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Summary 

Millimolar concentrations of  monovalent  cations enhance and divalent 
cations impede the redistribution (spill-over) of  electronic excitation energy 
from Photosystem (PS) II to PS I in cation-depleted (sucrose-washed) thyla- 
koids; this concept is based on chlorophyll a fluorescence and electron trans- 
port  measurements over a narrow pH range around 7. We have tested the above 
concept  in pea thylakoids over the pH range 5 to 9 by parallel measurements of  
various chlorophyll  a fluorescence parameters (spectra, transients, and lifetimes 
at 77 K and 293 K, and polarization at 293 K) and of  the rates of  partial reac- 
tions of  PSI and II. 

Our results provide the following information. 
(1) Mg 2÷ enhancement of  fluorescence is maximum between 680 and 690 

nm and minimum between 710 and 720 nm. 
(2) The opt imum conditions for the observation of  the Mg2÷-induced 

enhancement of  fluorescence are: wavelength of  emission, 685 nm; concen- 
tration of  Mg 2÷, 10 mM, and pH, ~7.5 .  

(3) Mg 2÷ decreases the efficiency of  excitation redistribution from PS II to 
P S I  over the pH range 6 to 9. 
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(4) The antagonistic effects between Na ÷ and Mg ~÷ hold simultaneously for 
both the fluorescence intensity and lifetime, at physiological temperatures, 
only within the pH range 6 to 8. 

(5) Mg ~÷ enhances the light-limited electron transport rate through PS II in 
the pH range 5.4 to 8.2 and decreases that through PSI at pH 7.1 and 8.2. The 
% increase in PS II is, however, about twice the % decrease in PS I. 

Introduction 

Monovalent and divalent cations play a crucial role in the regulation of net 
electronic excitation energy distribution between the two photosystems of 
green plant photosynthesis [1,2]. We present here the effects of varying the 
bulk H ÷ concentration in the suspension medium on this excitation energy 
regulation in pea thylakoids. 

The purpose of the present investigation was three fold. 
First, define the pH range over which the existing findings on cation-induced 

fluorescence changes hold, since most studies have been made over the narrow 
pH range of 7 to 8. This is particularly important since the pH of the intra- 
thylakoid space (loculus) show large variations in normal operation [1]. 

Second, re-examine the antagonistic effects of Mg 2÷ on electron transport 
in photosystem (PS) I and PS II as a function of pH because the inhibiting 
effect [3] of Mg 2÷ at pH > 7.5 on PS I electron transport (measured as the rate 
of NADP ÷ reduction) turns into an enhancing effect at pH ~ 7.5 [4]. 

Third, provide a comprehensive study, through parallel measurements, of 
the pH dependence of the cation effects on various aspects of chlorophyll a 
fluorescence and electron transport in the two photosystems, in order to clarify 
the regulatory phenomenon of excitation energy distribution. Since Barber et 
al. [ 5] have reported that the cation effects on chlorophyll a fluorescence 
correlate with the membrane surface charge density, and that the electro- 
phoretic mobility of the thylakoids is constant in the pH range 6 to 10, it was 
important to know whether or not the cation effects are also pH insensitive. 

Materials and Methods 

Thylakoids were prepared as described in Ref. 6. The final suspension 
medium contained 100 mM sucrose and 2 mM Tris adjusted to an appropriate 
pH with HC1 or HNO3. Since the concentrated stock thylakoid membranes, 
suspended in 100 mM unbuffered sucrose, showed slightly acidic pH, the final 
measured pH of each sample was 0.4--0.8 unit lower than the pH of the dilu- 
tion medium. Other sample details were as given in the legends of figures and 
tables. Diuron, when used, was added prior to cations, and, the measurements 
were made at least 10 min after incubation in the final suspension. 

Chlorophyll a fluorescence spectra and transients were measured with an 
instrument described elsewhere [7,8]. For measurements at 77 K, 0.5-ml ali- 
quots of thylakoid suspension were adsorbed onto two layers of cheese-cloth 
(0.3 mm thickness) and frozen in liquid nitrogen. All fluorescence spectra were 
corrected for monochromator transmission characteristics and photocathode 
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($20)  sensitivity. The degree of  polarization o f  fluorescence was measured as 
described elsewhere [9 ,10] .  Fluorescence lifetimes (T) were measured by the 
phaseshift method using a mode-locked He-Ne laser (X = 632.8  nm; modula- 
tion frequency = 75 MHz) [11] .  With the exception of  the fluorescence polari- 
zation (P) which utilized right angle geometry, all other fluorescence param- 
eters were measured from the same surface as the incident irradiation. 

Electron transport rates in the partial reactions were measured either optic- 
ally, as the rate of  bleaching of  DCIPH2 at 597 nm, or, as the rate of  oxygen 
evolution or uptake, by a Clark-type electrode in a water jacketed chamber and 
an oxygen monitor (Yellow Springs Instrument, Model 53). The extinction 
coefficients of  DCIP at different pH values were determined as in Ref. 12. 
Chlorophyll concentrations were determined by the method described in Ref. 
13. The temperature was 23 -+ I°C. 

Results 

Cation effects on chlorophyll a fluorescence 

Cation concentration curves for maximum yield of  fluorescence in diuron- 
treated thylakoids 

The opt imum concentrations of  cations to be used were determined from 
cation concentration dependence of  the maximum steady-state yield (fluo- 
rescence intensity/absorbed intensity) o f  fluorescence, Fm (corresponding to 
the P level) at 685 nm in salt-depleted thylakoids ([Chl],  5 /~g • ml -t) treated 
with 3.3 /~M diuron at pH 6.2, 7.1, and 8.6 (Fig. 1). With Fm for the salt- 
depleted sample in each case normalized to 1.0, the following is noted: 

(1) There are two phases (Fig. 1A) in the cation (Na ÷ and Mg 2+) concentra- 
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Fig. 1. T he  m a x i m u m  relative yie ld  o f  f l u o r e s c e n c e  at  6 8 5  n m  as f u n c t i o n  o f  the  ca t ion  c o n c e n t r a t i o n s ,  
for  three  pH values .  ( A )  The  e f f e c t  o f  Na  + or  Mg 2+ over  the  c o n c e n t r a t i o n  range 0 - - 1 0 0  r a M .  ( B )  The 
f l u o r e s c e n c e  e n h a n c e m e n t  w i t h  increas ing Mg 2+ c o n c e n t r a t i o n  b e t w e e n  0 and 10  m M  r e p l o t t e d  to  d e m o n -  
s trate  the  pH d e p e n d e n t  shi f t  in [Mg 2+] for  h a / f - m a x i m u m  e n h a n c e m e n t .  T h y l a k o i d s  s u s p e n d e d  in 1 0 0  
m M  s u c r o s e  + 2 m M  Tris-HC1 (appropr ia te  pH);  [Chl ]  = 5 ~ g / m l ;  [ D C M U ]  = 3 . 3  # M ;  t e m p e r a t u r e  = 2 3 ° C .  
E x c i t a t i o n  w a s  at 6 3 6  n m  (ha l f -bandwidth ,  8 n m ) .  
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tion curves for Fro. The maximum fluorescence, F r o ,  increases sharply as 
[Mg 2÷] is increased frrom 0 to 5 mM, attaining a maximum at 6--8 mM, and 
then declines slightly from 10 to 100 mM. In the case of Na ÷, however, Fm 
shows an 'S'-shaped dependence on its concentration; in the 20--40 mM range 
(depending on pH), Fm decreases slightly, but, beyond ~40 mM, it increases, 
saturating at ~100 mM (cf. Ref. 14). At ~100 mM, both Na ÷ and Mg 2÷ give the 
SalTle F m . 

(2) Fm in the presence of 10 mM Mg 2÷ is highest at pH 7.1, followed by pH 
6.2, and then pH 8.6 (Fig. 1). 10 mM Na ÷, on the other hand, induces a greater 
decrease in F m at pH 8.6 than at pH 7.1; at pH 6.2, there is only a very slight 
change in Fm (Fig. 1A). 

(3) The half-saturation concentration for the Mg2÷-induced increase in Fm 
shifts to lower values with increasing pH (Fig. 1B). 

p H  dependence o f  cation effects on chlorophyll a fluorescence at room 
temperature 

Emission spectra. The room temperature emission spectra of thylakoid sus- 
pensions at pH 5.3, 6.3, 7.8 and 8.9 are similar to each other, although the 
relative enhancement by 10 mM Mg 2÷ is different in each case. From 5.3 to 
8.9 pH, the main emission peak is at ~685 nm with a smaller band at ~730 
nm, as is known  for chloroplasts at pH 7.0. The quotient of the emission 
intensity of a sample containing 10 mM Mg 2÷ and 10 mM Na* to that of a 
sample without Mg 2÷ but with 10 mM Na ÷, at various pH values, is strongly 
dependent upon emission wavelength (Fig. 2). At pH 6.3 or greater, this ratio 
shows a large Mg2÷-induced enhancement between 670 and 690 nm; this 
enhancement declines monotonically beyond 690 nm to a minimum at 710-- 
720 nm, followed by a rise, and, perhaps, a final decline beyond 750 nm. At 
pH 5.4, only a slight wavelength independent increase is observed. 

, Max imum steady-state yield. Figs. 1A and 2 show that the ideal conditions 
for the study of cation effects on chlorophyll a fluorescence in the pH range 6 
to 9 are to measure the emission at ~685 nm in the presence of 10 mM cations. 
To determine the optimum pH, the maximum steady,state fluorescence yield 
(Fro) of the thylakoids suspended in cation-free Na ÷ (10 mM), and Na ÷ (10 raM) + 
Mg 2÷ (10 mM) media in the presence of 3.3 ]~M diuron was measured (Fig. 3). 
The profiles of Fm for the three conditions are different. In cation-depleted 
medium {open circles), Fm shows an increase from pH 5.0 to a peak at pH 6.3, 
then a decline to a relative minimum at pH 7.7, and a slight rise thereon to pH 
9. With the addition of 10 mM Na ÷ (closed squares), Fm shows a broad maxi- 
mum around pH 5.7, intersecting the previous curve at pH ~6.1, so that Fm 
(Na ÷) is greater than Fm (cation-free) at low pH and smaller at high pH. In the 
presence of 10 mM Mg 2÷ (closed triangles), Fm peaks at pH 7.7, with Fm (pH 
7.7) = 2F m (pH 5) ~ 1.5F~ (pH 8.8). Addition of 10 mM Na* to salt-depleted 
thylakoids gives a ~20% increase in Fm at pH ~5.0 but a ~35% decrease at 
pH 8.8, the transition over the pH range being almost linear. The enhancement 
in fluorescence yield upon the addition of 10 mM Mg 2÷ to a sample containing 
10 mM Na ÷ rises dramatically from ~10% at pH 5.0 to >300% at pH 7.7, 
followed by a slight drop at pH 8.8. 

Transients. To estimate how much effect cations have on the constant (Fo) 
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Fig. 2. T he  e f fec t  of Mg 2+ on the  f luorescence  emiss ion  s p e c t r u m  at  296  K: f luorescence  in tens i ty  ra t io  
b e t w e e n  the  Na* + Mg 2+ and the  Na + sample  as func t i on  of  emiss ion  wav e l en g th ,  for  fou r  pH values.  Exci-  
t a t ion  was  at  636 n m  (ha l f -bandwid th ,  8 n m ) ,  a nd  f luorescence  was  d e t e c t e d  t h r o u g h  a S c h o t t  RG 665 
glass filter and  a m o n o c h r o m a t o r  (band-pass ,  6.6 n m ) .  All spec t ra  w e r e  c o r r e c t e d  for  t r ansmiss ion  chasac-  
terist ics of  fil ter and  m o n o c h r o m a t o r ,  p h o t o m u l t i p U e r  sensi t ivi ty ,  an d  b a c k g r o u n d  light.  [Chl]  = 5 #g /ml ;  
[Na  +] = [Mg 2+] ~ 1 0  raM; [ D C M U ]  = 3.3 #M. 

Fig, 3. pH d e p e n d e n c e  of  the  m a x i m u m  relat ive f luorescence  yield  at  685 n m  for  the  sa l t -deple ted ,  Na+0 
and  Na + + Mg 2+ samples .  F luorescence  exc i t a t ion  was  at  636  n m  (ha l f -bandwid th ,  8 r im) and  d e t ec t i o n  
wlis t h r o u g h  a grat ing m o n o c b x o m a t o r  set  at  685 n m  (band-pass ,  6.6 n m ) .  O th e r  detai ls  we re  as given in 

the  legend  of Fig. 1. 

and variable (Fv = F m - - F o )  parts of  fluorescence, transients were measured 
(Table I). In both the salt-depleted and the Na ÷ samples, Fo at pH 7.8, is lower 
than at pH 6.0 and pH 8.9. In the Na* + Mg 2+ sample, Fo at the two lower pH 
values is about the same, but is lower at the highest pH. Fo decreases slightly 
upon Na ÷ addition to salt-depleted thylakoids, for all 3 pH values but it 
increases significantly (~60%) upon the addition of  Mg 2+ only at pH 7.8 (cf. 
Ref. 15), no change being observed at pH 6.1 and 8.9. 

TABLE I 

CATION EFFECTS ON THE INITIAL AND THE MAXIMUM RELATIVE FLUORESCENCE YIELD AT 

23°C AT 3 DIFFERENT pH VALUES 

Fluorescence was measured at 685 nm through a monochromator (band-pass, 6.6 nm). Excitation was with 

broad-band blue light, white light passed through Coming CS 3-73 + CS 4-96 filters. [Chl] = 5 ~g/ml. 

Sample  pH 6.1 + 0.2 pH 7.8 £ 0.1 pH 8.9 -+ 0.1 

Fo  * F m Fv  F o F m F v  F o F m Fv  

F m F m F m 

Sal t -deple ted  10 .0  20.7 0 .52  5.7 12.7 0 .55  7.1 17.0 0 .58  
10 mM NaCI 8.5 16. 9 0 .50  5.4 10 .2  0.47 6.9 15.2 0 .55  
10 m M  NaCI + 10 m M  MgCI 2 8.6 20.1 0 .57  8.5 27.8 0 .69  6.9 15.2 0 .55  

* Fo ,  also called the  o level or ' c o n s t a n t  f l uo rescence '  is the  initial yield of  f luorescence  u p o n  i l lumina t ion  
of a sample ;  Fro, also called P level f luorescence ,  the  m a x i m u m  yield  of  f luorescence  a t t a ined  dur ing  
i l lumina t ion ,  and  the  variable f luorescence  F v = F m - - F  o. 
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At pH 7.8, the ratio of Fv to Fm (in Table I) shows cation-induced changes 
similar to those in Ref. 6 for the #s fluorescence transient induced by a single 
10 ns flash: a decrease in the ratio with addition of Na* and an increase with a 
subsequent addition of Mg 2÷. However, these effects are either diminished or 
absent at higher and lower values of pH. 

Lifetimes. For both the salt-depleted and Na ÷ samples, fluorescence lifetime 
of Fm at 686 nm T(F6ss.m) shows a general decline with increasing pH (Fig. 4). 
In the Na ÷ + Mg 2÷ sample, the pH profile of ~(Faas,m) shows a broad peak 
around pH 7.5. The maximum relative fluorescence yields at 686 nm, F6ss,m, 
simultaneously measured with T(F686,m), show similar pH profiles. Also, the pH 
profiles of the r(Fsss.m) in Fig. 4 closely resemble those from steady-state fluo- 
rescence yield measurements in diuron treated thylakoids (Fig. 3), suggesting 
that the pH profiles of T may be diruon insensitive. 

Polarization. The degree of polarization of fluorescence (P) at 686 nm was 
measured at pH 6.6 and 9.0 (Table II). Results at pH 7.6 were reported earlier 
[9]. Addition of Na ÷ induces a greater increase in P of F686, m at pH 6.6 (~11%) 
than at pH 9.0 (4%). The Mg2*-induced decrease in P is about the same (~10-- 
13%) at both pH values. These changes in P are consistent with a Na÷-induced 
decrease in energy migration in PS II and a Mg2+-induced increase in such 
migration, over the pH range 6.6 to 9.0 (cf. Ref. 9). 

pH dependence o f  cation effects on chlorophyll a fluorescence at 77 K 
Lifetimes. The r at the P-level at 77 K was measured at 686, 695, and 730 

nm for pH values of 6.2, 7.7, and 8.8. Values of r at pH 7 were reported in Ref 
16. The addition of Na ÷ to salt-depleted thylakoids causes decreases in 
r(F6as,m) and r(F695,m): from 0.35 to 0.24 ns for r(Fsss.m)and from 0.57 to 
0.46 ns for 7(F695.m) at pH 7.7 and 8.8; at pH 6.2, there is no cation-induced 
change (r(Fsab,m) ~- 0,53 ns; T(Fs95,m) ~ 0.7 ns). Subsequent addition of Mg 2÷ 
causes increases in r(F685.m) from 0.51 to 0.83 ns (at pH 6.2), from 0.25 to 
0.54 ns (at pH 7.7), and from 0.23 to 0.43 ns (at pH 8.8). The increases in 
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Fig.  4.  p H  d e p e n d e n c e  o f  t h e  l i f e t i m e  o f  t h e  m a x i m u m  f l u o r e s c e n c e  at  6 8 6  n m ,  r ( F 6 8 6 , m )  , for  the  sal t -  
d e p l e t e d  ( ~ - - - - - - - - o ) .  N a  + (e --). a n d  N a  + + MS 2+ (A A) s a m p l e s .  F l u o r e s c e n c e  e x c i t a t i o n  w a s  at 
6 3 2 . 8  n m  a n d  emis s ion  w a s  d e t e c t e d  t h r o u g h  an i n t e r f e r e n c e  f i l ter  a t  6 8 6  nrn ( h a l f - b a n d w l d t h ,  6.8  n m ) .  
L i f e t i m e s  w e r e  m e a s u r e d  as d e s c r i b e d  in  R e f .  [ 1 1 ] .  
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T A B L E  II  

C A T I O N  E F F E C T S  ON T H E  P O L A R I Z A T I O N  O F  C H L O R O P H Y L L  a F L U O R E S C E N C E  F O R  TWO pH 
V A L U E S  

S a m p l e s  were  3 ml  t h y l a k o i d  su spens ions  in  100  m M  sucrose  + 2 m M  T r i s - H N O 3 ,  [Chl]  = 5 ~ g / m l ,  and  

[ D C M U ]  = 3.3 /~M. NaCI  and  MgCI 2 were  a d d e d  to the  f inal  c o n c e n t r a t i o n  of  5 raM. E x c i t a t i o n  was  at  

6 3 0  + 2.5 n m  and  f luo re scence  was  m e a s u r e d  t h r o u g h  a long-pass  f i l ter  ( S c h o t t  R G  6 6 5 )  and  a 686  n m  
i n t e r f e r e n c e  f i l ter  ( h a l f - b a n d w i d t h  = 6.8 n m ) .  T h e  t e m p e r a t u r e  was  24°C. 

Sample  DH Degree  of  po l a r i z a t i on  (%) * 

Sa l t -dep le ted  6.6 2.8 + 0.1 

Na  + 6.6 3.1 +_ 0.1 
Na  + + Mg 2+ 6.6 2.8 + 0.1 

Sa l t -dep le ted  9 .0  2.5 + 0.1 

Na  + 9.0  2.6 +_ 0.1 
Na  + + Mg 2+ 9.0  2.3 + 0.1 

* The  degree  of  p o l a r i z a t i o n  (%) was  ca lcu la ted  as [ ( F v - - F h ) / ( F  v + F h ) ]  × 100 ,  whe re  F v and  F h are the  
in t ens i t i e s  o f  ver t ica l ly  a n d  h o r i z o n t a l l y  po la r i zed  c o m p o n e n t s  of  the  f l uo re scence ,  w h e n  the  ac t in ic  
i l l u m i n a t i o n  is ver t ica l ly  po la r i zed .  I n s t r u m e n t a l  c o r r e c t i o n s  were  m a d e  as desc r ibed  by  W o n g  et  al. 
[ 1 0 ] .  

T(F695,m) are from 0.7 to 1.1 ns at pH 6,2, from 0.45 to 0.85 ns at pH 7.7, and 
from 0.48 to 0.81 ns at pH 8.8. The changes in T ( F 7 s 0 , m )  are  small (~ 15%). 
T(F73o,m), at various pH values, are ~ 2 . 4  ns (pH 6.2), ~2 .1  ns (pH 7.7) and 

1.8 ns (pH 8.8); there is a general decrease in T at all wavelengths with increas- 
ing pH. 

Emission spectra. The cation effects on the emission spectra at 77 K, 
normalized to their relative T at 686 nm, are shown in Fig. 5. The typical three- 
band spectrum with maxima at 685 (PS II), 693--696 (PS II), and 735 nm (PS 
I) is obtained for all values of  pH and the three cationic conditions. At pH 6.3, 
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Fig.  5. F l u o r e s c e n c e  emi s s ion  spec t r a  m e a s u r e d  at  77 K f o r  t he  sa l t -dep le ted ,  N a  +, and  Na + + Mg 2+ s a mp le s  
for  th ree  pH  values .  All spec t r a  w e r e  n o r m a l i z e d  to  t he i r  r e spec t ive  l i f e t i m e  va lues  at  6 8 4  n m .  E x c i t a t i o n  

was  a t  636  n m  ( h a l f - b a n d w i d t h ,  8 n m ) ,  and  f l uo re scence  w a s  d e t e c t e d  t h r o u g h  a S e h o t t  R G  665  f i l ter  
and  a g ra t ing  m o n o c h r o m a t o r  (band-pass ,  2 n m ) .  All s p e c t r a  w e r e  c o r r e c t e d  for  t r a n s m i s s i o n  charac-  
te r i s t i cs  o f  f i l ter  a n d  m o n o c h r o m a t o r ,  P h o t o m u l t i p l i e r  s ens i t i v i t y ,  a n d  s t r ay  l ight .  [Chl ]  = 10 /~g/ml; 
[ N a  +] = [Mg 2+] = ~ I 0  raM. O t h e r  de ta i l s  w e r e  as g iven in the  t e x t .  
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~ 1 0  mM Na + causes a slight decrease in F687 and a slight increase in F73 s (see 
Ref. 17); divalent cations, on the other  hand, cause a large increase in F6s4 and 
F693 and a large decrease in F73s (see Ref. 3). At pH 8.0 and 9.1, however, Na + 
causes a large decrease in the (relative) increase in the fluorescence at 684 and 
693--696 nm, but  no change at 735 nm. 

Transients. The fluorescence transients at 77 K have been used for evaluating 
the energy distribution and redistribution in the two photosystems at pH 7.8 
(cf. Ref. 18). We present measurements of  Fo and Fm at 690 and 730 nm at 
pH 6.2 and 8.8 (Table III). Here, the fluorescence at 690 nm, mainly from PS II, 
for the different samples was normalized by taking v(F690) = [r(F6s6) + T(F695)]/ 
2. Even the emission at 730 nm, mainly from PS I, has a 'variable' fluorescence 
Fv (10--20% of  Fm at 730 nm); it is suggested [18] that  this component  results 
from energy transfer from PS II to PSI .  

Fv/Fm at 690 nm (Table III), by  an earlier analysis [19],  is the product  of  
the efficiency of  excitation transfer from the antenna to the reaction center of  
PS II and the efficiency of  back-transfer from the closed center, and is taken as 
an index of  the extent  of  excitation cycling between the antenna and the reac- 
tion center. At both acid and basic values of  pH, the addition of  10 mM Na + to 
salt-depleted thylakoids lowers Fv/Fm (at 690 nm), and, thus, the energy 
cycling. However, the subsequent addition of  10 mM Mg 2+, while increasing 
Fv/Fm at acid pH, causes a further decrease in the ratio at basic pH. 

Excitation distribution and redistribution in Photosystem II. From the above 
data on T and transients, estimates (Table IV) of  the energy distribution and 
redistribution parameters in PS II were made by  a method similar to  that  
described in Refs. 18 and 19, bu t  to which measurements of  v were incor- 
porated for estimating the fractional absorption by  each photosys tem in indi- 
vidual thylakoid samples (cf. Ref. 20, and foo tno te  in Table IV). Our findings 
are: (1) at pH 6.2, 10 mM Na + induces a smaller decrease in ~ (the fraction of  
total absorbed quanta initially parti t ioned to  PS II) than the increase induced 

T A B L E  II I  

C A T I O N  E F F E C T S  O N  T H E  I N I T I A L  A N D  T H E  M A X I M U M  F L U O R E S C E N C E  A T  77 K A T  6 9 0  A N D  

7 3 0  n m  F O R  T W O  p H  V A L U E S  

T h y l a k o i d  s u s p e n s i o n s  (0 .5  m l  each )  i n  1 0 0  m M  s uc ros e  + 2 m M  T r i s - H N O  3 were  a d s o r b e d  o n  t w o  l a y e r s  

o f  c h e e s e - c l o t h  (0 .3  m m  t h i c k n e s s )  a n d  f r o z e n  a t  77 K. E x c i t a t i o n  was  t h r o u g h  a 6 3 6  n m  in t er ference  
f i l t e r  ( h a l f - b a n d w i d t h  = 8 n m ) ,  a n d  f l u o r e s c e n c e  was  m e a s u r e d  t h r o u g h  a C o r n i n g  CS 2-59  glass  f i l t e r  a n d  

a m o n o c h r o m a t o r  set  at 6 9 0  n m  ( b a n d - p a s s  = 10  n m ) .  C h l o r o p h y l l  c o n c e n t r a t i o n  was  2 0  ~ g / m l ,  [ N a C I ]  = 

[MgC12]  = 9 .8  raM.  F o r  m e a n i n g  o f  s y m b o l s ,  see the  l egend  o f  T a b l e  I. 

S a m p l e  p H  6 9 0  n m  7 3 0  n m  

F o  F m F v F o F m 

F m  

Sal t -dep le ted  6 . 2  22 .3  65 .1  0 . 6 6  2 3 7 . 2  3 0 0 . 8  

Na  ÷ 6 .2  2 9 . 5  6 2 . 1  0 . 5 3  2 7 7 . 0  3 3 9 . 2  

N a  + + Mg 2+ 6 .2  3 6 . 6  1 0 0 . 0  0 . 6 3  2 1 6 . 8  2 5 7 . 8  

Sal t -dep le ted  8 .8  1 9 . 9  4 7 . 7  0 . 5 8  2 3 2 . 6  2 6 5 . 9  

N a  + 8 .8  2 4 . 0  3 6 . 4  0 . 3 4  2 0 4 . 9  2 2 5 . 0  

N a  + + Mg 2+ 8 .8  4 7 . 7  6 3 . 6  0 . 2 5  1 7 4 . 4  1 8 6 . 3  
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T A B L E  IV 

E N E R G Y  D I S T R I B U T I O N  A N D  R E D I S T R I B U T I O N  P A R A M E T E R S  IN P H O T O S Y S T E M  II  BASED ON 
77 K F L U O R E S C E N C E  T R A N S I E N T S  A N D  L I F E T I M E S  FOR TWO pH V A L U E S  

The fract ion  o f  to ta l  absorbed quanta init ial ly part i t ioned  to  PS II  (~) and the  e f f i c i enc i e s  for  de -exc i ta -  
t ion  o f  e x c i t e d  ch l oroph y l l  in the  antenna  c o m p l e x  o f  PS II,  n a m e l y ,  thermal  diss ipat ion ( ~ D 2 ) ,  f luores-  
c e n c e  ( ~ F 2 ) ,  and energy  transfer  to  P S I  ( ~ T ( 2 1 ) )  and to  reac t ion  center  II ( ~ T 2 ) ,  w e r e  ca lculated for 
individual  samples ,  using f l u o r e s c e n c e  l i f e t i m e  and transients  m e a s u r e d  at 77 K and equat ions  descr ibed in 
Refs .  19  and 20 .  [C at i o n s ]  ~ 10 raM. 

Sample  pH ~ * ~ F 2  ~ T ( 2 1 )  ~ D 2  + f iT2  

Sal t -deple ted  6.2 0 .54  0.01 0 .14  0 .85  
Na ÷ 6.2 0 .52  0 .02  0 .24  0 .74  
Na ÷ + Mg 2+ 6.2 0 .57  0 .02  0 .09  0 .89  

Sal t -dep le ted  8.8 0.46 0.01 0,13 0.86 
Na + 8.8 0.51 0 .02  0 .23  0 .75  
Na + + Mg 2+ 8.8 0 .58  0 .03  0 .18  0.79 

*/3 was  ca lculated  as 1 ~ ,  wh e r e  a is the  fract ion  o f  to ta l  absorbed quanta initially part i t ioned  to  P S I .  
was  ca lcu la ted  accord ing  to  the  equat ion:  

F 7 3 0 , a  

F 7 3 0 ,  a + F 6 9 0 ,  m • r ( F 7 3 0 , m )  ' 

~ '(F690, m )  

where  F 7 3 0 ,  a = F 7 3 0 , o - - ( F 6 9 0 , o / F 6 9 0 , v ) , F 7 3 0 , v ;  F 7 3 0 ,  o = ' cons tant '  f l u o r e s c e n c e  at 730 rim; 
F 6 9 0 ,  o, F 6 9 0 ,  v, and  F 6 9 0 ,  m = ' constant ' ,  'variable',  and m a x i m u m  f l u o r e s c e n c e  at 690  rim; v ( F 7 3 0 , m )  
and ~ ' (F690,m)  = l i f e t im e s  of  F m at 7 3 0  and 690  nm.  ~ ' (F690 ,m)  wa s  ta ken  as [ r ( F 6 8 6 , m )  + 

T ( F 6 9 5 ) ] / 2 .  

by the subsequent addition of  10 mM Mg2+; at pH 8.8, both Na ÷ and Mg 2÷ 
induce approximately the same (~10%) increase in ~. (2) The Mg2+-induced 
decrease in the efficiency of  energy redistribution from PS II to PS I, ~T~21), 
is ~60% at pH 6.2 and ~22% at pH 8.8. The sum of efficiencies of nonradiative 
processes other than energy transfer from PS II to PS I, ~D2 + ~W2, shows a 
slight decrease with Na ÷ addition at both pH values; subsequent addition of  
Mg 2÷ causes some increase at pH 6.2, but no significant change at pH 8.8. 

Mg 2+ effects on electron transport 

Electron transport in light-limiting conditions 
The effects of  cations at low light intensities, presented below, are related to 

the excitation energy distribution and redistribution discussed above; these 
results confirm the concept that cations indeed regulate excitation distribution 
between the two photosystems,  and extend the validity of  this concept to a 
wider range of  pH values. 

PS H partial reaction: H20-~ DCIP. It was necessary to confirm for our 
samples the reported cation effects before proceeding with new measurements 
on pH effects. The use of  low actinic light intensities (linear portion of  the light 
curves), high concentration of  DCIP, and slow steady-state measurements, 
assured us that this was a PS II reaction (cf. Ref. 21). The Mg 2+ enhancement 
of  the rate of  the H20-+ DCIP Hill reaction confirmed, in our preparations, 
most  previous reports of  the effects of  this cation. However, additional results 
in Table V extend the validity of  this effect to pH 5.4 and 8.2. In particular, we 
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T A B L E  V 

Mg 2+ E F F E C T  ON T H E  H20- -*  DCIP E L E C T R O N  T R A N S P O R T  R A T E  U N D E R  L I G H T - L I M I T I N G  
C O N D I T I O N S  FO R  T H R E E  pH V A L U E S  

[Chl]  = 10 p g / m l ;  [DCIP]  = 30 pM; [NH4CI]  = 9.8 m M ;  [Mg 2+] = 9.8 m M ;  full act in ic  in tens i ty  at  6 3 5  
n m =  10 m W / c m  2. DCIP r e d u c t i o n  was  m e a s u r e d  as a b leach ing  a t  597 n m ,  using a 3 ml  suspens ion  o f  
t hy l ako ids  in a 1-cm pa th - l eng th  cuve t te .  O the r  detai ls  as given in the  t e x t .  

p H  Act in ic  
in tens i ty  
(%) 

E lec t ron  t r a n s p o r t  ra tes  ( p e q u i v . / m g  Chl /h)  

- - M g 2  + + M g 2  + 

5.4 75 5.1 7.2 
7.3 12 5.4 9.0 

75 37.1 47 .7  
8.2 12 2.3 4.0 

note  the 2-fold enhancement  at pH 8.2 (at 12% intensity) of  PS II reaction 
upon the addition of  Mg:+; this suggests that  in the absence of  Mg 2÷, there must  
be a massive spill over of  energy from PS II to  PSI .  

PSI partial reaction: DCIPH2 -* methylviologen. The intent of  these experi- 
ments was to test whether or not  Mg 2+ causes an equivalent reduction in the 
electron transport  rate in PS I at pH above 7.5 [4],  when NADP ÷ is replaced by  
methylviologen as electron acceptor. The results in Fig. 6 show that,  at both  
pH 7.0 and 8.2, Mg 2÷ causes only a decrease in the P S I  electron transport  rate, 
but  the % decrease, at low light intensities, is much smaller than the % increase 
in PS II reaction. More experiments, under identical conditions for PS II and 
P S I  reactions, are required to obtain quantitative information. Hoch (Hoch, 
G., personal communication) has pointed out  that  our experiments should be 
repeated in the absence of  ammonium chloride before firm conclusions are 
made. In addition, he suggests that in the absence of  Mg 2+, the energy 'spilled 
over' from PS II to PS I may be delivered to those PS I units that  are not  
engaged in the non-cyclic electron flow! 

Electron transport in light-saturating conditions 
We emphasize here that  the effects of  cations on P S I  and PS II reactions in 

saturating light, reported below, are not  related to  the excitation energy distri- 
bution and redistribution phenomenon,  and are most  probably due to effects 
on some dark reaction(s), including effects on the affinity of  electron carriers 
to the membrane. 

PS H partial reactions. H20 --> Fe(CN6) a-. At pH ~7.8,  Mg 2+ enhances the 
electron transport  rate, but,  at pH >7.8,  Mg 2÷ inhibits this rate; the maximum 
stimulation is ~30% at pH 7.0 (Fig. 7). (2) H20 -~ DCIP. Only a slight Mg 2+- 
induced decrease is observed in this Hill reaction in the presence of  DBMIB 
under light-saturating conditions (Table VI), the effect  declining with increas- 
ing pH: ~10% at pH 6.4 and ~5% at pH 8.3. 

PS I partial reactions. DADred -> methylviologen. The saturation rates for 
electron transport  from DAD/ascorbate to  methylviologen are unaffected by  
Mg 2÷ at acid and neutral values of  pH; at pH 8.0, Mg 2÷ induces a slight increase, 
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Fig.  6. R a t e s  of P h o t o s y s t e m  I pa r t i a l  e l ec t ron  t r a n s p o r t  u n d e r  l i gh t - l im i t i ng  c o n d i t i o n s .  Ac t in i c  l igh t  was  

at  636  n m  ( h a l f - b a n d w i d t h ,  8 n m )  a t  a m a x i m u m  i n t e n s i t y  of  22 m W / c m  2. [Chl ]  ~ 2 5  # g / m l ;  [ N H 4 C I ]  = 

9 .5  m M ;  [ D C M U ]  = 4.8 pM; [ D C I P ]  = 60 pM; [ s o d i u m  a s c o r b a t e ]  = 1,9 m M ;  [ m e t h y l v i o l o g e n ,  MV]  = 

95  ~M; [MgCI 2 ] (when  a d d e d )  = 9.5 m M ;  t e m p e r a t u r e  = 25 + 1°C.  In  th is  s y s t e m ,  1 tool o f  O 2 u p t a k e  is 
equ iv a l en t  t o  1 e l ec t ron  t r an s f e r r ed .  

Fig .  7. R a t e s  of  P h o t o s y s t e m  II  par t ia l  e l ec t ron  t r a n s p o r t  ( H 2 0  to  f e r r i c y a n i d e ) u n d e r  l ight  s a t u r a t i o n  
cond i t i ons .  A re la t ive  ra te  of  100  deno t e s  144  p m o l  0 2  e v o l v e d / m g  Chl/h .  T h e  resul t s  were  the  average  of  

the  abso lu te  r a t e s  m e a s u r e d  fo r  th ree  d i f f e r e n t  t h y l a k o i d  p r e p a r a t i o n s ;  the  e r ror  bars  d e n o t e  one s t a n d a r d  

dev ia t ion .  [Chl]  = 25 # g / m l ;  [NH4C1]  = 5 p g / m l ;  [ K 3 F e ( C N 6 ) ]  = 0 .75  m M ;  w h e n  added ,  [MgC12] = 9.8 
mM.  Ac t in i c  i l l u m i n a t i o n  for  all m e a s u r e m e n t s  was  f r o m  a t u n g s t e n  l a m p  passed  t h r o u g h  a w a t e r  f i l ter  
and  a C o r n i n g  3-73 f i l ter ;  t he  i r r ad i anee  at  t he  s ample  was  175  m W / c m  2. The  t e m p e r a t u r e  was r e g u l a t e d  
at  25 + I ° C .  

T A B L E  VI  

Mg 2+ E F F E C T S  ON T H E  S A T U R A T I O N  R A T E S  O F  E L E C T R O N  T R A N S P O R T  IN P S I  A N D  PS II 

P A R T I A L  R E A C T I O N S  AT V A R I O U S  pH V A L U E S  

PS II  par t ia l  r e a c t i o n s :  [Chl ]  ~_ 15 g /ml ;  [ N H 4 C I ]  = 9.6 m M ;  [ D B M I B ]  = 0.5 #M;  [ D C I P ]  = 60  p M ; a n d  
[MgCI 2] ( w h e n  a d d e d ) =  9.6 mM.  PS I par t ia l  r e ac t i ons :  [Chl]  -~ 2 5 ~ g / m l ; [ N H 4 C 1 ]  = 9 . 5 m M ; [ D C I P ]  = 

60  pM;  [ s o d i u m  a s c o r b a t e ]  = 1.9 raM; [ D A D ]  = 0.5  m M ;  [ M V ]  * = 95 ~M; [ D C M U ]  = 4.8  p M ; a n d  
[MgC12] = 9.5 m M .  I l l u m i n a t i o n  c o n d i t i o n s  were  as g iven  in the  l egend  of  Fig.  7, and  o the r  de ta i l s  as 
g iven  in the  tex t .  The  t e m p e r a t u r e  was  r egu la t ed  at  25 + I °C .  

R e a c t i o n  pH E lec t ron  t r a n s p o r t  r a t e s  ( p e q u i v . / m g  Chl /h  

- -Mg2 + +Mg2 + 

PS II 

H 2 0  --* D C P I P  (+ D B M I B )  

P S I  

D A D r e  d -~ MV * 

D C P I P H  2 - ~ M V  

6.4 248 216 

8.3 257 243 

6.3 205  208  
7.3 202  206 
8.0 223  309  

7.1 316  333 

8.2 6 3 0  569 

* MV in th i s  table  s t ands  for  m e t h y l v i o l o g e n .  
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if any, in the electron transport  rate at pH 7.1, but  gives a 10% decrease at pH 
8.2 (Table VI). 

Discussion 

The maximum cation effects over the pH range 6 to  9 are observed (Fig. 1) 
at concentrations of  ~ 1 0  mM, and, unless otherwise stated, it will be under- 
s tood throughout  this section that cations are added to this concentration. 

The first point of  interest was to determine the pH range over which the ear- 
lier conclusions regarding the role of  Na ÷ and Mg 2÷ in the initial distribution 
and redistribution of  electronic excitation in and between the two photosys- 
tems are valid. An earlier conclusion for spinach [15,17] appears to hold in pea 
thylakoids only for pH >6.1 (also see Ref. 22). The Mg2+-induced enhancement 
of  fluorescence yield, however, holds from pH of ~ 5  to 9 (Figs. 3 and 4), with 
the maximum effect around pH 7.5. The fraction of  total  absorbed quanta 
initially distributed (or partitioned) to PS II,/3, is decreased by  Na * at pH >6.2  
and increased by Mg 2÷ over the entire pH range 6 to 9. Na÷-induces an increase 
in the efficiency of excitation transfer from PS II to PS I, ~w(21), and Mg 2÷ 
induces a decrease in the efficiency of  this transfer over the pH range 6.2 to 
8.8. This conclusion derived from 77 K fluorescence (Table IV} is supported at 
room temperature by  measurements on (a) the degree of  polarization of  fluo- 
rescence at 686 nm (mainly PS II) and at 712 nm (mainly P S I ) ;  (b) fluores- 
cence lifetimes (Fig. 4); and (c) rates of electron flow at low light intensities 
(Table V and Fig. 6). Mg 2* causes a larger relative increase in PS II reaction 
than the relative decrease in P S I  reaction; however,  it should be noted that the 
inadequacy of electron transport  data is that  they  do not  provide any informa- 
tion regarding the fractional contributions of  initial distribution of  absorbed 
quanta and subsequent redistribution in the overall change. 

The second point  of interest was to examine the implications of the earlier 
report  [4] that  the light-limited rate of  electron transport  from DCIPH2 to 
NADP ÷ is stimulated or inhibited by  Mg 2* depending upon whether the bulk 
pH is below or above 7.5. EPR measurements [23] of  steady-state P-700 oxi- 
dation at low light intensities support  the Mg 2÷ inhibition of electron transport  
through P S I  from DCIPH2 to methylviologen at the pH used. We find here that 
Mg 2+ induces only an ~35% decrease in the light-limited electron transport  
rates from DCIPH2 to methylviologen in diuron treated thylakoids at pH 7.1 
and 8.2 (Fig. 6). Thus, the conclusions regarding the stimulation of  PS I reac- 
tion at pH <7.5 should be considered with great caution. 

The third point  of concern in this investigation was the pH sensitivity of  the 
cation effects. Since the thylakoid surface is negatively charged [24],  protons 
should be expected to compete  with cations if the effects of  the latter are 
mainly electrostatic (cf. Ref. 5). Mohanty  et al. [25] showed that lowering the 
pH to 3.8 in oat thylakoids causes a decreased energy transfer from PS II to 
P S I  just as Mg 2+ does. Information accumulated in the present paper suggests 
the presence of  two roles for pH in regulating the cation effects: (1) The 
increasing effectiveness of  Na ÷ with decreasing pH (Fig. 1A) is taken to indicate 
the similarity of  the effect of  the two monovalent  cations. The lowering of  the 
half-saturation concentration for the Mg 2+ effect with increasing pH (Fig. 1B) is 
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interpreted to indicate competition between H ÷ and Mg 2+. (2) The pH depen- 
dence of the electrophoretic mobility of thylakoids shows an almost constant 
response between pH 6 and 10 [24]. Thus, the variety of pH dependences 
found in this study -- for instance, the strong dependence on pH of the divalent 
cation effects on steady-state fluorescence yield (Figs. 3 and 4)--requires 
further study and explanation. 

Finally, in Itoh's concept [26], the site of ferricyanide reduction in system 
II exists inside the membrane with negative surface charges hindering the access 
of ferricyanide by electrostatic repulsion; cations would screen these membrane 
charges and, thus, increase the rate of reduction of ferricyanide in saturating 
light. This pciture readily accounts for the Mg2+-induced stimulation of ferri- 
cyanide reduction at pH <7.8 (Fig. 7). It also accounts for the absence of the 
stimulatory effect on the reduction of the neutral molecule like DCIP. It 
appears, however, that other factors limiting ferricyanide accessibility- e.g., 
membrane stacking- must be considered, at pH <7.8. 
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