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Summary 

1. Particle microelectrophoresis mobility studies have been conducted 
with chloroplast thylakoid membranes and with isolated intact chloroplasts. 

2. The pH dependence of the electrophoretic mobility indicated that at 
pH values above 4.3 both membrane systems carry a net negative charge. 

3. Chemical treatment of thylakoids has shown that neither the sugar resi- 
dues of the galactolipids in the membrane nor the basic groups of the mem- 
brane proteins having pK values between 6 and 10 are exposed at the surface. 

4. However, treatment with 1-ethyl-3(3-dimethylaminopropyl)carbodiimide, 
together with glycine methyl ester, neutralized the negative charges on the 
thylakoid membrane surface indicating the involvement of carboxyl groups 
which, because of their pH sensitivity, are likely to be the carboxyl groups 
of aspartic and glutamic acid residues. 

5. The nature of the protein giving rise to the negative surface charges 
on the thylakoids is not known but is shown not to involve the coupling 
factor or the light harvesting chlorophyll a/chlorophyll b pigment, protein 
complex. 

6. No significant effect of light was observed on the electrophoretic mobility 
of either thylakoids or intact chloroplasts. 

7. The striking difference in the ability of divalent and monovalent cations 
to screen the surface charges was demonstrated and explained in terms of 
the Gouy-Chapman theory. 

8. Calculations of the ~'-potentials for thylakoid membranes gave values for 
the charge density at the plane of shear to be in the region of one electronic 
charge per 1500--2000/~2. 

9. The significance of the results is discussed in terms of cation distribution 
in chloroplasts and the effect of cations on photosynthetic phenomena. 

Abbreviations: DNFB, dinitrof luorobenzene;  DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethylurea; EDC, 
1-ethyl-3(3-dimethylaminopropyl) carbodiimide; chl, chlorophyll .  
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Introduct ion 

A striking feature of  chloroplast structure is the extent  of  the thylakoid 
membrane surface area in relation to the volume of the intrathylakoid and 
stromal compartments.  Although these surface area to volume ratios will vary, 
simple estimates show that they are in the region of  106 cm -1 [1]. Therefore 
it is not  surprising that membrane surface phenomena can influence photo- 
synthetic processes. Over the years there have been many reports demon- 
strating that the thylakoid membrane,  at neutral pH, carries excess negative 
charges [2--5].  A consequence of  this will be an associated diffuse electrical 
layer containing sufficient cations to neutralize the negative charges on the 
surface. As explained in recent publications by Barber et al. [6,7] changes in 
the nature of  the diffuse layer can control  changes in chlorophyll fluorescence 
[8],  the rate of  electron transport  [9],  light scattering [10] and membrane 
stacking [ 11 ]. Rumberg [ 12 ] also recently pointed ou t  that  changes in surface 
charge can effect  the extent  of  the 515  nm shift while changes in the ionic 
composi t ion of  the diffuse electrical layer, adjacent to the thylakoid membrane 
surface, can affect  the action of  various optical probes such as 9-amino acridine 
[13,14] and pH indicators [15]. 

Clearly there is a need to gain a bet ter  understanding of  the density and 
nature of the surface charges which exist on the thylakoid membrane. To this 
end we have conducted  a microelectrophoretic s tudy of  chloroplast membranes 
and the results are reported in this paper. 

Materials and Methods 

Intact chloroplasts were isolated from peas (Feltham first) and from market  
spinach, by a method recently described by Nakatani and Barber [16]. Thyl- 
akoid membrane preparations were obtained either by centrifugation of  the 
supernatant after removal of  the intact chloroplasts or by osmotic t reatment  
of  intact chloroplasts. In the case of  barley chloroplasts the thylakoids were 
obtained by scraping the leaf surface with a razor blade with the leaves sub- 
merged in 0.33 M sorbitol/20 mM Tris at pH 7.6. The final suspension medium 
for all preparation was 0.11 M sorbitol brought to pH 7.6 with Tris. In order to 
remove residual divalent cations on the membranes the chloroplast thylakoids 
were washed with 0.1 M KC1 in 0.11 M sorbitol, pH 7.6 with Tris, and washed 
twice with the sorbitol-Tris buffer  to remove excess KC1. This washing proce- 
dure would also be expected to remove any loosely associated extrinsic mem- 
brane proteins. 

The following chemical treatments were carried ou t  to a t tempt  to modify  
the surface charges on the thylakoid membranes:  

(i) Treatment with dinitrofluorobenzene (DNFB). Thylakoid membranes 
(chl ~ 100 pg/ml) were incubated with 5 mM DNFB at pH 8.0 for 1 h at room 
temperature and washed twice with 0.11 M sorbitol-Tris, pH 7.6. 

(ii) Treatment with 1-ethyl-.3(3-dimethylaminopropyl)-carbodiimide hydro- 
chloride (EDC) plus glycine methyl ester. Thylakoids (chl - 100 #g/ml) were 
initially treated with 0.1 M KC1 to remove residual divalent cations and then 
washed. They were then incubated with 0.1 M EDC plus 0.2 M glycine methyl  
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ester at pH 4--4.5 (HC1 was added to maintain pH). Control thylakoids were 
also incubated with glycine methyl  ester. After incubation for 1 h in the dark 
at room temperature the membranes were washed twice with 0.11 M sorbitol 
at pH 6.0 with Tris-maleate. 

The electrophoretic mobil i ty  measurements were conducted in a 6% 
(0.33 M) sorbitol support  medium generally with 20 mM KC1 and a chlorophyll  
concentrat ion of  50 pg/ml. The instrument used was a Zeiss Cytopherometer ,  
thermostated at 20 + 0.5°C with a Churchill Chiller Thermoregulator,  Model 
02 CTCV. Constant applied currents were varied from 1 to 10 mA corre- 
sponding to voltage gradients of  about  8--15 V • cm -~. Conductance measure- 
ments were done on a LKB Conductolyzer  Model 5300B with a cell constant  of  
5.487 cm -~. The pH was held constant  by either one, or a combinat ion of the 
following buffers: Tris, maleate, citrate and carbonate.  For pH values less than 
3, small amounts  of  HC1 were added. None of these additions significantly 
altered the conductance of  the solution. 

Electrophoretic mobil i ty (u) was calculated using the expression: u = 
(d/t)/E, where d = distance traversed by particle, t = time to travel distance 
d, E = electrical field strength, determined from the measured current and 
conductance of  the suspending medium and cross-sectional area of  the electro- 
phoresis chamber. 

For measurements made there was no need to correct for the particle shape 
or size since the thickness of  the double layer (100 /~ or less for ionic condi- 
tions used) is much less than the radius of  curvature for the particles being 
studied. That is the ~a value was large (~a ~ 300) where 1/~, the Debye 
length, is the distance from the surface to a point  where the value of  the 
potential (~)  is 1/e of  the surface potential (~0) (i.e., the double layer thick- 
ness) and a is the radius of  the curvature of  the surface. Under these condit ions 
the diffuse layer is essentially flat such that the Smoluchowski equation 
(Eqn. 1) is applicable, assuming that  the particle is non-conducting (ref. 7). 
Light intensity measurements were done with a YS1 model  65A Radiometer.  

Results 

1. Effect of pH 
When isolated thylakoid membranes are placed in a conducting solution 

with a pH above 4.3 and subjected to an electric field they move towards the 
positive electrode indicating that they carry an excess of  negative charges 
on their outer  surface. As Fig. 1 shows, when the pH is dropped below 4.3 
the chloroplasts change their direction of  electrophoretic migration indicating 
that under these acidic condit ions the negative charges are neutralized and that 
the membranes now carry an excess of  positive charge. Thus this shows, in 
agreement with other  work  [2--4],  that  at physiological pH the thylakoid 
membrane surface is negatively charged. The independence of  the mobili ty to 
pH from 6 to 10 suggests that  the ionogenic groups involved are solely acidic, 
a result not  expected for typical proteins. Similar results were obtained for 
Nitella chloroplasts by Mercer et al. [2] up to approx, pH 7.5. 

Qualitatively the pH mobil i ty relationship resembles that  for erythrocytes  
[ 18] where the surface charge is principally conferred by sialic acid derivatives. 
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F i g .  1 .  p H  e l e c t r o p h o r e t i c  m o b i l i t y  prof i le  for  pea  ch lorop las t  t h y l a k o i d s  ( ~ 5 0  pg c h l / m l )  plus (D) and 
m i n u s  (u)  c a r b o d i i m i d e  t r e a t m e n t  (see  M e t h o d s ) .  The  t h y l a k o i d s  were  suspended  in 0 . 3 3  M sorbi to l  
and 2 0  m M  KC1 and pH was  adjusted  w i t h  m i n i m a l  a m o u n t s  o f  the  f o l l o w i n g  buffers :  Tris base,  ma lea te ,  
c i trate  and carbonate .  All  m e a s u r e m e n t s  w e r e  c o n d u c t e d  in a Zeiss  c y t o p h e r o m e t e r  at 2 0 ° C  w i t h  vo l tages  
adjusted  to  mainta in  m e a s u r e m e n t  t im e s  b e t w e e n  7 - - 1 0  s per particle .  The  m e a n  o f  1 0 - - 2 0  part ic les  is 
represented  b y  each  po int .  A r r o w  indicates  changing  m o b i l i t y  suggest ing hydro lys i s  o f  amide .  

F i g .  2 .  p H  e l e c t r o p h o r e t i c  m o b i l i t y  prof i le  for  pea ch lorop las t  t h y l a k o i d s  plus and minus  D N F B  treat-  
m e n t .  C o n d i t i o n s  o f  m e a s u r e m e n t s  as i n  F i g .  1 .  

However, the pK of  the ionization, which is the principal feature of  the curve 
in Fig. 1, has a value of  about 4.3, nearer to those for acidic amino acids 
(glutamic acid, 7-carboxyl pK-- 4 .25 and aspartic acid, fl-carboxyl pK = 3.85) 
than that for sialic acids (pK ~ 2.6). The isoelectric point would of  course be 
the summation of  all ionisable groups at the surface. However it seems that 
the basic groups of  the membrane polypeptides are sterically unavailable for 
ionisation at the surface of  shear or alternatively environmental constraints 
could alter their pK values and shift them to much higher values. A significant 
contribution of  phosphate groups of  phospholipids to the membrane charge 
seems unlikely since the majority of  lipids found in the thylakoids are neutral 
with only about 8% being charged (3% phosphatidylcholine and 5% phosphati- 
dylglycerol; pK values about 3, ref. 19). 

The majority of  the lipids in thylakoid membranes are galactolipids, 65% 
monogalactosyl  diglyceride and 26% digalactosyl diglyceride [19] .  To try and 
determine if these sugar residues are available at the membrane surface we 
studied the agglutinability of  thylakoid preparations by a number of  purified 
lectins at final lectin concentrations of  up to 2 mg/ml. None of  the lectins used 
(concanavalin A, wheat germ, soybean and peanut) brought about agglutination 
suggesting that sugar residues are not  exposed at the surface. 

2. Action of  chemical modifiers 
Thylakoid membranes were pretreated with a number of  chemical modifiers 

in an attempt to clarify the nature of  the species which give rise to the surface 
charges. 

(a) DNFB. In addition to interacting with NH2 groups this compound will 
also react with sulfhydryl, phenolic, imidazole and guanidino groups. As Fig. 2 
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T A B L E  I 

E L E C T R O P H O R E T I C  M O B I L I T I E S  O F  P E A  C H L O R O P L A S T  T H Y L A K O I D  M E M B R A N E S  A F T E R  
V A R I O U S  T R E A T M E N T S  

E D T A  t r e a t m e n t  cons i s t e d  o f  incubat ing  th e  w a s h e d  t h y l a k o i d s  ( 1 0 0  ~tg c h l / m l )  in  0 .11  M so rb i t o l -T r i s ,  
p H  8 ,0  p lus  1 raM E I ) T A  f o r  20 m i n  in ice and w a s h e d  w i t h  0 . 1 1  M sorb i to l -Tr i s ,  p H  7 .6 .  All m e a s u r e -  
m e n t s  at p H  7 .6  in  20  rnM KC1 p l u s  6% so rb i to l .  S.D.  fo r  m i n i m u m  of  20  m e a s u r e m e n t s .  G M E ,  g lyc ine  
m e t h y l  es ter .  

Electrophoretic mobility + S.D. (cm2/V per s) 

C o n t r o l  E D C  + G M E  

E x p e r i m e n t  1 - - 1 . 5 0  × 10  -4  ( + 0 . 0 9 )  + 1 . 3 7  X 10  -4  ( ± 0 . 0 9 )  

C o n t r o l  E D T A  

E x p e r i m e n t  2 - - 1 . 6 7  × 10  -4  (-+0.11) - - 1 . 5 4  X 1 0 - 4  (-+0.05) 

shows t reatment  with this compound  at pH 8.0 did not  alter the electro- 
phoretic mobil i ty of the thylakoid membrane. It therefore seems that basic 
groups with pK values below 10 do not  contmbute to the surface charge. 

(b) Carbodiimides. The lack of  affect of  DNFB together with the insensitiv- 
ity of  the electrophoretic mobil i ty to changes in pH between 6 and 10 suggests 
that  the negative charges on thylakoid membranes are mainly due to acidic 
acids. We have a t tempted to modify  the carboxyl groups of  these acids using 
the carbodiimide (EDC) in the presence of  glycine methyl  ester as the nucleo- 
phile. Prochaska and Gross [ 20] have been successful in using EDC with chloro- 
plasts and found optimal modifications with pH values below 6.0. We therefore 
decided to use this water-soluble carbodiimide in the presence of  glycine 
methyl  ester and to incubate at a low pH. The effect  of  this t reatment  on 
electrophoretic mobil i ty is shown in Table I and Fig. 1. As can be seen charge 
reversal occurred over a range extending to pH 8.0 indicating that this treat- 
ment  had brought abou t  complete  neutralization of  the carboxyl  groups. 
Above this pH the amide bond is subject to hydrolysis which probably 
accounts for the decrease in mobil i ty at pH 10 shown in Fig. 1. The degree of  
charge reversal is comparable with that  seen when the carboxyl  groups are fully 
protonated.  The origin of  the positive charge which exists on the surface after 
t reatment  with EDC and glycine methyl  ester or at low pH is not  clear, bu t  
could arise from lysine and arginine, a possibility which is at present under 
study. 

3. Origin of surface charges 
The above results suggest that  the negative charges on the thylakoid mem- 

brane surface are due to carboxyl groups and that  the most  likely candidates 
are glutamic and aspartic acid residues. Each of  these amino acids makes up 
about  10% of the total  thylakoid membrane protein [22] and could be in 
several different membrane bound proteins. As Table I shows t reatment  of  the 
chloroplasts with 1 mM disodium EDTA for 20 min to remove the coupling 
factor did no t  significantly alter their electrophoretic mobil i ty.  Another  
possible origin for the charges would be the pigment • protein complexes which 
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T A B L E  I I  

E L E C T R O P H O R E T I C  M O B I L I T I E S  O F  W I L D  T Y P E  A N D  C H L O R O P H Y L L  b-LESS M U T A N T  O F  
B A R L E Y  

S.D.  for  m i n i m u m  o f  20 m e a s u r e m e n t s  in 20 m M  KC1 plus 6% sorb i to l .  

C o n d i t i o n  E l e c t r o p h o r e t i c  m o b i l i t y  ± S.D. ( cm 2 / V  pe r  s) 

Wild t y p e  M u t a n t  Change  (%) 

p H  7.7 - - 1 . 4 8  • 10 -4 (+0 .07 )  - - 1 . 4 3  • 10 --4 (±0 .09 )  3.4 

p H  6.6 - - 1 . 3 4  • 10 -4 (±0 .05 )  - - 1 . 2 9  • 10 -4 (+0 .04 )  3.7 

serve as light harvesting systems for reaction centres. In particular in higher 
plants, 50% of  the membrane protein is associated with the light harvesting 
chlorophyll  a/chlorophyll  b p igmen t -p ro t e in  complex [21].  Moreover this 
major protein is often implicated with cation induced conformational  changes 
in the membrane which affect the yield of  chlorophyll  fluorescence [22].  For 
this reason we have compared the electrophoretic mobil i ty of  normal thyl- 
akoids with those not  having the light harvesting chl a/chl b • protein complex. 
The membranes were obtained from the wild type  and chlorophyll  b deficient 
mutant  barley (chlorina-f2 mutant  of  Hordeum vulgare L, ref. 24). The mutant  
not  only fails to make the pigments but  also does not  produce the associated 
polypeptides [24--26] .  Even so, as Table II shows, the membranes from 
the mutant  were only slightly less mobile (~4%) than those from the wild type 
which does not  correlate with the considerable reduction of  the chl a/chl b 
p i g m e n t . p r o t e i n  and suggests a highly hydrophobic  environment for this 
complex. 

4. Effect of light and the electrophoretic mobility of intact chloroplasts 
Nobel and Mel [3] reported that  a 15% increase in electrophoretic mobil i ty 

was observed when chloroplasts were illuminated. However,  we carried out  
intensive efforts to repeat their observations using isolated thylakoids but  
found little or no difference in changing from a dim green illumination (40 J~ 
m 2 per s, taken as dark) to a bright red illumination (2000 Jim 2 per s), see 
Table III. We observed no effect  of  DCMU. Nobel and Mel stated that they 
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Xu) • . . w d n [ e r  

0 . . . . . . . . . . . . . . . . . . . . . . . . .  

I I 1 I i I 
3 0  4 .0  5 '0  6 . 0  7 .0  8 .0  

pH 

Fig. 3. pH electrophoret ic mob i l i t y  prof i le  for  i n t a c t  pea chloroplasts, summer and win ter  material. Con- 
di t ions o f  m e a s u r e m e n t s  as in  Fig. 1. 
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T A B L E  II I  

E L E C T R O P H O R E T I C  M O B I L I T I E S  OF T H Y L A K O I D  A N D  I N T A C T  C H L O R O P L A S T S  U P O N  I L L U -  
M I N A T I O N  

Part ic les  sus pended  in 0 .33  M sorbi tol ,  20 m M  KCI, p H  8.0 (20  m M  Tris  ad d ed  w h e r e  ind ica ted )  and mea-  
sured  at a b o u t  25 Dg ch l /ml .  " D a r k "  was  green  l ight  i l l u m i n a t i o n  o f  a b o u t  40 J / m  2 per  s and  " L i g h t "  
was  red l ight  o f  a p p r o x i m a t e l y  2 0 0 0  J i m  2 per  s or  w h i t e  l ight  2 5 0 0  J i m  2 per  s. S.D. for  m i n i m u m  of  20  
m e a s u r e m e n t s .  M V ,  m e t h y l  viologen.  

Condition Type of chloroplasts Electrophoretic mobility +- S.D. 
(cm 2/V per s) 

Dark Thylakoid (peas) --1,62 • 10 -4 (±0.12) 

Red light + 50 ]~M MV --1,61 • 10-4 (±0.07) 

Dark Intact pea chloroplasts --1,95 • 10-4 (+0.03) 

Red light --1,96, 10-4 (+0.03) 

Dark Intact spinach chloroplasts --2,20 • 10-4 (~0.11) 
White light --2.21 • 10-4 (-+0.10) 

Dark (+20 mM Tris • HCI) --2.06 • 10 -4 (-+0.10) 

White light (+20 mM Tris • HCI) --2.03 • 10-4 (-+0.10) 

had conducted their experiments using intact chloroplasts [3]. We have, for 
this reason, checked the electrophoretic mobility of isolated intact pea chloro- 
plasts retaining their outer membranes. Fig. 3 shows the pH profile for this 
type of preparation and as can be seen it is remarkably similar to the results 
obtained for thylakoids. Like the thylakoid membranes intact spinach and 
pea chloroplasts showed no significant light sensitivity (see Table III). 

5. Effect of monovalent and divalent cations 
Cation effects have been observed for many photosynthetic phenomena 

and their action seems to be via the diffuse electrical layer resulting from 
fixed negative surface charges [7]. The ability of divalent cations to screen the 
surface charges (reduce the surface potential} in preference to monovalent 
cations, as demonstrated by a decrease in electrophoretic mobility, is shown in 
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Fig. 4. E f f e c t  of  m o n o v a l e n t  and divalent  c a t i o n s  o n  e l e c t r o p h o r e t i c  m o b i l i t y  o f  pea  ch lorop las t  
thy lak o i ds .  T h y l a k o i d s  ( ~ 5 0  /~g c h l /m l )  s u s p e n d e d  in 0 .33  M sorbi tol -Tr is ,  p H  7.6.  Diva lent  ca t ion  
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Fig. 4. Clearly this result shows that the decrease in mobility due to screening 
is not dependent on the chemical nature of the cations used nor is it totally 
dependent on the changes in ionic strength. The effect is more closely linked 
to the charge carried by the cation. 

Discussion 

It should be emphasized that microelectrophoresis studies only give informa- 
tion about the summation of the charges at the plane of shear. Moreover this 
type of measurement does not take into account the inevitable heterogenic 
nature of the membrane surface with regard to charge distribution. Neverthe- 
less the results demonstrate that the outer surface of the thylakoid membrane 
is negatively charged at physiological pH and that the negative charge is prob- 
ably due to the carboxyl groups of aspartic and glutamic acid. Since the thyl- 
akoid membrane contains very few charged lipids it is unlikely that phosphate 
groups of phospholipids play any significant role in the overall electrical 
property of the surface. This is supported by the fact that modification of the 
carboxyl groups, by carbodiimide-mediated amide bond formation, can neutra- 
lize the surface negative charges. Although detailed chemical modification 
studies have not been conducted with intact chloroplasts it does seem that the 
outer membrane of the envelope shares characteristics similar to those of the 
thylakoid membrane, an observation which needs further investigation. The 
origin of the surface charges on the thylakoid membrane do not seem to 
involve either the coupling factor protein or the light harvesting chlorophyll 
a/b pigment,  protein. The lack of involvement of the latter is particularly 
striking since it can represent 50% of the membrane protein and does con- 
tain the acidic amino acids at a comparable level with the other thylakoid 
membrane proteins [21]. It seems that this pigment complex is not extensively 
exposed at the membrane surface which is consistent with the hydrophobic 
nature of the isolated protein complex [24] and with freeze-fracture studies 
[22]. 

From the value of the mobility it is possible to calculate from the Smolu- 
chowski equation (Eqn. 1) the zeta-potential and then estimate the surface 
charge density. The zeta-potential is the potential difference at the surface 
of shear relative to the bulk medium and can be related to the electrophoretic 
mobility (u) in the following way [27] : 

47n7u 
- ( I )  

c 

where ~ is the viscosity of the suspending medium and e is the permittivity 
of water. 

The charge density at the membrane surface !~) can be estimated if it is 
assumed that surface potential (40) is equal to ~'. That is assuming that the 
plane of shear is at the membrane surface. The appropriate expression is 
derived from the Gouy-Chapman theory [26--28]: 

_+_[RTc - 

° v / 1)] (2) 
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where R is gas constant,  T absolute temperature and Ci~ concentrat ion of  ion 
in bulk solution, F the Faraday and Z is the charge of the electrolyte.  

Using a medium containing 20 mM KCI at pH 7.0, values of  u were in the 
region of  --1.5 to --2.0 • 1 0  - 4  cm 2 • V - 1  • S -l which gives calculated ~-potentials 
of  --25 to --33 mV. These values correspond to surface charge densities of  
0.82--1.13 pC/cm 2 which corresponds to approx, one electronic charge per 
2000--1500/~2 respectively in agreement with the earlier measurements of  
Mercer et al. [2]. As pointed out  by Haydon [31] this method almost certainly 
underestimates the surface charge density since it assumes that ~" = ~0 thus 
ignoring the existence of counterions which are adsorbed on the surface con- 
stituting the Stern layer and the portion of  the Gouy-Chapman layer within the 
plane of  shear. From other types of studies a value of  o has been estimated to 
be 2.5 pC/cm 2 corresponding to one electronic charge per 625/~ :  (see refs. 
6--8, 13). 

When chloroplasts are illuminated charge separation occurs at the reaction 
centres of  Photosystems I and II. This charge separation is thought  to occur 
across the thylakoid membrane with the electron acceptors on the outer  
surface. That is, assuming that the negative charge is exposed at the surface, 
two additional electronic charges would appear on illumination over the 
area corresponding to  one complete  electron transfer chain. Witt has stated 
that  one electron transport  chain corresponds to an area of  l 0  s/~2 (ref. 32). 
Therefore the light-induced increase of  surface charge would only represent 
about  1% and account  for our inability to detect  a significant light-induced 
change in electrophoretic mobil i ty of  thylakoid membranes.  However,  more 
sensitive techniques can detect  light-induced changes in surface charge densities 
[33,34].  

Applying the Gouy-Chapman theory  to a complex surface such as thylakoid 
membrane involves making many assumptions (see ref. 7). Nevertheless the 
theory  can qualitatively predict  the differential screening effects observed with 
monovalent  and divalent cations. Using Eqn. 2 it is possible to calculate 
changes in @0 as a function of  concentration.  When symmetrical monovalent  
salts are used the expression is reduced to: 

o 2 A C , , / 2  . , [ F ~ o ~  
= (3) 

where C'~ is the concentrat ion of  the monovalent  salt (Z÷--Z -) in the bulk 
solution, and A = (RTe/27r)  In .  

When a symmetrical divalent salt is used, remembering that  the background 
solution contained 20 mM KCI, it is necessary to expand Eqn. 2 to take 
account  of  the mixed electrolytes. 

o : A 2C" cosn [ ~ }  -- 2C" + 4C" cosn [R-~] --  4 C ~  (4) 

where C:  is the bulk concentrat ion of  the divalent salt. Fig. 5 compares the 
calculated changes in ~0 as a funtion of  C" and C:  using o = 2.5 pC/cm 2 
with the experimental results on electrophoretic mobil i ty as a function of  
cation concentration.  Qualitatively the theory predicts the observed screening 
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Fig .  5. ( A )  T heore t i ca l  curves  for  surface  p o t e n t i a l  as f u n c t i o n  o f  m o n o v a l e n t  a n d  d i v a l e n t  sa l t  c o n c e n t r a -  
t i o n  o b t a i n e d  f r o m  E q n s .  3 a n d  4 w i t h  o = 2 .5  # C / c m  2 (see  t e x t ) .  (B)  E l e c t r o p h o r e t i c  data  o f  Fig .  4 

p l o t t e d  as a f u n c t i o n  o f  m o n o v a l e n t  and divalent  ca t ion  c o n c e n t r a t i o n  for  c o m p a r i s o n  w i t h  the  theore t -  
ical  curve  in (A) .  

effect although the monovalent cations seem less effective than expected. 
Similar calculations using the observed ~-potential as the surface potential 
gave essentially identical results (not shown). These results emphasise that  
the electrophoretic mobility observed was mainly controlled by the surface 
potential and not  by the shape or size of  the particles. 

The above experiments have focused attention on the existence and proper- 
ties of the negative charges on the outer surface of the thylakoid membrane. 
Although estimates of  the surface charge density have been made above, 
there is every reason to believe that  the value of  this parameter will not  be 
constant  under certain conditions since changing the ionic composition of  the 
medium may also alter the H ÷ concentration at the membrane surface suffi- 
ciently to affect the protonat ion of some of the Charges. Moreover, as demon- 
strated by the calculations using Eqns. 3 and 4 and emphasised previously 
[6,7,13,14], divalent cations are drawn to the surface in preference to mono- 
valent cations. This is of  special interest since in the intact chloroplasts of peas 
the levels of  the major cations K ÷ and Mg 2÷ are about  the same [1,35] indi- 
cating that  Mg 2÷ would be the preferred cation in the diffuse layer adjacent to 
the membrane [35]. The ability of  divalent cations to screen the surface 
negative charges at much lower concentrations than monovalent cations can 
explain properties of  the cation induced thylakoid stacking phenomena and 
membrane conformational  changes leading to changes in the yield of  chloro- 
phyll fluorescence (see ref. 7}. A slight seasonal effect on electrophoretic 
mobility of thylakoids was observed and is thought  to be due to the difference 
in the ability of  the 0.1 M KC1 washing procedure (see Methods} to remove all 
the Mg 2÷ from the membrane surface. Variations in the ability of monovalent 
cations to displace residual Mg 2÷ from thylakoids have been detected directly 
by neutron activation analyses (Nakatani, H.Y. and Barber, J., unpublished) 
as well as being deduced from indirect methods [36,37]. Finally it is worth 
mentioning that  there is every reason to believe that  the inner side of  the 
thylakoid membrane also has an excess of negative charges at neutral pH [38]. 
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Unlike the outer surface these charges are likely to become protonated as the 
intrathylakoid pH drops during illumination [37,38]. The effect would be to 
alter the difference between the inner and outer surface potentials and induce a 
change in the electric field across the membrane itself, a point already noted 
by Rumberg [12]. 
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