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SUMMARY 

The effects of magnesium and chloride ions on photosynthetic electron trans- 
port were investigated in membrane fragments of a blue-green alga, Nostoc muscorum 
(Strain 7119), noted for their stability and high rates of electron transport from water 
or reduced dichlorophenolindophenol to NADP ÷. Magnesium ions were required 
not only for light-induced electron transport from water to NADP ÷ but also for 
protection in the dark of the integrity of the water-photooxidizing system (Photo- 
system II). Membrane fragments suspended in the dark in a medium lacking Mg 2÷ 
lost the capacity to photoreduce NADP + with water on subsequent illumination. 
Chloride ions could substitute, but less effectively, for each of these two effects of 
magnesium ions. By contrast, the photoreduction of NADP ÷ by DCIPH 2 was in- 
dependent of Mg 2 ÷ (or CI-)  for the protection of the electron transport system in the 
dark or during the light reaction proper. Furthermore, high concentrations of MgC12 
produced a strong inhibition of NADP ÷ photoreduction with DCIPH2 without sig- 
nificantly affecting the rate of NADP ÷ photoreduction with water. The implications 
of these findings for the differential involvement of Photosystem I and Photosystem II 
in the photoreduction of NADP + with different electron donors are discussed. 

INTRODUCTION 

Of the inorganic ions that may play a role in photosynthesis, chloride and 
magnesium have received the greatest attention. In experiments with isolated chloro- 
plasts, chloride ion, now known to be a micronutrient essential for plant growth [1, 
2] was found to be a cofactor required for the photooxidation of water [3-11]. 
The presence of chloride was also needed to protect isolated chloroplasts against 

Abbreviations: DCMU, 3-(3,'4'-dichlorophenyl)-l,l-dimethylurea; DCIP, DCIPH2, oxidized 
and reduced forms of 2,6-dichlorophenolindophenol, respectively. 

* Paper IV in the series "Photochemical Activity and Components of Membrane Preparations 
from Blue-Green Algae". 
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photoinactivation that resulted from illumination in the absence of an electron a, 
ceptor [12]. 

With regard to magnesium ions, much interest has centered on their effect c 
fluorescence of  chloroplasts. Homann [13] observed a magnesium induced increase i 
chloroplast fluorescence yield which he correlated with oxygen evolution. The findin~ 
of  Murata [14] that Mg 2÷ increased the fluorescence yield of  Photosystem II an 
decreased the fluorescence yield of Photosystem I led him to postulate that Mg 2 
controls the partition of  energy between Photosystem I and Photosystem II, a concel: 
that has received considerable attention from other investigators [15-25]. Othe 
investigations have also linked Mg 2+ with energy conservation [26, 27 ] and membran 
structure [28-30]. In some instances, however, it is difficult to ascribe a specific effec 
to Mg a÷ because similar effects were produced by other divalent cations (e.g., Ca 2 ÷ 
Mn 2 +) that are normal constituents of cbloroplasts [28, 15, 17, 25]. 

In contrast to the more frequent investigations of the role of  Mg 2 + and CI- il 
chloroplasts, there are relatively few studies on the role of these ions in light reaction 
of  membrane fragments of  blue-green algae. Moreover, some of the observations ol 
algal fragments seem at variance with those in chloroplasts. Thus, Susor and Krog 
mann [31] found that MgC12 was essential for high rates of photooxidation of  wateJ 
but, since NaC1 was ineffective as a substitute, the effect appeared to be due solely tc 
Mg z+ and not to involve C1-. MgC1 z also strongly stimulated the rate of NADP ~ 
reduction by algal fragments with either water or reduced indophenol dye as the 
electron donor [32], whereas in chloroplasts Mg z÷ increased the rate of light-inducec 
electron flow from water but decreased the rate of NADP ÷ photoreduction by 
reduced indophenol dye [14]. 

This paper reports an investigation of  the effects of  magnesium and chloride 
ions on the light-induced electron transport in membrane fragments of a blue-green 
alga, with NADP ÷ as the electron acceptor and with either water or reduced dichloro- 
phenolindophenol (DCIPHz) dye as the electron donor. The algal membrane frag- 
ments consisted of Fraction C from Nos toc  muscorum (Strain 7119), a preparation 
noted for stability and high light-induced activity of  electron transport from water or 
DCIPHz to NADP ÷ [33, 33a]. 

Some of the Mg 2+ and CI- effects previously observed in chloroplasts and 
algal preparations have been confirmed, and some new aspects of  the influence of 
these ions have been revealed. Magnesium ions were found to be required not only 
for light-induced electron transport from water to NADP ÷ but also for the mainte- 
nance in the dark of the integrity of the water-photooxidizing system (Photosystem 
II). Membrane fragments suspended in the dark in a medium lacking Mg z÷ lost the 
capacity to photoreduce NADP + with water on subsequent illumination. Chloride 
ions could substitute, but less effectively, for each of  these two effects of magnesium 
ions. By contrast, the photoreduction of NADP + by DCIPHE was independent of 
Mg 2÷ (or C1-) for the protection of the electron transport system in the dark or 
during the light reaction proper. Furthermore, high concentrations of  MgC12 pro- 
duced a strong inhibition of NADP ÷ photoreduction with DCIPH 2 without signifi- 
cantly affecting the rate of  NADP + photoreduction with water. The implications of 
these findings for the differential involvement of Photosystem I and Photosystem II 
in the photoreduction of  NADP + with different electron donors are discussed. 



315 

METHODS 

The membrane  fragments used in these experiments were prepared f rom Nostoc 
muscorum (Strain 7119) cells grown in an N2-CO 2 atmosphere with N 2 serving as the 
sole source o f  ni trogen [33]. Fract ion C was prepared as previously described [33] 
except that  the Fract ion C pellet was suspended in a MgC12-free solution (0.5 M 
sucrose; 50 m M  Tricine buffer, p H  7.7) and MgC12 or  others salts were immediately 
added to this suspension, depending on the nature o f  the experiment (see Results). 

Photoreduct ion  o f  N A D P  + was measured by moni tor ing absorbance changes 
at 340 nm as described by McSwain and  A r n o n  [34]. Chlorophyll  a was determined 
[35 ] and ferredoxin and fe r redox in-NADP ÷ reductase were isolated and purified f rom 
spinach leaves by procedures previously reported f rom this labora tory  [36, 37]. 

RESULTS 

Effect o f  Mg 2+ and Cl-  ions on the photoreduction o f  N A D P  + with water 
Low concentrat ions o f  MgC12 gave striking increases in the rates o f  N A D P  ÷ 

photoreduct ion with water;  max imum rates o f  electron t ranspor t  f rom water to 
N A D P  ÷ were attained at concentrat ions o f  MgC12 of  about  20/~equiv./ml (Fig. 1). 
Higher  concentrat ions o f  MgC12 did not  inhibit electron transport .  [Salt concentra-  
tions are expressed as microequivalents (#equiv.) to  facilitate comparisons  o f  effects 
o f  monovalent  and divalent ions. ] 

The striking activation by MgC12 o f  electron flow f rom water to N A D P  ÷ 
could no t  be at tr ibuted exclusively to unique effects of  Mg  2÷ . C I - ,  when supplied as 
salts o f  monova len t  cations, also increased the rate o f  N A D P  + photoreduct ion  by 
water but  much  higher concentrat ions were needed for max imum activity. NaCI  con- 
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Fig. 1. Effect of Mg 2+ and C1- on photoreduction of NADP + with water by Nostoc membrane 
fragments. Membrane fragments (Fraction C pellet suspended in the MgCl2-free solution as de- 
scribed in Methods) were immediately after preparation assayed for their ability to photoreduce 
NADP + with water in the presence of MgC12 or NaC1. Aside from Mg 2+ or C1- (at the concentra- 
tions indicated on the abscissa) the reaction mixture contained (per 1.0 ml) membrane fragments 
equivalent to 50 pg of chlorophyll a and the following: Tricine [N-Tris(hydroxymethyl)methyl- 
glycine] buffer (pH 7.7), 50 #tool; ferredoxin, 0.01/tmol; NADP +, 2/~mol; and saturating amounts of 
ferredoxin NADP ÷ reductase. Wide-band red illumination (6.0 • 105 ergs/cm2/s) was provided by 
light from a 1200-watt DHT projection lamp filtered through a waterbath and Corning 2-58 and 1-69 
filters. Gas phase, air; temperature, 20 °C. 
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TABLE I 

EFFECT OF INORGANIC IONS ON PHOTOREDUCTION OF NADP ÷ WITH WATER 

20 #equiv./ml of Mg 2+, CI-, Na +, or K + was added, as indicated. Other conditions were as in Fig. 1 
(Qr~ADP + =/ tmol  NADP + reduced/mg chlorophyll a/h). 

Mg 2+ effect CI- effect Na + or K + effect 

Salt added QNADp + Salt added QNAOp + Salt added QNADP + 

MgClz 250 NaC1 140 NaNO3 43 
Mg(CH3COO)2 200 KC1 88 Na(CHaCOO) 22 
Mg (NO a): 153 KNO 3 22 

None 13 K(CH3COO) 22 

TABLE II 

EFFECT OF INORGANIC IONS ON PHOTOREDUCTION OF NADP + WITH DCIPH2 

The reaction mixtures contained (per 1 ml) ascorbate, 10/~mol, DCIP, 0.1/~mol, DCMU, 0.001 #tool, 
and 20/~equiv. of Mg 2+, CI-, Na +, or K +. Other conditions were as in Fig. 1-. 

Mg 2+ effect CI- effect Na + or K + effect 

Salt added QNADP + Salt added QNADP + Salt added QNADP + 

MgCI2 320 NaCI 400 NaNO3 380 
Mg(CHaCOO)2 330 KCI 360 Na(CHaCOO) 350 
Mg(NO 3)2 350 KNO 3 400 

None 330 K(CHaCOO) 360 

cent ra t ions  o f  a b o u t  100/~equiv/ml were requi red  to p roduce  a rate  o f  N A D P  + re- 
duc t ion  equal  to tha t  given by 10 #equiv . /ml  o f  MgCI  2 (Fig. 1), 

A t  a concen t ra t ion  o f  20 pequiv . /ml ,  MgC12, which suppl ied  bo th  M g  2÷ and  
C1- ions,  gave the highest  ra tes  o f  e lec t ron t r anspor t  f rom N A D P  + bu t  high rates 
have also resul ted f rom the add i t ion  o f  M g  2÷ wi thou t  C I - ,  i.e., f rom the add i t i on  o f  
magnes ium acetate  o r  magnes ium ni t ra te  (Table  I) .  By contras t ,  sod ium and  po tas -  
sium acetate  were largely ineffective. In  the absence o f  M g  2+ ions,  only  sod ium or  
po t a s s ium chlor ide  p r o d u c e d  apprec iab le  s t imula t ion  o f  e lec t ron flow f rom water  to 

• N A D P  + (Table  I). 
Whereas  M g  2+ or  C1- were requi red  for  the p h o t o r e d u c t i o n  o f  N A D P  + with 

water ,  they  were no t  requ i red  for  the p h o t o r e d u c t i o n  o f  N A D P  + with DCIPH2 .  
Magnes ium,  sod ium or  po ta s s ium salts o f  chloride,  acetate  or  ni t ra te  (at  a concent ra-  
t ion  o f  20 pequ iv . /ml )  d id  no t  s ignif icantly increase the a l ready  high rates o f  p h o t o -  
reduc t ion  o f  N A D P  ÷ with D C I P H 2  in the absence o f  these salts (Table  I I ) .  

Protective effects o f  M# 2+ and CI-  on the stabifity o f  light-induced electron transport 
activity 

The usual  p rocedure  for  the p r epa ra t i on  o f  Nostoc membrane  f ragments  
inc luded ,  a t  all stages,  the presence o f  MgC12 (20 #equiv . /ml)  in the suspending  so- 
lu t ion  [33]. M e m b r a n e  f ragments  so p repa red  (F rac t ion  C) could  be f rozen and  s tored  
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Fig. 2. Effect of incubation of Nostoc membrane fragments in the dark with or without MgCI2 on 
subsequent photoreduction o f N A D P  + with water. Membrane fragments (Fraction C pellet suspended 
in the MgCl2-free solution as described in Methods) were divided into two portions. MgCI~ (10 
/tmol/ml) was immediately added only to the "q-MgCl2"portion and it, as well as the " - - M g C l z "  
portion, was preincubated at 3 °C in the dark for the time interval indicated on the abscissa. At the 
end of the incubation period, a 0.05-ml aliquot from each portion (containing 50 #g of chlorophyll 
a) was assayed for NADP + photoreduction in a reaction mixture that contained 10/~mol/ml of 
MgCI2 and the other components listed in the legend to Fig. 1. Wide-band red illumination (4.0 • 
105 ergs - cm-2 .  s-~) was provided by light from a 150-watt FCS projection lamp filtered through 
Corning 2-58 and 1-69 filters. Other conditions were as in Fig. 1. 

fo r  a m o n t h  o r  m o r e  a t  - - 2 0  °C  w i t h o u t  los ing  ( u p o n  t h a w i n g )  the i r  capac i ty  to  p h o t o -  

r e d u c e  N A D P  ÷ a t  h i g h  ra tes  w i t h  e i the r  w a t e r  o r  D C I P H  2 [33]. H o w e v e r ,  as s h o w n  

in  Fig .  2, 40 m i n  o f  d a r k  p r e i n c u b a t i o n  in  a s u s p e n d i n g  s o l u t i o n  l a ck ing  MgCI~  

resu l t ed  in  an  i r revers ib le  a n d  a l m o s t  c o m p l e t e  loss o f  the  capac i ty  o f  m e m b r a n e  f rag-  

men t s  to  p h o t o r e d u c e  N A D P  + w i t h  wa te r .  Th is  loss  o c c u r r e d  e v e n  t h o u g h  M g C I  2 

was  p r e sen t  in  the  r e a c t i o n  m i x t u r e  d u r i n g  the  s u b s e q u e n t  i l l u m i n a t i o n  p e r i o d  at  a 

c o n c e n t r a t i o n  suff icient  fo r  m a x i m u m  ac t iv i ty  o f  m e m b r a n e  f r a g m e n t s  t h a t  were  n o t  

e x p o s e d  to  an  i n c u b a t i o n  p e r i o d  w i t h o u t  MgC12 (Fig.  1). T h a t  ac t iv i ty  was  n o t  

TABLE III 

PROTECTIVE EFFECTS OF DIFFERENT SALTS D U R I N G  D A R K  INCUBATION OF MEM- 
BRANE FRAGMENTS ON THEIR SUBSEQUENT ABILITY TO PHOTOREDUCE NADP + 
WITH WATER 

To Nostoc membrane fragments (Fraction C pellet suspended in the MgCl2-free solution as described 
in Methods) was immediately added one of the salts indicated below, and the suspension was in- 
cubated in the dark at 3 °C for 50 rain. The final concentration of Mg 2+, CI-,  Na +, or K + was 20 
#equiv./ml. At the end of the incubation period an 0.05-ml aliquot (containing 50/tg of chlorophyll 
a) from each suspension was assayed for NADP + photoreduction in a reaction mixture containing 
10/~mol/ml of MgCI2. Other conditions were as in Fig. 2. 

Dark incubation Dark incubation Dark incubation 

with: QNADP + with QNADP + with QNADP + 

MgC12 207 NaCI 55 NaNOa 0 
MgSO. 103 KC1 44 Na2SO, 0 
Mg(NO a)2 98 KNO a 0 
Mg(CHaCOO)2 76 None 0 K(CHaCOO) 0 
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restored even when the concentration of MgC12 during illumination was increased ( 
fold, to 120 #equiv./ml. 

The damage to the photosynthetic apparatus from preincubation in the reed 
um lacking MgCI 2 was greater than that caused by Tris treatment [38]. Tris-treate 
membrane fragments, like chloroplasts, were unable to photooxidize water but wer 
able to photoreduce NADP + with artificial electron donors for Photosystem II, sue 
as 1,5-diphenylcarbazide or hydroquinone [38]. By contrast, membrane fragment 
incubated in a medium lacking MgCI 2 were unable to use these substitute electro~ 
donors. The inactivation of the photoreductive capacity of Photosystem II caused b: 
preincubation of membrane fragments in the absence of MgC12 was independent o 
the electron acceptor: it was also observed when NADP + was replaced by ferricyanid, 
or DCIP. 

As shown in Table III, MgCI2, which provided both Mg 2+ and CI-, had th, 
greatest protective effect during the dark incubation period. Without C1- ions, Mg 2 
ions supplied by magnesium sulfate, nitrate, or acetate were less effective. A smalle: 
but significant protective effect was also provided by CI- (added as sodium or potas 
sium salts) in the absence of Mg 2+. Without either Mg ~+ or CI- ions no protectiot 
was observed from the addition of sodium, potassium, nitrate, sulfate, acetate, o] 
other ions (Table III). 

Inhibition by Mg 2+ ions of the photoreduction of NADP + with DC1PH2 
In the experiments presented so far, low concentrations of Mg 2 + ions or high 

concentrations of CI- ions greatly increased the rates of NADP + photoreduction 
with water but had no effect on the rates ofphotoreduction of NADP + with DCIPH2 
(Fig. 1 and Table II). Other experiments revealed yet another difference between the 
two NADP + systems. Fig. 3 shows that the maximum rate of NADP + reduction with 
water, which was obtained with 10 #equiv./ml of MgC12, remained the same when the 
concentration of MgC12 was increased 12-fold, to 120/~equiv./ml. By contrast, the 
high rate of NADP + photoreduction with DCIPH2, which was in the main inde- 
pendent of low concentrations of MgC12, began to decline sharply at higher con- 
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Fig. 3. Contrasting effects of MgCI2 concentration on photoreduction of NADP + by Nostoc mem- 
brane fragments with water or DCIPH2 as the electron donor. All reaction mixtures contained, aside 
from the indicated concentration of MgC12, the other components given for Fig. 1. In addition, the 
DCIPH2 ~ NADP + system contained (per 1.0 ml): ascorbate, 10 #mol; DCIP, 0.1 /~mol; and 
DCMU, 0.001 /~mol. Relative activity of 100 corresponds to a QN~ap+of 300 for the DCIPH2 -+ 
NADP + system and a QNADP + of 200 for the H20 .-> NADP ÷ system. 
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Fig. 4. Effect of high concentration of MgC12 at different light intensities on photoreduction of 
NADP + by Nostoc membrane fragments with water or DCIPH2 as the electron donor. Reaction 
mixtures and conditions (except for variable light intensity and MgC12 concentration) were as de- 
scribed in Fig. 3. 

centrations of the salt, the decline amounting to over 80 9/00 at a MgCI 2 concentration 
of 120 pequiv./ml (Fig. 3). 

The inhibitory effect of high concentrations of MgCl2 on the photoreduction 
of NADP + with DCIPH2 but not on the photoreduction of NADP + with water was 
observed over a wide range of light intensities, from limiting to saturating light (Fig. 
4). The marked inhibitory effect of high concentrations of MgCl2 was also observed 
with high concentrations of magnesium sulfate or acetate and thus appears to be due 
to Mg 2+ ions. High concentrations of sodium and potassium chloride or of sodium 
and potassium acetate gave only a slight inhibition of NADP + photoreduction with 
DCIPH2 (Table IV). 

The depressing effect of high concentrations of Mg 2÷ on the photoreduction 
of NADP + by Photosystem I was most pronounced with DCIPH 2 as the electron 

TABLE IV 

EFFECT OF HIGH CONCENTRATIONS OF Mg 2+, Cl- ,  AND OTHER IONS ON THE 
PHOTOREDUCTION OF NADP + WITH DCIPH2 

Experimental conditions were as described in Fig. 3 for the DCIPH2 ~ NADP + system. 

Salt added Relative rates of NADP + reduction 
(% of no-salt control) 

20 ~eq/ml 120 ~eq/ml 

MgCI2 100 20 
MgSO. 106 34 
Mg(CH 3COO)2 113 42 
NaCI 112 100 
KC1 104 87 
Na(CH 3COO) 111 87 
K(CHzCOO) 120 87 
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TABLE V 

EFFECT OF HIGH CONCENTRATIONS OF Mg 2+ A N D  C1- ON PH O TO RED U CTIO N  Ot 
NADP + WITH ARTIFICIAL ELECTRON DONORS 

The concentration of Mg :+ or C1- was 120/~equiv./ml. Other conditions were as described in Fig. 
for the DCIPH2 ~ N A D P  system except that DCIP was replaced in one case by 1.0 kemol o f p  
phenylenediamine and in the second case by 0.1 /~mol of  2,3,5,6-tetramethyl-p-phenylenediamine 

QNADP + 

Salt added e -  donor: A s c + D C I P  Asc+p-phenyl-  
enediamine 

Asc + 2,3,5, 6- tetramet hyl-p- 
phenylenediamine 

None 273 87 196 
NaC1 240 98 207 
MgCI2 55 55 98 

donor but was also appreciable (about 50 ~ )  with other Photosystem I electron 
donors, i.e., p-phenylenediamine and 2,3,5,6-tetramethyl-p-phenylenediamine. Here 
again, the effect appeared to be due to Mg 2+ and not to C1- ions (Table V). 

DISCUSSION 

The results of  this investigation show that in Nostoc membrane fragments the 
nature of the electron donor determined the contrasting effects that Mg 2 + had on the 
photoreduction o f N A D P  + . Mg 2 + was not required for the photoreduction of NADP + 
with electron donors to Photosystem I but was required for the photooxidation of  
water and for the preservation of  the Photosystem II activity in membrane fragments 
kept for relatively short periods of time in the dark. Following such dark storage, in 
the absence of Mg 2 + Nostoc membrane fragments were unable when illuminated and 
supplied with Mg 2+ to photoreduce NADP + with water or even with artificial Photo- 
system II electron donors that were effective substitutes for water in Tris-treated 
preparations. Membrane fragments stored in the presence of Mg 2+ retained their 
Photosystem II activity and on illumination gave good rates of NADP + photo- 
reduction with water when Mg 2+ was present in the reaction mixture. Low concen- 
trations of  Mg 2 + were sufficient to produce these effects and high concentrations were 
not inhibitor),. 

By contrast, Mg 2+ ions were required neither for the preservation of the 
Photosystem I activity of Nostoe membrane fragments kept in the dark nor for the 
light reaction proper when NADP + was being photoreduced with DCIPHz or other 
Photosystem I electron donors. Another important difference was that, at high con- 
centrations, Mg 2+ severely inhibited the photoreduction of  NADP + with DCIPH2 
and similar donors but did not affect the photoreduction of  NADP + with water. 

In their protective effect on Photosystem II during dark storage and in their 
role in stimulating the photooxidation of water, Mg 2+ was replaceable by C1- but at 
considerably higher concentrations. None of  the other cations and anions tested 
proved to be effective substitutes for Mg 2+. Only with respect to the inhibition of  the 
photoreduction of  NADP + by DCIPH2 and similar Photosystem I electron donors 
did Mg 2 + appear to be specific, at least within the limits of the concentrations tested. 
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The contrast ing effects o f  Mg 2+ observed here invite compar i son  with the 
findings o f  Rurainski  and H o c h  [39, 40] tha t  MgC12 increased the l ight-induced 
rate o f  electron flow f rom water to N A D P  + but  decreased the rate o f  light- 
induced electron flow th rough  P-700. The authors  concluded that,  contrary  to 
the currently popular  series scheme, the photoreduct ion  o f  N A D P  ÷ with water 
and the photo induced  electron flow th rough  P-700 are parallel photoacts  [39, 40]. A 
similar concept,  based on different considerations,  was put  forward  f rom this labora-  
tory  [41-43 ]. The contrast ing effects o f  Mg 2 ÷ observed in this study are also consistent 
with the view that  the photoreduct ion  o f  N A D P  ÷ with D C I P H 2  involves a Photo-  
system I pho toac t  that  is no t  a componen t  o f  the overall electron t ranspor t  pa thway 
f rom water to N A D P  +. 

In  summary,  the presented data do no t  support  the concept  that  the photo-  
reduct ion of  N A D P  + by D C I P H 2  which is inhibited by Mg 2+ represents a segment o f  
an overall electron t ranspor t  chain f rom water to N A D P  + that  is stimulated by Mg 2÷ . 
The inhibitory effect o f  Mg z+ on the D C I P H  2 to N A D P  + pathway is being further 
investigated but one possibility, i.e., that  Mg 2+ may have inhibited electron transfer 
f rom D C I P H  2 to P-700, is ruled out  by results to be presented elsewhere. 
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