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ABSTRACr The abrupt onset of large scale nonproton ion release by photo-excited purple membrane suspensions has
been observed near neutral pH using transient conductivity measurements. At pH 7 and low ionic strength, the
conductivity transients due to proton and nonproton ions are of comparable magnitude but of opposite sign: fast proton
release and ion uptake, followed by slow proton uptake and ion release. By increasing either the pH or the NaCl
concentration, the amplitude of the conductivity transient increases sharply and the signal is then dominated by
nonproton ion release. These results can be understood in terms of light-induced changes in the population of
counterions condensed at the purple membrane surface caused by changes in the surface charge density. The critical
charge density required for condensation to occur is evidently achieved near neutral pH by ionizing dissociable groups
on the membrane by either titration (increasing the pH) or shifting their pKs (increasing the ionic strength).

INTRODUCTION

Bacteriorhodopsin (bR) is the single polypeptide compo-
nent of the purple membrane (PM) of Halobacterium
halobium, and functions as a light-driven proton pump (1).
The structure and function of bR and the PM have been
extensively reviewed (2-5).

Transient proton release and uptake by bR in response
to actinic light flashes has been reported using indicator
dyes (6-9), volume changes (10-12), and transient con-
ductivity (13, 14). There is some controversy over the order
of uptake and release at low pH. Mitchell and Rayfield (9)
observe release before uptake at pH 4; our results (13) and
those of other workers (8, 15) indicate the opposite, in
consonance with steady-state measurements (16, 17). At
neutral pH there is general agreement that proton release
occurs before uptake.
The PM exhibits a net negative surface charge (18, 19),

and substantial structural changes during the bR photo-
reaction cycle have been reported (20, 21). If such changes
resulted in changes in the distribution or number of
exposed surface charges, then ions other than protons could
be transiently moved on and off the PM. This was
suggested by Slifkin et al. (22, 23) to explain their light
modulation conductivity experiments and was subse-
quently proven in our laboratory (13, 14) by direct obser-
vation of the conductivity transients. These latter experi-
ments were done in low and very high ionic strengths,
respectively.

Here, transient conductivity measurements were per-
formed in the intermediate ionic strength region to study
the onset of large scale nonproton ion movements. This
occurs at low ionic strength (20 mM NaCl) by increasing

the pH to 8, or at pH 7 by increasing the ionic strength to
-0.2 M. Below the transition, nonproton ion uptake occurs
along with proton release. Above the transition, the flash-
induced signals are dominated by nonproton ion release
and the amplitude increases as the ionic strength is raised.
These results will be interpreted in terms of ion condensa-
tion in polyelectrolyte systems, a process analyzed in detail
by Manning (24) for linear polyions.

MATERIALS AND METHODS

The 100-kHz differential conductivity apparatus used to perform these
experiments, as well as the calculations used to analyze the data, has been
described previously (13, 14). Since those reports, a photodiode and
associated circuitry has been added to monitor the actinic light intensity
for each measurement.

H. halobium strain S-9 were grown from a slant kindly provided by Dr.
W. Stoeckenius, and PM was prepared as described in Oesterhelt and
Stoeckenius (25). Samples used for the conductivity measurements were
briefly sonicated before use, after the PM was washed into the indicated
starting buffers by several cycles of centrifugation and resuspension. The
final optical absorbance at 570 nm was -0.5 in a 1-cm cell, corresponding
to a bR concentration of 8 jiM.

EXPERIMENTAL RESULTS

Conductivity changes after an actinic flash are caused by
both changes in the concentration of small mobile ions due
to the photoreaction cycle of bR (e.g., binding or release)
and the minute heating of the sample caused by the
absorbed light. The former appears as a transient signal
that rises and decays (convoluted with the 1-ms response
time of the apparatus). The latter gives an apparent dc
baseline shift because the conductivity of all ions increases
with temperature, and thermal relaxation is slow compared
with the time frame of observation. Transients due to
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protons can be unambiguously distinguished from nonpro-
ton signals by variation of the composition of the buffer in
the suspending electrolyte (13, 14). On the 1-ms timescale,
equilibration of protons with the buffer ions is unobserv-
ably fast, so proton transients appear as changes in the
concentrations of the buffering ions present, and these can
be chosen to give either a positive or a negative sign
depending on the net change in charge upon protonation,
namely, acetate vs. ammonia. Variation of the buffer
allows us to determine which component of the signal is
due to protons, while the long-time baseline shift serves as
an actinometer, proportional to the total light absorbed and
the bulk conductivity of the sample. Thus, both the nature
(proton vs. nonproton) and the quantum yield of the ions
responsible for the conductivity transient can be deter-
mined independently.
The results of a pH titration of a sample starting in 2

mM tetramethylethylenediamine (TEMED), 20 mM
NaCl at 1 7.OOC are shown in Fig. 1. The sharp spike in the
first few milliseconds after the flash is due to an electrical
artifact caused by the laser discharge and can be seen in
the absence of bR. At the lower pHs, the rise time of the
transient is limited by the 1-ms time resolution of the
lock-in amplifier; the decay time (l/e) from a single
exponential fit to the tail of the data is 15 ms between pH 6
and 7. At the higher pH end, the rise time is resolved and
the data are well fit by a single exponential rise and a single
exponential decay. For trace G, the time constants are
2.9 ± 0.1 ms and 39 ± 1 ms, respectively. Note that in all

_Mf 5nmhoI

cases, regardless of the sign of the transient, the baseline
after the transient signal decay is always shifted positive
relative to that before the flash. This is the thermal heating
effect discussed above.

In TEMED buffer (pK 5.9), and with the glycinamide
added in trace E to maintain buffer capacity at the higher
pHs, transients due to proton release should be positive
since protonation of the buffer ions increases their net
charge. Instead, a negative transient is observed, which
decreases in absolute amplitude as the pH is raised. Above
pH 7, the signal reverses sign and the amplitude increases
quite sharply. In trace H, excess phosphate buffer is added.
This should reverse the sign of the component of the
transient due to protons, but the signal actually increases
slightly. Hence at pH 8, most of the transient must be due
to ions other than protons. The apparent increase in the
signal amplitude in trace H compared with trace G could
be due to the increases in the ionic strength of the sample
(see below) since at pH 8 adding 12 mM phosphate is
equivalent to adding -45 mM NaCl. The data of Fig. 1
show clearly that nonproton ions are moving after the
flash. At low pH they are evidently taken up by the PM
before release, since the net transient represents a loss of
conductivity, i.e., ion uptake. In alkaline solution, however,
this reverses, and the yield of ions increases as well.

Fig. 2 shows the effect of varying first the buffer
composition and then the ionic strength at pH 7 at 1 7.OOC.
Traces A-D show clearly that a negative component in the
transient grows in as low concentrations of phosphate are
added. This is exactly as expected for fast proton release
followed by slower uptake. This should have given a
positive signal in trace A (in TEMED buffer alone), but
almost no transient is observed. This could easily be
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FIGURE 1 pH variation of
light-induced conductivity tran-
sients in 20 mM NaCI. bR starts
in 2 mM TEMED buffer pH
6.21 (A). pH is then adjusted
with KOH and NaOH to 6.48
(B), 6.75 (C), and 6.95 (D).
Then, 3 mM glycinamide was
added, pH 7.4 (E) and the pH
raised to 7.82 (F) and 8.1 (G).
Finally, phosphate buffer was
added (12.6 mM) and the pH
adjusted to 8.1 (H). The vertical
bar near the end of each trace is
a change of 5 nmho; the sensitiv-
ity varies as the ionic strength of
the sample changes. C-F are the
average of 128 flashes; all others
are 64.
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FIGURE 2 bR at pH 7: effect of
buffer variation and ionic
strength increase on light-
induced conductivity transients.
bR starts in 2 mM TEMED, 20
mM NaCl, pH 6.98 (A). Then
phosphate is added to the follow-
ing concentrations (mM) and
pH: 0.3, 6.96 (B); 0.6, 6.97 (C);
1.9, 6.96 (D). Then NaCl is
added to the following concen-
trations (mM) and pH: 51, 6.96
(E); 150, 6.98 (F); 500, 6.95
(G). Finally, phosphate is added
to 11.4 mM, pH 6.9 (H). The
vertical bar at the end of each
trace gives the scale in nmho:
note the change at trace F and
beyond. All traces are the aver-
age of 128 flashes.
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explained by an additional component of nonproton ion
uptake occurring at the same time as the proton release,
which would then give a net conductivity change near 0.
Traces E-G show the effect of increasing the ionic strength
with NaCl. There is a dramatic increase in the signal
amplitude at trace F. Note that changing the ionic
strength, and hence the bulk conductivity, alters the sensi-
tivity of the conductivity bridge. This is reflected in the
vertical bars by each trace which convert the observed
signal voltage into absolute conductivity units. Clearly, a
positive component grows in as the salt concentration is
raised. Trace H shows the effect of adding excess phos-
phate buffer: there is a decrease in the signal amplitude.
Part of this is due to a decrease in the measured laser power
in this particular sample, but some of the decrease is due to
the proton release component of the signal, which is now
small compared with the nonproton component. These
data show that increasing the ionic strength can cause the
reversal of the nonproton ion transient from small and
negative to large and positive, similar to the effect of
increasing pH illustrated in Fig. 1

Fig. 3 gives the results of a buffer titration similar to the
first part of Fig. 2, except performed at pH 6.2. The
magnitude of the transient (in nmho) is plotted against the
calculated equivalent conductance change (in mho cm2/
eq) for protonation of the different buffers. The titration
starts in TEMED (point furthest to right) and proceeds to
the left as phosphate is added. If the amount of protons and
nonproton ions moving after the flash were independent of
the buffer composition, the data should lie on a straight
line since all that changes is the algebraic sign and
magnitude of the proton component in the different buff-
ers. With the exception of the center point, the data lie on a
line within the indicated errors, taken from the amplitude
of the noise in the traces. The intercept at A = 0, i.e., where
the buffer composition is such that proton release by bR
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FIGURE 3 bR at pH 6.2: summary of buffer variation. The observed
signal amplitude (in nmho) is plotted vs. the calculated equivalent
conductance (in mho cm2/eq) for protonation of each buffer mixture. The
points go sequentially from right to left, beginning in 2 mM TEMED, 20
mM NaCl with the following phosphate concentrations (mM): 0, 0.6, 1.9,
5.1, and 11.3. Calculations were done as described in reference 14. The
line is a least squares fit to the points.

produces no net conductivity change, gives the amplitude
of the nonproton ion signal. If this were due to sodium ion,
for example, comparing the nonproton amplitude to the
calculated proton component and correcting for the differ-
ence in equivalent conductances, the result is that 2-3 Na+
are taken up per proton released at this pH.

Using the ratio of the transient amplitude to the thermal
baseline shift, the yields of the nonproton ions released at
alkaline pH (Fig. 1) or at increased NaCl (Fig. 2) may be
estimated. As we have shown (13, 14), the quantity that is
directly observed is the product of the quantum yield times
the equivalent conductance of the released ion. Although
these measurements cannot identify which particular non-
proton ion is responsible for the transient, reasonable
bounds can be placed on the yields since the equivalent
conductance for all typical small ions (except protons and
hydroxide) is in the range of 30-70 mho cm2/eq. Using
sodium (A = 45) as an example, the sample of Fig. 1 H has
a quantum yield of 1, and those of Fig. 2, F-H range from
2 to 8, increasing with the salt concentration. The pH 8
value is in excellent agreement with the value we reported
earlier (13) for a sample at that pH and a similar ionic
strength, although with different electrolytes. The high salt
yields also approach those observed in 1 M NaCl (14).
Note that these quantum yields are ions per photon
absorbed; normalizing them to the amount of a particular
photocycle intermediate such as M412 would only make
the ion yields larger.
One possible objection can be raised in the use of

TEMED as a buffer, since a recent report (26) claims that
low concentrations of diamines reverse the direction of the
proton pump. There are reasons to question these authors'
interpretation of the electrical signals, particularly on the
long timescales (>1 Ims) relevant to the experiments
presented here. Toth-Boconadi et al. (26) report that the
apparent reversal of the pump is itself reversed by either
increasing the TEMED concentration, or by adding small
amounts of Ca++ or larger amounts of Nat. This in itself
strongly suggests that the complex signals at long times are
in fact due to charge movements in the interfacial region
between the PM and the electrolyte and not inside the bR
itself. It is interesting that the fast charge movements
reported by Toth-Boconadi et al. (26), which are due to
charge displacements inside bR and presumably reflect the
first steps of the pump, are not affected by TEMED.
However, even if one accepts the interpretation of Toth-
Bocona'di et al., the point is moot since the experiments
reported here were done at much higher TEMED concen-
trations than are required to restore the "normal" direction
of the proton pump.
To remove any ambiguity, the experiments of Figs. 1

and 2 were repeated using the monoamine imidazole as
buffer instead of TEMED. No reversal of the proton
movements was seen and the change from nonproton ion
uptake to release caused by increasing pH or ionic strength
was the same as with TEMED.
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DISCUSSION
The transient conductivity measurements reported above
can be most simply understood as resulting from two
processes. First, there is the well-established rapid proton
release followed by slower uptake in response to a light
flash in the region near pH 7. This is clear from the
changes in the signal amplitudes caused by variation of the
buffer composition (Figs. 2 and 3). However, there is
evidently another component in the transient since the
signal amplitudes do not behave quantitatively as if the
entire signal were due to protons only. This is clear from
the samples with TEMED only (Figs. 1 A and 2 A) or
imidazole (data not shown), buffers in which the signal
should be positive but is observed to be negative. Also, the
large positive transient does not become negative when
phosphate is made the dominant buffer. Hence nonproton
ions are transiently moving as well. The proton and nonpro-
ton movements evidently occur on the same timescale and
with the same kinetic constants since single exponential
decays (and where resolved, the rise as well) are observed.
The data presented herein show that the nonproton ion

movements undergo a dramatic change near neutral pH.
At low ionic strength and at pH <7, the nonproton ions are
bound to the PM as the protons are released. Thus the
observed conductivity signal is the sum of opposing tran-
sients with very similar or identical amplitudes. However,
if the pH is raised to 8 or if the salt concentration is raised,
the nonproton ion movements become much larger in
magnitude, and their direction is reversed-they are
released, then taken up. The yields of the ion transients
approach values on the order of 10 ions per photon at high
ionic strength, in agreement with previous results (14).
The PM has two sources of negatively charged groups:

lipid phosphates and sulfates and protein carboxyl groups,
some of which can have quite high effective pKs due to the
large negative charge of the PM. In addition, a substantial
portion of the PM lipid is phosphatidyl glycerol phosphate
(27, 28), which carries more than one charge and should
have a high pK. The electrostatic effects described below
would affect these phosphate groups as well. It is well
known from studies with polymers containing carboxylic
acid side groups that the titration curves show a pK that
depends on the degree of neutralization of the acids. The
measured titration curves for poly(aspartic acid) (29),
poly(acrylic acid) (30), poly(methacrylic acid) (31), and
poly(L-glutamic acid) (32) all show quite broad buffering
regions, and this pK range is lowered by 1-1.5 pH units as
the ionic strength is raised. This is easily understood as
screening of the closely spaced charges on the polymer,
thereby reducing the electrostatic work needed to ionize
further carboxyl groups. Manning (33) has analyzed the
titration curve of a poly acid in terms of his ion condensa-
tion theory and finds a predicted lowering of the apparent
pK as salt is added. The same is observed to occur in
phosphatidylserine vesicles: the apparent pK is broad and

shifts down from 6.0 in 1 mM NaCl to 3.7 in 1 M (34).
Titrations of PM samples in different suspending NaCl
concentrations exhibit a shift in a buffering region below
neutral pH as the salt is raised (data not shown).

Manning's theory (see reference 24 and references
therein) for linear polyions indicates that when the spacing
between the charges on the polyion becomes comparable or
less than the Bjerrum length (i.e., the distance at which the
electrostatic interaction between two single charges is
equal to kT; in water at 250C this is 7.1 A), then
counterions condense on the polyion to screen a fraction of
the charge. By condensed, Manning (35) refers to ion
territorially confined to a small region in the vicinity of the
polyion. In terms of the experiments here, such condensed
counterions doe not contribute to the bulk conductivity-
they move with the polyion and effectively reduce its net
charge. Qualitatively similar results as those of Manning
were obtained by two groups (36, 37) who obtained analyt-
ical and numerical solutions to the Poisson-Boltzmann
equation. In particular, the latter group (37) investigated
the effect of the geometry of the polyion on the counterion
distribution. In the case of the plane, which is obviously
closer to the PM than the cylindrical case normally
considered, Gueron and Weisbuch (37) found that there is
a critical surface charge density above which one observes
high counterion concentrations near the surface, which are
only slightly affected by ionic strength. This density (in
e/nm2) is l/(2irzlBX), where z is the counterion valence, IB
is the Bjerrum length, and X is the Debye length (the
reciprocal of the Debye screening parameter K). At 100
mM univalent salt or less, this means that the surface
charge density must be >0.22 e/nm2.
A simple explanation of the abrupt onset of ion release is

that in low salt and at pH <7, a sufficient fraction of the
carboxyl side chains is not ionized, so that the net charge
density is below the critical value. By increasing the pH or
by increasing the ionic strength at pH 7, more of the
carboxyl groups ionize and the net charge density rises
above the critical value. During the photocycle, conforma-
tional changes cause changes in the distribution of the
exposed surface charges and hence changes in the popula-
tion of condensed counterions. Gueron and Weisbuch (37)
report that above the critical charge density, the counterion
concentration in the vicinity of the polyion (what they call
the CIV) is proportional to the square of the charge
density. If the charge density goes below the critical value,
a significant portion of the accumulated counterions would
be transiently released into the bulk phase. This would
explain the large nonproton signal observed. The much
smaller nonproton ion uptake can be understood by the fact
that release of a proton must necessarily increase the
negative charge on the PM. If the overall charge density of
the PM surface is less than critical-evidently this is true
at low salt and pH <7-no large scale changes in accumu-
lated counterions is possible, but the negatively charged
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group left after escape of the proton would be screened by
some binding of positive ions.
To see if counterion condensation is a reasonable possi-

bility, the charge density of the PM can be estimated from
its known composition and structure (2). Kates et al. (27)
report a total of 18 polar lipids per unit cell in PM, most of
which are negatively charged, and this will add to the
charge on the protein. From the model reproduced in
reference 4, the maximum net negative charge due to the
charged amino acids near the surface would be -5 per bR
for the cytoplasmic side and -0 for the extracellular side.
The difference between the two sides estimated here (five
charges) is close to that determined experimentally in
measurements of the permanent electric dipole of bR
before and after treatment with papain (38). If the lipids
are distributed equally on either side of the membrane,
then the maximum average charge densities are 0.88 and
0.5 e/nm2, respectively, i.e., above or close to the critical
density Gueron and Weisbuch found was required for
counterion accumulation. This assumes all the lipid phos-
phates carry their maximum negative charge. If not all of
the carboxyl and phosphate groups were ionized, then the
surface charge density would be less.
The lipids may not be evenly distributed. Henderson et

al. (39) present evidence from electron microscopy that the
glycolipid is concentrated on the extracellular side of the
PM. Using fluorescence quenching of specifically dansyl-
ated PM by uranyl ion, Renthal and Cha (40) inferred that
the lipid phosphate is mostly on the cytoplasmic side. If one
redistributes the lipids with these experiments taken into
account, the effect is to make the cytoplasmic side more
negative (maximum charge density -1 e/nm2) with a
corresponding reduction in the charge on the extracellular
side (drops to 0.35 e/nm2). Again, this is an estimate of the
maximum charge density, assuming all carboxyl and phos-
phate groups are ionized. These charge densities are very
close to those calculated by Renthal and Cha (40) based
solely on the phospholipids but assuming a larger lipid
content per unit cell.
The charged lipids contribute significantly to the surface

charge density due to the protein alone, shifting the total
closer to the critical value, where it can be modulated by
changes in the exposure or charge state of the PM carboxyl
groups. The change in accumulated counterions due to
changes in the surface charge density, i.e., the derivative of
the CIV as a function of charge density, will determine the
size of the light-induced conductivity transient. Qualita-
tively, it is clear that the surface charge density of the PM
must be near the critical value for ion condensation since at
densities either much lower or much higher, the fraction of
counterions condensed is insensitive to changes in surface
charge. Here it should be noted that polyelectrolyte sys-
tems often display highly nonlinear behavior as the net
charge is varied. In the extreme case, one observes abrupt
changes in physical properties, indicative of a molecular

phase transition. An example is the ionic strength depen-
dence of the diffusion coefficient of sodium poly(styrene
sulfonate) (41), which changes by orders of magnitude at
critical salt concentrations, depending on the valence of the
counterion.

Light-induced changes in the surface potential of the
PM have been reported by a variety of probe techniques,
and the reader is referred to the discussion section of our
previous paper (14) for a summary of that work. Confor-
mational changes in bR during the photocyle have also
been reported, e.g., molecular rotations (21) and helix
tilting (20). The latter is still controversial: a recent
Fourier transform infrared study (42) disputes the possibil-
ity of extensive helix tilt in the M412 intermediate. Also,
optical dichroism experiments (43) show no significant
changes in the angle of the chromophore's transition dipole
in the early stages of the photocycle, and the difference
Fourier between bR and M412 trapped at low temperature
indicates no large scale protein movement (44). However,
both of these reports explicitly state that there is no
contradiction between their results and the molecular
rotations seen by Ahl and Cone (21), since the studies in
references 43 and 44 are on timescales and at tempera-
tures, respectively, where the rotations might not be
observed. It is noteworthy that time-resolved x-ray experi-
ments record disorder in photostimulated bR films (45).
The data reported here strongly indicate some alteration

in the surface charge distribution of the PM during the
photocycle. This could be due to molecular rotations, but it
is equally possible that other movements, such as displace-
ments of the helices normal to the plane of the membrane,
could be responsible. Such motions would certainly alter
the positions of charged groups (46) and consequently alter
the distribution of condensed counterions, but would not be
detected in the optical or electron diffraction experiments.

These experiments, of course, do not distinguish between
the two sides of the PM, which evidently are asymmetric
(39, 40). Studies with oriented samples should help us to
determine if there is side specificity to the counterion
accumulation and the light-induced nonproton ion release,
and experiments with liposomes are in progress.
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