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Oxida t ion  of the  reduced p r i m a r )  e lec t ron acceptor ,  Q~-, of  Pho tosys tem !I (PS I!) in f e rma te - t r e a t ed  sp inach  
thylakoids ,  was inhib i ted  more  af te r  the second than  af te r  the  f irst  ac t in ic  f lash.  This  ind ica tes  a slowing of  e lec t ron  
flow on the acceptor  side of  PS l i  from Q/~ to Qf f ,  the  semiqu inone  to rm of  the  secondary  p l a s toqu inone  aeceptor ,  
formed by electron t r ans fe r  af ter  the f irst  f lash.  A hypothes is  of  e lec t ron t r ans fe r  on the  accep to r  s ide of  PS 11 is 
p roposed  to accommoda te  the b ica rbona te - reve r s ib le  f o r m a t e / f o r m i c  ac id  inh ib i t ion  of  e lec t ron  t r a n s f e r  a f t e r  
single tu rnover  f lashes.  We suggest  tha t  the  large inh ib i t ion  in QA oxida t ion  a f te r  the  second f lash reflects  a 
blockage of  the pro ton  up take  tha t  s tabi l izes  Q ~ .  Kinet ics  of  onset  of  inh ib i t ion  following fo rmate  add i t i on  were 
followed by measu r ing  the chlorophyl l  a f luorescence yield,  ref lect ing the concen t ra t ion  of  Q A ,  I ms  a f te r  the  
second act in ic  f lash as  a function of  t ime a f te r  the  add i t i on  of  formate .  The  a p p a r e n t  ra te  cons tan t s  for  b ind ing  a n d  
unbinding ,  and  the d issoc ia t ion  cons t an t  of  fo rmate  were de t e rmine d  in the pH range  f rom 5.5. to 7.5. The  ra te  of  
onset  of  inhibi t ion  following formate  add i t ion ,  ref lect ing fo rmate  o r  formic  ac id  b ind ing ,  was highly d e p e n d e n t  on 
the med ium pH. Measu remen t s  on the in i t ia l  b ind ing  ra te ,  when one of  the  two (HCO z - / H C O O H )  equ i l ib r ium 
species was kept  cons tant  and  the o the r  var ied,  suggested tha t  formic  acid  is the  b ind ing  species.  Th is  conc lus ion  
was consis tent  with the observed pH dependence  of fo rmate  b ind ing .  

! nt roduct  ion 

Elect rons  are  t ransfer red  from Photosys tem I1 (PS 
I1) to the  p las toquinone  pool th rough  a two-e lec t ron  
gate mechanism involving bound  pr imary  (QA) and 
secondary  (QB) p las toquinone  (sce rcviews [1-3]!.  Bi- 
ca rbona te  ( H C O  3)  has been  shown to s t imula te  elec-  
t ron t ransfer  in PS !! dep l e t ed  of  b ica rbona te  by t rea t -  
ment  with formate  or  nitric oxide,  and  this effect  has 
a t t r ac ted  increasing interest  in recent  years  because  of  
the possible role of  b ica rbona te  in the  mechanism of  
e lec t ron t ransfer  in the  quinone  binding region,  and in 
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l igation of  the non-home iron (sec reviews (4-6]) .  The  
b ica rbona te  effect is observed  in g reen  p lan ts  [4-6]  and  
cyanobac te r i a  [7,8], but  not in photosynthe t ic  bac te r i a  
[9], which suggests  that  there  are signif icant  s t ruc tura l  
d i f fe rences  be tween  the qu inone-b ind ing  regions in the 
reac t ion  cen te r s  (RCs)  of  oxygenic and anoxygenic  
photosynthe t ic  organisms.  

Several  observa t ions  show that  a major  b ica rbo-  
na te- revers ib le  formate  effect exists on the  e l ec t ron  
acccptt ,  r side of  PS 11 in the D t and D 2 p ro te ins  of  RC 
II: 
( l )  T h e r e  is a d rama t i c  inhibi t ion,  par t icu la r ly  a f te r  
the  second  and subsequen t  flashes, of  the  reoxida t ion  
of  the  r educed  pr imary  qu inone  accep to r  of  PS II, Q ~ ,  
as m e a s u r e d  by the chlorophyl l  (Chl)  a f luorescence  
yield decay  [10-13],  or  by the absorbance  change  at 320 
nm [14] in the p resence  of  formate .  
(2) L igh t - induced  E P R  signals in the g = 1.6 to  g - - 8  
region [ t5 -17] ,  a t t r ibu ted  to magne t ic  in terac t ion  be-  
tween semiqu inone  forms of  QA and  Q a ,  and  the 
non-hemc  iron of  the accep tor  complex  (QA Fe- '+Qa,-  



QAFC 2+. Q i i F c  z~ and Fe3*),  and the Mossbane r  
spectra  of the non-hacm Fe 2+ [18-20], arc  :dtered by 
formate,  N O  and b icarbonate .  
(3) The binding of  several herbicides ,  known to inter- 
act with D I ,  is drast ical ly  affected by the presence or  
the absence of b ica rbona te  and vice versa [21,22]. 
(4) Var ious  Synechocystis 6714 [23] and Chlamy- 
domonas reinhardtii [24] herbic ide-res is tant  mutants ,  
a l tered in single amino acids on D1, are  different ial ly  
sensitive to  subsatura t ing  concent ra t ions  of  fi)rmate. 

Several  possible roles for b ica rbona te  in the  func- 
tion and s t ructure  of  the  accep to r  side complex  have 
been  suggested.  Bicarbonate  may provide a tf identate 
l igand to Fe  z+ in the  Q A - F e - O a  complex [25], and  
keep  the D I - D 2  prote ins  in thei r  p roper  funct ional  
conformat ion,  thereby  faci l i tat ing electron t ransfer  
from Q,~ to Q a  o r  Q ~ .  Exper iments  with nitric oxide 
(NO),  that  binds to Fe  e ~ [20], suggest  [26] that  bicar-  
bona te  binds to Fe -'~ in PS I!. Bicarbonate  may, pro-  
mote  p ro tona t ion  associa ted with PQ reduct ion  at the  
Qu  site, explaining the larger  b icarbonate- revers ib le  
formate  effect  on Q~ decay af ter  the  second and  
subsequent  actinic flashes than af ter  the first one (Refs.  
12, 13; this paper) .  This  la t ter  concept  is re inforced by 
observat ions  on the effects o f  formate  o r  b icarbona te  
on H + exchange re la ted  to PS II reac t ions  [27,28]. 

Since formate  behaves  as a compet i t ive  analogue  o f  
HCO.{,  a s tudy of its b inding  character is t ics  is ex- 
pec ted  to provide  an unde r s t and ing  of the  b ica rbona te  
effect,  in this  work, we measu red  the t ime-course  o f  
formate  b inding in spinach thylakoids  to gain an insight 
into the mechanism of  fo rma te - induced  inhibit ion.  
Analysis  of  b inding da ta  showed that  formic acid, but  
not  formate ,  is the b inding species.  A hypothesis  of  
e lec t ron t ransfer  on the accep to r  side of  PS !I is 
p roposed  to accommoda te  the  b icarbona te - revers ib le  
f o r m a t e / f o r m i c  acid inhibi t ion of  e lec t ron  t ransfer  af- 
te r  single turn-over  flashes. 

In this pape r  and e lsewhere  [29,30], we have as- 
sumed that  the b inding of  f o r m a t e / f o r m i c  acid dis- 
p laces  C O z / H C O . ~  bound  to PS II react ion centers ,  
since f o r m a t e / f o r m i c  acid ( 1 ) b e h a v e s  as a compet i t ive  
inhibi tor  o f  H C O f  b inding  [21,29,30], and  (2) re leases  
CO z from thylakoid n~embranes [31]. O u r  work does  
not address  the quest ion of  the  na ture  of  the species  
d isplaced.  However ,  b e t a u s e  the pH d e p e n d e n c e  of  
inhibi tor  b inding  is sufficiently expla ined  in terms of  
the formic acid concent ra t ion ,  it is not  necessary to 
invoke o the r  changes  in p ro tona t ion  state e i ther  of  the  
b inding  site, or  the d isp laced  species,  to explain our  
data.  

Material  and Methods 

Spinach (Spinacia oleracea) thylakoids  were isolated 
as previously descr ibed  [12]. Thylakoids ,  suspended  in 

0.4 M sorbitol,  15 mM NaCI. ,z mM MgCI:  and 20 mM 
Hcpcs  (pH 7.8). were frozen rapidly, s tored in liquid 
nitrogen,  and  thawed immediate ly  prior to u s e  ( ' l l loro-  
phyll concent ra t ion  was spcc t rophotomet r ica l ly  deter-  

r "9 mined in 80(;t acetone ( v / v )  extracts of  lhylakoids t3-]. 
Mes, Hepes.  and quinhydronc were purchascd  from 

Sigma. Sodium formate was purchascd  from J.C. Baker. 
To moni tor  the redox state of QA, Chi a fluores- 

cence yields af ter  s ingle- turnover  sa tura t ing  flashes 
( E G  & G FX-124 flash lamp, 2.5 p s  dura t ion)  were 
measured  by an ins t rument  descr ibed e lsewhere  (Rcf.  
12. see also Refs. 11, 33). Using weak measur ing  flashes. 
the 'O" (or F,,) level of Chl a f luorescence yield of  5 
rain d a r k - a d a p t e d  thylakoids, and  the decay of the 
var iable  (F~) f luorescence after sa tura t ing  flashes were 
measured  at 685 nm. using a 10 nm bandwidth  interfer-  
ence filter, by a photomul t ip l ie r  (EMI  9558). The F,, 
measures  the  yield when all the QA is in the oxidized 
state (see, for  example ,  Ref.  34), and the decay of  IV,. 
rcflects the reoxidat ion of  Q~ to Q~. Assuming that  
the probabi l i ty  of the  intersystem energy, t ransfer  is 0.5, 
the concent ra t ion  of  QA was calcula ted from the vari- 
able Chl a f luorescence yield, as out l ined ear l ier  
[ 12,36,37]. 

Thylakoids,  containing 10 /zM Chl. were suspended  
in (1.4 M sorbitol,  50 mM NaCI and 2 mM MgCI_, [12]. 
80 p.M quinhydrone  was added  to the sample  to keep  
QA in its oxidized state, pH of  the suspension was 
adjus ted  by using 20 mM Mes (from pH 5.5 to 6.5) or  
20 mM Hepes  (from pH 7.0 to 7.5). 

The  kinetics of  formate  b inding in the da rk -adap ted  
thylakoid suspension were measured  by moni tor ing Cht 
a f luorescence yield changes af te r  an actinic flash at 
various t imes af ter  injecting a known amount  of  fi)r- 
mate (p read jus ted  to the pH of  the suspension medium)  
with a syringe. The  decay of  Chl a f luorescence yield, 
reflect ing oxidat ion of  Q~,, was significantly slowed 
only af ter  the second and subsequent  actinic flashes. 
Those centers  in which the QA oxidat ion was blocked 
~zere cons idered  to be formate-bound.  The  conccntra-  
ti¢,n of  formate  bound  PS I! RC's  was es t imated  from 
thc fraction of  centers  showing inhibited Q,,, oxidation 
(measured  as above) af ter  the addi t ion of  formate.  

Theory 

The  two e lec t ron  gate scheme, deve loped  for anoxy- 
genic photosynthet ic  bacter ia  and for oxygenic PS II 
[2], was modif ied  to accommoda te  formate  binding at 
PS II RC. Both oxidized and fully reduced forms of  thc 
secondary  PQ acceptor  ( Q a  or  Q a H z )  bind loosely to 
the D1 prote in  of  the RC If, whereas  the semiquinone 
form, Q a ,  b inds  tightly (for a review, see Ref. 2). 
Comple te  reduct ion of  the  bound  quinone,  Qn,  rc- 
qui res  not only two e lec t rons  but  t ransfer  of  two pro-  
tons to  Q ~ - .  The Q a H 2  thus formed exchanges  rapidly 
with PQ from the pool and comple tes  the e lect ron flow 



34 

;it this site the so-called "two electron gate'. Many 
inhibitors block the electron transport beyond O..x by 
competing with O ,  at its binding site (sec review in 
Rcf. 2). We have assumed here that fi}rmate and t)  n 
binding arc independent  of each other. 

In this paper, wc will demonstrate  (for earlier re- 
sults, see Refs. 10. 12. 13) that formate bound at the 
PS 11 RC's greatly decreases the rate of electron flow 
after the second, but much less after the first actinic 
flash in the QA-Fc-Qu complcx. This is most economi- 
cally explained by invoking an inhibiti ,m of protonat ion 
at the Ot~ site. 

Fig. 1 shows a simplified scheme that explains the 
formate effect on the two electron gate. When the 
plastoquinonc pool is oxidized, thc total (T) amount  of 
the dark-adapted PS !i RC's, i.o which flwmate iF) was 
added, arc in one of the following states: O,x (without 
Ol+ bound). O,xOn (',villa Or+ bound),  FQ. x (QA with 
formate bound)  and FO,xQt~ (QA with both OB ~:nd 
formate bound). The formate-free and formate-bound 
RC's can bc represented as: 

[RCI = IO,s I + IO sO,] - { I + K, l[t'Ol}lO:,Oill { 1 )  

and 

[FRC] = [FQ,~ l + [FO,~Ot~l = {t + K,,/IPO]}[FOAO~+] (2) 

Where [PQ] is the in vivo PQ concentrat ion.  [RC] and 
[FRC] represent the concentrat ion of formate-free and 
formate-bound PS !|  RC's respectively. The total 
amount  of RC, [RC] r, is composed of [RC] and [FRC]. 
Eqns. 1 and 2 imply that the concentrat ion of each 
form of RC (RC and FRC) can be directly de termined 
by the concenttai i tm of the Or3 bound complexes 
(QAQ, and FQAQu), K,, and [PQ]. In our schemc, wc 
have two branches of clectron flow in the Q,x-Fe-O2~ 
complex: (1) without formate bound (front of the 
scheme) and (2) with formate bound (back of thc 

scheme). Open  arrows indicate reduction of QA follow- 
ing the first or second actinic flash. Solid arrows repre- 
sent equilibria in dark reactions inw~lving electron flow, 
the binding of qu inonc  or formate and protonat ion.  K,, 
is the dissociation constant  for PQ at Ot~ site and is 
assumed to be independent  of formate binding. K r 
and K~: are dissociation constants  for formate at the 
PS 11 RC when Qt; is absent  and when Q ,  is bound,  
respect ively.  K~: = [FQAQI~]/[F][Q,,~Qw]; K v  = 
[FQ A]/[F][Q A]. The est imation of kinetic parameters  
for formate b inding  at PS II RC's  is based on the 
above scheme. 

The following assumptions were made in the deriva- 
tion of equat ions describing formate binding to PS II 
RC's: 

(1) k t and k v are defined as the on-rate  and  
off-rate b inding constant  of formate at PS i l  RC's; 
their ratio defines the dissociation constant  of formate 
binding, K v. k v is a second-order  constant,  whereas 
k v is a first-order constant.  We assume that the 
dissociation constant  of formate at PS ll  RC's  with 
vacant QB site and that with bound  On  site are equal,  
i.e., K v = K;:.  This means that,  unlike herbicides, the 
binding of formate does not compete  with PQ. The two 
types of center  are separate and formate does not 
exchange rapidly between them. For the same reason, 
K,, ,  the dissociation constant  of PQ or PQH z for QB 
binding site, is assumed to remain unchanged  in the 
formate binding process. 

(2) Compared to the rates of the reduction of QA, 
the electron transfer  from QA to QB or O ~ ,  the 
binding of QB at its b inding site and the protonat ion  of 
reduced QB, formate binding is assumed to be rela- 
tively slow. Therefore,  the concentra t ion  of [FRC] is 
de termined only by the formate-binding process, and  
other  reactions ment ioned  above can be assumed to be 
at their equil ibr ium poise. Fur thermore ,  the rate of 
formate binding is very slow even when compared with 
the dark interval (1 s) between two actinic flashes, so 
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1st Flash 2nd Flash H ° 

Fig. I. A working scheme showing the formate/formic acid (F) binding mechanism which affects the two electron gate in PS 11 reaction centers. 
Often arrows indicate photoreaction of QA following the first or second actinic flash. Solid arrows represent equilibria f o r  dark reactions 
involving ( 1 ) electron flow. t2) binding of quinone or formate/formic acid and (3) the protonation of reduced On. Ko is the diss,~ciation constant 
for plastt~uinone. KI and K t are dissociation constants for fi)rmatc at the QB binding site or at the Ol~ vacant site. The heavy cross implies the 

blockage of a protonation reaction. 



that the fraction of  fi)rmatc bound  centers  does not 
change dur ing  the period be tween the last actinic flash 
and the assaying flash scqnence.  

After  the first actinic flash, all the t 'S 11 RC's  ha~e 
transferred one  electron to form Qt~ in most centers.  
We suggest that the protonat ion of QB is prohibi ted in 
the fo rmate -bound  PS Ii RC's  (scc bold cross in Fig. 
1). Therefore ,  al though the second pho torcac t io ,  can 
take place in the formate bound  PS 11 RC's and  
FQ,~Q~ can form, further  reoxidation of QA will be 
hampered  af ter  the second flash since protonat ion  is 
needed  for fast plas toquinol  ( Q n H 2 )  formation.  This  
brings about  the large increase of the Chl a fluores- 
cence yield measured  at ! ms after  the second actinic 
flash. Wc shall use the f luorescence yield at i ms after 
the second flash to calculate the fraction of the for- 
mate -bound  PS !1 RC's. The  pro tonat ion  steps dur ing  
Q B H ,  formation have not  yet been fully deciphered.  
However, Wraight  [38] showcd that in bacterial  .reac- 
tion centers,  electron transfer from QA to QB(H ~ ) wa~ 
rapid compared  with the t ransfer  from Q/~ to Q~¢, and  
Crofts ct al. [39] in te rpre ted  their  results in chloro- 
plasts as showing a similar effect. From our  present  
results wc cannot  decide whether  the first or the sec- 
ond or both pro tona t ion  steps are hindered in 
fo rmate -bound  RC's.  

O n  the basis of the assumpt ions  above, we equate  
the fo rmate -bound  reaction centers  detected after the 
second flash with the fraction of  formate-bound rcac- 
tion centers  before the assaying flash sequence,  so that 
[ F R C ] = [ F Q ; , Q ~ ] .  Changes in thc conccnt ra t ion  of 
the fo rmate -bound  PS 11 RC's  are given by Eqn. 3 and 
moni tored by the Chl a f luorescence yield after the 
second actinic flash: 

dlFR(']/dt = k~.[Fl[R¢']- k vtFRCI 

= k ~.[FI([R(']= - [FRC]) - / ,  ~ [FRC] 

U n d e r  initial conditions,  its nt~rmalized solution is: 

(3t  

IFRC]/IR('I==k~[F](I-exp{-(k~IF]+I, e)t})/'(/,~lF]+/, ~) 

(4~ 

The  time course of formate b inding  m line with Eq. 
4 is ob ta ined  by plot t ing [ F R C ] / [ R C ]  r against time. 
[ F R C ] / [ R C ]  T will reach a constzmt level when the 
incubat ion t ime is long enough.  Its first derivative is: 

d([FRCI/lRCh)/dt=k~:[Flexp{-(/,~:[Fl+k ~:)t}} (5) 

The  initial on-ra te  b ind ing  constant  of formate, 
{d([FRC]/[RC]-r)/dt},:_ ., is equal  to kl.[F] when t 
approache~ 0 and is dcfii~cd ,,-, C. ( "  is dcp~z,d~:n, on 
the formate concent ra t ion  in the initial condi t ion and  
is directly measured  from the initial slope of the time 
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course. After ph)ttmg (" against formate conccntr: t t ion,  
k l  is thereby determined,  as defined.  

The  dissociation constant  of !ormatc, K~. was c~',lcu- 
[atcd b y  u..dng the l - rma tc  concentra t ion and the ratio 
between formate bound or unbound  RC's. This ratio 
was de te rmined  from the constant  love] reached during 
the t ime-course of l~rmate binding. The off-rate bind- 
ing constant ,  k ~., was obta ined from the ratio of k~ 
and Ki.. 

R e s u l t s  a n d  D i s c u s s i o n  

Flash monher dependence of  the !%" !i eh'ctron )low: 
basic" binding ptzq~erty o f  ]ormate 

Formate- induced  inhibi t ion of the oxidation of QA, 
at pH 6.5. is shown in Fig. 2. In comparison to the 
earl ier  exper iments  [12.13], in which formate t rea tmcnt  
lasted for hours, wc measured  Chl a fluorescence 
intensity after  direct injection of formate into spinach 
thylakoid suspensions fotlowcd by a 15 min dark adap- 
tation. A modera te  slowing of electron flow was lkmnd 
fl~llog'ing the first flash, but considerably greater  slow- 
ing occurred after the second and subsequent  flashes 
in formalc- t rea tcd  thylakoids at pH 6.5 (Fig. 2). Exper- 
iments at pH 6.0 and pH 7.0 conf i rmed this conclusion 
(cf. data in Refs. 12. 13). In all cases, addit ion of 20 
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Fig. 2. The eflect of f l~rmate/f i l rmic acid binding on the decay o f  
[O.~, ]. calculated from ( 'h i  a Ituorc~,cencc yield at p l !  f~.5. The 
number in each panel refers, to the fla~,h number o f  the actinic flat;h. 
The added formate concentration ",','a~, i(M) mM. The dark-adaptation 
lime wa~, 15 rain. In the reaction medium. (L4 M s,~rbitol. 5(I mM 
Nat._ I. 2 n=;,,~ ?.~"'! 3nd ~0 ~M quinhydrone ",~.ere included. Open 
circles, formale-treatcd: clo~¢,ed Cll,..i~.:'.. ,:t'Tt.~"l" open r,¢luarc', |=*~- 

mate-treated Io v, hich 20 mM bicarbonate v,a,, added. 
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mM bicarbonate  totally reversed the ab(wc-ment ioned 
inhibitory, effects t~ match the data in the controls 
(data at p i |  6.5 is shov,'n in Fig. 2). 

If the difference of O:x concentra t ion  between for- 
mate- t reated and control samples, [QA ](t ........ ,~.) - 
[Oa],.,,,,,,,t, was plotted (data not shown), a maximal 
increase was brand after the second and subsequent  
flashes. Thc largest incrcasc of [On]  was found at l ms 
aftcr the actinic flash. Therefore,  the change of 
[QA]0~ ...... ~c) -  [QA]( ......... I) at ! ms was chosen through- 
out our  study. The fact that two actinic flashes are 
necessary to produce the biggest inhibitory effect on 
the electron flow can be cxplaincd by assuming that 
formate binding limits the availability of protons for 
the formation of OtcH2. Since H + binding has a rela- 
tively weak effect on the kinetics and cqui l ibr ium of 
clectron transfer aftcr the first flash (Robinson.  H.H. 
and Crofts, A.R., unpubl ished data), this rcsutts in the 
greatest slowing of electron transfer after the second 
actinic flash, as indicated in Fig. I (scc top horizonta', 
line). 

In order  to control the effect on surface po ten t ia l  
resulting from addit ion of sodium formate,  100 mM of 
NaC[ was added to spinach thylakoid suspensions in- 
stead of sodium formate in exper iments  otherwise 
identical to those used in Fig. 2. No effect was ob- 
served on the decay of [Q~] after any of the six actinic 
flashes (data not shown). Therefore,  the effect ob- 
served on addit ion of sodium formate cannot  bc at- 
t r ibuted to changes in the surface potential  of thyla- 
koids. 

The determination o f  the rate constants for b#~ding and 
unbinding, and the dissociation constant o f  formate at 
the plastoquinone reductase site 

The time-course of formate b inding  to spinach thy- 
lakoids at pH 6.5, as measured at different formate 
concentra t ion,  is shown in Fig. 3. At pH 6.5, the initial 
rate of formate binding increased as the concent ra t ion  
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Fig 3, The concentration- and time-dependence oi  formate/formic 
acid binding at pH 6.5, as measured by IQA ] I ms after lhe second 
actinic flash. Different symbols indicate the different concentration 
of added formate {see key in the figure). The other experimental 

details were the same as in the legend of Fig. 2. 
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the  ',!,.,pc o f  [O..~ ] versus  mixing l ime,  fo r  f o r m a t e / f o r m i c  ac id  
b i n d i n g  on l o r m a t e  c o n c e n t r a t i o n  in sp inach  thy lako ids  a f t e r  the  
s e c o n d  ac t in ic  flash. D i f f e r en t  symbols  i nd i ca t e  the  m e d i u m  p | t  (see  
key in the f igu rek  T h e  o t h e r  e x p e r i m e n t a l  c o n d i t i o n s  we re  the  s a m e  
,ts in the  l egend  of Fig.  2. N u m b e r  o f  e x p e r i m e n t s  to  ob t a in  e r r o r  b a r  

was  4 tt~ 0,. 

of formate was raised. This result can be explained by 
the second-order  b ind ing  process indicated in Eqn. 4. 
Fur thcrmore ,  the higher plateau for [Q~,] at higher 
formate concen t ra t ion  is also in ag reemen t  with Eqn.  
4. Thus,  our  exper imenta l  results are consis tent  with 
the b ind ing  scheme in Fig. 1. 

In Fig. 4, the initial on-ra te  b ind ing  constant  of  
formate, C, calculated from the slope of [Q~]  as a 
funct ion of mixing time, and  at d i f ferent  pH values, 
was plotted against  formate concentra t ion .  The  shape 
of the curves can be described by the Michae l i s -Menten  
equat ion,  implying a sa tura t ion  effect. C increased 
with increasing formate  concen t ra t ion  at all pH values 
(5.5-7.~) examined (Fig. 4; Eqn.  5). The initial slope of  
C, reflecting the initial b inding  rate of formate when  
the formate concen t ra t ion  approaches  zero, was also 
dependen t  upon  the suspension pH. Its value was 
relatively larger at lower than at the higher pH levels. 
Since the second-order  on-rate  cons tant  for formate 
binding,  k v, is ob ta ined  from the initial slopes in Fig. 
4, the pH dependence  of the initial slope of C also 
demonst ra tes  the pH dependence  of k F, the on-rate  
b inding cons tant  of formate.  

The dissociation constant ,  K v, was obta ined  unde r  
constant  b ind ing  condit ions,  k_ F, the first-order rate 
constant  for the release of formate  from its b ind ing  
site, was derived from the ratio be tween  k F and  K F in 
each case. The dissociation cons tant  for formate was 
calculated to be 94 mM at pH 6.5. The rate constants  
for b ind ing  and  unbinding ,  and the dissociation con- 
stant  of formate are listed in Table  I. The  on-ra te  
b inding  constan!  of formate,  k F, was highly pH depen- 
dent (top panel  of Fig. 5): it is 18, 14, 5.6, 1.7 and  
0 .50-10  -2 s - t  M - t  at pH 5.5, 5.7, 6.0, 6.5, and  7.0, 
respectively (Table  1): k r decreased with decreasing 



T A B L E  I 

The on-rate (k t. ), the o.~/-rate binding constant (k f ). arid ttte di.s~oct- 
athJtr cottstant (K~ ) o f  the hmdit~g weci~'~ (con~'idered to he f o rma te  
here~ #r .spinach thvhtkoids 

n = n u m b e r  o f  cxpcr imcl l lS :  + i n d | c a l e s  s l a n d i l r d  e r r o r .  

p i t  /"I- k -F  K~. n 
( l ( I  = s t M =) (10 : s  7) ( r a M )  

5.5 18 -/-6 [I.21 + 0.04 1 2 +  4 ¢~ 
5.7 14 -+5 0.18-+ 0.05 13-+ 5 4 
6.0 5.6 -+3.(I 0 .17 -+0 .03  30-+ I~,~ 4 
6.5 1.7 +_0.93 0 . 1 6 _ 0 . 0 3  94-+ 51 4 
7.0 0 .50+-0 .25  0 .13-+0.01 2 6 0 +  130 4 

pro ton  concen t ra t ion .  However .  the off- ra te  constant .  
k F, is i n d e p e n d e n t  of  pH. K F a lso  shows a p H  d e p e n -  
dence .  I t  changes  from 12 to 260 mM in the p H  range  
of  5.5 to 7.5. 

The binding species: formate  or ]ormic acid? 
It has  been  taci t ly assumed  thus  far that  fo rma te  is 

the b ind ing  species  that p r o d u c e s  b ica rbona te - revers i -  
ble inhibi t ion  of  e lec t ron  flow be tween  QA and the PQ 
pool.  However ,  the  pH d e p e n d e n c e  o f  the  on- ra t e  
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Fig. 5. Top :  T h e  p H  d e p e n d e n c e  o f  the  o n - r a t e  (k  r } a n d  the  o f f - r a t e  
(k  v)  b i n d i n g  c o n s t a n t s  a f t e r  the  s e c o n d  ac t in ic  f lash w h e n  f o r m a t e  
is c o n s i d e r e d  to  b~ the  b i n d i n g  species .  Bo t t om:  T h e  p H  d e p e n d e n c e  
o f  the  o n - r a t e  ( k  r )  a n d  the  o f f - r a t e  (k  F ) b i n d i n g  c o n s t a n t  a f t e r  t hc  
s e c o n d  ac t in ic  f lash w h e n  formic  acid is c o n s i d e r e d  to  be  the  b ind ing  
species .  N u m b e r  o f  e x p e r i m e n t s  to o b t a i n  e r r o r  b a r  was  4 to 6. O p e n  

circles:  kF ;  e p e n  s q u a r e s :  k F- 
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cons tant  ( top  panel  of Fig. 5) and  of the initial binding 
rate (Fig. 4) of  formate  leads to a new insight into the 
b inding  species  problem.  In the medium,  formate  equi- 
l ibrates  with formic acid. The  p K  of formate  is 3.75. In 
the 5.5 to 7.5 pH range,  used in this study, the change 
of  ~\~rmic ac id  concen t ra t ion  with the pH change is far 
g rea te r  than that of  formate.  At  pH 6, 99.4% of the 
total amoun t  of  the  two cqui l ibr ium species  is formatc,  
changing only to 99.94% at pH 7.(I. It is obvious that  
the change  in formate  concen t ra t ion  is negligible whcll 
the m e d i u m  pH changes  from 5.5 to 7.5. In contrast ,  
the change  in formic acid concen t ra t ion  is highly de-  
p e n d e n t  on the med ium pH in the p l l  range  of this 
study. Resul t s  (Fig.  4 and  the top panel  of  Fig. 5) 
indicat ing the  high p H  d e p e n d e n c e  of the  initial on- ra te  
b inding  constant ,  C, and the second o r d e r  rate  con- 
stant,  kv ,  imply tha t  formic acid, ra ther  than formate ,  
may be the b ind ing  species  in PS II. 

Since fl~rmic acid,  not  formate ,  a ppe a r s  to be the 
b inding  species,  all  the da t a  in Table  1 were recalcu- 
lated using the concen t ra t ion  o f  formic acid. Using the 
p K  value o f  formate  (3.75) and the med ium pH, the 
rat io  be tween  concen t ra t ions  of  formate  and  formic 
acid was der ived.  At  p H  5.5, 6.0, 6.5 and 7.0, the 
concen t ra t ion  of  fo rmate  is 56-, 178, 563- and  1778- 
t imes the concen t ra t ion  of  formic acid,  respectively.  
The  actual  concen t ra t ion  of  formic acid was ca lcula ted  
and r ep l aced  with that  of  formate  in previous  [F] in all 
calculat ions.  New results  l isted in Tab le  11 are  based  
upon the a s sumpt ion  that  formic acid is the b inding 
species.  A r e ma rka b l e  resul t  is obsem, ed  (bo t tom panel  
of  Fig. 5, also sec Table  II): the on- ra t e  constant ,  k~ 
(a round  10 s-~ M - ~ )  becomes  p H - i n d e p e n d e n t  in the 
pH range  5.5 to 7.5. The  off- ra te  cons tan t  of  formate ,  
k F, however,  still remains  pH independen t  as before.  
The  dissociat ion constant ,  K F, that  was larger  than 10 
mM when fo rmate  was thought  to be  the  binding 
species,  becomes  200 /zM and relat ively i n d e p e n d e n t  
of  pH.  It is satisfying that  the concen t ra t ion  of  formic 
acid r equ i red  to inhibit  QA-to-QB react ion is in the 
micromofar  range,  not in the 10 mi l l imolar  range as 
would be the  case if formate  were the inhibi tory species.  

T A B L E  II 

?'ire on-rate ~k ~ t. ttte of f-rate binding constant  (k _ t-), and  the dissoci- 
ation constant  (K~)  o f  the binding species (considered to be fo rmic  
acid here) in spinach thylakoids 

n = n u m b e r  o f  expe r imen t s :  -+ indicate, ;  s : a n d a r d  er ror .  

p H  k F k _ F K F n 
(s - t  M - l )  (10 -2  s - t )  (p .M)  

5.5 tO _+3 0 .2 t_+0 .04  210_+ 60 6 
5.7 12 + 4  0.17_+0.05 140_+ 50 4 
6.0 l 0  +_6 0 .17-+0.03  1 7 0 +  lfKI 4 
6.5 9 .6-+5 0.16.-+0.03 t70-+ 90 4 
7.0 8 .9 -+4  0 . 1 3 ± 0 . 0 1  150_+ 70 4 
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By tak ing  a d v a n t a g e  o f  the  p H  d e p e n d e n c e  o f  the  
e q u i l i b r i u m  ra t io  o f  f o r m a t e  to fo rmic  acid  to e f fce-  
tNely  hold  one  spec ies  cons tan t  whi le  vary ing  the  o the r ,  
we f u r t h e r  p r o b e d  the  chemica l  n a t u r e  of  the  act ive  
spec ies  o f  the  inhibi tor .  M e a s u r e m e n t s  o f  the  init ial  
on - r a t e  b ind ing  cons tan t .  ( ' .  o v e r  a p t t  r ange  f rom 5.5 
to 7.5 ind ica ted  that  the initial b ind ing  rate  is p r o p o r -  
t iona l  to the c o n c e n t r a t i o n  o f  fo rmic  acid,  but i n d e p e n -  
d e n t  o f  f o r m a t e  c o n c e n t r a t i o n  at cons t an t  fo rmic  acid  
c o n c e n t r a t i o n  (Figs.  6 and 7). T h e s e  resu l t s  d e m o n -  
s t ra te  that  fo rmic  acid is the  act ive spec ies  involved  in 
the  inhibi tory  process .  

In o r d e r  to test  fu r the r  the n a t u r e  o f  the  inh ib i to r  
b ind ing  site, we a t t e m p t e d  to m a t c h  o u r  kw. da t a  wi th  
theore t i ca l  ac id-base  t i t ra t ion  cu rves  using T h e  H c n -  
d e r s o n - H a s s e l b a l c h  e q u a t i o n .  If a fit were  to bc ob-  
ta ined ,  we cou ld  expla in  it by s imply s u p p o s i n g  the  
ex is tence  of  a b ind ing  si te in the  R C  p ro t e in  c o n t a i n i n g  
a r e s idue  that  u n d e r g o e s  p r o t o n a t i o n .  In the  an ion ic  
form,  this r e s idue  wou ld  i m p e d e  the  b ind ing ,  bu t  in the  
neu t ra l  fo rm tt w o u l d  faci l i ta te  its b ind ing .  T h e  f i t t ing 
cou ld  ind ica te  that  f o r m a t e  is t he  m o r e  logical  b ind ing  
spec ies  b e c a u s e  of  its nega t ive  cha rge .  H o w e v e r ,  ou r  
k v d a t a  did not  fit any of  the  t h e o r e t i c a l  cu rves  wi th  
o K  va lues  of  5, 5.5, 6, 6.5 o r  7 (da ta  not  shown) .  Thus ,  
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we take  this i n f o r m a t i o n  as o p p o s i n g  f o r m a t e  as t he  
b ind ing  species .  

It has b e e n  s u g g e s t e d  tha t  b i c a r b o n a t e  and f o r m a t e  
bind to  Fez  ' ,  to D 1 - R 2 6 9  (Ref .  5; see  also Ref .  40) and  
to D2  a rg in ine  [41]. If  this is t h e  case ,  f i)rmic ac id  
w o u l d  have  to d i f fuse  a c e r t a i n  d i s t ance  ( 1 0 - 5 0  ,~ f r o m  
s t roma)  b e f o r e  r e a c h i n g  the  b i n d i n g  site. It  is t h e r e f o r e  
n c c e s s a ~  to c o n s i d e r  the  i n f l u e n c e  o f  d i f fus ion  w h e n  
ana lyz ing  the  b ind ing  k ine t ics .  Firs t ,  the  d e p e n d e n c e  o f  
the init ial  b i n d i n g  ra te  cons t an t ,  C,  on f o r m a t e  c o n c e n -  
t r a t ion  (Fig.  4), d o e s  no t  show a l i nea r  c h a r a c t e r i s t i c  at 
low c o n c e n t r a t i o n ,  as is e x p e c t e d  for d i f fus ion ,  but  
s a tu ra t ion .  Th is  is best  s e e n  f rom the  set  o f  s t ra igh t  
l ines  o b t a i n e d  a f t e r  the  da ta  in Fig. 4 w e r e  r e p l o t t e d  as 
a d o u b l e - r e c i p r o c a l  ( L i n e w e a v e r - B u r k )  plot  (Fig.  8). 
Th is  impl ies  tha t  the  e f fec t  o f  f o r m a t e / f o r m i c  ac id  
fol lows s a tu r a t i on  c h a r a c t e r i s t i c  o f  b ind ing  at a spec i f ic  

40 / / i '  pHTOo6 
i o 6.o 

oi~ o~ o ~o ~o ~o do ,;o,ao 
[Formate] -1 , 10 3 M 1 [Formic Acid] -I, 10 3 M -1 

Fig. 8. A double-reciprocal (Linev.,eaver-Burk) plot  fo r  the in i t ia l  
binding constant, C, ~hcn formate Cleft pa,lel) or formic acid (right 
panel) i~ considered to be the binding species. The data was calcu- 
lated from lhal ill Fig. 4. Different symbols represen! different pit 

wdues (see key in the right panel). 



site on the protein.  Second.  the t ime-scale  (minutes) of 
the f o r m a t e / f o r m i c  acid binding is much slower than 
the dif fusion-l imited rate constant  calculated from typ- 
ical diffusion coeff ic ients  for small  organic molecules  
in water  [42]. Therefore ,  we conclude that the binding 
dominates  the t ime-course  of  formic acid inhibition, 
and the effect  o f  diffusion can be ignored in the 
analysis. 

W h e n  formate  was cons idered  1o be the binding 
species ,  a pH d e p e n d e n c e  was found for the double-re-  
ciprocal l ines in the left panel o f  Fig. 8. Intercepts  on 
the ( concentrat ion] - (  l ine indicated that the Michael is  
constant,  K,n, related to dissociation constant,  is pH- 
dependent .  K m is 16, 19, 56 and 100 mM when pH is 
5.5, 6, 6.5 and 7, respectively.  The double-reciprocal  
line b e c a m e  pH independent  when formic acid was 
taken as the binding species  (right panel  of  Fig. 8). K,,  
is 91 ,aM in this case.  The  K. ,  values fit K F values in 
Tables  ! and !I within error, as expected  from the 
above conclusion that formic acid is the binding species.  
The intercepts  on the I / C  axis indicated a maximal 
initial binding rate of  about ! . 5 - 1 0 - 3  s t lor both 
formate and formic acid. 

In conclusion,  this study shows  that formic acid. but 
not formate,  is the binding species  that inhibits e lec -  
tron transfer at the Qu site in PS !1. This  finding 
al lows new insight into the binding niche o f  C O 2 / b i -  
carbonate; w e  need not cons ider  only posit ively charged 
amino  acids as binding components .  This paper also 
provides  a working  s c h e m e  for formic acid binding at 
the e lectron acceptor  side of  PS 11 RC. Furthermore.  
results presented  here strongly support the protonati:m 
hypothesis  for the bicarbonate effect.  Future experi-  
ments  will help us to understand the relationship be- 
tween the binding species  and the protonation steps  
leading to Q u H ,  formation,  and to refine the schemc 
for the action of  bicarbonate-reversible  inhibitors. 
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