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SUMMARY 

I. Transient increases in millisecond delayed light emission brought about 
by the establishment of KC1 or NaC1 gradients across the thylakoid membranes 
of spinach chloroplasts have been interpreted in terms of a diffusion potential model. 

2. Both the magnitude and kinetics of the salt-induced signals under various 
conditions can be explained by assuming the intensity of emission is an exponential 
function of the membrane potential developed. 

3- Treatment of the chloroplasts with valinomycin and gramicidin gives sup- 
port to these concepts and suggests further that under the experimental conditions 
employed, membrane potentials of 5o to I io  mV (inside positive) can be created 
across the thylakoid membranes by illumination. 

4. Pretreatments of the chloroplasts with various KC1 concentrations were 
found to modify, in a predictable way, the signals due to further KC1 additions. 

5. Analyses of the decay of NaC1 and KC1 induced signals have given esti- 
mates of the rate of C1- transfer across the thylakoid surface under known driving 
conditions. 

6. This analysis indicates that C1- entry is by a first order process and that 
the permeability of the thylakoid membranes to this anion may be very low. 

7. It  is suggested that the apparent "leakiness" of broken chloroplasts to 
CI-, and probably other monovalent ions, reflects the very large surface area to 
volume ratio rather that high intrinsic membrane permeabilities. 

INTRODUCTION 

When spinach chloroplasts are subjected to KC1 gradients there is a transient 
increase in the intensity of one millisecond delayed light emission 1,2. It has been 
suggested that these transients reflect the establisment and decay of electrical 
gradients resulting from the selective diffusion of the ions across the thylakoid 
membranes. This would indicate that a membrane potential of the correct polarity 
can decrease the activation energy for the return of electrons from the metastable 

Abbreviation: TES, N-tris(hydroxymethyl)methyl-2-aminoethanesulphonic acid. 
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states, created during the illumination, to the first singlet of chlorophyll ~. The 
possibility that  a membrane potential may control the intensity of millisecond 
delayed light emission has also been discussed by others 4, 6. Wraight and Crofts ~ 
have argued tha t  the sensitivity of the millisecond emission to the high-energy 
state of chloroplasts 6 is part ly due to the establishment of a light-induced electrical 
potential. 

Recently I have reported a method of estimating the size of the light-induced 
potentiaF. The assumption was made that  the intensity of luminescence (L) was 
related to the exponential of the membrane potential. 

La exp (de)  ( 0  

In the one millisecond region of the emission the electrical gradient (A0) 
could consist of two components, a light-induced membrane potential (Atpc) and 
a diffusion potential created artificially by a sudden salt addition to the chloro- 
plast suspension (dOs). The size of AOs can be estimated from the Goldman 
Voltage Equation s, 9 

R T F ZcPc[C]o + ZAPA[A] i 
AO~ = In ZcPc[C]j + ~APA[A]o (2) 

where Pc and PA are permeability coefficients for univalent cations C and anions 
A and [ ~0 and []i  are the outside and inside concentrations, respectively, and the 
other symbols have their usual meanings. This equation assumes that  the ions move 
passively and independently and that  a linear electrical field is developed across 
the membrane. 

Substituting Eqn 2 into Eqn I gives: 

XcPc[C]o + ZAPA[A]I  
kL~ = ,~cPc[C]  i + 2~APA[A] ° (3) 

where Ls is tile intensity of the salt-induced light emission and k is a proportionality 
constanff, ~°. 

In order to apply Eqn 3 it is necessary to reduce AOL to zero and it was 
assumed that  this could be accomplished, in the absence of light-induced ion 
gradients, by adding valinomycin to the suspensionL 

In this paper I want to give further support to these concepts and use them 
as a means of estimating ion fluxes across the thylakoid membranes. 

M A T E R I A L S  AND M E T H O D S  

Chloroplasts were isolated from market  spinach. Using a Polytron, about 
4o g of sliced leaves were homogenised for 15 s with ioo ml of a semi-frozen solution 
containing o.33 M sucrose, I mM MgC12 and IO mM NaH~PO4 brought to pH 6.8 
with KOH. The macerate was squeezed initially through two and then eight layers 
of muslin. The crude chloroplast suspension was rapidly centrifuged at o ~'C for 
6o s at 3ooo × g using an IEC refrigerated centrifuge (Model B2o). The resulting 
pellet was subjected to osmotic shock by resuspending in the above grinding medium 
diluted Io-fold. After 5 min of this t reatment  the broken chloroplasts were centri- 
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fuged at 65oo × g for 3 min. The pellet was resuspended in ice-cold o.33 M sucrose 
followed by- a 3-min spin at 6500 × g. The pellet was then washed again with 0.33 M 
sucrose and finally suspended in 5 ml of a medium consisting of 0.33 M sucrose 
and 5 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulphonic acid (TES) and 
stored at o ~C in an ice bath. This resuspending solution contained 2 mM KOH 
which brought the pH to 7.0. The total chlorophyll concentration of this stock 
was determined by the method of Arnon ~1. For experiments an appropriate quantity 
of chloroplast stock was diluted with the above TES buffer to give a desired chlo- 
rophyll concentration. 

The intensity of one millisecond delayed light was continuously measured 
with a rotating sector phosphoroscope. The illumination and viewing times were 
z.5 and 0.2 ms, respectively, with four measurements per cycle. During the illumina- 
tion period the chloroplasts were exposed to light t ransmitted through a filter com- 
bination consisting of Balzer Calflex C and a 2-ram Schott BG 38 giving an intensity 
of 2. 7. zo 4 ergs.cm-2.s  -1 at the cuvette as measured with a YSI-Kettering Model 
65 A Radiometer (Yellow Springs Instrument  Company, Chicago, Ill., U.S.A.), 
The delayed light emitted was detected with an EMI 9659 B photomultiplier pro- 
tected by a 2-mm Schott RG 665 filter. In some cases a second photomultiplier 
(EMI 9558) placed at right angles to the exciting light beam was used for following 
prompt  fluorescence. This detector was shielded with a filter combination consisting 
of Balzer 134o 695, 6-mm Schott RG 665 and the exciting light was transmitted 
by a Balzer Calflex C, 2-ram Schott BG 38 and 4-ram Schott BG 18 giving an 
intensity of 1.6- lO 4 ergs. cm -e. s -1. The current pulses from the photomultipliers were 
passed through diode pump circuits with time constants of o.I s and the signals 
recorded on a Honeywell or Rickidenki chart recorder. Various additions to 3 ml 
of suspension contained in a Hellma ~-cm cuvette were made during measurement 
by  rapidly injecting IOO #1 of the appropriate stock using a syringe inserted through 
a light-tight rubber diaphragm. This procedure gave reproducible signals with a 
mixing time in the region of 200 ms. 

Valinomycin was obtained from The Lilley Laboratories, Indianapolis, and 
gramicidin D from Sigma Chemical Company. 

RESULTS 

Typical signals and e~ect of valinomycin 
Fig. z shows the general chalacteristics of the millisecond delayed light 

signals induced by injecting KC1 or NaCI into chloroplasts which had or had not 
been treated with valinomycin. The membrane potential scale has been calculated 
by adopting exactly the same procedure to that  already reported 7. 

Essentially, it was assumed that  since the well washed broken chloroplasts 
were suspended in a C1--free medium containing 2 mM K+ then the value of /10s 
generated by, for example, a KC1 pulse would be given by a simplified form of Eqn 2 : 

,30s RT [K+]o 
= ~ - -  In (4) 

2 + #[Cl - ]o  

where fl = Pcl/PK. 
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Fig. z. The effect of valinomycin, KC1 and NaC1 additions on steady-state one millisecond delayed 
fight emission. The envette contained 3 ml of chloroplast suspension which was illuminated 2 rain 
before opening  the  s h u t t e r  across the  pho tomul t ip l i e r .  The suspend ing  med ium consis ted of o.33 M 
sucrose, 5 mM TES  buffer and  2 mM K + added  as K O H  to br ing  the  p H  to 7.o. The var ious  ad- 
d i t ions  are ind ica ted  by  arrows and  were made  as ou t l ined  in Mater ia ls  and  Methods.  The val ino-  
m y c i n  concen t r a t ion  was  o. 5 #M and  KC1 and  NaC1 add i t ions  gave  a final concen t ra t ion  of 5 ° raM. 
Signals  a, b, e and  f were ob ta ined  us ing the  same p r e p a r a t i o n  while c and  d were recorded on 
ano the r  occasion us ing  a different  ba t ch  of chloroplasts .  The chlorophyl l  concen t ra t ion  in each 
case was 25 i tg/ml.  The opening  and  closing of the  pho tomu l t i p l i e r  shu t t e r  is ind ica ted  by  o and c, 
respect ive ly .  The m e m b r a n e  po ten t i a l  scale was ca lcu la ted  by  us ing the  procedure  a l r e ady  re- 
po r t ed  7. l~xci t ing l ight  i n t ens i t y  was 2. 7. ro 4 ergs.  cm-2 . s  1. 

By substituting Eqn 4 into Eqn I then: 

[K+]o 
k L ~  - (5) 

2+/~[cl-]o 
where k is a proportionality constant. This equation assumes that  no other net 
ion movement  occurs. By measuring Ls for at least two different KC1 gradients 
using valinomycin-treated chloroplasts, Eqn 5 can be solved for k and fl and the 
relationship between L and A~ obtained. 

A notable feature of the traces shown in Fig. I, which were obtained from 
different chloroplast suspensions, is the variation in the size of the valinomycin- 
sensitive component and how this effects the relative magnitudes of the KCl-induced 
transients before and after t reatment  with this antibiotic. When the component 
is large tile KC1 signal is greater before than after valinomycin treatment.  On the 
other hand when the valinomycin component is small the opposite is true. I t  can 
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also be seen tha t  the NaC1 signal is very  much smaller after val inomycin t reatment .  
These results can be readily explained when taking into account  the membrane  
potential  scale which has assumed tha t  the intensi ty of emission is an exponential  
function of this potential.  I t  is further assumed tha t  in the absence of ion gradients, 
val inomycin short circuits the l ight-induced membrane potential  (zlOr,). From 
Trace a of Fig. I dOL + 8o mV inside positive (i.e. + 8o mV), while Trace c 
gives d~L  + 52 inV. Over the course of this work values between + 50 to 
+ IIO mV have been calculated. The reason for the variat ion is not yet  clear. As 
both Traces a and c show the establishment of a 5o-mM KC1 gradient with valino- 
mycin- t reated chloroplasts resulted in signals having an initial peak coriesponding 
to 66 inV. With  the same gradients but  no val inomycin (Traces b and d) the KC1 
signals were quite different but  it can be seen tha t  they  corresponded to about  
the same membrane potential  (18 mV). 

Kinetics of salt-induced signals and ion/luxes 
If the salt-induced millisecond delayed light transients represent the establish- 

ment  and fall of a membrane  potential  then their decay kinetics give a measure 
of the rate of salt en t ry  into the interior of the thylakoids. For a KC1 gradient it 
seems tha t  the decay is controlled by the rate of C1- penetration. The method of 
calculating the rate of C1- ent ry  is shown in Fig. 2 and assumes tha t  no net current 
flows. I t  can be seen from Fig. 2 tha t  the electrical potential  fell from 93 to 8I  mV 
in 5 s. This corresponds, assuming only net K + and C]- movement  occurs, to an in- 
crease of internal KC1 from zero to 15 raM. In  this way  the t ime course of C1- uptake  
can be calculated as shown in Fig. 2. The values obtained were found to fit a first- 
order law. The rate constant  of 0.075 s -1 corresponds to an initial C1- influx of 
33/~M. s -1.#g-z chlorophyll. In order to express this rate in more meaningful units  
it is necessary to assume surface and volume parameters of the thylakoids.  I have 
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Fig. 2. (a) The k ine t ics  of a 5 ° nlM KCl- induced signal.  Chlorophyl l  concn, 36 #g /ml .  Other  con- 
d i t ions  are the  same as g iven  in the  legend of Fig. 2. (b) The influx of C1 e s t i m a t e d  from the  
decay  of the  s ignal  shown in (a). The closed squares  are expe r i men t a l  po in t s  and  the  curve  has  
been d rawn  accord ing  to  the  first order  law shown where f = t ime  in seconds and ~Cl]i is the  
inside C1- concen t r a t ion  in mequiv/1. 
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taken a single thylakoid to be a flattened disc of 4ooo • diameter  and 2oo .4 thick. 
These dimensions would mean tha t  a single thylakoid would have a surface area of 
27.6" lO -1° cm ~ and a volume of 25"Io  -16 cm 3. Junge and WitO 2 have also taken 
similar dimensions for a single thylakoid and have further assumed tha t  lO 5 chloro- 
phyll molecules occupy 25" lO -1° cm 2 of thylakoid membrane.  This would mean tha t  
I #g  chlorophyll  is associated with 16. 7 cm 2 of membrane surface and a total  thylakoid 
volume of 15.2" lO -6. Using these values tl~e above rate of 33 #M. s-1./ ,g -1 chlorophyll 
would correspond to 3" lO--14 equiv C1-. s -1. cm --2. 

The rate of passive C1- movement  across the thylakoid membranes  ($cl) 
is governed by the electrochemical potential  gradient (~/~x) and also by its mobility 
(ucl) and concentrat ion (CCl) within the membrane.  This is expressed for any ion 
j by  the general flux equationX3: 

( ~J = u i q  - ~ x j /  (6) 

The electrochemical potential  can be defined as (ignoring pressure terms 
and act ivi ty  coefficients) 

fij = p~ + R T  In cj + ZFA$ (7) 

where #j0 is the s tandard  chemical potential.  
Then 

RT ~cj Zjujcj (8) 
~j = - uj F ~x Ox 

For the purpose of integrat ion of Eqn  8 Goldman s assumed tha t  the electrical 
field ~A$/~x within the membrane  is linear. Wi th  this assumption Eqn  9 below 
can be derived. 

-- ZjFA~ pj Fc~ -- c~ exp (ZjFA~/RT)I 
(ai - R T  L i - - e ~ ( ~  [ (9) 

where the permeabil i ty  coefficient Pj = ujRT 13/Fd (B is a part i t ion coefficient 
and d is the thickness of the membrane) and suffix o and i mean outside and inside, 
respectively. 

For  the initial C1- influx induced by  establishing a KC1 gradient Eqn 9 can 
be simplified since the initial internal C1- concentrat ion is zero (c~1 = o). 

FA $ ~ [C1- ]o (~ o) 
~bcl = ~ -  rc l  I - exp ( Z f A $ / R T )  

From Eqn  IO it can be seen tha t  the initial influx of C1- into the thylakoids 
depends on the  size of the KC1 pulse, the membrane  potential  and the permeabili ty 
constant  Pc~. 

Fig. 3 shows the signals obtained by  three different treatments.  According 
to the voltage calibration each signal at its max imum corresponded to a similar 
membrane  potential,  in the region of 61 to  67 mV. In  addition the size of the salt 
pulse was the same in each case (5o mM) yet  the decay of the KC1 signal after valino- 
mycin t rea tment  was quite different to those obtained on giving NaC1 and KC1 
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Fig. 3. The k ine t ics  of s ignals  induced  by  5 ° mM KC1 and NaC1 and also by  5 ° mM KC1 af ter  
t r e a t i n g  the  ch lo rop las t s  wi th  o. 5/~M va l inomycin .  Chlorophyl l  concn, 2 7 / tg /ml .  Other  deta i ls  
are  the  same as Fig. 2. 
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Fig.  4. Kine t i c  ana lyses  of the  s ignals  induced  by  5 ° mM KC1 add i t ions  1o ch lorop las t s  which 
had  (Signal a) or had  no t  (Signal b) been t r e a t e d  wi th  o. 5 #M va l inomycin .  The closed circles 
are po in t s  t a k e n  f rom the  e xpe r im e n t a l  s ignals  while  the  curves  have  been t h e o r e t i c a l l y  con- 
s t ruc t ed  us ing the  two f i rs t -order  laws shown for CI- inf lux where t ~ t ime  in seconds  and  [Cl]i 
is the  inside CI- concen t ra t ion  in mequiv/1. Before v a l i n o m y c i n  t r e a t m e n t  Pcl/PI¢ = o.44 and 
af ter  Pcl/PI¢ = o.o3. Chlorophyl l  concn, 3 ° / , g / m l .  Other  de ta i l s  of the  e x p e r i m e n t  are the  same 
as Fig. 2. 
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pulses to untreated chloroplasts. At first sight this would not seem to be consistent 
with the argument that C1- entry controls the decay of the signals. But calculations 
of the influx rates for the three signals give very similar rates for C1- entry, being 
about 4.o" Io -14 equiv C1-. s -1. cm-2. This is because there is a change in the relative 
permeabilities of K+ and C1- after valinomycin treatment. Before valinomyein 
treatment it was found that Pcl/Pl~a = o.6 and Pel/PK o.47 but after the addition 
of the antibiotic Pcl/I)i~ :-: o.o4. From the Goldman Voltage Equation such a change 
in the permeability characteristics changes the relative effect of the internal K+ 
and CI- concentrations on the size of the diffusion potential (see Eqn 6). For example, 
when PCl/I~K -- O.47 a rise of internal KC1 to Io mM results in a decrease of the 
potential from about 67 to 61 mV while after valinomycin treatment a Io-mM rise 
of KC1 inside would decrease the initial potential of 65 to about 32 mV. 

In most cases, however, the size of the potential corresponding to the initial 
height of the salt-induced signals before and after treatment with valinomycin 
differ as shown in Fig. i. In these cases, according to Eqn IO the passive influx 
of CI- should be different. Fig. 4 shows the analysis of some experimental data 
in which A$L -- 65.5 inV. The curves drawn correspond to net C1- influxes given 
by the first-order equations shown and are the best fit to the experimental data. 
The C1- influx (~bcl) corresponds to 1. 9. lO -H equiv C1-. s -1. cn]-'2 before valinomycin 
treatment and to a slightly, lower influx (~b~-'~ ~1) of I. 5. lO -14 equiv C1 .s -~.cm e 
after treatment with valinomycin. Again it can be seen that although the chloride 
flux is lower after valinomycin treatment the decay kinetics of the signalis faster. 
Using the Goldman Flux Equation (Eqn IO) it is possible to cheek whether the 
differences in the initial membrane potentials account for the diflerences in the in- 
fluxes, 

Assuming the permeability to C1- is not altered by, valinomycin then the 
flux ratio for this experiment should be given by 

qSc~ 85.5 [ I - exp ( -  63F/RT) -] 
qS~' - 63.0 LI --e~ { ]-8~)Jt  (1 I) 

This con esponds to an expected flux ratio of 1.29 which compares well with 
the observed ratio of 1.27 . 

Pretreatment with various KCl levels 
As Fig. 5 shows, the size of a 50 mM KCl-induced signal is affected by pre- 

treating the chloroplasts with various KC1 levels. Qualitatively this is what would 
be expected from the diffusion potential model. Whether the magnitude of the inhi- 
bition observed is consistent with the theoretical approach presented above requiles 
the application of Eqn 3- 

In this experiment the chloroplasts had been treated with valinomycin and 
the increasing KCI pulses gave signals which corresponded to a Pel/PK = o.03 
(see Fig. 6). Using this value, the size of the 50 mM KCl-induced signals after various 
initial KCI additions should be given by: 

L = [K+]° + 0"o3[C1-]i (I2) 
[K+]j +o-o3[ C1-]o 
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Fig. 5. The effect of preinjections of various KC1 concentrat ions on the intensi ty of the 5 ° mM 
KCl-induced signals. The preinjections were: A, 3 mM KC1; B, 6 mM KC1; C, 12 mM KC1. In-  
jections S correspond to 5 ° mM KC1 additions. Also shown is the effect of injecting ioo/~1 of water.  
The chloroplasts had been t reated wi th  o.5/~M valinomycin and the chlorophyll concentrat ion 
was 26 #g/ml.  Other  details are the same as Fig. 2. 

As Fig. 6 shows, good agreement between theory and experimental observation 
was obtained. 
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Fig. 6. A quant i ta t ive  analysis of the data  obtained from the exper iment  shown in Fig, 6. The 
closed squares  are the initial heights of the 50 mM KCl-induced signals after the various pre- 
injections of KC1 at  the concentrat ions indicated. The closed triangles are the initial height of 
the preinjection KC1 signals. The curves t h rough  the experimental  points  have been drawn ac- 
cording to the equat ions shown and the membrane  potent ial  scale calculated in the way  already 
reported 7. 
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Effect of gramicidin D 
Fig. 7 shows the effect of gramicidin D on the KCl-induced signals. Unlike 

va l inomyein  t rea ted chloroplasts it made no difference whether KC1 or NaC1 was 
used. Wi th  gramieidin concentra t ions  of 3.3"IO-~ M and above, the in tens i ty  of 
emission was reduced to a value below tha t  observed with va l inomycin  and  there 
was a complete inhibi t ion  of the KCI -and NaCl-induced signals. Wi th  lower grami- 
cidin concentrat ions,  KC1 signals could be detected and corresponded to diffusion 
potent ials  greater t han  those observed in the absence of this ant ibiot ic  bu t  less than  
tha t  found with va l inomyein- t rea ted  chloroplasts. 
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Fig. 7. The effect of gramicidin D on millisecond delayed light and the 5 ° mM ICCl-induced 
signals. The upward pointing arrows indicate 5 ° mM KC1 additions. Injections a, b, c and d 
correspond to 3.3" IO-: M, 3-3" IO-S M, 3.3" l°-9 l~I and 3.3" IO-Z° M gramicidin additions, respec- 
tively. Injection e was 0. 5/*M valinomycin. Chlorophyll concentration was 29/,g/inl and all other 
conditions were the same as Fig. 2. 

DISCUSSION 

There seems to be a good correlation between the experimental  observations 
and  tbeoretical  concepts presented in this and  earlier papersT, 1°. Under  various 
condit ions it is possible to account for both the magni tude  and kinetics of the KC1 
and NaC1 signals in terms of a diffusion potent ia l  model. F rom this it seems tha t  
millisecond delayed light, like the 515-nm shift 12, is an indicator  of electrical gradients  
across the thylakoid membranes  and can be used to give a measure of their  
size and polarity. F rom the analyses presented it  seems tha t  rapidly raising the 
external  KCl or NaC1 concentra t ion  and also i l luminat ion of chloroplast suspensions 
causes the thylakoid  interiors to become electrically more positive with respect 
to their medium. Of course, the assumption tha t  AOL is reduced to zero by  valino- 
mycin can only be valid in the absence of ion gradients  and  may  only occur if K + 
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is out of equilibrium. If in fact significant light-induced ion gradients exist across 
the thylakoid surface then there could be a diffusional, as well as an electrogenic, 
component of the membrane potential. Without knowing the values of the ion 
gradients and the permeabili ty properties of the membrane it would be impossible 
to say how valinomycin would effect such a potential. For example, suppose the 
major ion gradients created in the light are H +, K+ and CI-. According to the Goldman 
Voltage EquationS, 9 the diffusion potential (AOd) created as these ions diffuse inde- 
pendently and passively down their concentration gradients across an ion selective 
membrane would be given by: 

RT In PH[H+]° + PK[K+]° + Pcl[Cl-]i  
A0o 

P H [ H + ] i  + P K [ K + ] i  + Pcj[Cl-]o 
([3) 

where PI-I,PK and Pcl are the permeability coefficients and [ ]o and [] i  mean 
outside and inside activities, respectively. If PK>Pcl>>PrI and [K+]o> [K+]i 
the diffusion potential would be positive inside being mainly governed by K+ 
distribution although it seems likely from the above experiments that  chloride 
would have some influence. If on the addition of valinomycin PK>> Pcl then the 
potential would become more positive. On the other hand if PH>PK>Pcl and 
[H+]i> [H+3o the diffusional potential would be inside negative. With valinomycin 
present there could well be a reversal in the relative permeabilities such that  
P K > P H .  This would mean that  the potential would change polarity. Clearly from 
these considerations there is some problem in using the analyses presented in this 
paper for estimating A0L under phosphorylating conditions when ion gradients 
are known to exist. There are, however, reports in the literature of chloroplast 
particles which seem to phosphorylate in the absence of light-induced pH gra- 
dientsl4,15. Accepting Mitchell's 16 arguments this would mean that  a large elec- 
trical gradient exists in these particles which presumably is derived from an elec- 
trogenic mechanism. If this is correct then the analyses of millisecond delayed 
light which I have presented should be of some use. If in fact pH gradients do exist 
in these subchloroplast particles, as suggested very recently by  Rottenberg and 
Grunwald 17 then one is again faced with the possibility that  there may  be a 
diffusional component of the membrane potential. 

By analysing the decay characteristics of the KC1 and NaC1 signals it is pos- 
sible to estimate the e l -  flux under known driving conditions. For a 5o-mM C1- 
gradient and potentials in the region of 5o to ioo mV (inside positive) the influx 
of this anion corresponded to approximately io -14 equiv.cm -2.s -1. Accepting that  
this value is based on rather crude estimates of thylakoid dimensions, the rate 
is very slow. I t  is usually assumed tha t  the thylakoids are leaky to e l -  (ref. 18). 
From the above analyses, however, the relatively rapid decay of the salt-induced 
signals is not due to a leaky membrane but almost certainly reflects the very large 
surface area to volume ratio which could be in the region of lO 6 (as estimated 
above). Using Eqn IO it is possible to get a quanti tat ive estimate of the permeability 
of the thylakoids to C1-. Taking the data of Fig. 2 it was found that  for a CI- 
gradient of 5o mM and a membrane potential of +93 mV the influx of this anion 
w a s  4 . o ' I o  -14 equiv C1- .s- l -cm -2. Substituting these values in Eqn Io give 
zOCl 2 .1  • 10 -1° el'It, s -1. 
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Al though this analysis seems reasonable it gives a Pc l  value which is at present 
difficult to reconcile with some of the exper imenta l  findings. I t  has been es t imated  

tha t  PK was about  3o t imes greater  than  PCl after  va l inomycin  t rea tment .  This 
would give a PK value in the region of lO 4 to IO-" cm. s -1. Such values would seem 

unaccep tab ly  low bearing in mind the reported effect of val inomycin  on artificial 

membranes  ~9. For  the momen t  I have no clear explanat ion for this. I t  could be tha t  

the es t imate  of the Pcl /PI¢  ratio after va l inomycin  t r ea tmen t  is incorrect  al though 

earlier analyses of the KC1 induced Io-s delayed light using a rapid mixing system 

gave very  similar valuesL~°. Al te rna t ive ly  a devia t ion  from a Nernst  Potent ia l  

relat ionship when val inomycin  is present ( that  is Pct/I~l¢ ratio = o) could be due 

to the net  t ransfer  of K + across the membrane  in the absence of diffusing coions. 
Such a significant breakdown in the laws of e lec t roneutra l i ty  for systems having 

very  large surface area to volume ratios has a l ready been discussed in some detail  

by Mitchell  ~6. Another  possibi l i ty  is at the va l inomycin  concentrat ions employed there 

may  be some loss of cat ion se lec t iv i ty  resul t ing in an increase of membrane  con- 

ductance to protons as well as K ~-. 
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