeat of B. Each trace is the
sum of 64 flashes.

difference between unbuffered and acetate buffered solu-
tion at pH 5. If this difference was totally due to protons, it
would correspond to a quantum yield of 0.46 + 0.16 for the
rapid proton uptake. The table also lists the decay time
(1/e) of the conductance transient. As expected it is
independent of the particular buffer at each pH. At low pH
it is constant at 8 to 10 ms but increases at and above
neutral pH.

The conductivity transients observed in PM suspensions
at high ionic strength are primarily due to ions other than
protons. To test if these ions are responding to changes in
surface potential, we performed experiments in which the
PM was either perturbed by addition of the nonionic
detergent Triton X-100 or was completely solubilized in
it.

Fig. 2 shows the effects of addition of Triton to PM
fragments at pH 7. At low concentrations (0.024% vol/
vol; traces B and C) the detergent causes a large increase
in the signal amplitude—it corresponds to a quantum
yield of 10 to 20 if due to sodium ions. Further increases
up t0 0.07% (trace E) cause the amplitude to decrease and
the decay of the transient becomes distinctly biphasic:
after a fast rise, the conductivity decreases below and
then relaxes to the thermally shifted baseline. The “un-
dershoot™ is more pronounced at higher concentrations of
detergent and lower pH; in some cases the signal goes
below even the pre-flash baseline. Perturbation of the
photocycle is evident from the 10-fold increase in the final
decay time of the transient. However, as in the absence of
Triton X-100, addition of phosphate in excess of imida-
zole buffer (traces F—H) does not change the sign of the
signal.

TABLE II
bR WITH TRITON ADDED

# pH %TX Imid Phos ZcA; Sp S: Se/S: A BErr. R:l';l:;‘l’" If H* only C‘;':r“::;‘l‘;"l;’f A '2;“;’
ms
SA 698 0 474 0 918 27 19 14 143 10 ) ) 139 18
SB 698 0024 472 0 918 129 17 16 117 10 54 1 13.9 51
SC 698 0024 472 0 918 138 17 81 88 9 58 1 339 70
5D 695 0047 469 0 918 156 14 1.1 1135 11 7.9 0.99 138 50
SE 693 0070 467 0 933 97 18 54  s6l 8 38 0.99 138 30, 320
SF 700 0070 464 464 933 717 18 43 447 8 31 —031 ~105 10, 360
5G 705 0069 460 921 957 10 17 41 431 9 31 ~0.75 ~255 32,315
SH 7.8 0068 450 225 918 60 17 36 368 10 26 ~1.20 —40.7 40, 480
GlyGly  GlyOEt

6A 803 0 473 0 866 172 S8 30 286 4 a) o) ~243 100
6B 812 450 451 0 776 84 33 25 220 6 0.85 1 —244 1020
6C 800 449 4495 449 776 49 34 14 124 7 0.49 —0.04 1.0 750
6D 808 445 445 891 743  S3 30 18 146 8 0.59 ~0.32 78 990
6E 806 439 439 176 756 42 28 15 126 9 0.51 —0.59 144 840
6F 808 429 429 343 756 33 27 12 103 9 0.41 ~076 186 830

Effect of Triton addition on light induced conductance transients. bR in 1.1 M NaCl, pH 7 and 8. The Triton X-100 concentration (% vol/vol) is given in

the “% TX" column. All other columns are as described in Table I.
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Quantitation of these traces and a similar experiment
at pH 8 is given in Table II. There is a decrease in ¢A as
the phosphate concentration is raised (samples 5 F-5 H)
which could be due to protons, but it is at most 20% of the
total signal. Increasing the detergent concentration over
50 times does not lead to the sign reversal upon buffer
variation expected if protons alone were the cause of the
transient. This is observed at pH 7 (not shown) and at pH
8 (Table II; samples 6 4—6 F). There is a decrease in
amplitude, but this is ascribable equally well to a decrease
in quantum yield in the presence of detergent (see below).
The kinetic behavior is also affected: at pH 8 the decay
time increases 10-fold; however, in alkaline solution we do
not observe biphasic signals.

The experiments in which Triton X-100 is added to the
sample are complicated by the slow solubilization of the
PM, which is complete after 20 h at neutral pH (Dencher
and Heyn, 1978). Also, we noted some chromophore loss
at alkaline pH, which is reflected in the decrease of the
thermal baseline. For that reason, we did not attempt to
go to higher pH. Note that the presence of some bleached
bR has no effect since it doesn’t absorb at 590 nm
and therefore does not contribute to the conductivity
changes.

To separate the immediate effects of addition of Triton
from the effect of complete solubilization, we prepared
bR monomers in the detergent. The results are shown in
Fig. 3 for two preparations solubilized in: (I) 0.33%
vol/vol Triton, 25 mM potassium phosphate, pH 6.9 and
(I1) 0.38% vol/vol Triton, 5 mM imidazole, pH 6.7
respectively. The results are quite different from those of
the previous experiments: in both cases, addition of the
“opposing” buffer (phosphate is “acidic,” imidazole is
“basic”) causes reversal of the sign of the transients as
expected if the signal is due to fast proton release followed
by slow uptake. These data were obtained using weak
light flashes in the region of linear response, so that the
ratio of the transient to the thermal signal would accu-
rately reflect the quantum yield. This is responsible for
the lower signal to noise in these traces. The quantitative
analysis is presented in Table I11. The buffer ion conduc-
tances used in these calculations were measured at 24°C
at concentrations similar to those employed in the bR
experiments, then corrected to 16°C. This is the most
important correction, amounting to 20%. Other factors
entering the calculation of the quantum yield such as the
buffer pK values, solution heat capacity and the tempera-
ture coefficient of the mobility vary much less over this
temperature range and their effect is neglected.

The result of the calculations is that the observed
signals can be accounted for quite well, assuming that
protons are the cause of the whole signal. The quantum
yield calculated (0.07) is the same within experimental
error in all cases. The value for sample I-C is higher than
the others, although still reasonably close. This is in part
due to the difficulty in estimating the equivalent conduc-
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FIGURE 3 Light-induced conductivity changes in monomeric bR solu-
bilized in Triton X-100 at pH 7. Note: absolute vertical scales are not the
same between traces—the vertical bar at the end of each trace is 2 nmho.
See Table III for data analysis. (Part I) bR in phosphate, then add
imidazole. Pi, imidazole (in millimoles per liter) and pH are: 4) 25,0, 6.9,
B) 24.3, 26, 6.88,and C) 22.9, 85.4, 6.92. Traces A4 and Care sum of 256
flashes; B is 128. (Part II) bR in imidazole, then add phosphate. Pi,
imidazole (in mM) and pH are: A) 0, 5.07, 6.75; B) 6.2, 5.04, 6.72, and
C) 12.3,5.01, 6.70. All traces are sum of 128 flashes.

tance change for phosphate, which shows a strong depen-
dence on concentration and on ionic strength. It may also
reflect a dependence of the quantum yield on ionic
strength since this sample contains considerably more
total buffer salt than the others. But, the important
observation is the reversal of the sign of the transient. The
basic conclusion is that solubilization of the bR into
monomers at pH 7 abolishes the nonproton ion move-
ments seen with native PM fragments, which persist even
immediately after addition of Triton X-100.

We also conducted experiments using bR solubilized in
Triton in imidazole buffer at pH 7 then shifted to pH 4
with acetate or trimethylamine oxide. The results are
given in Table IV. Qualitatively, the data behave as

TABLE III
bR SOLUBILIZED IN TRITON, pH 7

%

# pH error

Imid Phos ZcA; Sp/St oA Agr  Ou+

I-A 690 O 250 348 -0.79 -293 -42 0070 11
I-C 6.92 854 229 1734 0.27 211 21 0.10 26
II-A 675 51 0 0.36 5.5 209 31 0.068 35
II-C 670 50 124 165 -093 —1.63 —25 0065 32

bR solubilized in Triton X-100 at pH 7. Analysis of data of Fig. 3. Ay is
the effective equivalent conductance change for a proton (see Appendix)
and ¢+ is the quantum yield for transient proton release. Other terms are
as in Table [.
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TABLE IV
bR SOLUBILIZED IN TRITON, pH 4

Calculation of

# pH Imid TMAO OAc Sp/Sr @A A Pu+ % @A if other
error .
ions than H*
8A 4.02 5.00 4.96 0 -2.43 -2.91 57.6 -0.051 38 —-2.87
8B 4.10 4.96 4.65 58.2 0.21 0.45 —-245 -0.018 33 0.71
8C 3.99 4.94 0 9.89 0.48 0.39 -9.0 —-0.043 47 0.03
8D 4.05 4.86 15.2 9.72 —-0.48 -1.12 15.8 -0.071 31 —-1.05

bR solubilized in Triton X-100 at pH 4. Terms as for Tables I and III. The last column is the calculated value of ¢A assuming that it is the sum of
contributions from protons (¢y+ = 0.044) and “other ions” constant at A = 0.36. See text.

though at least part of the signal is due to protons (at this
pH proton uptake precedes release): in both cases, the
signal sign is negative with trimethylamine oxide as the
dominant buffer and positive with acetate. However, the
calculated quantum yields for proton release are not
constant even considering the experimental error. Note
that the yields are always higher in the amine oxide buffer
than in acetate, i.e., when the observed transient is
negative as opposed to positive. One plausible explanation
is that there is a constant negative component in the
transient that adds to the component due to protons. This
would be due to the uptake of some other ion at the same
time as proton uptake occurs. The results of a linear
least-squares fit of the data are given in the last column of
the Table. The calculated ¢A values are based on a
quantum yield for proton uptake of 0.044 and an “other
ion” contribution to A of —0.36. If this were due to an
ion like sodium, it would correspond to a quantum yield of
0.008.

DISCUSSION

The data presented in Fig. 1 and Table I show clearly that
the conductivity changes observed in pulse-illuminated bR
in 1.1 M NaCl are predominantly due to ions other than
protons since the signals are unaffected by variation of the
buffer at each pH. Our experience with native PM is that
transient movements of protons alone occur only with the
combination of low pH and low ionic strength.

Since our measurements are done with suspensions of
PM fragments, we cannot distinguish ions that are trans-
ported across the membrane from those that are tran-
siently released or taken up from the same side during the
photocycle. If these ions were being pumped, one might
expect some specificity. However, the nonproton ion move-
ments shown above were also seen (with similar quantum
yield) in our earlier reported experiments, performed at pH
8 in a buffer containing none of the ionic species present in
this work. Thus the ion movements seem not to depend on
the presence of a specific ion, e.g., Na*.

A reasonable hypothesis is that the conductivity changes
reflect alterations in the distribution of the PM’s surface
charges during the photocycle that result in counterions
being released or taken up. This could result from a

conformational change such as those inferred from circular
dichroism (Gibson and Cassim, 1985) and photo-induced
linear dichroism (Ahl and Cone, 1984). The latter authors
suggest that when one bR molecule is excited, it induces
similar chromophore rotations in its unexcited neighbors in
the trimer. If these changes cause corresponding surface
charge rearrangements the high observed quantum yields
for ion movement could be more easily understood since
one photon effectively “excites” three bR molecules.

If the conductance changes arise from the summation of
the surface charges on neighboring bR molecules and
lipids, then they should be affected by treatment with
detergent, and that is what we observe. Fig. 2 and Table I1
show that addition of Triton X-100 causes a signal increase
at low concentration, possibly due to loosening or breaking
up large aggregates of PM fragments which otherwise
occlude portions of the solution and hence reduce the
detected free ion signal. Higher detergent concentration
alters the kinetics and amplitude of the observed transients
but the nonproton ion movements are not abolished. This
implies that the local density of surface charges is still
largely intact. Complete solubilization should eliminate
most if not all of the surface charge effects since the
charged molecules of the PM are diluted into the
uncharged detergent micelles. The data of Tables III and
IV show that this is borne out qualitatively at pH 4 and
quantitatively at pH 7. It is possible that the deviations
from a “proton-only” signal at pH 4 are due to the
formation of small aggregates of bR in the micelle that
could exhibit local surface charge effects. It is known that
it is more difficult to solubilize the PM at low pH or at
neutral pH with added salt (Dencher and Heyn, 1978); this
implies increased stability of the aggregated structure
under these conditions.

The central result of this work is that under conditions
close to physiological (high ionic strength and pH near
neutrality or somewhat alkaline), the bR photocycle causes
large-scale ion movements that cannot be due to protons.
At low pH this represents ion binding by the PM immedi-
ately after the flash; at netural pH and above the reverse is
the case. It is to be emphasized strongly that these qualita-
tive conclusions on the time sequence of the ion uptake or
release are independent of any particular theory used to
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describe the relation of the movement of the charges to the
surface potential. The conductivity measurements are
direct and absolute: ions that are trapped in the potential
well at the membrane surface do not contribute—they
effectively screen the PM fragment’s charge and move
with it. Our probe of surface potential changes is provided
by the trapped counterions themselves. At neutral pH the
depth of the electrostatic potential well must first decrease,
and at low pH it must first increase, when bR goes through
its photocycle.

This conclusion is at variance with some previous reports
of light-induced surface charge changes in bR measured
indirectly using charged probe molecules. Carmeli and
Gutman (1982) used a pH-indicating dye, bromocresol
green, in buffered solution and observed fast optical
changes. These were interpreted as being caused by a shift
in the pK of the bound indicator due to transient changes in
the surface charge density of the PM. In the time frame
relevant to our experiments, an increase in absorbance is
observed that corresponds to an increase in the concentra-
tion of the deprotonated (charged) form of the dye and a
more positive surface potential. We infer from their figures
that the change is small—about 0.0002 absorbance units
per flash relative to the post-flash baseline. There is an
alternative explanation: using the pKs and concentrations
of the buffer and dye used in these experiments, we
calculate that ~0.1% of the protons taken up by the PM
would come from the indicator. This would yield absorb-
ance changes similar in sign and magnitude to those
observed by Carmeli and Gutman. Hence, the absorbance
changes in the time frame >1 ms are not necessarily due to
a pK shift of the bound dye.

Other probe experiments used positively charged EPR
spin labels (Carmeli et al., 1980; Tokutomi et al., 1980), in
both cases a quaternary amine containing two methyl
groups, a hydrophobic aliphatic chain, and the six-
membered ring containing the paramagnetic center. Light-
induced changes were observed in the relative amplitudes
of the EPR signals associated with the “free” and the
“bound” label that were interpreted as an increase in the
negative surface potential of the PM. The first paper cited
above reports that this potential change increases with pH
by a factor of 2 from pH 2 to 10. Tokutomi et al. (1980)
give data only for pH 5.8. While we do not disagree with
the low pH results per se, there is a problem in that the
concentration of the “probe” used is enormous—about
seven spin labels per bR. Since the label is charged and has
a hydrophobic tail, it can and does bind to the PM and
thereby must alter the charge at the surface considerably.
Castle and Hubbell (1976) validated the use of similar spin
labels as probes of vesicle surface potential but were
careful to work at label concentrations 100 times lower,
both to avoid perturbing the surface charge of the vesicle
by probe binding and to avoid paramagnetic broadening
effects that can occur at high label concentrations. It would

412

be interesting to see the behavior of the spin labels at lower
concentration.

Light-induced potential changes have also been reported
using a positively charged dye that exhibits shifts in its
Raman spectrum associated with aggregation (Ehrenberg
and Meiri, 1983; Ehrenberg and Berezin, 1984). Analysis
of the Raman intensities indicates that at pH 6 the PM
shows an increase in the negative charge density associated
with the M412 intermediate. We also observe fast ion
uptake followed by release at pH 6 so there is no conflict.
Packer et al. (1984) measured the electrophoretic mobility
of PM fragments and found that at pH 11 the mobility
increases upon steady state illumination, indicating an
increase in the surface charge density. They claim that
they could not detect a change in charge at neutral pH. We
do not have data at pH 11 and it is possible that the
photocycle is too fast to give measurable steady state
changes at the lower pH.

One obvious question that arises from our observation of
large-scale nonproton ion movements is what kind of
changes at the PM surface would be required to generate
them. Most workers who have measured surface potential
changes have interpreted their data in terms of the classical
Gouy-Chapman theory (for reviews see McLaughlin, 1977
and Lee, 1977). This theory assumes that the surface
charge can be approximated as being continously smeared
over the surface of the membrane. At least qualitatively, it
can account for the behavior of cations near negatively
charged phospholipid bilayers (see for example, McLaugh-
lin et al., 1971) although other workers have noted quanti-
tative deviations due to discrete charge effects in both the
binding of a fluorescent potential probe (Haynes, 1974)
and in the electrochromic effect as a function of added salt
in the thylakoid membrane (Tiemann and Witt, 1982).

The effect of localization of the charge is expected to be
present in the case of the PM, where the charged amino
acid side chains cannot diffuse and whose distribution is
not expected to be homogeneous given the rigid structure
of the purple membrane. Hence on a local scale modest
movements of a few charged residues could have a great
effect on the electrostatic potential within the bR even
though the change in the average charge density is not very
large. Also, one has to consider the ion condensation effect
(Manning, 1978). When the distance of separation of
discrete charges on a surface approaches a critical dis-
tance, of the order of the Coulomb radius in the particular
solvent (in water ~7 A at room temperature), the individ-
ual electrostatic potential wells centered on each charge
overlap and a small mobile ion in the vicinity “sees™ this
longer range potential. Manning (1978 and references
therein) has analyzed this effect for the case of an infinitely
long cylindrical surface such as DNA. The essential fea-
tures of the condensation are that the fraction of charges
on the polyelectrolyte that are neutralized is primarily
dependent only on the valence of the counterion and the
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spacing of the discrete charges relative to the Coulomb
radius. The fraction of bound counterions is independent of
external salt over a broad range of concentration and does
not go to zero in the limit of zero ionic strength. The ion
condensation phenomenon has been extended to two-
dimensional surfaces by Zimm and LeBret (1983). They
find for an infinite homogenously charged plane, all of the
counterions are condensed in the limit of infinite dilution
no matter what the charge density is. Engstrom and
Wennerstrom (1978) have solved the homogenous charge
density problem for two parallel planes separated by an
arbitrary distance and find that for the limit of infinite
separation and reasonably high charge density the counter-
ion distribution near the surface is independent of added
salt.

The condensation of the ions is described by Manning as
critical in the sense that a minimum critical charge density
per unit length (for his one-dimensional polyelectrolytes)
must be exceeded before the counterions condense. Our
hypothesis as to the large-scale light-induced ion move-
ments in the PM is that conformational changes in the
protein cause changes in the distribution of the charges on
the surface. For a discrete and heterogenous charge distri-
bution as in the PM, there may be a critical “density” at
which condensation occurs, unlike the predictions of ideal-
ized homogenous-distributed-charge models. The nega-
tively charged lipids of the PM may adjust the overall
charge density near the critical point. It is known that
when bR is reconstituted in phospholipid vesicles it exhibits
higher activity when the lipids are negative (Ramirez et al.,
1981). We have some theoretical evidence (Raudino and
Mauzerall, 1986) that a concave surface may accentuate
the charge effects. Thus a conformational change of the
protein could change the charge distribution or flatten or
even invert a concave portion of the surface. Counterions
would be released and then rebind when the bR returned to
its original conformation. The time sequence of ion move-
ment we observe correlates with that of proton movement:
at low pH we see proton uptake before release and the ions
follow suit; at neutral pH and above the release precedes
uptake.

Given the large magnitude of the ion movements we
observe, it is tempting to suggest that the changes in
electrostatic potential that give rise to them are not simply
passively following the photocycle but are part of the
proton pump’s driving force. It is known that the presence
of charged groups on lipid membrane surfaces affects
membrane conductivity (see Neumcke, 1970), even result-
ing in rectification if the charges are opposite. Several
electrostatic models have been proposed for the proton
pump in bacteriorhodopsin, in which the primary photo-
chemical event results in a charge separation (see Birge et
al., 1984 and references therein). While our conductivity
method cannot directly measure charge movements in the
protein itself, it is possible that the changes in the surface

charge distribution that give rise to the ion movements we
observe are manifestations of the primary electrostatic
events, transmitted to the protein surface by a conforma-
tional change.

The closely packed arrangement of bR in the PM
correlates nicely with an electrostatic model, since charge
effects from close neighbors (e.g., members of the same
trimer) would be additive. The contribution of an “electro-
static lever” to the operation of the pump is consistent with
our observation that the quantum efficiency for proton
release and uptake is lower in the monomeric bR than in
the native PM. A similar process might be occurring in
halorhodopsin, another retinal protein that acts as a chlo-
ride pump (Schobert and Lanyi, 1982). Conformationally
driven surface potential changes would move any charge;
the specificity could arise from a suitable selective filter,
such as those found in the wide variety of ion-selective
channels. (For a review of recent patch clamp studies, see
Coronado and Labarca, 1984).

Our experiments do not probe the movement of charge
through the PM—we only see the steps of the photocycle
involving ion transfer to and from the aqueous phase. The
next step is to determine whether the nonproton ion
movements can be observed in oriented systems, i.e. where
the two sides of the bR molecule can be spatially resolved.
Such measurements are in progress.

APPENDIX

Effective Equivalent Conductance Change
For Protons in Buffered Solutions

The basic problem is to calculate the distribution among the various
buffering species upon addition of a small amount of strong acid. This
problem has been covered for buflers of physiological interest in a recent
book by Stewart (1981). Knowing the changes in the concentrations of
each buffer ion, one calculates the effective proton equivalent conduc-
tance by taking the weighted average. As we shall show, particularly at
neutral pH, even minute concentrations of buffers (e.g. carbon dioxide)
cannot be neglected.

There are three species to consider: buffers that lose charge on
protonation (e.g., acetate) or that gain charge (e.g., ammonia), hydrox-
ide, and free hydrogen ion. Using the acid dissociation constant K, of the
buffer and the known total amount of buffer, one calculates the concen-
tration of each of the buffer species as a function of the proton
concentration. The condition of electrical neutrality gives a single poly-
nomial in [H*]:

T aZi-0- [H] - = (MY] - [X7)
(Z-[H*]1+2Z'-K,) - B,
* 2 K . (A1)

Here [M*] and [X "] represent the concentrations of nonbuffering cations
and anions, such as buffer counterions, added salt, etc. Z and Z’ are the
algebraic charge of the buffer ions in their acid and basic forms,
respectively, and B, is the total concentration of each buffer present. This
equation could be solved numerically. Using the calculated {H*], one
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could then calculate the concentrations of each buffer ion. The effect of
addition of strong acid is found by adding the appropriate amount to the
[X "] term and resolving the equation.

If the changes are small, however, one can get an approximate solution
in closed form by writing the charge conservation condition in differential
form:

ac; .
;zmi =0-= Zz‘a[m] - 8[H*] — Ac,

(A2)

where Ac is the total amount of strong acid added. Explicit evaluation of
the derivatives and signs gives

. K, B\K,(Z — Z')
0=38[H*"]-{l + oM b‘% TRy~ @AY
This is a simple linear equation in the change in the free proton
concentration. Note that the terms in the summation are always positive
since Z-Z' is + 1 for all types of buffers.

The magnitude of each of the terms is proportional to the fraction of
added protons that at equilibrium will be free hydrogen ion, will have
neutralized a hydroxyl ion or will have conbined with the buffers,
respectively. The fraction of each species is simply its contribution divided
by the whole sum.

Relatively low concentrations of buffer are needed to almost totally
climinate the contribution of free protons and free hydroxyl ions,
especially near pH 7. Table V lists the size of the term due to H* plus
OH~ at various pH values. Next to each is the concentration of a buffer
with pK, = pH, which will result in a term 100 times as large, i.e., which
means 99% of the conductivity signal will be due to the buffer ions.

TABLE V
. _ Buffer conc

pH H* + OH" term for term 100 x
mM
4 1.00 40.0
5 1.00 4.0
6 1.02 0.41
7 2.00 0.08
8 101 0.4
9 10,000 4.0
10 1,000,000 40.0

Thus at pHs near neutrality, very low buffer concentrations are needed to
very effectively buffer the solution. This is important in experiments such
as those using pH-indicating dyes to measure proton release, since even
small amounts of buffer can seriously influence the apparent proton yield.
Also, small amounts of buffer, especially at neutral pH, could serve as a
“reservoir” for protons. This could explain the observations of Drachev et
al. (1984), who, in an elegant experiment, showed that the discrepancy
between the kinetics of the rise of M412 and the release of protons could
be eliminated by either increasing the concentration of the indicating dye
(nitrophenol; pK 7.1) or by adding a small amount of MES buff-
er.

The effective equivalent conductance is obtained by multiplying the
fractions by the change, including sign, in conductance between the
protonated and deprotonated form of the buffer:

K,
Ay +Agy- - W + Z (Aucia— Avase) BoK, /([H*] +K,)?
A - ] buffers

T+ K, /[H*]2+ X BK,/([H*]+K,)?
buffers
(A4)
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This equation was used to calculate the values in the Tables in the
text.
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