
103 

Biochimica et Biophysica Acta, 593 (1980) 103--112 
© Elsevier/North-Holland Biomedical Press 

BBA 47944 

INHIBITION OF PHOTOSYSTEM II BY FORMATE 

POSSIBLE EVIDENCE FOR A DIRECT ROLE OF BICARBONATE IN 
PHOTOSYNTHETIC OXYGEN EVOLUTION 

ALAN STEMLER 

Department of Botany, University of California, Davis, CA 95616 (U.S.A.) 

(Received March 20th, 1980) 

Key words: Photosystem H inhibition; Oxygen evolution; Carbon dioxide; Bicarbonate; 
Formate; Reaction center 

Summary 

In broken chloroplasts the presence of  100 mM sodium formate  at pH 8.2 
will specifically lengthen the Photosystem II relaxation times of  the reactions 
S~ -~ $3 and S~ -* So. Rates of  reactions Sg -~ $1 and S'1 -~ $2 remain unaffected.  
Evidence is presented which indicates the discrimination among S-states by 
formate cannot  be at t r ibuted to a block imposed on the reducing side of  
Photosystem II. The results are interpreted in contex t  of  the known interaction 
of  formate and CO2 which is bound to the Photosys tem II reaction center com- 
plex. It is proposed that  those S-state transitions which show extended relaxa- 
tion times in the presence of  formate must  result in the momentary  release and 
rebinding of  CO2. Furthermore since formate is acting on the oxygen-evolving 
side of  Photosys tem II, it would seem that  CO2 is released in reactions that  
occur there. A chemical model  of  oxygen evolution is presented. It is based on 
the hypothesis  that  hydrated CO2 is the immediate source of  photosynthet ic-  
ally evolved oxygen and explains why,  under certain condit ions formate slows 
only the S-state transitions S~ -* $3 and S~ -~ So. 

Introduct ion 

The small amount  of  carbon dioxide (HCO~) which is required for Photo- 
system II activity [1] is bound to the reaction center complex [2].  The ligand 
appears alternately hydrated in a 'dark'  reaction and then light dehydrated [ 3]. 

Abbreviation: PS II, Photosystem II. 
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One hypothesis formulated to explain this cyclic behavior is that  hydrated CO: 
is the immediate source of  photosynthet ical ly evolved 02. 

An important  tool  in the s tudy of  the HCO~-effect has been the use of  high 
(100 mM) concentrations of  formate and acetate. These ions can retard both  
the binding of  exogenous 14CO2 [3] and the rebinding of  light-released endo- 
genous CO2 [ 3,4]. The present s tudy makes use of  high formate concentrations 
and flashing light to determine which light driven reactions result in the release 
of  bound CO:. Results indicate that  CO2 is released by  reactions which occur 
on the oxygen-evolving side of  Photosystem II. 

Materials and Methods 

Maize (Zea mays L.) plants were grown and chloroplasts isolated from them 
as described previously [3].  Only chloroplasts ruptured by osmotic shock 
during isolation were used in these experiments. It should be noted that  in 
these studies, the grana were not  washed to remove endogenously bound HCO~ 
[2] before experiments were carried out.  Therefore, the effects of  formate on 
'normal '  chloroplasts were observed. 

The apparatus used to measure oxygen evolution in response to light flashes 
was similar to that  described by  Joliot  and Joliot  [ 5]. Signals were recorded on 
a Hewlett-Packard oscillographic recorder (model  74024). Flash illumination 
was from 2 Xenon lamps (General Radio Stroboslave types 15 39-A) which 
could be triggered sequentially with variable delay time. Light was focused with 
large condensing lenses. Each lamp was tested individually to assure light satu- 
ration. Inserting a Balzers 80 percent transmission neutral density filter 
between the lamp and the sample caused no change in the oscillatory pattern or 
in the steady-state flash yield of oxygen. 

Rates of dark relaxation or ' turnover '  reactions which occur between photo- 
acts can be determined by  varying the t ime between two light flashes and mea- 
suring the effect  on the final yield of  O:. The methods and notat ion used were 
described in detail by Bouges-Bocquet [6].  In addition, small corrections for 
double hits which gave a yield on the second flash were carried out.  Data were 
normalized to the same additive yield of  flashes 20--25. Charge accumulation 
parameters, misses, single and double  hits as well as initial S-state populations 
(S0/S1) were estimated with the matrix multiplication technique described by 
Thibault  [7,8].  

Before chloroplasts were placed on the platinum electrode, they were sus- 
pended in reaction mixture which contained 0.05 M Tricine buffer,  pH 8.2 and 
either 0.2 M NaC1 for the controls or 0.1 M NaC1 plus 0.1 M sodium formate 
for the experimental samples. The chlorophyll  concentrat ion was approx. 
0.25 mg .  m1-1. Samples were  placed on the electrode and dark-adapted for 
15 min. The time permit ted both  settling of  the chloroplasts and equilibration 
of  chloride and formate across the thylakoid membrane.  The high pH, 8.2, is of  
critical importance in these experiments.  Such high pH insures that  the inor- 
ganic carbon bound to the PS II center will, in the dark, have a >98  percent 
probabili ty at any given time of  being in the form of  HCO~ (see Ref. 3 for the 
influence of  pH on CO2/HCO~ binding). As HCO~, the ligand cannot  be rapidly 
removed from the reaction center and formate  cannot,  therefore,  have any 
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effect. Only when the ligand is dehydrated in the light will it take the form of 
CO2 and be momentari ly liberated. In this form, ions such as formate,  acetate 
or even bicarbonate [ 3 ] can interfere with rebinding. Thus with the use of  high 
pH, light reactions which convert  HCO~ to CO2 can be distinguished. At low 
pH, on the other  hand, the CO2-HCO~ equilibrium is shifted toward CO2 in the 
dark and the effect  of  light alone is thus obscured. 

Results 

Oxygen evolution in flashing light with and without formate 
When chloroplasts are given saturating flashes of light after a 10 min dark 

period, they evolve oxygen as shown in Fig. 1. The observed oscillations in 
oxygen yield are typical of  those which formed the basis for the current four- 
step model  for 02 evolution [9].  There are no obvious pattern differences in 
the normalized yields with or wi thout  0.1 M formate.  

The data presented in Fig. t was used to calculate the transition parameters 
which determine the observed yields. These are shown in Table I. No significant 
differences occur in the frequency of  misses, single or double hits with or with- 
out  formate (lines 1, 2 and 3). Formate  may cause a slight change in the initial 
relative populations of  So and $1 (lines 4 and 5). In addition, the steady-state 
yields were reduced about  23 percent in the presence of  formate (line 6). Prob- 
ably under these conditions formate can remove this percentage of  bound CO2/ 
HCO~ in the dark-adaptation period. Differential S-state susceptibility of  
bound CO2/HCO~ to removal by formate may account  for the apparent shift in 
the So and $1 populations. This possibility requires further study. The primary 
conclusion to be drawn from these data is that  the presence of  formate causes 
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t ive s t eady-s ta te  yie lds  were  each  de r ived  f r o m  25 separa te  m e a s u r e m e n t s .  

P a z a m e t e r  W i t h o u t  fon 'na te  With f o r m a t e  

M i s s e s  0 . 1 7 1  + 0 . 0 0 9  0 . 1 6 9  • 0 . 0 1 1  

Single h i t s  0 . 7 8 8  + 0 . 0 0 7  0 . 7 8 6  • 0 .009  
D o u b l e  hi ts  0 .041  ± 0 . 003  0 .0 4 5  ± 0 . 0 0 5  
SO (0)  0 .25  ± 0 .02  0 . 2 9  ± 0 . 0 4  
S 1 (0)  0 .75  ± 0 .02  0 .71  ± 0 .06  
S teady- s t a t e  y ie ld ,  axb. uni t s  100  ± 3 .13  77.3 ¢ 2.3 

0.8 

0.6 

v 0 

0.4 

o" 
. /  

0 .2  %o 

/ 

S(~-- t -S 1 

° 

/" 

o - Formate 
• + Formate 

I L 

T i m e ,  m s e c  

0.8 

0.6 

v I 

0.4 

0,2 

° ~ ~  

,/o 
/ 

# 

/ 
/ 

T i m e ,  m s e c  

o - Formate  

• + Formate  

i i 
"3 4 

0.8 

0.6 

0.4 

0.~ 

c S ~ _ ~  S3 

o ~  ° 

O ~ e  ~ -  ~ 

• - ~ ;  ;°o;~°=': 
0 / 

5~/, ° 
i i 

T i m e ,  r e s e t  

O.E 

O.Z 

v 3 

0.2 

0.0 

0 

d 
S~ ~ S O 

o 

/ / /  

/ / / / /  

/ 6 .  

0 / 

/ 
4} / /  0 -- For'mote 

0 • + Formate  

Z O / / /  

-'o 
• i i L 

2 4 6 8 
T i m e ,  m s e c  

i 
10 

Fig. 2. T u r n o v e r  t i m es  in ma ize  ch lorop las t s  w i th  or  w i t h o u t  f o r m a t e .  R e a c t i o n  mix tUres  were  desc r ibed  
in Fig. 1. P r o t o c o l  for  m e a s u r e m e n t s  a nd  ca lcu la t ions  were  as desc r ibed  b y  Bouges -Bocque t  [6 ] .  E r ro r  
ba rs  for  each  of  the  4 m s  po in ts  we re  ca lcu la ted  f r o m  five sepa ra t e  m e a s u r e m e n t s .  
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no change in the oscillatory pat tern o f  oxygen evolution nor a dramatic change 
in any of  the transition parameters. 

Relaxation rates, S'~ -~ S,÷1 with and wi thout  formate 
Sg-* $1. In chloroplasts the extent  of  the reaction S~-~ $1 with time, 

denoted 70, is shown in Fig. 2a. Substituting 0.1 M sodium formate for an 
equal amount  of NaC1 causes no detectable difference in the rate of  this reac- 
tion. 

S'~ -~ $2. The presence of  formate causes no change in the rate of  the S'~ -~ $2 
reaction (Fig. 2b). Clearly the first two S-state transitions are unaffected by 
this ion. 

S~ -~ $3. The rate of  the recovery reaction S~ -* $3 is measurably slower in the 
presence of  formate compared to formate-free controls (Fig. 2c). In the 
absence of  formate,  54 percent of  the reaction centers make the transition 
within 4 ms compared to 43 percent  in the presence of  formate. 

S~ ~ So. According to the current  model  of  oxygen evolution, the reaction 
S~-* So results in the evolution of  an oxygen molecule and a return of  the 
system to its initial state. The rate of  this reaction, or sequence of  reactions, is 
found as with the S~ -~ $3 to be slower in the presence of  formate compared to 
the control  (Fig. 2d). Whereas in the control 35 percent of  the reaction centers 
make the S~-~ So transition in 4 ms, only 20 percent do so when formate is 
present. 

Relaxation rates S" -~ S,+I at steady state with and wi thout  formate 
The foregoing reaction rates were measured by  varying the time between 

either flashes 1-2, 2-3 or 3-4. It is possible that  transient effects which occur on 
the reducing side of  PS II can account  for  the slower recovery rates after the 
second and third flash. If  so, discrimination among S-states by  formate should 
disappear at steady-state. That this is not  the case is shown by  the following 
experiment:  Chloroplasts were given flashes until steady-state oxygen yields 
were achieved (>30  flashes). A double  flash was then given with a At of  4 ms 
and single flashes thereafter at 1.2 s intervals. The double flash introduces a 
per turbat ion from steady-state which continues in the following single flash 
yields. The yields will reflect  the relaxation rates of  all S'-states in the 4 ms 
time interval between the double flash. The perturbations seen with and with- 
out  formate  are compared in Fig. 3. 

When a double flash is given to chloroplasts, the total  yield (1 + 2) is seen as 
a single spike on  the chart paper since At, 4 ms, is near  the response t ime of  the 
instrument. The total  yield is the sum of  reactions S~ -~ So induced by the first 
flash of  the double t  plus the S~-* $3 reactions completed in the interval 
between flashes (1 + 2). Double  hits and misses contr ibute to the total  yield 
but  these are assumed to be the same in the presence and absence of  formate 
(Table I) and can be discounted for the purpose of  comparison here. It is clear 
from the data presented in Fig. 3 that  the yield of  a double flash (1 + 2) is 
greater in the absence of  formate than in its presence. With formate,  fewer 
S~-* $3 transitions occurred in 4 ms, consistent with the results shown in 
Fig. 2c. 

The yield of  flash 3 will reflect  those reaction centers which complete  an 
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Fig. 3. Double - f lash  p e r t u r b a t i o n  of  s t eady-s t a t e  o x y g e n  yie lds  f r o m  ch lorop las t s  w i th  or  w i t h o u t  f o rm-  
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A d o u b l e  flash (1 + 2)  was  appl ied ,  At  4 ms ,  a nd  single flashes t h e r e a f t e r .  R e a c t i o n  m i x t u r e s  were  
desc r ibed  in Fig. 1. E a c h  po in t  r ep resen t s  an average  of  a t  leas t  twe lve  m e a s u r e m e n t s .  Ca lcu la ted  s t anda rd  
er rors  fell w i th in  the  po in t  m a r k e r s .  D a t a  were  all n o r m a l i z e d  to  the  s t eady- s t a t e  flash y ie ld  just  b e f o r e  
t he  doub le  flash. 

St -* $2 transi t ion be tween flashes (1 + 2) plus those centers failing to  complete  
an S~ -~ $3 transition during that  time. Compared to the control,  the 02 yield of  
flash 3 in the presence of  formate is enriched by  exactly the amount  that  the 
(1 + 2) yield is reduced. The greater number  of  centers failing to complete  an 
S~ -~ $3  transition be tween flashes (1 + 2) in the presence of  formate enhance 
the yield of  flash 3. By implication, the  transition S'1 ~ $2 must  have occurred 
at the same rate with or wi thout  formate.  

The yield of  flash 4 is a funct ion of  those reaction centers completing an 
S~ -~ $1 transi t ion be tween  flashes ( !  + 2) plus those centers failing to complete  
an S'1 -* $2  transition during that  time. The yield of  flash 4 is the same with or 
wi thout  formate which indicates, like Fig. 2a and b, that  the rates of  these 
reactions are independent  of  this ion. 

The yield of  flash 5 is a funct ion of  those reaction centers completing an 
S~ ~ So transi t ion be tween flashes (1 + 2) plus those centers which fail to com- 
plete an S~ -~ S~ transi t ion during that  time. The yield is lower in the presence 
of  formate compared to the  control.  Since the rate of  S~ -~ S~ mus t  be the  same 
with and wi thout  formate (to explain the flash 4 yield) it follows that  the rate 
S~ :* So was  slower in the  presence of  formate.  

The data presented in Fig. 3 indicate clearly that  even under  steady-state 
flash conditions, formate  can discriminate among S-states. The rates of  reac- 
tions S' S' 2-* $3  and 3 -~ So are slowed while the rates of  reactions S~ -~ S~ and 
St -* $2 remain  as in the controls. If  the presence of  formate  introduced a rate 
limiting step on the reducing side of  Photosys tem II all of  the S-state transi- 
tions should be slowed uniformly at steady-state, or at least the impediment  
should be most  obvious in those transitions showing the fastest rates in the con- 
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trols i.e. S~ -~ S, and S', -+ $2. One observes quite the opposite.  Those transi- 
tions which have the slowest rate in the controls, S~-~ Sa and S~-+ So are 
slowed even further in the presence of  formate.  The compelling conclusion is 
that  formate must be operating directly on the oxygen evolving mechanism. 

Discussion 

The action of  formate shown in these experiments can be unders tood in 
reference to the known interaction of  formate and the CO2/HCO~ which is 
bound to PS II. In a previous work [3] formate  was shown to slow the binding 
of  exogenous '4CO 2 to the reaction center complex. In another publication [4] 
formate was shown to inhibit the rebinding of  endogenous CO2 which is 
released as PS II cycles in the light. From past work, however, it was not  clear 
if CO2 were released in the light in consequence to reactions which take place 
on the oxidizing or reducing side of  PS II. In this work, formate is shown to 
slow specific reactions on the oxidizing side of  PS II. If it does so by slowing 
the rebinding of  endogenous CO2 released in the light, it would  suggest that  
CO2 is released in reactions that  take place as part  of  the oxygen-evolving mech- 
anism. Specifically, those reactions involved in the transitions S~-+ $3 and 
St -* So. 

If the interpretations presented thus far are valid, these experiments allow 
new inferences as to the site and mode of action of bicarbonate in PS II. Argu- 
ments have been made that HCO3 acts primarily on the reducing side of Photo- 
system II [10,11,12--15]. These arguments are based on chlorophyll fluo- 
rescence measurements and other techniques which show that electron transfer 
from both the primary electron acceptor Q to the secondary acceptor, B [16], 
and from B to plastoquinone is slowed down in HCO~-depleted chloroplasts 
[11--14]. Clearly electrons will not leave the reaction center complex at nor- 
mal rates unless CO2/HCO~ is bound, or rebound, to the complex. There is no 
compelling reason to believe, however, that the binding site is, in fact, a com- 
ponent on the reducing side of Photosystern II. The binding of exogenous 
'4CO2 is controlled by the internal thylakoid pH [3], which implies that the 
ligand binds to the inside surface. One can imagine that from here, the ionic 
forms of the ligand, HCO~ or COl-, can help neutralize positive charges near 
P-680. This electrostatic effect could increase the tendency for electrons to 
leave reduced Q following a charge separation. Depleting reaction centers of 
negatively-charged bound HCO~, then, may deny electrons on Q the 'push' that 
they need to speed transfer in the forward direction. In this way the absence of 
HCOa bound to the oxygen-evolving mechanism would appear to impose some 
sort of block on the reducing side of the PS II reaction center. While by no 
means precluding other explanations, this proposed mechanism is consistent 
with all the results which indicate that CO2/HCO~ acts on the reducing side of 
PS II. 

The most important implication of the present work concerns the mode of 
action of HCO~. In the opinion of the author, the reason for the HCO~ require- 
ment in Photosystem II is now clear. HCO~ is almost certainly the immediate 
source of photosynthetically evolved oxygen. The following (circumstantial) 
evidence supports this view: 
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1. The binding site for HCO; has been shown to be on the inside surface of 
the thylakoid membrane [3]  where it is believed oxygen is evolved [ 17]. 

2. As shown here, a site of action of  HCO; appears to be the oxygen evolving 
mechanism. 

3. CO2 appears to be alternately hydrated in a 'dark' reaction reaction and 
dehydra ted  in the light [ 3]. 

4. Exactly two out  of  four S-state transitions appear to allow the release of 
CO2 in the light. This is expected if CO2 must  be sequentially hydra ted  and 
dehydrated  twice to evolve an O2 molecule. 

5. Stable isotope studies question the notion that  the O-H bonds of the H20 
are directly cleaved to evolve oxygen [18] .  Other  anomalies in isotope measure- 
ments which appear to conflict with the idea that  O2 comes directly from H20 
have been discussed by Metzner [19].  

Given the probability that  HCO~ is the immediate source of  evolved oxygen, 
the following model  was constructed as a working hypothesis. It is consistent 
with the 4-step model  of  oxygen evolution [9] and also includes, with some 
modification, the model  recently developed by Wydrzynski and Sauer [20] sug- 
gesting a likely role for manganese in oxygen evolution (Scheme I). 
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Reactions 1 and 2 are light driven and result in an increase in oxidation 
states of 2 Mn(II) ions bound to the reaction center complex. A proton is also 
released. The oxygen-evolving complex also contains one inorganic carbon 
ligand [2] which can change sequentially from CO2 to HCO~ to CO32-. 

Reactions 3 and 4 depict S-state transition $2-* $3. Here, with the removal 
of an electron, Mn(IV) is produced. Mn(IV) immediately extracts O 2- from 
COl- resulting in the production of [Mn(IV)O] 2÷ and free CO2. The CO2 
recombines with the Mn(III) still present, is hydrated, and forms HCO~ with 
the release of a proton. 

Reactions 5, 6 and 7 depict transition $3 -* So. In 5, Mn(III) is converted to 
Mn(IV). Mn{IV) extracts an 02- from HCO~ or CO]- resulting in the produc- 
tion of a second [Mn(IV)O] 2÷, free CO2 and a proton. In 6, the two [Mn(IV)- 
O] 2÷ react to form 2 Mn(II) plus free 02. In 7, the reaction center complex, 
now with 2 Mn(II), combines with free CO2. The CO2 is hydrated and HCO~ + 
H ÷ are formed. The cycle can thus repeat. 

The above scheme shows CO2 release during transitions S~ -~ $3 and S~ -* So. 
Formate is proposed to slow reactions 4 and 7 in the forward direction by com- 
peting with CO2 for a binding site. This would explain the results presented 
here. The positive charges on the reaction center which are not neutralized by 
HCO; or CO~ may be neutralized by other anions such as chloride. The scheme 
is also formulated to show proton evolution following S-state transitions in a 
1, 0, 1, 2 sequence. There is still some disagreement as to which of the S-state 
transitions release protons [21--23]. Perhaps the actual proton evolution 
sequence is itself a function of pH and may even be predicted in some instances 
from the pK values of carbonic acid. In any case, the scheme can be modified, 
within limits, to accommodate other proton evolution sequences. For example, 
at high pH, a proton may be given off as shown in reaction 1, whereas at low 
pH, that proton may be given off in reaction 2 instead. 

This model differs from that of Wydrzynski and Sauer [20] in proposing the 
formation of quadrivalent Mn. Wydrzynski and Sauer propose instead that 
Mn(III) is the highest oxidation state reached by the metal. However, these 
authors state explicitly that their data do not rule out the possibility that oxi- 
dation states of manganese higher than +3 may be involved in oxygen evolu- 
tion. If [Mn(IV)O] 2÷ is formed, as proposed here, it is likely to be extremely 
reactive when released from the membrane by heat treatment (used routinely 
by Wydrzynski and Sauer [20]). Electron paramagnetic resonance-detectable 
Mn(II), produced by the reduction of heat solubilized Mn(IV) (as [Mn(IV)- 
O] 2÷) would be indistinguishable from Mn(II) released directly. Thus the 
scheme for oxygen evolution presented here is compatible with the observa- 
tions of Wydrzynski and Sauer. 

The scheme also explains why past experiments which used stable isotopes, 
particularly 180, to label oxygen evolving precursors invariably yielded results 
in which evolved oxygen had nearly the same isotopic composition as the 
medium water [24--26]. Dark reactions 4 and 7 in the scheme are reversible. 
Moreover, the hydration of bound CO2 would have to be catalyzed by the reac- 
tion center itself, otherwise this normally slow reaction would be rate-limiting. 
A catalyzed hydration-dehydration of bound CO2, however, would quickly, 
in the dark, produce bound CO2/HCO~ with an isotope composition similar to 
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medium water. Thus the stable isotope labelling experiments done to date, do 
not  rule out  hydrated CO2 as the immediate source of  oxygen as proposed in 
the model.  Indeed recent isotope studies done by Metzner et al. [27 ] ,  while not  
definitive, suggest that something other than water may be the immediate 
source of  photosynthet ic  oxygen.  

Because of  our yet  limited knowledge o f  the chemistry of  oxygen evolution,  
the constraints on any model  are still far from strict: many plausible interpreta- 
tions of  existing data are possible. However, any future model  should take into 
consideration the very strong likelihood that dissolved CO: {in its various 
forms) plays a direct role in oxygen evolution.  
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