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(1) Thylakoids isolated from leaves of two salt-tolerant higher plant species were found to require high 
(greater than 250 mM) concentrations of C! -  for maximal rates of photosynthetic 02 evolution and 
maximum variable chlorophyll a fluorescence yield. These activities were also tolerant to extremely high 
(2-3 M) salt concentrations. Their pH dependence was markedly different in the absence and presence of 
sufficient salt levels. (2) When CI-  was provided as CaCl2, as opposed to MgCl2, KCI or NaCl, higher rates 
of 02 evolution were obtained, suggesting that Ca 2+ has an important role in Photosystem II reactions. (3) 
The site of CI-  action was located on the electron donor side of Photosystem II. (4) 02 evolution in the 
presence of optimal CI - concentrations showed a pH dependence closely matched by that of 3sCI-NMR line 
broadening, which is indicative of CI-  binding. This pH-dependent 3sCI-NMR line-width broadening was not 
altered significantly by treatment of the thylakoids with EDTA; it was, however, abolished by heat treatment. 
(5) Only anions with similar ionic radii (Br - ,  NO~- ) were effective in replacing CI - .  Small anions such as 
F -  and O H -  were inhibitory; larger ions had no effect. The inhibition by F -  is due, at least in part, to 
displacement of C l - .  The selectivity is attributed to a combination of steric and ionic field effects. (6) It is 
proposed that CI - facilitates Photosystem II electron transport by reversible ionic binding to the O~-evolving 
complex itself or to the thylakoid membrane in close proximity to it. 

Introduction 

Surprisingly little attention has been paid to the 
study of photosynthetic properties of salt-tolerant 
(halophytic) higher plants considering the com- 
paratively extensive literature dealing with salt 
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a n d / o r  cation effects on photosynthesis in non- 
salt-tolerant (glycophytic) systems [1]. Two recent 
reports showed that thylakoids isolated from salt- 
tolerant higher plant species have different and 
unusual properties compared to those from non- 
salt-tolerant species [2,3]. Thylakoids isolated from 
a salt-secreting mangrove, Avicennia marina, were 
found to have a remarkable pH-dependent chlo- 
ride requirement for maximal photosynthetic 0 2 - 
evolution activity [3]. 

Similar results were obtained by Wignarajah 
and Baker [2] using thylakoids from leaves of a 
salt-marsh species, Aster tripolium. Although a 
specific requirement for CI was not reported, it 
can be inferred from the data that at least part of 



the effects were due to C1-.  C1- was the anion in 
all of the salts tested and assays were carried out 
at one pH value only [2]. In both species the salt 
requirement was approximately two orders of 
magnitude greater than that reported previously 
for photosynthetic O z evolution in spinach 
thylakoids [2,4,5]. 

In the present paper we report effects of C1- on 
thylakoids from leaves of Avicennia germinans and 
A. tripolium. The tolerance of the mangrove 
thylakoids to C1- allowed the use of sufficiently 
high C1- concentrations for the 35C1 line shapes to 
be readily observed by high-field Fourier trans- 
form NMR. Therefore, the observations include 
not only the pH dependence of 0 2 evolution and 
Chl a fluorescence yield but also their relationship 
to the 35C1 line width. Comparison of our results 
with reports on other anions and thylakoids from 
other species provides evidence about the specific- 
ity of the C1 requirement. Anions larger than 
C1- are ineffective for steric reasons while those 
that are smaller inhibit the action of C1-.  The 
mechanism of the Cl -  effect appears to be reversi- 
ble ionic binding by the Oz-evolving complex, or 
by the thylakoid membrane in its vicinity, in a 
manner that facilitates electron transfer through 
the S-states (also see Ref. 6). 

Materials and Methods 

Branches from Avi. germinans plants, growing 
in their natural swamp habitat in Miami, FL, were 
picked and sent to the laboratory. These branches, 
kept in plastic bags with sufficient moisture at 
room temperature, did not lose significant photo- 
synthetic activity for about 2-3  weeks. A. tripolium 
was grown in pots in the greenhouse under natural 
light conditions. Thylakoids were isolated from 
leaves of Avi. germinans or A. tripolium according 
to procedures previously described [2,3]. 

Chlorophyll was determined by the method of 
Arnon [7]. 02 evolution was measured in a 
Hansatech 02 electrode at 25°C and in saturating 
heat-filtered white light (400 ~E .  m 2. s-~). The 
basic reaction medium (1 ml total volume) con- 
tained 50 mM Tricine-NaOH (pH 7.8, or as stated 
in figure legends), 100 mM sucrose, 1 mM MgCI 2 
and 1 mM ferricyanide. Chlorophyll concentration 
was 30/~g/ml.  
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Chl a fluorescence induction was measured at 
room temperature in an apparatus described by 
Munday and Govindjee [8]. The excitation light 
(110/~E. m -2 .  s -~) was a broad-band blue beam 
(Corning filters CS 4-76 and 3-73) and fluores- 
cence was detected through a Corning CS 2-64 
filter with a monochromator  set at 688 nm (band- 
width approx. 10 nm). The fluorescence transients 
were recorded on as Esterline-Angus chart re- 
corder or photographed from an oscilloscope 
screen. Oxygen yield per flash was measured as a 
function of the number of 3-/ts light flashes (spaced 
1 s apart), with a Joliot-type electrode [9] on a 
laboratory-assembled instrument as described be- 
fore [10]. 35CI-NMR spectra were recorded as de- 
scribed elsewhere [ 11 ]. Fluorescence transients, Hill 
reaction rates and 35C1-NMR line widths were 
measured in parallel on the same preparations. 

The CI -  concentrations given in the text and 
figures are those of the salt added to the reaction 
medium used to suspend aliquots from the stock 
chloroplasts. A volume ratio of 50 : 1 (1 ml medium 
to 20 /tl of stock suspension) was ordinarily em- 
ployed (see Ref. 3) and the [C1 ] in the stock 
chloroplasts was less than approx. 50 mM. There- 
fore, the actual [C1-] differs from that added to 
the medium by no more than 1 mM or 2%. 

Results 

Photochemical reactions 
Hill reaction and Chl a fluorescence induction. 

Fig. 1 shows the dependence upon C1- concentra- 
tion of electron-transport activities (as measured 
by the Hill reaction - Fig. 1A, and Chl a fluores- 
cence transients - Fig. 1B) in thylakoids from the 
two salt-tolerant higher plants, Avi. germinans and 
A. tripolium. In thylakoids isolated in the presence 
of 50 mM NaCI from leaves of both species, 
optimal rates of photosynthetic 02 evolution, mea- 
sured with ferricyanide as the Hill acceptor, were 
obtained with 500 and 250 mM NaC1, respectively 
(Fig. 1A). In contrast, spinach thylakoids not only 
lacked this requirement of high [CI-]  but were 
adversely affected by salt concentrations in excess 
of about 150 mM NaC1 (Fig. 1A). Chl a fluores- 
cence induction in thylakoids from Avi. germinans 
showed a salt requirement (Fig. 1B, inset) very 
similar to that of the Hill reaction. In this case, the 
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Fig. I. Dependence of photochemical activity on NaC1 concentration in the assay medium. (A) 0 2 evolution with ferricyanide as 
electron acceptor in thylakoids (pH 7.8) from Avi. germinans (O O), A. tripolium (*  * )  and spinach (O O); (B) 
the inset gives the rate of the variable fluorescence rise, O --* P, in thylakoids (pH 7.6) from Avi. germinans. The figure shows tracings 
of the actual Chl a fluorescence induction curves from which the values in the insert were calculated; Fp, peak fluorescence intensity 
(or P level); F o, fluorescence intensity of the '0 '  level. 

variable part of the chlorophyll fluorescence in- 
duction curve (Fp - Fo) increases with added NaC1, 
the concentration dependence (Fig. 1B and inset) 
paralleling that of the 02 evolution (Fig. 1A). 

Tolerance to high salt levels. Thylakoids from 
Avi. germinans not only required high C1 con- 
centrations for 02 evolution but also were unusu- 
ally tolerant toward high levels of salt in the assay 
medium. Their 02 evolution and Chl a fluo- 
rescence induction were not inhibited by NaCI 
concentrations as high as 3 M (data not shown). 
Despite these exceptional properties, thylakoids 
from Avi. germinans had the normal periodicity of 
4 in flash-induced 02 yield (02 yield/flash as a 
function of flash number) in the presence of suffi- 
cient NaC1 (i.e., 250 mM), and showed the typical 
changes in the flash pattern when treated with low 
concentrations of NH2OH [12] (data not shown). 
No electron acceptor was added to these samples, 
so the flash patterns show a faster damping of the 
oscillations in 02 yield than normally observed 
[13]. 

The calcium effect. The C1 concentration de- 
pendence of the ferricyanide Hill reaction in Avi. 
germinans thylakoids was markedly different when 
Ca 2+ was the accompanying cation (open circles 
in Fig. 2), than when Mg 2+, Na + or K + (other 
symbols in Fig. 2) were used. Over the entire range 
of [C1- ] tested, Ca 2+ produced considerably higher 
rates than Mg 2+ , Na + or K + , thereby effectively 
reducing the CI required for a given 02 evolu- 
tion. Quinone-type electron acceptors (DMQ and 
DBDMQ) were also tested to determine whether 
the effect depends upon the nature of the electron 
acceptor in the Hill reaction. In the presence of 
500 mM NaC1 (pH 7.8), the rates of electron flow, 
in /~mol O 2 evolved/mg Chl per h, with 0.5 mM 
DMQ or DBDMQ were 61 or 108, and were quite 
comparable with 1 mM K3Fe(CN)6 (73) and 0.5 
mM DMQ + 1 mM K3Fe(CN)6 (101). Thus, there 
is no apparent correlation between the effective- 
ness of the PS II electron acceptors and their 
hydrophilic, or hydrophobic, character. This sup- 
ports the interpretation that the calcium effect is 
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Fig. 2. Rate of 0 2 evolution of AvL germinans thylakoids at pH 
7.0 with ferricyanide as electron acceptor as a function of CI 
concentration for several cations: Ca 2+ (© 0 ) ,  Mg 2+ 
(D O), Na + ('~ -~), and K + ( ~  ~ ) .  

intrinsic and may have physiological significance, 
as suggested recently for other systems [ 14,15]. 

pH dependence. The effect of C1- on 02 evolu- 
tion during the ferricyanide Hill reaction in 
thylakoids from Avi. germinans and A. tripolium is 
pH dependent in a manner similar to that reported 
for Avi. marina thylakoids prepared at pH 7.6 [3]. 

The dependence of 0 2 evolution upon pH in the 
range 5.9 to 8.2 is shown in Fig. 3A for thylakoids 
from Avi. germinans, prepared and kept at pH 7.6 
prior to the assay. These samples were assayed at 
different pH in the absence (e) and in the pres- 
ence of high NaC1 concentrations (Or, 0.5 M; and 
O, 1 M). In the absence of added salt the 02 - 
evolution rates for pH values from 7.4 to 8.4 were 
very unstable and thus only the initial rates are 
plotted. In the presence of high salt concentrations 
all measured rates were stable and higher by ap- 
prox. 30/~mol O2/mg Chl per h. 

The rate of Chl a fluorescence rise (Fp - F o) /at  
(equivalent to the initial slope) in Avi. germinans 
isolated at pH 7.0, with added salt, increases with 
increasing pH up to 7.6 (Fig. 3B) while that without 
decreases. The pH dependence of 02 evolution in 
A. tripolium thylakoids, prepared and kept at pH 
7.0, and assayed with or without salt is presented 
in Fig. 3C. 

The photochemical efficiency [ 16], 1 - ( F o / F  p), 

of PS II showed the same trends with regard to 
CI-  concentration and pH (data not shown) as 
those given in Fig. 3. 

Site of CI-  effect. Loss of chlorophyll fluo- 
rescence induction (see reviews in Refs. 17 and 18) 
is often due to inhibition of electron donation 
from water to the PS II reaction center. However, 
such a loss is also observed when electron flow out 
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Fig. 3. The pH dependence of electron-transport activity in the absence (closed symbols) or presence (open symbols) of added 0.5 M 
(-~ ~)  or 1.0 M (O O and [] •) NaCI: (A) 02 evolution in thylakoids from Avi. germinans isolated at pH 7.6; (B) 
the initial rate of O ~ P fluorescence rise in thylakoids from Avi. germinans isolated at pH 7.0; and (C) 02 evolution in thylakoids 
from A. tripolium isolated at pH 7.0. Buffers (50 mM): Mes (pH 5.8-6.7), Hepes (pH 6.8-7.8), Tricine (pH 7.6-8.4), at the pH values 
indicated. At: time difference between the two points used for fluorescence measurements  in B. 
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Fig. 4. Chl a fluorescence transients of A vi. germinans thylakoids 
in the absence of added CI- ('no addition'); in the presence of 
250 mM CI- (NaCI); and in the presence, without added 
NaCI, of the electron donors to PS II, NHzOH (50 mM) and 
catechol (500/~M, plus 1 mM ascorbate). 

of Q -  is enhanced by the addit ion of artificial 
electron acceptors. A choice between these two 
options can be based on the use of  artificial elec- 
tron donors  to PS II [19]. When an electron donor,  
e.g., catechol [20], diphenylcarbazide [21] or hy- 
droxylamine [22] was added to thylakoid samples 
in the absence of  added C1 , the variable fluo- 
rescence was reestablished to the same extent that 
it is by adding CI -  (Fig. 4; data for diphenyl- 
carbazide not shown). This indicates that PS II 
electron transport  is impaired in the vicinity of the 
water-oxidation site by the absence of  sufficient 
C1- .  

35Cl.NMR 

In the present study, we found that the pH 
dependence of PS II electron transport  parallels 
that of the 35 C1-NMR line width, the first observa- 
tions of which are reported elsewhere [1 1]. Typical 
35CI-NMR spectra of  thylakoids from Avi.  

germinans in the presence of 600 mM NaC1 are 
shown in Fig. 5. That  for pH  7.2 is broader  than 
for 6.0 and 8.0 while all three are several-fold 
broader  than the line for aqueous NaC1. The line 
widths of the 35C1-NMR peaks, defined as the full 
width of the line at half the maximum intensity, Ap 
(in Hz), were determined as described in Ref. 11. 
The results are plotted as a function of pH  in 
Fig. 6 for two species of halophyte thylakoids pre- 
pared at pH  7.6 a n d / o r  7.0. As shown in Fig. 6, 

~ 6 . 0  
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/t 1 
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Fig. 5. 35C]-NMR spectra of suspensions containing 5 mg/ml 
Chl (Avi. germinans thylakoids) and 600 mM NaCI at three pH 
values (a-c) and of a 600 mM NaCI solution in H20 (d). 
Buffer compositions as in Fig. 3. (For details of NMR measure- 
ments see Ref. 11.) 

there is a close correlation for the various prepara- 
tions between the pH dependence of Hill reaction 
rates (open circles) and that of  A~, (open squares). 

When a single peak is present in the 35C1-NMR 
spectrum, as in Fig. 5, its broadening beyond that 
of  aqueous C1 is indicative of  C1 binding [11]. 
Such broadening was largest in the pH range 
where maximal 0 2 evolution occurs (Fig. 6). The 
insert in Fig. 6B shows the pH dependence of  the 
35CI_NMR line width measured 1 h after the first 
measurement  (Fig. 6B), indicating that there was 
no significant change over that period of time. 
Instrumental  broadening of  the line shapes was 
about  20 Hz in Fig. 6A, with 12-mm sample tubes, 
and 10 Hz in Fig. 6B and C, with 5-mm tubes. 

Removal  of very loosely bound Mn 2 + by E D T A  
washing [13] did not significantly alter the pH 
dependence (Fig. 7A), indicating that any contri- 
butions by this paramagnet ic  species to the 35C1 
line broadening are small. (Points in Fig. 7A are 
corrected for small differences in instrumental 
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Fig. 6. The pH dependence of O 2 evolution with ferricyanide as electron acceptor (open circles) and 35C1-NMR line widths (open 
squares) in thylakoids: (A) from Avi. germinans, isolated at pH 7.6, with 6 mg Chl/ml and 1 M NaCI; (B) from Avi. germinans, 
isolated at pH 7.0, with 4 mg Chl/ml and 1 M NaC1; and (C) from A. tripolium, isolated at pH 7.0, with 3 mg Chl/ml and 0.5 M 
NaCl. The points ('~-) at the bottom of A are for 1 M NaC1 solution, without thylakoids. The inset in B is the pH dependence of the 
35C1 line width observed in the same samples 1 h after the first measurements. Assays were carried out with media as in Fig. 3. 

b roadening . )  Hea t  t r ea tment  of  the thy lakoids  at 
48°C  for 3.5 min abol i shed  the 0 2 evolut ion com- 
ple te ly  (da ta  not  shown) and also the p H  depen-  
dence of the 35C1-NMR line width  (Fig. 7B). In 
this case, the line width  for the hea t - t rea ted  
thy lakoids  (47 Hz), while 5 -10  Hz  less than that  of 
the un t rea ted  thylakoids ,  is still approx.  30 Hz 
greater  than  that  (17 Hz) for aqueous  C1- .  This 

-I- 
v 

<] 

A 

50 

30 

/ 
© 

pH pH 
Fig. 7. pH dependence of 35C1-NMR linewidth in thylakoids 
from Avi. germinans: (A) isolated in the presence (© . . . . . .  ©) 
or absence (m m) of 2 mM EDTA in the grinding and 
washing media (Chl concentration, 3 mg/ml; NaC1, 0.5 M); (B) 
before (-~ 4) or after (* . . . . . .  *) heating to 48°C for 3.5 
min, both in the presence of 2 mM EDTA (Chl concentration, 
2.9 mg/ml; NaCl, 1 M). 

shows that  a l though the heat  t rea tment  does affect 
the b ind ing  sites, the C1- b ind ing  to the t reated 
thy lakoids  is still extensive. 

The 35C1-NMR spectra  ob ta ined  for Figs. 6 and 
7 were single lines of  the shape shown in Fig. 5. 
However ,  spectra  ob ta ined  [11] for A. tripolium 
and  spinach thylakoids  at lower C I -  (250 mM,  p H  
7.2) had not  only  a s t rong line of width compara -  
ble to those in Fig. 5 but  also a weaker,  symmetr i -  
cal ly  p laced b roade r  line. Fo r  A. tripolium (3.1 mg 
C h l / m l )  the line widths  were 45 and 180 Hz with 
relat ive in tegra ted  intensi t ies  of 3 : 1 ;  and  for 
spinach (3.6 mg C h l / m l ) ,  60 and 150 Hz and 
intensi t ies  of 8 : 1 .  These results show that  there 
are at least two sets of sites for the C! in both  
spinach and A. tripolium. Moreover ,  each must  
have its own pool  of aqueous C1- with which it 
exchanges,  while the rate of exchange between the 
two aqueous  pools  is smaller  than that  between 
each set of sites and  its pool.  The C1- which gives 
the b roader  line seems to be associa ted with the 
regions of the s tacked thylakoids  [11]. 

Anion specificity 
The mechan i sm of the C1- act ion should be 

re la ted in some way to its specificity.  Fo r  Avi. 
marina thy lakoids  the specifici ty was very pro-  
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nounced,  such that Br -  and I - ,  for example, 
could not substitute for C1- [3]. In the present 
study, with thylakoids from Avi. germinans, Br-  
and N O r  were found to stimulate Chl a fluores- 
cence transients and 02 evolution to a substantial 
degree, as shown in Fig. 8. On the other hand both  
F -  and SO42- have no significant stimulating ef- 
fect on either the 02 evolution or the Chl a fluores- 
cence. For  Br -  the fluorescence yield is low com- 
pared with the 02 evolution, possibly because Br -  
is a quencher of fluorescence (Thorne, S.W., per- 
sonal communica t ion  to C.C.). 

One might expect the specificity of the anion to 
depend upon factors such as its size, shape, hydra-  
tion and charge. In Fig. 9A we have plotted the 02 
evolution, in relative units, reported for spinach 
thylakoids in Ref. 5 vs. the anion volume; the 
latter was calculated for spherical ions from the 
Pauling radius. A similar plot is given in Fig. 9B 
for our mangrove data. The figure shows that the 
CI -  volume of 25 A3 is op t imum for 02 evolution 
by spinach as well as mangrove thylakoids. The 
photochemical  activity falls off  progressively for 
smaller as well as for larger anions, with a some- 
what more rapid fall-off for mangroves than for 
spinach chloroplasts with ions larger than B r - .  

The decreasing effectiveness of the larger ions is 
consistent with steric effects, either at the binding 
site itself or in the access of  the ion to the site 
through a channel of restricted size. But the inef- 
fectiveness of the smaller ions must  be caused by 
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Fig. 8. Chl a fluorescence transients at pH 7.8 in suspensions of 
Avi. germinans thylakoids in the absence of salt (dotted line) or 
upon the addition of various sodium salts (continuous lines). 
Monovalent salts, 500 mM; divalent salt, 250 mM. The corre- 
sponding rates of 02 evolution (.amol/mg Chl per h) are 
shown on the right for each anion (500 raM). 

1.0 

0 . 5  

| 

~ o 
) 

) 

-~ hO 

0.5 

_A spinach ~!'i 

HC (~N" 

/ 
0 - 0 0  
F" OH'~" 

B mangrove 

/ 
= e  

\ 
\ 

S04 ~ P043 

I [ I I 

, - - e  

"< 
A w 

Anion  V o l u m e ,  ~3 

Fig. 9. Hill reaction rates (02 evolution with ferricyanide as 
electron acceptor) vs. the anion volume calculated for a spheri- 
cal ion from the Pauling radius: (A) of spinach thylakoids at 
pH 7.2, 02 data from Ref. 5; and (B) of mangrove thylakoids at 
pH 7.8 from this work (Fig. 8) plus I-  from Ref. 3. The points 
in B are for the ions directly above in A. 

something else. F -  not only is unable to substitute 
for C1- but also has a strong inhibitory effect on 
the photochemical  activity in the presence of  CI . 
As shown in Fig. 10, the inhibition increased both 
with concentrat ion of F and with time. For  Avi. 
germinans thylakoids with 250 mM NaC1, it took 
about  3 -5  min for the inhibition to attain half its 
maximum effect (Fig. 10A). Nearly complete in- 
hibition was obtained with comparable  concentra- 
tions (250 raM) of  F and C1- after a few minutes 
(Fig. 10B). By contrast, in Cl-depleted spinach 
thylakoids at pH  7.0, 10 mM F -  was found suffi- 
cient to inhibit completely the Hill reaction after 
about  3 min dark incubation [5]. 

We have obtained some information about  the 
mechanism for the inhibition by F -  from its effect 
upon  the 35C1 N M R  lineshape. 250 mM F -  (NaF)  
was added to the A. tripoHum and spinach 
thylakoid samples described at the end of the 
preceding section. F -  reduced O 2 evolution of A. 
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Fig. 10. Effect of F -  on 02 evolution activity in thylakoids 
from Avi. germinans at pH 7.5 in 250 mM NaCI: (A) as a 
function of time after adding various concentrations of F - ;  
and (B) as a function of [CsF], after a 3 min incubation time. 

tripofium by nearly 50% and of spinach by 90%. In 
both cases, the 35C1 central line became narrower 
(by approx. 15 and 30 Hz, respectively) while the 
broad line decreased in intensity. These results 
show that F -  displaces part of the bound C1 . 
However, at least for spinach the inhibition of 0 2 
evolution is significantly greater than the fraction 
of C1- displaced, indicating that the inhibition 
may involve other factors as well. 

Discussion 

0 2 evolution in thylakoids isolated from Avi. 
germinans and A. tripolium has qualitatively simi- 
lar requirements for high C1 concentrations as 
did those from Avi. marina [3]. These findings lend 
support to the suggestion that in some halophytes, 
C1- might accumulate in the thylakoids. Earlier 
observations of C1- accumulation in chloroplasts 
from salt-tolerant species have been reported 
[23,24]. 

The site of C1 action in mangrove thylakoids 
was localized at, or very close to, the donor side of 
PS II because electron transport through the reac- 
tion center was fully operative in the presence of 
artificial electron donors. The site of the C1 effect 
in C1--depleted spinach thylakoids is also the 
donor side of PS II [5]. Thus, the C1 -depleted 
spinach thylakoids show similarities to those from 
salt-tolerant plants, but there are also striking 
differences. Similarities include the localization and 
pH dependence of the effect, while differences 
include the magnitude, the concentration depen- 
dence, the greater specificity, and the kinetics. 
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Kelley and Izawa [5] reported that reactivation of 
spinach thylakoids by readdition of Cl-  required 
an incubation time of 2 min, whereas in the 
mangrove thylakoids no more than 15 s is required 
(data not shown). This suggests that diffusion of 
C1- is faster in mangrove than in spinach 
thylakoids. 

It was proposed earlier [3] that C1- might act 
by binding to specific sites on the O2-evolving 
complex itself, or the thylakoid membrane in close 
proximity to it. The broadening of the 35Cl-NMR 
line width is interpreted to be due to Ci-  binding 
[11] and this was indeed confirmed under several 
experimental conditions employed here. The pH 
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Fig. I I. Hill reaction rates (02 evolution with ferricyanide as 
electron acceptor) vs. the ionic field of the anion calculated at 
its Pauling radius, r A, from the charge center: (A) for spinach 
thylakoids ( I  II) isolated at pH 7.4, assayed at 7.2, 10 
mM anion, 02 data from Ref. 5; (O . . . . . .  ©) prepared at pH 
8.0, assayed at pH 8.3, 5 mM anion, 02 data from Ref. 4; and 
(B) for halophyte thylakoids (E3 . . . . . .  [3) Avi. marina isolated at 
pH 7.6, assayed at pH 7.8, 500 mM anion, 02 data from Ref. 3; 
(ix A) A. tripolium prepared at pH 7.6 or 7.8 (Br- ) ,  
assayed at pH 7.8, 250 mM anion; (11 II) Avi. germinans 
prepared at pH 7.0 or 7.6 and assayed at pH 7.0 or 7.8, 
respectively, 500 mM anion. The points in B are for the ions 
directly above in A. 'Minus control' on the ordinate indicates 
that the Hill reaction rates without added anion were sub- 
tracted from those with the anions. 
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range of maximal broadening of the 35C1-NMR 
line width is the same as for the highest Hill 
reaction rates. It appears, therefore, that the C1- is 
bound ionically in a reversible [11], pH-dependent  
fashion to the thylakoid membrane a n d / o r  the 
O2-evolving complex, and that its binding facili- 
tates electron transport through the S states (also 
see Ref. 6). 

The specificity of the requirement for C1- is 
quite sharp. Steric factors can account for the 
ineffectiveness of the larger ions, but the inhibi- 
tory effects of the smaller ions require a different 
explanation. A likely possibility is suggested by 
Fig. 11 in which O2-evolution data (only partially 
from Fig. 9) are plotted vs. the ionic field of the 
anion for spinach thylakoids (Fig. I1A) and 
halophytes (Fig. 11B). The ionic field E A is defined 
as" 

EA=(QA/es r2) 

where QA is the anion charge and r A is the Pauling 
radius for simple anions (pp. 61-73 in Ref. 25). 
For the complex anions such as SO 2 -  and NO Z , 
r A was derived from either thermochemical data 
(pp. 282-290 in Ref. 25) or polarization calcula- 
tions [26]. e s is the differential dielectric 'constant '  
of water [25] which as an approximation [29], we 
took to be 78. Only the smaller anions are hy- 
drated to an appreciable degree [27], and the 
change in e s is too small (less than approx. 10%) to 
affect our conclusions (see pp. 288 and 597 in Ref. 
25). 

One might expect the binding of an anion to a 
membrane site with a positive charge qM to be 
directly proportional to the ionic field of the an- 
ion. The Coulomb attractive force would be qM EA. 
However, the plots in Fig. 11 of 02 evolution vs. 
ionic field of the anion are quite similar to those 
vs. anion volume in Fig. 9; they have a maximum 
for CI-  and fall off rapidly for anions with larger 
as well as smaller E A values. It is noteworthy that 
for spinach (Fig. l lA) the curve at alkaline pH 
(8.3) is broader than that at neutral pH (7.2). 
Moreover, the curves for the halophytes are nar- 
rower than those for spinach, the highest specific- 
ity being in Avi. marina where Br-  has no effect. 

A comparison of Figs. 9 and 11 reveals some 
interesting similarities and differences in the re- 

sponse of thylakoids to particular anions. In Fig. 
11, B r - ,  NOB,  I and CIO 4 have ionic fields 
progressively less than the 0.3 e.s.u, opt imum value 
of CI . Their effectiveness decreases monotoni- 
cally both with decreasing ionic field and with 
increasing volume (Fig. 9). On the other hand, the 
anions with ionic fields greater than the optimum 
(Fig. 11) include large ions of multiple charge 
(SO 2-  and PO 3 - )  as well as the small ions of 
single charge (F , O H - ,  Ac and HCO 3 ). This 
shows graphically that while some anions are inac- 
tive because of steric factors preventing their bi- 
nding to the membrane, other anions block the O 2 
evolution by binding too tightly to the membrane, 
displacing the CI-  and preventing electron trans- 
fer. 

Further evidence in the matter comes from ex- 
periments with SO 2-  . Although not tested for its 
inhibitory action in halophyte thylakoids, with 
spinach membranes at 100 mM CI-  and neutral 
pH, SO4 z-  is neither stimulatory nor inhibitory 
(data not shown). This behavior is quite distinct 
from the inhibition by F -  of O 2 evolution in 
halophyte and spinach [5] thylakoids (Fig. 10). The 
simplest interpretation is that the size of SO42- 
prevents it from affecting the membrane sites in- 
volved in the electron transfer. 

Inhibition of the Hill reaction at alkaline pH 
values has been reported previously [28,29]. The 
pH dependences of the O 2 evolution and CI-  
binding given in Fig. 6 for mangrove thylakoids 
are a measure of the effects of O H - ,  at least for 
the higher pH values. The data in Fig. 6A show 
that both 02 evolution and C1- binding are opti- 
mal at neutral pH values (approx. 7.2). Increasing 
the pH to above approx. 8 causes a sharp reduc- 
tion in both O 2 evolution and CI-  binding. This is 
probably an inhibitory displacement of bound CI 
by OH . However, the mechanism must differ 
from that of F , since only 0.003 mM OH is 
required for 50% inhibition of the 02 evolution 
compared to approx. 100 mM F - ,  even though 
O H -  has a somewhat smaller ionic field than F . 
Furthermore, in some cases (Figs. 3 and 6) pH 
changes decrease substantially the C1- binding but 
have little effect upon the 02 evolution. 

These differences suggest that changes in pH 
not only displace the C1 but also modify the 
charge distribution in the thylakoids a n d / o r  the 



binding sites. Moreover, in the case of spinach, 
evidence is found for conformational changes as 
well. In Fig. 11A, the plot of 02 evolution vs. ionic 
field of the anion is significantly broader at pH 8.3 
than at 7.2. Also, both curves for spinach are 
broader than those for halophytes. This implies 
that the binding sites are more selective in 
halophytes than in spinach. Nonetheless, halophyte 
thylakoids seem to have a 'looser' overall structure 
inasmuch as the reactivation time for CI -depleted 
thylakoids is shorter for halophytes than spinach. 
Both differences may be part of the adaptation to 
high salt concentrations. 

We conclude that a model combining ionic field 
and steric factors offers promise for interpreting 
the available data on anion interactions with 
thylakoid membranes. The physiological reasons 
for the extreme C1 requirement for O 2 evolution 
in thylakoids from halophytes are yet to be under- 
stood. The tolerance of these membranes towards 
molar salt concentrations is possibly even more 
startling. Whether these properties are a reflection 
of a true physiological requirement in response to 
adaptation to high salinity has yet to be estab- 
lished. Direct observation of C1- in thylakoids in 
situ [23] is difficult at present. However, 35C1-NMR 
and 36C1 radioactive labeling of thylakoids [30] 
provide unique opportunities for studying the role 
of anions in O 2 evolution. 
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