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Abstrac t  

Measurements have been made of the modulated light-induced changes in 
conductivity and the associated relaxation times of bacteriorhodopsin in a 
variety of strong electrolytes, both unbuffered and buffered. The effects of pH 
and temperature variation have been studied as well as the effect of adding 
valinomycin. Two relaxation times can be distinguished: a fast lifetime asso- 
ciated with protonation-deprotonation, and a slow lifetime associated with 
ion binding. The ion-binding effects appear to be cation specific. 

Key Words: Bacteriorhodopsin; conductivity; Halobacterium halobium; ion 
binding; modulation excitation; photocycle; protonation-deprotonation; 
purple membrane; relaxation times; valinomycin. 

Introduct ion 

Light-induced conductivi ty changes have been measured by Hara  (1963) in 
rhodopsin  suspensions and by Falk and Fat t  (1968) in rod outer segments 
using conventional  techniques. In an earlier communica t ion  (Slifkin et al., 

1979), we described how light-induced conductivi ty changes in suspensions o f  
bacter iorhodopsin  (bR) 3 are measured using a modula t ion  method combined 
with phase-sensitivity detection. It was suggested that  the observed changes 
were related to changes in the surface charge o f  the purple membrane  frag- 
ments. More  recently, Marinett i  and Mauzerall  (1983), using flash methods,  
have also observed light-induced changes in the conductivi ty of  b R  suspen- 
sions. In this article, we present a more  detailed study of  light-induced effects 
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on the conductivity of bR suspensions in different electrolytes, both unbuffered 
and buffered, and the influence on these effects of pH, temperature, and the 
addition of valinomycin. Our results in general agree with those of Marinetti 
and Mauzerall (1983) in the case of buffered solutions without added elec- 
trolyte, and extend them to the case of specific added electrolyte. 

Materials  and Methods 

Halobacter ium halobium was grown according to the method described 
by Danon and Stoeckenius (1974) and purple membrane (PM) prepared 
using the technique of Oesterhelt and Stoeckenius (1974). Except where 
otherwise indicated, light-adapted PM fragments were used from a freeze- 
dried stock. "Recentrifuged" samples were centrifuged for 5 rain at 4000 rpm, 
decanted, washed, and filtered, three times in succession. This process 
appears to remove a small quantity of lipid in the first stage only, but no 
change occurs in the photocycle. The pH values of the unbuffered samples 
were adjusted by the addition of small quantities of dilute acid or base. The 
approximate concentration of bR in the suspension was 8 #M to 16 #M as 
determined by absorption spectroscopy. 

The conductivity measurements were carried out by the modulation 
excitation method described previously by Slifkin et al. (1979) (irradiation at 
577 nm at an intensity of 350 W/m2), and lifetimes were determined according 
to the methods of Slifkin and Darby (1978, 1980). In brief, the method is as 
follows. The sample is illuminated with chopped light (in the range 20-200 Hz) 
in a thermostatted Radiometer CDC 324 conductivity cell. Modulated 
changes in conductivity are detected using a phase-sensitive detector. The 
relaxation time of the process giving rise to the change in conductivity, t, can 
be obtained either by measuring the phase shift, q~, and using the relationship 
sin q~ = cot (where co is the angular frequency of the modulation), or by 
measuring the signal amplitude, S, as a function of co and using the relation- 
ship S = Kt/(1 + co2t2) (if only one lifetime is involved--see below). In 
these studies, filters were used to remove all irradiation > 650nm. In an 
earlier study, the effect of temperature modulation on bR was examined, and 
shown to induce a specific chemical relaxation process (Slifkin et al., 1986a). 
Here the optical perturbation, which gives rise to an energy transduction 
process, outweighs the small thermal effect due to degradation of a fraction 
of the absorbed light to heat. [Note that the intrinsic relaxation time of the 
apparatus in these experiments is < 10-ares (Slifkin et al., 1983), as deter- 
mined using the dye dinitrosalicylic acid.] 

Valinomycin was obtained from Sigma Chemicals. 
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R e s u l t s  

The frequency responses of the conductivity change in 4 M  sodium 
chloride solution containing freeze-dried PM fragments show a characteristic 
complex behaviour involving both loss (negative) and gain (positive) in 
conductivity (Fig. 1). Two separate events involving different relaxation 
processes are clearly indicated. Crossover points obtained along the fre- 
quency axis depend on the pH of the medium as well as sample preparation. 
In centrifuged PM fragments resuspended in 4 M NaC1 solution at different 
pH's (Figs. 2 and 3), three types of frequency response are seen involving 
both loss and gain in conductivity. At low pH (~< 2.7), where the absorption 
band of PM undergoes a red shift (Oesterhelt and Stoeckenius, 1971), there 
are only losses in conductivity involving first-order processes. At high pH 
(~> 6.7), there are only gains in conductivity, again involving only first-order 
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Fig. 1. Frequency spectra of photoconductivity change (S) in PM suspensions at various pH 
values (T = 18 ° C). PM fragments (freeze-dried) were suspended in 4 M NaC1 solution. (B-Ill) 
pH 5.6, (A--A) pH 6.5, ( ~ )  pH 6.9, (e ~) pH 7.0, (O-~) pH 7.1, and (zx--zx) pH 9.3. 
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Fig. 2. Frequency spectra of photoconductivity change (S) in PM suspensions at various pH 
values between 0.8 and 5.2 (T = 18 ° C). Recentrifuged PM fragments (freeze-dried) were re- 
suspended in 4 M NaC1 solution. (l~--e) pH 0.8, (zx--zx) pH 1.6, (~-m) pH 2.4 (o----o) pH 2.7, 
(D-q3) pH 4.4, (v--w) pH 4.6, and (+--+) pH 5.2. 

processes. For  pH's  between 4.4 and 6.3, a combination of both loss and gain 
in conductivity is observed with crossover points along the frequency axis. This 
complex behavior may well be due to a combination of first-order processes. 

The conductivity changes seen here agree with previous results reported 
by Slifkin et  al. (1979). In addition, the present results indicate a pH depen- 
dence of light-induced conductivity and hence the involvement of processes 
not previously considered. We have assumed that the conductivity changes 
shown in Fig. 1 consist of  differences between two simple first-order pro- 
cesses characterized by two different apparent lifetimes, t~ and tz, respectively. 
Analyses of  these conductivity changes (with estimated standard error 
< 10%) are obtained by fitting the data to the following equation: 

K~ t~ K2 t2 
S - 1 + 4 ~  c~t~ + l + 4~r~ ~t 2 (1) 

where S is the conductivity change, K~ and K 2 are cons tants , f  is the modula- 
tion frequency (Hz), and t~ and t2 are the relaxation times of  the two different 
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Fig. 3. Frequency spectra of photoconductivity change (S) in PM suspensions at various pH 
values between 5.5 and 7.0 (T = 18 ° C). Conditions are as in the legend to Fig. 2. ([] []) pH 5.5, 
(+--+) pH 5.9, (A--A) pH 6.3, ( ~ )  pH 6.7, (O--O) pH 6.8, and (0-43) pH 7.0. 

processes involved. The algorithm used to obtain the best fit to equation (1) 
has been discussed in great detail by Slifkin and Ali (1985), and it was shown 
that, with care, accuracies of  about  95% are realisable. The differences 
between the relaxation times measured here are such that we believe that we 
have accuracies of  this order. The relative amplitudes K1 and K 2 a r e  also 
obtainable by the algorithm, but are not presented. Plots of  the apparent  
lifetimes against the sample pH (from, inter alia, the data of  Fig. 1) are shown 
in Fig. 4. These plots indicate a dramatic variation of the lifetimes around 
neutral pH. This may suggest that p K  shifts associated with the photocyle 
give rise to more extensive association or dissociation at neutral pH. The 
effect of  adding D20  to these suspensions is to cause a fourfold increase in 
the lifetime of the fast process (not shown). 

In the case of  recentrifuged fragments resuspended in 4 M NaC1 solu- 
tion, at pH values between 4.4 and 6.3, frequency responses were obtained 
similar to those shown in Fig. 1, involving a combination of two different 
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Fig. 4. The pH dependence of the lifetimes, t~ and t2, for the photoconductivity change (S) in 
PM suspensions in 4 M NaC1. Conditions are as in the legend to Fig. 1. The lifetimes are 
obtained by computer fitting to equation (1), and their standard error is ~ 10%. 

processes. However, outside this range, simple first-order losses and gains in 
conductivity were observed as discussed above. In both the loss and the gain 
in conductivity, two events characterized by two lifetimes can be distin- 
guished. Figure 5 shows kinetic plots of the inverse gain in conductivity vs. 
modulation frequency for recentrifuged PM fragments resuspended in 4 M 
NaC1. At pH 7.8, the gain in conductivity is characterized by a single relaxa- 
tion time tl of ~ 5 ms. Plots of the lifetimes against pH (Fig. 6) show two 
characteristics. The apparent lifetimes for the loss in conductivity at low pH 
are much longer as compared with the lifetimes obtained at higher pH values. 
For neutral and alkaline conditions, the lifetimes obtained for the gain in 
conductivity correspond to the lifetimes of the longer-lived photointer- 
mediates in the bR photocycle. It is therefore quite likely that the photocycle 
is involved in the gain in photoconductivity at physiological pH. 

Measurements of conductivity changes in PM fragments suspended in 
2 M CaC12 solution (Fig. 7) do not show the complex behavior seen earlier 
for fragments suspended in 4 M NaC1. Here simple first-order processes 
involving loss of conductivity (at low pH's) and gain in conductivity (at 
pH > 5.5) were obtained. Analysis of these conductivity changes again 
revealed two lifetimes corresponding to two events for both the loss and gain 
in conductivity. Plots of the lifetimes against pH are shown in Fig. 8. These 
appear to show scaling between the lifetimes (unlike similar plots in different 
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Examples of kinetic plots of the photoconductivity change (S). Conditions are as in the 
legend to Fig. 2. Note the scale change at pH's 7.8 and 9.3. co = 2~zf 

electrolytes) that may well be fortuitous. The frequency response of conduc- 
tivity changes in PM fragments suspended in 2 M KCI (in the absence of 
valinomycin) is similar to that found in 4 M NaC1. Plots of conductivity 
change against modulation frequency for pH values around neutral pH are 
shown in Fig. 9. These curves again suggest that more than one first-order 
process is involved. Measurements of conductivity changes in freeze-dried 
PM suspended in 4 M MgC12 solution showed simple first-order processes 
with characteristic single lifetimes of ~ 5 ms (Fig. 10). However, experiments 
on freshly prepared purple membrane fragments indicated two lifetimes of 
about the same duration (Fig. 10). Evidently freeze-drying can bring about 
an irreversible change in the ligand-binding behavior. 

The presence of valinomycin (~ 2 ffM) in 4 M NaC1 solution containing 
PM fragments has little effect on the photoconductivity (Fig. 11), but the 
lifetimes for the effect are somewhat increased (by ~ 1 ms for pH 6.4). In PM 
fragments suspended in the presence of valinomycin in 2 M KC1, however, 
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Fig. 6. The pH dependence of the parallel lifetimes, t~ and &, for PM fragments suspended in 
4 M NaC1. Conditions are as in the legend to Fig. 2. 

the conductivity change reverses direction (i.e., instead of  the gain in conduc- 
tivity seen in the absence of valinomycin, there is a loss in conductivity in the 
presence of  valinomycin as shown in Fig. 9). This effect is evidently mediated 
through the well-known potassium complex of valinomycin. 

The dependence of photoconductivity change on pH of  PM suspensions 
is shown in Fig. 12. The maximum conductivity change occurs at approxi- 
mately pH 7. The magnitude and direction of the conductivity changes 
depend, of course, on the modulation frequency. Nevertheless, a simlar 
response was shown by all the PM suspensions. The effect of  temperature on 
photoconductivity suggests that the process involved is sensitive to the physi- 
cal state of the PM. Thus, in Fig. 13, "Arrhenius" plots of the signal are 
displayed for samples of pH 6.6 and 4.9 in 4 M NaC1 at different modulation 
frequencies. These plots show at least two straight lines intersecting at 

31 + 4 ° C. However, at low modulation frequency, three straight lines 
intersecting at 31°C and 41°C are observed (Fig. 13, plot A). At low pH 
(<  2), temperature has no apparent effect on the photoconductivity (not 
shown). However, at high pH (8.9), a transition point at 260C is observed 
and at this pH value no apparent temperature effect is seen above 37 ° C. 
Similar results were obtained for PM suspended in the other electrolyte 
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Fig. 7. Frequency spectra of the photoconductivity change (S) for freeze-dried PM fragments 
in 2M CaC12 at various pH values (T = 18°C). (A--zx) pH 2.0, (B--U) pH 3.9, (+--+) pH 4.5, 
(o-~) pH 5.5, (e "-) pH 6.1, (A--A) pH 6.5, and (D~:3) pH 7.9. Note the scale change at pH's 
5.5 and 6.1. 

solutions; the transition point from the Arrhenius plots is ~ 3 l ° C  (to within 
+_ 5°C). 

In phosphate buffer, somewhat different effects were observed. Table I 
shows that, over a fairly wide range of pH, only one lifetime is observed, 
corresponding to the fast lifetime seen in unbuffered solutions. However, as 
in the unbuffered case, this lifetime is maximal at pH 7, where additionally 
a second even faster lifetime is seen. Measurements made on buffer alone at 
the same instrumental settings yielded negligibly low signals (not shown). 
Table I I  shows lifetimes for various concentrations of  sodium chloride 
in phosphate buffer at different pH valucs. In general, these are longer 
than in buffer alone. Again, the lifetime reaches a maximum at pH 7. 
Figure 14 illustrates the same effect for potassium chloride, which is seen 
to be qualitatively similar to the case of  sodium chloride over the pH 
range 5.6-8. Measurements down to pH 2.5 (not shown) give only the slow 
relaxation time varying between 12 and 20ms, depending on ionic strength 
and pH. 



5 9 4  S l i f k i n  et  aL 

60 

4O 

E 

E 

2q 20 

' I ' I 

t2  

fl 

, I , I 
4 8 

pH 

Fig. 8. The pH dependence of the lifetimes, t~ and t2, for PM fragments suspended in 2M 
CaC12 (T = 18°C). 

Table I. Lifetimes of the Photoconductivity Effect for PM Fragments Suspended in Phosphate 
Buffer Solution at Various pH's  (for Signs and Amplitudes, See Figs) 

(A) 100-raM Buffer Solution 

Lifetimes (ms) 

pH q t 2 

2.5 3.98 _+ 0.34 - 
2.9 4.67 _+ 0.21 - 
4.0 4.79 _+ 0.13 - 
5.6 5.29 __+ 0.17 - 
6.3 5.50 __+ 0.12 - 
7.0 7.17 _+ 0.45 1.52 _+ 0.05 
8.0 4.04 -- 0.10 -- 

(B) 10-raM Buffer Solution 

Lifetimes (ms) 

pH t I t 2 

3.5 5.07 + 0.25 - 
5.0 5.31 + 0.31 -- 
6.1 6.06 _+ 0.31 -- 
7.0 9.35 _+ 0.66 3.30 _+ 0.32 
8.0 4.68 + 0.37 -- 

The standard deviations are derived from regression analysis. 
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Fig. 9. Frequency spectra of the photoconductivity change (S) for freeze-dried PM suspensions 
in 2M KC1 at various pH values (T = 18°C). ( + - - + )  pH 6.2, ( ~ )  pH 6.5, (A--A) pH 7.0, 
(zx--zx) pH 7.1; and (~--O) pH 7.5, (O---O) pH 7.1 and (O---O) pH 7.5 in the presence of 
valinomycin (note the scale change). 
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Fig. 10. The pH dependence of the lifetimes for PM fragments suspended in 4M MgCI 2 
solution (T = 18°C): (O) lifetime for freeze-dried PM fragments. Two lifetimes obtained in 
suspensions containing freshly prepared PM fragments: (E3---D) t I and (O----O) t 2. 
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Fig. 11. The effect of the presence of valinomycin on the photoconductivity change (S) of PM 
fragments in 4M NaC1 solution (T = 18°C). (=" ~) pH 1.8, (141)  pH 5.9, ( i - - i )  pH 6.4, 
(~-43) pH 7.6, and (O--O) pH 8.8; (A---A) pH 6.4 in the absence of valinomycin. 

A summary of these results is given in Table III. The differences between 
fresh and freeze-dried material do not appear to be electrolyte dependent. 
The results in "unbuffered" solutions should be treated with caution owing 
to the possible presence of traces of contaminants as well as dissolved CO2. 

Discussion 

The key problem in the above findings is to establish which of the 
relaxation processes assumed to take place upon illumination, if any, are 
responsible for the photoconductivity effects seen here. The relative conduc- 
tivity changes measured probably reflect light-induced changes in the number 
of current carriers in the suspensions. Thus, it is natural to try to correlate 
them with light-induced protonat ion-deprotonat ion processes. Clearly, 
proton-pumping effects can be excluded, seeing that we are dealing with 
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Fig. 12. Dependence of the photoconductivity change (S) on pH in PM suspensions 
(T = 18°C). (A--A) PM fragments (freeze-dried) suspended in 4 M NaC1 (at 12.2 Hz) (scale at 
right), (-- --) centrifuged PM fragments resuspended in 4M NaC1 (at 16Hz), and (o---o) PM 
fragments suspended in 2 M KC1 (at 20 Hz). 

membrane fragments rather than closed vesicles (Eisenbach et al., 1978). 
Since illumination of PM suspensions energizes the photocycle of bR, 
any light-induced protonation-deprotonation processes will inevitably be 
coupled to the photocycle, and so to any conformational changes associated 
with it (Eisenbach and Caplan, 1979). The first-order losses of conductivity 
characterized by long lifetimes (50-100ms) cannot be due to light-induced 
protonation or deprotonation. Their lifetimes are too long to result from the 
deprotonation of the Schiff base (Dencher and Wilms, 1975; Lozier et al., 
1976), but are of the order of pH changes measured in PM suspensions and 
attributed to conformational changes (Eisenbach et al., 1978; Garty et al., 
1977; Trissl and Montal, 1977). The slow loss of conductivity characterized 
by an average lifetime of ~ 40-50 ms obtained for low pH values suggests 
that still other processes are involved. These may well be the result of light- 
induced changes in the surface charge of the membrane. (In buffer alone, 
where only a fast lifetime is observed, the effect must evidently be attributed 
to protonation-deprotonation--particularly since, as mentioned above, D 2 0  
causes a fourfold increase in relaxation time. The longer lifetimes seen in the 
presence of strong electrolytes are presumably due to ion binding.) A much 
faster loss of conductivity characterized by an average lifetime of 18.8 ms is 
observed around neutral pH. Although PM is known to aggregate at high salt 
concentrations and low pH, we did not observe any indications of this in 
these experiments. 
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Fig. 13. Arrhenius plots of photoconductivity changes (S). PM fragments were suspended in 
4 M NaC1 solution. At each temperature, the suspension was allowed to equilibrate 20-30 min 
before conductivity measurements were performed. (e ~) pH 6.6 at 14.8 Hz (plot A), (c>-o) 
pH 6.6 at 30.2 Hz, (,x--zx) pH 4.9 at 41 Hz (scale at right), and (A---A) pH 4.9 at 41Hz (cooling 
from high temperatures, scale at right). In plot A, two apparent transitions are seen. 

The fast gain in conductivity at higher pH's characterized by a short 
lifetime of ~ 2 ms may tentatively be attributed to pK shifts, possibly asso- 
ciated with conformational changes. The occurrence of conformational 
changes has been inferred from the observations reported by Bogomolni and 
co-workers (1978) on illumination-dependent changes in the intrinsic fluor- 
escence of bR. These workers considered that the changes seen might reflect 
changes in the spatial disposition of tryptophan and other amino acid 
residues during the photocycle. If  these are the processes responsible for the 
photoconductivity effect, the latter would be closely associated with the 
photocycle. Eisenbach et al. (1978) have suggested that illumination of 
light-adapted bR causes initial fast conformational changes that might well 
bring about a cascade of further changes with progressively longer time 
scales. 

The temperature effects indicate that the processes involved are sensitive 
to the physical state of the purple membrane. The observations of break 



Conductivity Changes of Purple Membrane 599 

Table II. Lifetimes of the Photoconductivity Effect for PM Fragments Suspended in 100-mM 
Phosphate Buffer Solution at Various pH's in the Presence of Different Concentrations of NaC1 

(for Signs and Amplitudes, See Figs) 

NaC1 
pH concentration (M) 

Lifetimes (ms) 

t I 12 

2.5 4.0 20.40 + 0.78 4.56 _+ 0.20 
2.0 18.86 _+ 1.46 - 
1.0 21.22 _+ 1.90 - 
0.1 16.96 __ 0.71 - 

2.9 4.0 9.51 _+ 0.37 2.34 _+ 0.06 
2.0 16.43 + 0.95 - 
1.0 15.14 + 0.57 - 
0.1 13.75 _+ 0.52 -- 

4.0 4.0 9.27 + 0.22 -- 
2.0 8.46 _+ 0.39 - 
1.0 7.99 + 0.26 - 
0.1 6.51 + 0.14 - 

5.6 4.0 10.21 _+ 0.41 - 
2.0 7.10 _+ 0.13 - 
1.0 5.97 +_ 0.08 - 
0.1 5.66 _+ 0.08 - 

6.3 4.0 12.91 _+ 0.75 2.03 _+ 0.12 
2.0 8.16 _+ 0.17 - 
1.0 7.58 _+ 0.10 - 
0.1 5.32 _ 0.08 - 

7.0 4.0 30.71 + 2.50 3.22 __+ 0.21 
2.0 27.15 + 1.80 3.06 _+ 0.21 
1.0 26.05 + 1.50 3.47 __+ 0.12 
0.1 27.77 + 1.34 3.37 + 0.09 

8.0 4.0 26.70 _+ 2.19 3.37 _+ 0.19 
2.0 11.75 + 0.66 3.14 + 0.05 
1.0 10.55 __+ 0.52 - 
0.1 6.42 +__ 0.14 - 

p o i n t s  a t  ~ 31 °C in  t he  A r r h e n i u s  c u r v e s  m a y  b e  d u e  to  a n  i n t r i n s i c  p r o p e r t y  

o f  t h e  P M  l ipids .  C h i g n e l l  a n d  C h i g n e l l  (1975) ,  u s i n g  s p i n - l a b e l e d  f a t t y  ac ids  

as  p r o b e s ,  f o u n d  a r e v e r s i b l e  t h e r m a l  t r a n s i t i o n  a t  ~ 2 9 ° C  w h i c h ,  h o w e v e r ,  

t h e y  a t t r i b u t e d  to  a c h a n g e  in  t h e  s t r u c t u r e  o f  b R .  S i m i i a r  t r a n s i t i o n s  we re  

o b t a i n e d  fo r  m e a s u r e m e n t s  o f  m i c r o v i s c o s i t y  u s i n g  f l u o r e s c e n t  p r o b e s ,  a n d  a 

p h a s e  t r a n s i t i o n  a t  ,-~ 31 °C w as  s een  u s i n g  a s p i n - l a b e l e d  p r o b e  ( G u p t e  et  al., 
1976; K o r e n s t e i n  et  al., 1976).  P r o t o n  n u c l e a r  m a g n e t i c  r e s o n a n c e  s t ud i e s  

( D e g a n i  et  al., 1978) h a v e  a l so  s h o w n  a b r e a k  in t he  A r r h e n i u s  p l o t  o f  

r e l a x a t i o n  t i m e s  a t  3 I ° C  (__ 4°C) .  C o m p a r a b l e  effects  a re  s een  in  c h e m i c a l  

r e l a x a t i o n  s t ud i e s  (S l i fk in  et  al., 1986a)  a n d  d ie l ec t r i c  r e l a x a t i o n  s t u d i e s  

(S l i fk in  et  al., 1986b) .  
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Fig. 14. Effect of the presence of KC1 in buffered PM suspensions on the lifetimes of photocon- 
ductivity. PM fragments were suspended in 100 mM phosphate buffer solution (at different pH's) 
containing various concentrations ofKCl (T = 18°C). The bars indicate standard errors derived 
from regression analyses. 

In the presence of potassium, valinomycin has the effect of reversing the 
direction of the photoconductivity effect. Sherman et al. (1976), using flash 
photometry, showed that, in the presence of potassium, valinomycin inhibited 
and quenched the formation of the 660-nm transient with a concomitant 
increase in lifetime of the 410-nm transient and a delay in the recovery of the 
570-nm state. In the photoconductivity behavior, valinomycin in the presence 
of potassium decreases the two lifetimes of the conductivity change by ~ 1 ms 
(at pH 7.5) and reverses the sign. This suggests a possible association between 
bR and the valinomycin-potassium complex. 

Marinetti and Mauzerall (1983) have suggested that the independence of 
their signal with buffer concentration points to the involvement of other ions 
in the conductivity. Our results on the effect of adding different cations 
confirm this suggestion, and may well have a bearing on the specific cation- 
binding effects now known to be associated with the functioning of the 
proton pump (Ariki et al., 1987; Ovchinnikov, 1987). Kimura et  al. (1984) 
have examined the effects of pH and salt on the spectrum of bR and conclude 
similarly that ion-binding and protonation-deprotonation effects occur, 
accompanied by conformational changes of the protein. 

While our studies were being prepared for publication, an important 
article by Marinetti (1987) appeared, demonstrating the abrupt onset of 
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Table IlL Summary of Lifetimes Associated with the Photoconductivity Effect in Suspensions 
of Freeze-Dried PM Fragments (for Signs and Amplitudes, See Figs) 

(A) Unbuffered Solutions 

Lifetime range (ms) 

Ion pH range l I t 2 

Na + 2-6.5, 7.5-10 ~ 10 20-30 
6.5-7.5 ~ 2 ~ 120 

K +a 3-6, 8-10 ~ 20 - 
~7  ~20 ~40 

Ca z+ 3-5, > 8 10-20 30-50 
6.5-8 2-10 5-20 

Mg 2+ 3-9 3-8 - 

~Valinomycin reverses sign of conductivity change. 

(B) Buffered Solutions 

Lifetime range (ms) 

Ion pH range t I t 2 

Na + 2.5-5 ~ 3 10-20 
~7  ~3 ~25 

K + 2-5, > 8 12-20 - 
~7  ~ 10 ~45 

la rge-sca le  n o n p r o t o n  ion  re lease  by p h o t o - e x c i t e d  pu rp l e  m e m b r a n e  suspen-  

s ions n e a r  neu t r a l  p H  (us ing t r ans i en t  c o n d u c t i v i t y  m e a s u r e m e n t s  f o l l o w i n g  

ac t in ic  f lashes).  M a r i n e t t i ' s  s tudy  is in subs tan t i a l  a g r e e m e n t  w i th  o u r  own,  

pa r t i cu l a r ly  as r ega rds  the  s ingu la r i ty  a t  p H  7 seen, fo r  example ,  in Fig .  4. 
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