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Effect of pH buffer molecules on the light-induced currents from
oriented purple membrane

S.Y. Liu, M. Kono, and T. G. Ebrey
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aBsTRACT The effect of pH buffers on the microsecond photocurrent component, B2, of oriented purple membranes has been
studied. We found that under low salt conditions (<10 mM monovalent cationic salt) pH buffers can dramatically alter the
waveform of the B2 component. The effect is induced by the protonation process of the buffer molecules by protons expelled from
the membrane. These effects can be classified according to the charge transition upon protonation of the buffer. Buffers that carry
two positive charges in their protonated form add a negative current component (N component) to B2. Aimost all of the other
buffers add a positive current component (P component) to B2, which is essentially a mirror image of the N component. Buffers with
apK <5.5 have only a small positive buffer component. The pH dependence of the buffer effect is closely related to the pK of the
buffer; it requires that the buffer be in its unprotonated form. The rise time of the buffer component increases with the concentration
of the buffer molecules. All the buffer effects can be inhibited by the addition of 5 mM of a divalent cation such as Ca?*. Reducing
the surface potential slows down the N component but accelerates the P component without affecting the amplitude of the buffer
effect significantly. Many of the buffer effects can be explained if we assume that upon protonation of the buffer by a proton expelled
from the membrane by light, the buffer molecules move toward the membrane. This backward movement of buffer molecules forms
a counter current very similar to that due to cations discussed in Liu, S. Y., R. Govindjee, and T. G. Ebrey. (1990. Biophys. J.

57:951-963).

INTRODUCTION

Bacteriorhodopsin, a light-driven proton pump, is one of
the most extensively studied membrane proteins. The
purple membrane (PM) in which it resides has a large
negative surface charge density at neutral pH due to the
negatively charged amino acid residues and lipid mole-
cules on its surface. Upon illumination, bacterio-
rhodopsin undergoes a cycle of discrete intermediate
states which can be monitored spectroscopically. During
this photocycle a proton is released into the external
media, and one is taken up from the cytoplasmic side.
The net vectorial movement of protons is a major
contributor to an electrical signal which contains three
main components. Recent work from this laboratory has
characterized the microsecond component (B2) of this
signal, which correlates well with the L-M optical
photocycle transition under high salt conditions; we
concluded that it arises directly from proton movement
(Liu, 1990; Liu et al., 1990; see also Keszthelyi and
Ormos, 1989; for a review see Trissl, 1990). However,
when the salt concentration is low the B2 component is
altered even though the optical signal is not. This finding
has led to a “counter-current” model (Liu et al., 1990;
see also Marinetti, 1987) in which a transient increase in
the negative surface charge after proton release leads to
the attraction of a cation back towards the surface in
opposition to the proton current, a phenomenon that

can be readily detected at low ionic strengths by photo-
current measurements (Liu et al., 1990).

In addition to low salt concentrations, pH buffers also
alter the electrical signal (Liu et al., 1990). The interac-
tion between released protons from the PM and a buffer
in the bathing solution has not been carefully studied,
although some unusual relationships have been noticed
by several investigators. Drachev et al. (1984), for
example, found faster kinetics of the light-induced
proton release signal detected by a pH indicator in the
presence of a pH buffer. Marinetti and Mauzerall (1983)
reported that during the photocycle of bacteriorhodopsin
there is a conductivity signal that cannot be suppressed
by a pH buffer at pH 8; they proposed that there is a
large nonproton ion release during the photocycle.
Téth-Boconddi et al. (1986) and Dér et al. (1988)
reported that in the presence of diamines, a category of
pH buffers that become divalent cations when proto-
nated, the microsecond and millisecond range photocur-
rent signals change sign. They proposed that the proton
pump is reversed by diamines, although alternative
explanations have been suggested (Marinetti, 1987; Liu
et al.,, 1990). Because the photocycle of bacterio-
rhodopsin involves proton transport across the mem-
brane, the correct interpretation of the results of photo-
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current measurements in the presence of pH buffers is
difficult but may give us quite useful information.

In this paper, the effects of 31 different kinds of pH
buffers on the microsecond component (B2) of bacterio-
rhodopsin’s photocurrent were studied. With high salt
concentrations, the B2 component is primarily due to
light-initiated proton release from the PM into the
external bathing solution. At lower salt concentrations,
we find that this waveform is altered in the presence of
almost all of the buffers and call this change the buffer
effect. The type and degree of this effect is dependent on
the buffer used, salt concentration, pH, the buffer’s pK,
and surface charge of the PM.

Our results suggest that the buffer effect represents
the charge movement and/or the dipole change of buffer
molecules close to the surface of the protein. A counter
current model, in which negative charges left near the
surface of PM after proton release cause movement and
reorientation of the buffer molecules, can explain most
of the phenomena observed.

MATERIALS AND METHODS

PM was prepared from Halobacterium halobium strain S-9 cells
according to the method of Becher and Cassim (1975), omitting the
DNase treatment.

Immobilization of PM in a polyacrylamide gel was done essentially
by the method of Dér et al. (1985) except that the final concentration
of ammonium persulfate was 0.25% (Liu and Ebrey, 1988). Orienta-
tion and conditions of the PM during polymerization are described by
Liu (1990). Briefly, the acrylamide solution containing 30 M bacterio-
rhodopsin was polymerized as a single large 60 x 4.9 X 50 mm piece
with a 15 V/cm orientation voltage. This gel was washed in distilled
water for at least 48 h before it was cut into the 6 X 4.9 X 12 mm pieces
used for measurements. Pieces with air bubbles or obvious inhomoge-
neities were discarded.

The experimental setup for the photocurrent and optical measure-
ments was identical to that described previously (Liu and Ebrey, 1988)
with a Nd-YAG laser with a polarization parallel with the bacterio-
rhodopsin alignment and intensity of 10 mJ as the excitation source.
Measurements were made such that positive currents represent
positive charge movement from the cytoplasmic side of the oriented
membrane to the extracellular side and hence negative currents are a
result of positive charges going in the opposite direction.

The buffer concentration was generally 5 mM with 50 uM CaCl,
present unless otherwise noted. pH was adjusted by addition of small
amounts of KOH or HCl. PM gels were equilibrated with the
appropriate solutions by incubating them in a large volume of buffer at
least overnight. The pH of the buffer solutions was remeasured at the
time of the experiment because the pH’s sometimes varied after
incubation with the PM gels, especially when set beyond the buffering
ranges of the solution.

Removal of divalent cations associated with the PM was accom-
plished by immersing the PM gel into a slurry of DOWEX 50W cation
exchange resin (Bio-Rad Labs.-Chem. Div., Richmond, CA) and
stirring overnight until the color changed to blue following Kobayashi
et al. (1983). Subsequent incubation in the desired buffer and salt
regenerated the purple color immediately for most cases. The excep-

tion arose with very low concentrations of CaCl,. The equilibration
rate with the salt was therefore determined by visual inspection of the
gels. When deionized gels were placed in solutions with <5 wM CaCl,
and at a pH of ~ 5.0, only the edges turned purple, while the center
remained blue. The inhomogeneous color remained after 15 d of
incubation. At pH 8, a homogeneous purple color returned immedi-
ately because of the pH. To see if the Ca®* had been evenly distributed
in the gel, we lowered the pH back to 5.0 after S d of incubation at pH
8.0; yet a blue center was again observed. The overall equilibration
rate, however, is faster at high pH; an evenly colored gel can be
obtained after 10 d incubation at pH 8.0. As a consequence of this
behavior, regeneration of PM gels in low Ca® concentrations was
conducted by shaking the gels in the Ca’* solution with 5 mM
GLY-GLY (pH 7.9) with daily changes for 15 d before measurements
were taken.

Lipid-depleted PM gels were made as described by Liu et al. (1990)
following the method of Szundi and Stoeckenius (1987). PM gels were
incubated in 20 mM CHAPS (3-{(3cholamidopropyl)-dimethylammo-
nio]-1-propanesulfonate} and 5 mM acetate buffer (pH 5.4) with
stirring at room temperature and solution changes every 12 h for a
total of 36 h. The detergent was removed by extensive rinsing of the
gels with distilled water. Because the modification was conducted after
the PM was immobilized in the polyacrylamide gel, lipid assays were
not possible. As with our earlier description (Liu et al., 1990) the
degree of delipidation was inferred by several physical properties of
the lipid-depleted PM (absorbance maximum, M photointermediate
decay lifetime, amplitude of M intermediate, lack of light/dark
adaptation, and purple-to-blue transition) being the same as those
described by others (Szundi and Stoeckenius, 1987; Jang and El-Sayed,
1988). Therefore, we assume that ~ 75% of lipids have been removed
as assayed by Szundi and Stoeckenius (1987).

Arginine methyl ester modification of carboxyl groups was accom-
plished by placing PM gels in a constantly stirred solution of 100 mM
arginine methyl ester and 0.5 M 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide at room temperature for 4 h and pH 4.8 (Renthal et al.,
1979) and renewing the solution after 2 h. Excess arginine methyl ester
was removed with several changes of large volumes of distilled water.

The number of exponentials and lifetimes of the photocurrent and
absorbance traces were determined by a program using nonlinear least
squares subroutine CURFIT (Bevington, 1969) written for an LSI
11-23 minicomputer (Digital Equipment Corp., Maynard, MA). At
cach iteration of the fitting, the program is able to present both
theoretical and experimental traces on the screen, so that the quality
of the fitting could be judged not only by the standard deviation but
also by the residual. When fitting traces containing a negative
component of the buffer effect, a trace from an unbuffered PM gel
containing 5 mM KCI was subtracted from the buffered traces such
that what remained was a pure negative buffer signal that could be fit
with two exponentials, a rise and decay. When fitting traces with a
large positive component of the buffer effect, three exponentials were
used, the first to fit the initial decay, the second for the rise due to the
buffer, and the third for the longer overall decay.

RESULTS

Effect of the buffer charge transition
on the photocurrent

31 buffers with pK’s between 4.5 and 9.0 were tested for
their influence on the photocurrent. These buffers are
classified according to the type of charge transition they
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undergo (Table 1). All affect the waveform of the B2
component if the salt concentration in the bathing
solution is low enough ( <20 mM KCl or 5 mM CaCl,).
Although the waveform of the B2 component varies
depending on type of buffer, its concentration, pH, and
salt concentration, there are some general statements

TABLE 1 BuNers classified according to charge transition characteristics

that can be made. The buffer effects can be divided into
two types, N and P. The N (negative) buffer effect
manifests itself as a microsecond photocurrent compo-
nent such that the total current is more negative than the
B2 waveform measured in a bufferless solution contain-
ing KCl at a concentration identical to that of the buffer

Buffer Structure pK

Buffer Structure pK

Type I (-3 — -2)

Citrate -0,CCH,C(OH)(CO;)CH,CO;, 54
O (0]
[ Il
Pyrophosphate -O—P—O0—P—OH 5.8
! |
0. 0.
Type Il (-2 — -1) HC—CH
TN
Maleate 00C Co0 6.0
i
Phosphate 'O-T_ o 6.8
OH
Phthalate CoO- 54
Succinate : coo 56
H,C—CH
N
Type I (-1 — O) "00C oo
Acetate CH;COO" 48
O _N (03
g T
Barbital NH 8.0
Et
0
Bicarbonate HCO; 6.4
Cacodylate H3C\ As/o' 6.2
/N
e o

Type IV (-2 — -2 & +1)
ADA H,NCOCH,N(CH,C00"), 6.6

PIPES ™\ 6.8
‘03S(CH;N  N(CH,),SO;

Type V (-1 — -1 & +1)

ACES H,NCOCH,NH(CH,),S0; 6.9
BES (HOCH,);N(CH,),80; 72
BICINE (HO(CH,),),NCH,COO 84

Type V (-1 — -1 and +1) (Cont.}

GLY-GLY 8.4
H,NCH,CONHCH,COO
Hepes HO(CH,),N  N(CH,),S0; 76
4
/\
Hepps HO(CH,,N  N(CH,);S0; 81
MES 6.2
O  N(CH,),S0;
MOPS __/ 72
O  N(CH,)50;
TAPS S CH)S0; 86
(HOCH,);CNH(CH,);S0;
TES (HOCH,);CNH(CH,),S0; 73
TRICINE (HOCH,);CNHCH,COO" g5

TYPE VI (-1 & +1 — +2 & -1)

N N\ + )
Histidine [?H—CHzCH(Nﬂs)COO 60

Type VII (0 — +1)

Lo N
Imidizole l H—\> 71
N
Pyridine <\_— :N 51
Tris / 8.3
(HOCH,);CNH,

Type VIII (41 — +2)

(HOCH2)3C§H(CHZ)3NHC(CHZOH)3

Bis-Tris Propane 6.8

Ethylene Diamine HzNCHZCHZItIHg 75
— /\

Piperazine HN ltIHZ 5.6

TEMED N 6.0

(CH3),N(CH,),NH(CH»),

206 Biophysical Journal

Volume 60 July 1991



at pH 6.0, usually ~5 mM. Conversely, the P (positive)
buffer effect has a microsecond photocurrent compo-
nent such that the total current is more positive than the
B2 waveform measured in the same concentration of
KCl, pH 6.0. The buffer component, therefore, is the
difference between the photocurrents measured in buffer
and in an equivalent concentration of KCl (pH 6.0).
Although many factors affect the waveform of the buffer
component, the most important is the type of charge
transition during the protonation of the buffer mole-
cules.

N effect

Of the buffers tested, only type VIII buffers produce an
N effect. Upon protonation, the charge of a type VIII
buffer changes from +1 to +2. Fig. 1, @ and b, show the
pH titration of B2 in the presence of 5 mM bis-tris
propane pH buffer, pK 6.8. When the pH is low, B2 is
basically the same as that in S mM KCIl. With an increase
in pH, however, B2 changes its waveform and even
reverses signs. The new waveform can be described as
the addition of a negative current component (N compo-
nent) to B2; this change continues until the pH is much
greater than the buffer’s pK (Fig. 1 b).

P effect

Except for type VIII buffers, all of the other buffers
tested show a P effect, the addition of a positive current
component to the waveform of a B2 (Fig. 1, c%). The
exact waveform of the P component varies greatly. Some
buffers such as ACES, phosphate, and glycyiglycine
(GLY-GLY) (Fig. 1, ¢, f, and ), show a clear notch in
the microsecond range waveform; whereas others such
as acetate, ADA, or bicarbonate (Fig. 1, e, g, and h)
have a waveform that is only slightly more positive than
that measured in 5 mM KCl. We discuss these buffers in
groups by the type of charge transition.

(a) Type V buffers (Table 1) are zwitterionic pH
buffers that carry only one pair of charges when proto-
nated. All of the 11 buffers tested in this group showed a
large P component. Fig. 1 c shows the pH titration of B2
in the presence of 5 mM ACES, and Fig. 1 d shows the
same kind of titration in 5 mM MES. As can be seen, the
effect of these zwitterionic buffers on the photocurrent is
opposite to that of the N type buffers in that a new
positive component is added to the B2. Its waveform is
similar to the N component, but its polarity is positive.
The amplitude of the P component increases with pH.

(b) Type 1V buffers are zwitterionic and carry two

negative and one positive charge in their protonated
form. Only two of this type were tested. Both showed a
small P effect, and their rise times were slow. Fig. 1 e
shows the pH titration of the buffer ADA.

(c) Types I and III buffers behave similarly. Type 11
buffers have a —2 to —1 charge transition upon protona-
tion, whereas type III buffers have a —1 to 0 charge
transition upon protonation. Of the eight buffers tested
in these two groups, phosphate, barbital, and cacodylate
show large P components. Fig. 1 fshows a pH titration in
5 mM phosphate. Except for bicarbonate, the other
types II and III buffers which have pK’s <6.1 have small
P components. Fig. 1 g shows the buffer effect of acetate.
Although the pK of acetate is 4.8, the buffer effect does
not start to appear until > pH 5.0 (see below). Fig. 1 A4
shows the buffer effect of 5 mM bicarbonate which
behaves a little strangely. Although it has a pK of 6.4, the
buffer component does not saturate at pH 7.4; it is still
increasing at pH 8.2. The second protonatable group of
bicarbonate (pK = 10.3) is presumably involved in which
case there is now a type II buffer behavior (-2 to —1
charge transition).

(d) Type I buffers have a —3 to —2 charge transition
upon protonation. Because of the large number of
cations required as counter ions for these buffers upon
pH adjustment, we reduced the buffer concentration to
1 mM so that the salt effect would not mask the buffer
effect. Under these conditions, pyrophosphate showed a
small P component. Citric acid had no effect on the B2,
but an unusual photocurrent component with a lifetime
about six times slower than the usual P component
appeared (data not shown). Its origins are unknown.

(e) Only one type VI buffer was tested. Histidine is a
zwitterionic buffer that carries two positive charges and
one negative charge in its protonated form. It does not
show a large buffer effect around its first pK of 6.0
(Fig. 1i); however, it does show a large buffer effect at
pH 7.7. Again, we presume the second protonatable
group of histidine (pK = 9.17) is involved in a type V
buffer effect (see above).

(f) Type VII buffers have a 0 to +1 charge transition
during protonation. Of the three buffers tested in this
group, imidazole and #is had somewhat resolvable P
components whereas pyridine had only a small one.

(g) Type VIII buffers at higher pH’s are now type VII
buffers because the charge transition is 0 to +1. There-
fore, measurements give a P type buffer effect after the
N-type effect which had been seen at lower pH’s. Fig. 1 b
shows the pH titration of bis-tris propane in the pH
8.2-9.7 range. At pH’s > 8.2, the N component changes
into a P component. At these pH’s a second protonat-
able group (pK = 9.0) of bis-tris propane is being ti-
trated.
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FIGURE 1

Photocurrent of oriented PM gels as a function of pH in the presence of 19 of the 31 buffers tested.
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FACTORS THAT CONTROL THE
AMPLITUDE OF THE BUFFER COMPONENT

pH and buffer pK

The buffer effect is pH dependent. As the pH increases,
the buffer component usually starts to appear at pH
5.8 = 0.3. At the concentration of PM used, 30 pM,
there will be <15 pM protons released in the solution
after each saturating flash (based on a quantum effi-
ciency = 0.64 (Govindjee et al., 1990); and one proton
per photocycle (Drachev et al., 1984)). It might be
expected that this number of protons would make a
significant disturbance to the pH of the solution even at
pH 5 (where the bulk proton concentration is ~ 10 pM),
but because pH is logarithmic, a concentration change of
a factor of about two affects the pH very little. Further-
more, the local pH close to the surface of PM is much
lower than the bulk pH. In the presence of 50 uM CaCl,
with a bulk pH of 5.8, the pH in the solution next to the
membrane where protonation of the buffer occurs is
much lower than 5.0 (e.g., Jonas et al., 1990). Therefore,
the release of <15 pM protons is probably not sufficient
to cause the protonation of buffer molecules near the
surface.

The amplitude of the buffer component usually starts
to drop at pH 8.2 + 0.3. Fig. 1 k shows this decrease in
the pH titration of GLY-GLY in the pH 8.3-9.9 range.
We suggest that this decrease is because of a lower
number of protons available. Previously, we have found
a drop in the number of protons released by a flash at
this pH (Liu, 1990). That is, the decrease in amplitude
here is attributed to the pK of the proton source, the
purple membrane, not the pK of the buffer.

In addition, the pK of the buffer controls the buffer
effect; however, it is difficult to sort this out. The
measurements of the buffer components using buffers
which have a pK in the 6.8-7.2 range, for example, could
show a titration curve of their amplitudes even if they
were due to a protein pK and independent of the
protonation state of the buffers (i.e., their pK) because
the buffer effect starts to increase at pH 5.8 and decrease
at pH 8.2 for all buffers. This pH dependence could be
due to the pH dependence of proton release from the
PM at high pH and the lack of sufficient protons
released to perturb the local proton concentration at low
pH. After carefully examining the titration of MES
(pK = 6.2) and GLY-GLY (pK = 8.4), however, we
believe the buffer effect does depend on the buffer’s pK.
With higher pH'’s, the amplitude of the buffer compo-
nent stops increasing when the buffer molecules are fully
unprotonated. Comparing Fig. 1d with Fig. 1,j and k,
the pH titrations of MES and GLY-GLY, we can see

that the buffer component in 5 mM MES becomes
saturated at pH 7.3, one unit above its pK. The ampli-
tude of the buffer component in 5 mM GLY-GLY
increases up to pH 8.3, about the pH where the proton
pumping ability starts to drop. The reason that the
buffer component starts to appear at pH 6.3 even if the
pK of GLY-GLY is at 8.4 is not clear. Perhaps, the
protonation of the small amount of unprotonated GLY-
GLY at pH 6.3 (40 pM with these conditions) induces
this component.

The maximal amplitude of the P component also
depends on the pK of the buffer. All the buffers that
have a pK < 6.0 induce a small P component, and all the
buffers with a pK > 6.0 induce a large P component with
the exception of type IV buffers. The explanation is
probably quite simple. As mentioned above, more pro-
tons are required to produce the same change in pH at
lower pH’s than at higher pH’s. Thus, for a light-
initiated release of a given amount of protons at a pH
around the buffer pK, those buffers with lower pK’s
(e.g., <6) will have a smaller change in ratio of proto-
nated and unprotonated buffer molecules than those
with higher pK’s and consequently less of a buffer-
enhanced signal.

Salt concentration

The amplitude of the buffer component is sensitive to
the cations surrounding the membranes. It starts to
decrease as the cation concentration increases to a level
comparable with that of the buffer. Divalent cations
suppress the buffer component much more efficiently
than monovalent cations. When starting with 5 mM
buffer, 5 mM Ca®* can significantly reduce the amplitude
of the buffer component, but much more K* is needed
for the same degree of reduction. Fig. 2 shows the buffer
effect measured in 5 mM GLY-GLY with no added salt
(GLY-GLY will contain ~ 1.4 mM of monovalent cat-
ions at pH 8.0), S mM KCl, or 5 mM CaC(l, in the
solution. A trace measured with 5 mM KCl alone is
shown for comparison. Computer fitting of the traces
indicates that the cations only reduce the amplitude of
the buffer component without changing its decay kinet-
ics.

Buffer concentration

The amplitude of the buffer component also depends on
the concentration of buffer. Fig. 3,a and b, show the
buffer concentration dependence of the P component of
GLY-GLY and the N component of bis-tris propane,
respectively. The N and P components have different
concentration dependencies. The amplitude of the P
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from the B2 component. One reason is that the higher
concentration of buffer also causes the monovalent salt
concentration to increase, which will cause B2 to be-
come slower and larger (Liu et al., 1990). The second
reason is that increasing the GLY-GLY concentration
will increase the rate of the rise of the buffer component
(see below). Consequently, we used 5 mM GLY-GLY
for most of the studies presented here. At this concentra-
tion, the buffer component is clearly separated from B2
component, and the pH can still be well controlled.

For the N component, the amplitude decreases as the
buffer concentration increases from 0.25 to 5 mM
(Fig. 3 a). Téth-Boconadi et al. (1986) report that the N
effect reaches its maximum at 40-50 pM, which is
~ 100-fold lower than the concentration for a maximal
P-type buffer effect (Fig. 3 a). An explanation of this
difference is given in the Discussion. In this study, we
used 1-2 mM bis-tris propane for most of our measure-
ments of the N component. At lower concentrations, the
pH is difficult to control and the buffer component is
easily reduced by the contamination of small amounts of
mono- or divalent cations; on the other hand, at higher
concentrations the buffer component becomes smaller
and hard to detect.

Divalent cations in the binding site

Although the N component is not sensitive to micromo-
lar concentrations of divalent cations (data not shown),
the P component is. Fig. 4 a shows the P effect measured
in 5 mM GLY-GLY at different concentrations of
Ca(l,. The gels were first deionized to form blue
membrane before they were incubated in the different
Ca’* solutions. The P component increases with higher
Ca’* concentration from <0.2 to 50 M. Above 100 pM
Ca™, the amplitude of the buffer component starts to
drop because the higher concentrations of divalent
cations inhibit the buffer effect (see above). At pH 8.0, 5
mM GLY-GLY contains 1.4 mM K*(OH) used to adjust
the pH. A comparison of the trace measured in <0.2
uM Ca’* (see below) and in 0.2 uM Ca?*, both of which
contain the 1.4 mM K*, shows that the 0.2 pM Ca®* is
more effective in increasing the P component than the
1.4 mM K", indicating that this divalent cation depen-
dence is very specific.

There are almost certainly divalent cation binding
sites on PM (see review of Jonas et al., 1990). According
to Dufach et al. (1987), at pH 7.0, 1.8 uM concentration
of Ca** would fill 90% of the high and middle affinity
cation binding sites of PM under our experimental
conditions, and 43 pM Ca®* would fill 90% of the low
affinity sites. From Fig. 4 a, we can see that the divalent
cation dependence of the buffer component follows a
very similar pattern to the divalent cation binding,
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FIGURE4 P type buffer effect. (a) Effect of different concentrations
of Ca** on the amplitude. Traces i and j represent identical conditions
of trace amounts of Ca?* but i was incubated for 2 days, whereas j was
incubated for 3 h; the longer time needed for binding of Ca** at low
concentrations would explain for the increase in the P effect with time,
but the 3 h trace reflects closer the trace in the absence of all divalent
cations (see text). (b) Effect of chemical modifications of the negatively
charged protein carboxylates with positively charged arginine methyl
ester. Arginine methyl ester modification reduces the disparity be-
tween the minimal and maximal P effects due to Ca®* concentration.
(c) Effect of delipidation on the maximal and minimal Ca®* signals.
Reducing the number of negative charges from the lipids is similar to
altering the amino acid residues where modification reduces the
influence of Ca®>* on the amplitude of the buffer component. Where
<0.2 uM Ca?* is indicated, no Ca** was added to the solution but trace
amounts were found to be present in the buffer solution at <2 pM as
determined by inductively coupled argon plasma emission.

indicating that the divalent cations in the binding sites
and in the Gouy-Chapman double layer might be impor-
tant for the P effect. When the PM’s surface potential
was reduced by either covalently binding arginine me-
thyl ester to carboxyl groups on the surface (Fig. 4 b) or
by lipid depletion (Fig. 4 c¢), the membrane became less
sensitive to the divalent cations in the solution.

The type of divalent cation appears not to be impor-

tant. Comparison of the P components with CaSO, and
MgSO, are basically the same except that the amplitude
is slightly smaller in MgSO, (data not shown).

Aggregation states of PM

Sample conditions can affect the buffer waveform. Aggre-
gation states of PM seem to have the biggest effect. PM
which had been prepared and stored in a refrigerator
three months before use had a lower molecular weight,
increased light scattering, and smaller buffer compo-
nents when compared to freshly made PM. Cleavage of
the carboxyl terminal tail of bacteriorhodopsin has been
seen in older preparations (Govindjee et al., 1982;
Miercke et al., 1989), and the smaller protein has been
found to aggregate (Arrio et al., 1986). Reduction of
proton release signals in aggregated PM has also been
reported previously with pH indicator experiments
(Govindjee et al., 1982, 1984).

Other gel making conditions do not appear to affect
the photocurrent signals. Specifically, pH (5.5-9.0),
temperature (5-35°C), and acrylamide concentration
(5-15%) were tested. At a pH of ~ 5, orientation of the
PM was not possible; thus, there was no photocurrent
signal. It is around this pH that the charge asymmetry of
the PM changes (Fisher et al., 1978; Varé, 1981).

STUDY OF THE RISE AND DECAY PHASES
OF THE BUFFER COMPONENT

Rate of rise

The rise time of the buffer component differs with type
of buffer. It is not clear what determines this difference,
but there seems to be a connection between the rate of
rise and the pK of the buffer. For the 11 type V buffers
tested, MES has the fastest rise time and TAPS the
slowest when measured under similar conditions (data
not shown). Table 1 shows that MES has the lowest pK
and TAPS has the highest.

The rise time probably is related to the rate of release
of protons from the membrane and the diffusion of these
protons to the buffer molecules. A more detailed study
of the rise times of two typical buffers, GLY-GLY and
bis-tris propane, was done. The rate of rise of the P
component of GLY-GLY shows a lincar dependence on
the concentration of the pH buffer (Fig.5a, open
circles), suggesting that after a fixed time delay, part of
the rise is a second order reaction proportional to the
buffer concentration and that this part of the delay is
diffusion controlled. Calculations using a typical value
for diffusion-controlied second order rate constant of
protonation from Gutman and Nachliel (1990), how-
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GLY-GLY concentrations, and (b) Ca’* concentration.

ever, indicate that the theoretical value for a diffusion-
limited reaction of this type would be about three orders
of magnitude faster than the rates of rise seen in these
experiments. Thus, diffusion of protons cannot be the
rate limiting step in this process due to the slower
exponential release of protons from the protein. In
contrast, the rate of rise of the N component of bis-tris
propane is independent of the buffer concentration
(Fig. 5 a, solid circles).

Fig. 5 b shows the effect on the rate of rise of N and P
components of the concentration of CaCl,. The rising
rate of the N component is basically independent of the
concentration of Ca** (Fig. 5 b). Without Ca®*, the rate
of rise of the P component is much slower than that of
the N component. Higher Ca** concentrations increase
the rate such that at 0.8 mM CaCl,, the rising rate of the
P component is about the same as that of the N
component. An explanation based on different diffusion
distances from the membrane is presented in the Discus-
sion section.

Studies of the buffer component of PM which has had
its surface potential reduced also suggest that proton

diffusion controls part of the rising phase of the buffer
component. Fig. 6 a shows that the rising phase of the N
component of piperazine is significantly slowed down
when some of the negatively charged carboxyl groups on
the protein surface are converted into positively charged
arginine groups. This charge change will greatly de-
crease the attraction of piperazine to the PM. This
finding suggests that the farther the buffer is from the
PM, the slower the rate of rise will be. The rise time of
the P component of GLY-GLY of the modified PM also
is shorter than that of the native PM under the identical
conditions of no Ca’* in the solution. With 50 uM Ca**
at pH 8.0, the rising phase is about the same for arginine
methyl ester modified PM and native PM (Fig. 4 b),
perhaps because with the added Ca?* the two samples
have similar surface potentials.

The result of the reduction of the surface potential by
lipid depletion is slightly different from the change seen
in arginine methyl ester modified PM, perhaps suggest-
ing that a more localized effect is occurring somewhere
at the protein rather than an overall effect from the
surface of the membrane and protein. The rise time of
the GLY-GLY P component of lipid-depleted PM is
shorter even in the presence of 50 wM Ca®* than that of
native PM under the same conditions (Fig. 4 ¢). The rise
time of the N component did not change significantly
upon lipid depletion (Fig. 6 b).
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FIGURE6 Effect of surface charge density modification on the N type
buffer effect. (a) Modification of negative carboxylate groups with
positively charged arginine methyl ester changes the rate of rise of the
N component. (b) Removal of negatively charged lipids does not alter
the N type signal in piperazine.
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Decay phase

The decay rate of the buffer component differs some-
what from buffer to buffer. All except citrate have rates
ranging from 0.2 to 0.7 x 10* s~ at 20°C. For a specific
buffer, the rate can also vary from one end of this range
to the other depending on the measuring conditions
(e.g., buffer concentration, divalent cations, etc. [see
below]). This dependence on measuring conditions dif-
fers among buffers.

Fig. 7,a and b, (solid symbols) show that the decay
rate of the N component of bis-tris propane is almost
independent of both buffer concentration and the diva-
lent cation concentration in the solution.

Fig. 7, a and b, (open symbols) show that the decay
rate of the P component increases with the concentra-
tion of GLY-GLY or as the concentration of Ca®
increases. In both cases, the rate reaches a limit of 0.6 x
10*s7™!, the same as the N effect.

The activation energy of the decay phase is similar to
that of the L-M transition, indicating the two processes
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FIGURE7 Rate of decay of the buffer component as a function of (a)
bufler concentration and (b) as a function of the Ca®* concentration.

are closely correlated (data not shown). Identical activa-
tion energies for B2 were also seen in its normal and
modified by low salt conditions forms (Liu et al., 1990).
We do not understand why the buffer decay phase is
slower than the L-M transition, and why the decay rates
of some buffers that produce a P effect are much slower
than others.

DISCUSSION

The data presented above indicate that when the salt
and buffer concentrations are relatively low, the micro-
second photocurrent component, B2, becomes very
sensitive to the presence of a buffer. It appears that a
buffer adds a photocurrent component to the intrinsic
photocurrent component. In studying these buffer com-
ponents, we have formulated a theory that can explain
most of the phenomena presented.

Although the N and P components have different
polarities and many small differences, the following
points indicate they are closely related. Both the N and P
components are significantly reduced when a compara-
ble concentration of divalent cations is present. Both the
N and P components are reduced when the gels are
made of aggregated PM. Both N and P components
follow similar amplitude dependencies on the pH. At
moderate divalent cation concentrations, both the rise
(and decay) rates of the N and P components are the
same (Figs. 5 b and 7 b). Therefore, we think P and N
components have a similar origin. From the data for all
the buffers (Table 1), we find that the N effect is induced
by positively charged buffers whereas the P effect is
induced by negatively or uncharged buffers.

Three types of evidence suggest that protonation of
buffer molecules is the basic event leading to the buffer
effect. First, only pH buffers have this effect on the
photocurrent; tetracthylammonium, a relatively large
organic cation of similar size to the buffers tested, does
not produce a buffer component. In fact the waveform of
the photocurrent in the presence of tetraethylammo-
nium chloride is the same as that in KCl (data not
shown). This observation indicates that the N and P
effects are specific for pH buffer molecules. Secondly,
the amplitude of the buffer component depends on its
pK and is maximal when the buffer is entirely in its
unprotonated form. As noted above, buffers which have
a pK <6.0 also produce smaller P components. We have
suggested this may be because the amount of protons
produced at these lower pH’s does little to perturb the
proton concentration and hence does not significantly
protonate a large fraction of the unprotonated buffer
molecules. Finally, whether a buffer will produce an N or
P buffer effect depends on the type of charge transition
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upon protonation. Over the pH range in which bis-tris
propane has a type VIII transition (+1 to +2), an N
buffer components is observed (Fig. 1 a), but over the
pH range in which bis-tris propane acts as a type VII
buffer (0 to +1 charge transition), a P component is
observed (Fig. 1 b). Based on these results, we think it is
quite likely that the buffer component is induced by the
protonation of the buffer molecules, presumably by
light-induced proton release from the PM.

This buffer protonation process probably happens in
solution close to the surface of bacteriorhodopsin based
on the following evidence. Gels made of aggregated PM
produce smaller buffer effects, suggesting the protona-
tion happens in solution close to the surface of mem-
brane. Aggregation of PM would prevent buffers from
moving freely near the membrane surface. Furthermore,
there is no evidence that buffers can get inside bacterio-
rhodopsin or bind to the surface of PM. Types I, II, III,
IV, and V buffers are negatively charged before they are
protonated and will be repelled from the negatively
charged PM. In addition, when the surface potential is
high, the rise time of the N component (due to positively
charged buffers) is faster than the P component (due to
negatively charged or zwitterionic buffers). When the
surface potential is reduced by adding Ca®* in the
solution, the rise times of the N and P components
become equal (Fig. 5 b). We have suggested in Results
that the rate of rise is partially determined by the rate of
proton release and the rate that the protons protonate
the buffer molecules by diffusing to them. If so, the rate
difference would be because bis-tris propane (type VIII)
is positively charged and GLY-GLY (type V) is nega-
tively charged. It will take longer for the protons to reach
the GLY-GLY than the bis-tris propane molecules.

A model can explain most of our photocurrent obser-
vations in terms of the protonation of buffer molecules
in the solution near the surface of PM. Previously, we
have suggested that when measuring the photocurrent in
low salt a counter current is induced by the cations in the
solution to compensate for the negative charge created
on the membrane due to proton release (Liu et al.,
1990). This counter current model should also apply
with the buffer solutions. The metal cations that accom-
pany the buffer and the positively charged type VIII
buffers will form a counter current and cause B2 to
appear faster, as with the regular salt effect. However,
the protonation of buffer molecules will cause an addi-
tional counter current component, the buffer compo-
nent. Below are two possible sources for this additional
current component. Both probably contribute.

Upon protonation the less negatively charged buffer
molecules move toward the surface of the membrane.
When type VIII buffers move, they will induce a nega-
tive current because they are positively charged. Con-

versely, the negatively charged types I, 11, and IV buffers
will move toward the negatively charged membrane
because they become less negative upon protonation;
this movement of a negative charge in this direction will
result in a positive current. The results with buffer types
IIT and V are a little harder to explain as being due to a
protonation followed by movement because, whereas
negative before protonation, the resulting charge is
neutral. The primary problem with this model for the
buffer behavior is that buffer types VI and VII, which
have a net positive charge upon protonation, still pro-
duce a P component.

To account for problems in the above explanation, we
propose that there is at least one other source for the
buffer-induced current. The change in dipole moment of
the buffer upon protonation will result in current changes
which could add to or subtract from the proton current.
The dipole moment of a buffer molecule should be
aligned near the surface of PM. Protonation of the
buffer will cause an alteration of its dipole moment and
thus a rotation of the charged molecule, causing a new
current component. Two observations suggest this possi-
bility. First, of the 27 buffers that induce a P component,
that of GLY-GLY is the largest. Before protonation,
GLY-GLY is expected to have a dipole very similar to
the other type V buffers. After protonation, GLY-GLY
will have a much larger dipole moment because the
charge is separated by two amino acids (see Table 1).
Therefore, the dipole change of the buffer is also
expected to be very large. Second, the structure and
many properties of type IV buffers are very similar to
type V buffers; however, type IV comprises a unique
buffer group that produces small P components that are
very different from the type V buffers. A comparison of
the structures of the type IV and V buffers suggests that
the former will have a smaller dipole change than the
latter. However, because we do not know precisely how
the dipoles are aligned and how they will change, the
contribution of such dipole changes is difficult to quanti-
tate.

Several observations that we made can be readily
explained by the combination of the high negative
charge carried by the PM over the measured pH range
and the charges carried by the buffers. For example, the
reduced amplitude of the N (Fig. 3 b) and P (figure not
shown) components with increasing buffer concentra-
tion occurs because both types of buffers will contain
significant concentrations of cations, either because the
buffers are cations or because cations are added to
adjust the pH of the solution. These will act as counter-
ions, in the same manner as increased salt concentration
(Liu et al., 1990) and thus reduce the counter current
due to the buffer molecules. Another example is the
different concentrations at which the N type and P type
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buffers have their maximal effect. The N type buffers
have their maximal effect at 50 phM (Té6th-Boconadi et
al., 1986), whereas the P type buffers have theirs at 10
mM (Fig. 3 a). The type VIII buffers which give rise to
the N effect are positively charged and hence will be
close to the membrane surface. Indeed, under our
conditions their surface concentration will be many
orders of magnitude higher than their bulk concentra-
tion of 50 wM and thus about equal to the surface
concentration of the negatively charged and uncharged
buffers that give rise to the P effect whose bulk concen-
tration is 10 mM. A third set of experiments that can be
understood in terms of simple electrostatics is the effect
of added divalent cations on the amplitudes of the N and
P buffer components. The added divalents will reduce
the surface potential of the PM both by reducing the
surface charge density by binding and by acting as free
Gouy-Chapman cations in the double layer (Jonas et al.,
1990). The reduced surface potential will allow the
negatively charged buffer molecules to move closer to
the surface (see Fig. 4 a), explaining their large effects
on these buffer components which give rise to the P
effect. As noted in Results (Fig. 4, b and ¢), reducing the
surface potential by chemical means also reduces the
effect of the divalent cations, as would be expected if the
cationic effect is through modulation of the surface
potential. In contrast to the P current, the N current was
not sensitive to divalent cations, presumably because the
positively charged type VIII buffers will always be near
the surface of the membrane (or have high surface
concentrations) at all the bulk concentrations examined.
Finally, in studying the effect of buffer concentration on
the rate of rise and decay of the buffer effect, we
suggested that proton diffusion to the buffer molecules
was a contributing component. That the rise and decay
rates were independent of buffer concentration for the
positively charged type VIII buffers would again be due
to the high local concentration of these buffers next to
the membrane, so that the diffusion times were no
longer a factor. In contrast, the rise time of the P
component speeds up with increasing Ca’* concentra-
tion until it is equal to the rise time of the N component
(Fig. 5 b).

Although much can be explained by the model pre-
sented above, a full explanation of all the effects of
buffers on the photocurrent is still lacking. The rising
phase of the P component appears to depend partially
on the buffer concentration and on the distance of buffer
molecule from the membrane; yet, as mentioned above,
calculations indicate that this alone cannot be the rate
limiting step as the experimental rate is at least three
orders of magnitude too slow to be limited by the
diffusion distance and protonation rate of buffer mole-
cules. It is not quite clear what controls the decay rate of

the buffer component. Nor is it clear why the rising rate
of the P component is different for different buffers
when the conditions used are the same. Gutman and
Nachliel (1990) state that the protonation rate is basi-
cally independent of pK whereas the deprotonation rate
has a linear relationship with the pK, but our data
clearly show the buffer effect is a protonation process.
Finally, it is not clear why the rate of rise of N
component for lipid-depleted PM, which has a reduced
surface potential, does not decrease other than the
possibility that the observed effect is more sensitive to
the protein surface rather than the overall negative lipid
surface.

Although we do not understand all the phenomena we
observe in the photocurrent measurements, it is evident
that these currents are very sensitive to molecules and
ions in the solution surrounding the membrane. Here we
have provided a systematic description of the effects of
pH buffers and given a possible mechanism for how the
photocurrent is affected by the buffers.
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