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Summary 

The presence of Ca 2+ causes a twentyfold or greater increase in the rate 
of oxygen evolution by cell-free preparations of Phormidium luridum. The 
requirement for Ca 2+ is specific; other divalent cations are much less effective 
or are inhibitory. The rate of the Hill reaction is maximal at 30 mM CaC12 in 
both detergent~free and Brij 35 preparations. The 3-(3,4-dichlorophenyl)-l,1- 
dimethylurea-insensitive component of oxygen-evolving activity in each 
preparation also shows the requirement for added Ca 2÷. This indicates that 
Ca 2+ is acting close to the oxygen-evolving reaction center of Photosystem II. 
Defatted bovine serum albumin increases the rate of oxygen evolution in the 
detergen~free preparation, but does not compete with Ca 2+, discounting fatty 
acid mediation of the effects of Ca 2+. Neither excess Hill acceptor nor uncoup- 
lers of photophosphorylation diminish the stimulatory effects of Ca 2+. 

Divalent cations alter light energy distribution between the photosystems 
[i], and can increase light, saturated Photosystem II activity [2--8]. Ca 2+ and 
Mg 2÷ have almost invariably been reported to be identical in their effects. 
In contrast, we report here a strong and specific requirement for Ca 2+ in the 
evolution of oxygen by preparations from Phormidium luridum. Fredricks 
and Jagendorf [2] observed a similar phenomenon in Anacystis nidulans; 
however, the rate increase described below is far greater and the requirement 
far more than any previously reported. 

Phormidium luridum vat. olivacae, kindly provided by Dr. P. Thornber, 
were grown at 25°C under 104 ergs.cm -2 .s "1 fluorescent light, in Kratz and 
Myers medium D [9]. The EDTA concentration was twice that prescribed. 
Cells from actively growing cultures were harvested and washed in buffer 

Abbreviations: EGTA, ethylene~lyeol b~(~-aminoethyl ether)-N,N~-te~aacetic acid; MES, 
2-(N-morpholino)ethanemilfonic acid; DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethylureL 
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containing 10 mM MES/NaOH, 30 mM NaC1, and 1 mM EGTA at pH 6.1. 
Resuspension and all following steps employed the same buffer  wi thout  
EGTA. Experiments were performed using a broken-cell preparation. Washed 
Phormidium were passed once through a French pressure cell at 24 000 
lb/inch 2, 5°C, and a chlorophyll  concentrat ion of  10--20 pg.m1-1. Low-speed 
centrifugation removed whole cells and dense debris. 1-ml aliquots were 
taken from the supernatant  and diluted with 1 ml buffer  containing any 
additions. To insure stable activity, samples were kept  on ice in darkness for 
2--4 h before measurement of  oxygen evolution. Addition of  a 1:1 mixture 
of potassium ferri and ferrocyanide 15 min prior to illumination provided 
the Hill acceptor, poised at 200 + 20 mV v.s.S.C.E. 

Illumination by a 650 W tungsten lamp permit ted measurement  of  
oxygen evolution rates which corresponded to at least 90% of  light-saturated 
rates. A Zeiss heat  filter, potassium chromate solution, and calibrated screen 
interceded between lamp and sample. Oxygen was detected using the oxygen 
luminometer  [10] .  Experiments were performed at 23--25°C and at a dark 
background of  less than 5 ppm O2. The chlorophyll  content  of  broken-ceU 
preparations was determined by measuring absorbance at 680 nm using a 
Cary 14 spec t rophotometer  with a scattered transmission accessory. This 
measurement  was standardized by preparing broken cells from a suspension 
of  whole cells whose chlorophyll  content  had been determined by methanol  
extraction [ 11 ]. The highest rates of  oxygen product ion reported below 
are 40% of those reported for whole Phormidium cells coupled to ferricyanide 
or benzoquinone [16] .  

The effect  of Ca 2÷ on light, saturated oxygen evolution from the broken- 
cell preparation is shown in Fig. 1. The dependence of  rate on Ca 2÷ concentra- 
tion up to 30 mM is approximately described by a hyperbolic saturation 
curve. Additional Ca 2÷ in excess of  this concentrat ion is inhibitory. Effects 
of  other  divalent cations are seen in Table I. Most remarkable is the Ca2÷/Mg 2÷ 
specificity; CaC12 is eight times as effective as MgC12 in stimulating the Hill 
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Fig .  1.  E f f e c t  o f  C a  2÷ on the ra~e of  o x y g e n  e v o l u t i o n  f r o m  the broken-cel l  preparation.  Po int  in  
p a r e n t h e s i s  a t  e x t r e m e  l e f t  indica+,~s r a t e  i n  the absence o f  added Ca 2+. Error bars reflect  u n c e r t a i n l y  
i n  i n d i v i d u a l  d e t e ~ f i n a t l o n s .  L i n e  is  ~heoretical,  describing hyperbo l i c  sa tura~on  of  a s i n g l e - i o n  
binding p r o c e s s  s c a l e d  v e r t i c a l l y  b y  extrexila o f  observed rates wi th  ha l f -maximal  binding at 2.4 raM. 
Assay mix ture  conta ined  10 mM M E S ,  3 0  m M  N a C I .  0 . 3 0  mM each KsFe(CN)  6, and K , F e ( C N )  6, 1 8  ~g  
o f  c h l o r o p h y l l  i n  2 . 1  m l  t o t a l  v o l u m e .  The pH was  6 .1 ,  l ight intensi ty  6 • 1 0 4  e r g s  • c m  -2  "sec  - I  . 
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T A B L E  I 

E F F E C T S  O F  V A R I O U S  C A T I O N S  A N D  D C M U  O N  R A T E  O F  O X Y G E N  E V O L U T I O N  

C o n d i t i o n s  as  in  Fig.  1 .  DCMU,  w h e r e  i n d i c a t e d ,  was  a d d e d  a b o u t  2 h b e f o r e  assay .  

A d d i t i o n s  A c t i v i t y  
(raM) ( p m o l  O2*mg -I C h l ' h  -1) 

N o n e  0 . 2 7  
CaCI 2, 7 .6  4 .6  
SrC12, 7 .7  0 . 9 0  
MgC12, 8 . 0  0 .56  
BaCI 2, 7 . 0  0 . 1 0  
MnC12, 8 . 0  0 .14  
MnC12, 8 . 0  + + CaCI 2, 7 .6  1 .9  
D C M U , 0 . 0 9 5  + CaC12, 7 .6  3 . 0  
DCMU,  O .095  ~ 0 . 0 7  

reaction. The intermediate effectiveness of SrC12 and the inhibition by BaC12 
suggest that ionic size may be important. Inhibition by MnC12 (50% at 8 raM) 
is independent of CaC12 and may due to substitution of Mn 2÷ for H20 as donor 
to Photosystem II [12]. 

The broken-cell preparation carried out oxygen evolution in the presence 
of DCMU. Acitivity is lower but more stable in the presence of this inhibitor. 
Table I shows that the DCMU-insensitive component of oxygen evolution 
has a strong Ca2÷-dependence. This result indicates that Ca 2÷ is acting close 
to the oxygen-evolving center. Our conclusion is based on the assumption 
that DCMU-insensitive oxygen evolution involves only that portion of the 
electron transport chain preceeding the DCMU-sensitive site. 

Oxygen evolution rate is increased by Ca 2+ in the presence of 10 ~M 
carbonylcyanide 3-chlorophenylhydrazone or atebrin, showing that the effect 
is not dependent upon tight coupling of electron flow to photophosphorylation 
[13]. 

Fatty acids are powerful inhibitors of the Hill reaction [14,15], and 
their aggregation by Ca 2÷ might result in an increased rate of oxygen 
production. If this were the mechanism of Ca 2÷ action, defatted bovine serum 
albumin would partially substitute for CaC12. We find (Table II) that added 
albumin increases oxygen evolution rates and improves stability under 

T A B L E  II 

E F F E C T  O F  C a  2+ O N  T H E  R A T E  O F  O X Y G E N  E V O L U T I O N  IN T H E  P R E S E N C E  O F  D E F A T T E D  
B O V I N E  S E R U M  A L B U M I N  

C o n d i t i o n s  as in  Fig.  I ,  e x c e p t  t h a t  e a c h  s a m p l e  c o n t a i n e d  4 #g  o f  c h l o r o p h y l l  " P e n t e x  '~ d e f a t t e d  
b o v i n e  s e r u m  a l b u m i n  ( f r a c t i o n  V, Miles L a b o r a t o r i e s )  w a s  a d d e d  2 - - 4  h b e f o r e  assay .  

A l b u m i n / C l d  CaCI 2 A c t i v i t y  
(g / rag)  ( raM) ( ~ m o l  O 2 , m g  "1 C l d o h - ' )  

0 0 <: 0 .1  
0 7 .6  4 .9  
4 . 2  0 <~ 0 .5  
4 . 2  7 .6  1 7 . 0  
8 .3  0 <: 0 .1  
8 .3  7 .6  1 3 . 0  
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illumination; however, the increase in oxygen evolution rate caused by Ca 2+ 
is even more pronounced in the presence than in the absence of albumin. 
Clearly Ca 2+ and this fatty acid-binding protein do not compete. 

The Hill reaction rate in the broken-cell preparation is saturated with 
respect to ferricyanide concentration at about 3 raM. Even under these 
conditions, stimulation by Ca 2+ is undiminished. Apparently Ca 2+ does not 
act by increasing permeabili ty of  the preparation to the exogenous electron 
acceptor. 

The requirement for Ca 2+ holds at all intensities along the light-saturation 
curve. Lower  concentrations of  Ca 2+ are required for maximal activity at lower 
light intensities, however, indicating that  Ca 2+ may be affecting both  the 
number  of  active units and the turnover kinetics. Flash experiments are needed 
to separate these two components  of  Ca 2+ action. 

Oxygen evolution rates of whole cells are not  increased by the addition 
of Ca 2+ to suspending buffer  containing Hill acceptor. This is true even after 
cells have been washed with EGTA. 

A previously published procedure [16] was employed to obtain cell-free 
preparations of Phormidium in the presence of Brij 35, a nonionic detergent. 
These preparations carry out  oxygen evolution in the presence of  DCMU and 
couple preferentially to  high-potential one-electron oxidants. We find that  the 
Ca 2+ originally included in the assay buffer  is required for full activity. The 
low activity seen in the absence of  Ca 2+ can be further depressed by  t reatment  
of  the preparation with washed Dowex-50W. Activity is fully restored upon 
addition of  Ca 2+ before assay. The dependence of  oxygen evolution rate on 
Ca 2÷ concentrat ion is very similar to that  observed in the detergent-free 
preparation. 

The observations reported above indicate that  Ca 2+ is increasing the rate 
of  oxygen evolution in these preparations by  acting close to the point  of  
water oxidation rather than on the reducing side of  the site of  DCMU inhibition. 
Added Ca 2+ may be binding together soluble components  [2,17] of  the 
oxygen-evolving apparatus, or facilitating dark reactions which limit oxygen 
evolution at high light intensities, or both. Access of  the exogenous Hill 
acceptor  is not  rate limiting, even under saturating light, and neither photo- 
phosphorylat ion nor fat ty acid inhibition of  electron transport  appear to be 
involved. The large and specific effect  o f  Ca 2÷ reported here may be of  utility 
in the isolation and stabilization of  purified oxygen-evolving reaction centers. 

We would like to thank Dr. P. Thornber  for a sample of  Phormidium and 
Dr. T.P. King for defat ted bovine serum albumin used in preliminary experi- 
ments. This research was supported in part  by an NSF grant BMS-74-11747. 

References 

1 Murakami, S., Torres-Pereira, J., and Packer, L. (1975) in Bioenergetics of Photosynthesis  
(Govindjee, ed.), pp. 556--618, Academic Press, New York 

2 Fredricks, W.W. and Jagendorf,  A.T. (1964) Arch. Biochem. Biophys. 104, 39--49 
3 Susor, W.A. and Kxogmann, D.W. (1964) Biochim. Biophys. Acta 88, 11--19 
4 Fujita, Y. and Suzuki, R. (1971) Plant Cell Physiol. 12, 641--651 
5 Jansz, E.R. and Maclcan, F.I. (1972) Canad. J. Microbiol. 18, 1727--1731 
6 Shavit, N. and Avron, M. (1967) Biochim. Biophys. Acta  131, 516--525 



6 0 9  

7 Ruralnzk:[, H.J. and Hoch,  G.E. (1972) in  2nd Internat ional  C o n g r u s  on Photo6yntheals l~eseareh 
(Forfl, G., Avron, M. and Melan&d, A., eds.), VoL I, pp. 133--141,  Dr. W. Junk,  The Hague 

8 Li, Y.S. (1975) Bioehtm. Biophys. Aeta  376, 180--158 
9 Kratz, W.A. and Myem, J. (1955) Am.  J. Botany 42, 282--287 

10 Burr, A. and Mauzeran, D. (1968) Bioehlm. Biophyl.  Aeta  153, 614---624 
11 Macklnney, G. (1941) J. BioL Chem. 140, 315---822 
12 Izawa, S. (1970) Bioehim. Biophys. Aeta  197, 328--331 
13 Izawa, S. and Good, N.E. (1972) in Methods in  Enzymology (San Pietzo, A., ed.), Vol 24, Psxt B, 

pp. 355--877,  Academic Press, New York 
14 MeCarty, R.E. and Japndo~f ,  A.T. (1965) Plant Physiol. 40, 725---735 
15 Siegenthaller, P.A. and  Horokova, J. (1974) in 3x~l Internat ional  Cong reu  on Photosynthes is  

(Avron~ M., ed.), Vol I, pp. 569--664,  F_J~vler, Amste rdam 
16 Diner, B.A. and Mauzel~U, D. (1971) Bioehlrn: Biophys. Aeta  226, 492--497 
17 Tel-Or, E. and  A v ~  M. (1974) in 3rd International  Congress on Photosynthes is  (Awon,  M., ed.), 

VoL I, pp. 569--578,  Elsevier, Amsterdam 


