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EPR was u~d to study the binding of NH~ to the photosynthetic O.,-evolsing center. NH3-trcated, Ca:'-dcplctcd Photosystcm 
il (PS II) membranes exposed to continuous light at 250 K showed a 10 roT-wide asymmetric EPR signal, centered around g = 2. 
When dark-adapted material was illuminated with a sequence of laser flashes the same signal appeared after the second flash. 
indicating that thc g = 2 signal arises from a modified S~ state. The signal is different from the 15-16.5 roT-wide EPR gi,,nal at 
g = 2 ascribed to the S~ statc in Ca-" +-depleted material in thc absence of NH ~, indicating tha: N H 3 perturbs tbc structure of the 
O.,-cvolving complex in the S~ state. Illumination of native NHctrcatcd PS II membranes with continuous light results in the 
appearance of an EPR signal at g = 2 with a width similar to that in Ca" ÷-depicted, NH3-treated membranes. The conditions for 
the formation of the signal and its properties suggest that it also arises from a [,erturbcd S~ state with NH~ in close association 
with the mangancsc. 

Introduction 

Repeated withdrawal of single electrons from the 
ox3,gen-evolving complex in Photosystem II (PS II) re- 
suits in the advancement from one of the five (S0-S 4) 
intermediate states of the complex to the next in a 
cyclic sequence with oxygen evolved from water on the 
$4-S0 transition. The diffcrent S states represent suc- 
cessively higher oxidation states of the complex where 
the accumulated charges are stored on or in the vicin- 
ity of the four manganese ions in PS II. in fact. evi- 
dence has accumulated indicating that oxidation of 
manganese occurs on the S()-S~ and S~-S z transitions, 
whereas the oxidation state of the metal ions remain 
unchanged going from S, to S.~ (reviewed in Ref. 1). 
The latter transition has instead been suggcsted to lead 
to the oxidation of an organic entity, possibly one 
directly ligated to the manganese [21 (see also Refs. 1 
and 3 for reviews). The Sz state is reasonably well 
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characterized spectroscopically mainly owing to its as- 
sociation with two EPR signals, one. the multiline 
signal, centered around g = 2, and another broad sig- 
nal known from the g value of its absorption peak as 
the g = 4.1 signal. It is now generally recognized that 
each of the signals a r i~s  from 2 to 4 magnetically 
coupled manganese ions (reviewed in ReL 4) [5]. Re- 
cently, a 13-16.5 roT-wide signal from a modified S~ 
state (S~) was detected after inhibitor}' treatments of 
PS il, involving ci)hcr removal of functional Ca z + 16-8] 
or replacement of bound C I  with F -  [9]. The signal 
was suggested to arise from a radical, formed on oxida- 
tion of a histidine residue [6-10], in magnetic interac- 
tion with the manganese cluster of the ox)'gen-evolving 
center. Histidine as a redox-active ligand in ~'ater 
oxidation was, in fact. considered already several years 
ago [11]. 

Ammonia inhibits oxygen evolution by binding to 
two different sites on the PS 11 donor side. One of 
these is also a binding site for chloride [12]. The two 
EPR signals from the S 2 state are perturbed by ammo- 
nia binding [13,14] and for at least one of these, the 
multiline signal, this results from the ligation of NH~ 
directly to the manganese [15], 

Binding of ammonia to both sites has been reported 
to occur mainly in the S 2 state where it is strong and 
rapid [13,16,17] but weak binding to the S~ state has 
also been suggested from the effects on the EPR 
signals [13,14,17.18]. 
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When ammonia is bound to the oxygen-evolving 
complex the ad~ancemcnt of the S-slalc cycle is inhib- 
Red. An increase m luminescence was obse~'ed alter 
the third flash wilh dark-adapled, ammonia-treated 
chloroplasts, indicating that the Sa-S . transition was 
blocked, causing the S 4 state to decay to S~ with the 
emission of light [t9]. Two ammonia molecules bound 
in thc S 3 statc were rcquircd for inhibition [16]. in a 
recent study of the effects of ammonia on S-state 
turnover, S-state cycling was observed despite the pres- 
ence of ammonia [21l]. ] 'his was explaincd as being due 
to sluggish binding of the second (inhibiting) ammonia 
molecule to the S~ state. 

Hcrc wc have used EPR to study the effect of 
ammonia binding on the formation of intermediates 
occurring in the photosynthetic water-splitting reaction 
and their spectroscopic properties. 

Materials and Methods 

PS I! membranes were prepared from spinach as 
described earlier [21] and suspended in 2() mM Mes- 
NaOH (pH 6.3)/15 mM NaCI/5 mM MgCI2/40(} mM 
sucrt)sc. The membranes wcrc frozen as small beads in 
liquid nitrogen and stored at 77 K until used. 

For ammonia treatment, PS II membranes were 
washed with 20 mM Hcpes-NaOH (pH 7.5)/15 mM 
NaC1/5 mM MgCI2/400 mM sucrose and transferred 
to EPR tubes. After I h in darkness at 0°C, 2 mM 
phenyl-p-benzoquin()ne was added to the samples which 
were further incubated in the dark with 100 mM NH~CI 
for 1 min and frozen for later illumination with contin- 
uous light. Samples to bc illuminated with light flashes 
~erc  incubated in darkness with NH~CI for I rain 
immediately before being subjected to the illumination. 

Depiction of Ca 2~ bound to the oxygen-cvoh, ing 
complex was performed esscnti- qy as described in Rcf. 
22: the PS 11 membranes were incubated for 30 rain in 
room light at 4°C at 0.5 mg ehlorophyll /ml in 25mM 
Mcs-NaOH (pH 6.5)/1.2 M NaCI/0.3 M sucrose/50 
# M  EGTA. Alter  ccntrifugation, the pellet wa,, washed 
twice with 25 mM Mes-NaOH (pH 6.5)/30 mM 
NaCI/50 p M  EGTA followed by one v, ash and final 
resuspension in the same buffer but with It) mM EG'IA. 
For experiments at pH 7.5, the washing was done with 
a buffer containing 20 mM Hepcs. 

Illumination of the EPR samples (about 10 mg 
chlorophyll /ml)  with continuous light (2000 W/m' - )  
was done in a nitrogcn gas-flow system which allowed 
the temperature of the gas to be ~ t  at any temperature 
between I(X) and 3(X) K. The temperature within a 
PS ll sample during illumination was checked in ,~pa- 
rate experiments with a thcrmocouple in the sample. 

Flash illumination of EPR samples was done as 
follows: aftcr dark adaptation and addition of NH~CI 
the samples, at a chlorophyll concentration of 2.2 

mg/ml ,  were illuminated at 250 (frozen samples), 273 
or 293 K hy flashes from a frequenc3,-doubled, Q- 
switched Nd : YAG laser [23]. The illuminated samples 
were frozen immediately or after a delay in darkness in 
an ethanol-solid CO, slush and then cooled to 77 K in 
liquid nitrogen. 

EPR measurements were performed with a Bruker 
ER 2II0D-SRC instrument equipped with an Oxford 
Instruments ESR-9 helium-flow cryostat. 

Results 

N t t  ~ modification o J" Ca 2 , .depleted material 
The 13-16.5 roT-wide signal at g = 2 observed after 

Ca: ~ depletion has been suggested to arise from the S:~ 
state modified by the absence of the cofaetor. Using 
this EPR signal as a probe, the binding properties of 
the S~ state towards NH3 were studied, ht the absence 
of NH3 the 14.4 roT-wide S' state EPR signal at pH 
7.5 (Fig. IB) is similar to that at pH 6.5. We have, 
however, noticed that the signal at both pH values 
appears to have a more complex shape than observed 
earlier (see for example Retk. 7 and 10) as indicated by 
the presence of a shoulder at fields slightly above the 
negative peak in the signal at about 0.345 T. Ca2+-de - 
pleled PS II membranes treated with NH4CI at pH 7.5 
and illuminated at 250-270 K with continuou3 light 
showed an asymmetric and more narrow EPR signal 
compared to the signal obtained in the absence of NH~ 
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Fig I Effect of N}14CI on li;e tight-induced EPR spectrum of 
Ca: ~-depleted PS II raembrane~. (A) Treated with 100 mM NH =el 
at pH 7.5. Dashed line. dark adapted: .~lid line. 4 rain illumination 
at 270 K. (B) Spectra obtained as in A but without NH4CI. Condi- 
tiom, |or EPR spectra: microwave frequency. 9.36 GHz; raicrow~,v¢ 

pov.cr. 20 m'~,': m(v,.tulati,m araplilude 2 roT: teral~crature I 1 K. 
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Fig. 2. Relaxation o f  the light-induced EPR signal in ('a 2 '-depicted 
PS II membranes. (A) ~t. membranes lreated with I(~) mM NH ~C[ 
and illuminated at 251) K: O-d, after relaxation at 273 K for I, 3 and 
15 rain. respectively. (B) Membranes illuminated as in A but without 
NH4('I; b-d, after dark-relaxation hlr 0.5, I and 3 min .  r¢~,pectivcly, 

Conditions for EPR spectra as in Fig. 1. 

(Fig. I). The  width o f  the new signal in NH~-trealcd 
membranes  was est imated to be l0  mT or a littIc less 
from the i l luminated minus dark difference spectra 
al though the absence of  r e ~ l v e d  peaks in spectrum 
and the overlap of the strong, dark-stable,  2 mT-widc 
signal from Tyr-D + (Signal I!~), also centered  at this g 
value, makes this value somewhat  unccrtain. The dif- 
terence in shape between the  signals obta ined in thc 
a b ~ n c c  and presence  of  NH3 is also evident in Fig. 2. 
The  NH3-modified signal decayed with a half-time of  1 
rain at 273 K and was replaced by the spect rum of the 
dark-adapted  starting material (Fig. 2A). A l ~  the S~ 
state  E P R  signal, induced at this pH (7.5) in the 
absence o f  ammonia,  was conver ted  to the dark spec- 
t rum but with a ~ ,mewhat  shor ter  half-time, a l e u t  30 
s, on warming at 273 K (Fig. 2B). This represents  a 
significant difference to what  was observed at pH 6.5 
where  the decay o f  the S~ state in the a b ~ n c e  of  
ammonia  resulted in the conversion to the dark-stable 
S ,  state, character ized by a multiline EPR signal tnot  
shown), in accordance with observations made earlier  
[6.71. 

Power saturation studies of  Ca-" -dep le ted  PS II 
membranes  t reated with ammonia  revealed a Pj ,2 of  2 
mW at I I K, c l o ~  to the value obtained earlier for the 
modif ied S 3 state in the absence of  ammonia  [6.9]. 
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Fig. 3. Fla,.h-induced EPR ",pectra from ('a:'-depleted. Ntl+(]- 
treated PS II membranes. Spectra obtained after ~me (A) and t~.*o 
(B) light flashes gi~.cn to dark-adapted PS II membrane', at 293 K. 
For comparison the EPR spectrum obtained ;~fter continuom, illumi 
nation at 270 K is ~.hov, n (('). The: '~eclra are presented as dillerence 

illuminated minw, dark-adapted ' "eruditions fi~r EPR a~, in [rig. I. 

Illumination at 200 K of dark-adapted Ca2*-de - 
pleted, N H c t r e a t c d  PS II membranes  at pH 7.5 did 
not result in the formation of significant amounts  of  a 
multiline-type EPR signal usually associated with the 
S,  state. A multiline signal could be observed in the 
al~sence of  NH3, although it was weaker than at pH 6.5 
(not sho~ n). 

To identify the S-state responsible for the g = 2 
EPR signal in Ca2--depleted,  NH, - t rea led  PS 11 mem- 
branes, dark-adapted material was exposed to a se- 
quence ~ff saturating laser flashes. Hardly any change 
compared to the dark spectrum was seen on the first 
flash (Fig. 3A), apart from an increase in the ampli tude 
of Signa! il at g = 2, but after a second flash a broad 
g = 2 signal appeared  (Fig, 3B) which was indistin- 
guishable from that seen after continuous illumination 
(Fig. 3C). Similar results w, cre obtained,  irrespcctive of 
whe ther  the samples wcr¢ frozen (250 K) ~r liquid (293 
K) when illuminated. 

Ntt~-trean,d Ca 2 --.il~fficien! PS  II membrane~ 
llluminath~n at 250 K of  PS !1 membranes  t reated 

with i(k) mM NH~CI resulted in the formation of  a 
modified multiline signal with the .~ame propertie,,  as 
after illumination at tempera tures  around 200 K (Fig. 
4). i.e.. ~ i th  a width of about 2f~l mT and multiple lines 
spaced abo,Jt 6 - 7  mT apart  [13]. in addition, an EPR 
signal, centered  around g = 2 not previously reported 
appeared,  which is seen as a broadening at the base of  
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Signal It,, similar to the effect observed with NH~- 
treated PS h membranes depleted of bound Ca ~* (Fig. 
1A). Illumination of oxygen-evolving PS 11 membranes 
in the absence of NH~CI under otherwise similar con- 
ditions resulted in the formation of a normal unmodi- 
fied multiline EPR signal and an increase in the ampli- 
tude of Signal II, with no indications of the broad 
signal around g = 2 (not shown). The width of the new 
g = 2 signal is similar to that in Ca~'~-depletcd PS El 
membranes or about 10 mY but the shape is more 
symmetric lacking the pronounced tail on the high-field 
side seen after removal of Ca:* (see Figs. IA and 4B). 
The spectrum does not show any resolved peaks (but 
see below) and a lowered modulation amplitude of ().5 
mT did not result in a significant improvement in 
resolution of the spectral region around g = 2. 

At an illumination temperature of 24(I K the 10 
roT-wide g = 2 signal decreased in amplitude to less 
than half of that at 251) K, whereas the NH3-modified 
multiline signal ascribed to the S. state doubled in 
intensity (not shown). When the illumination tempera- 
ture was raised to 260 K the reverse was observed: a 
slight increase of the broad g = 2 signal accompanied 
by a decrease-in the NH3-modificd multilinc signal. 

To investigate the stability of the new EPR signal a 
sample prepared by 251) K illumination was kept in the 
dark at 273 K liar 25 min. This resulted in the complete 
disappearance of the broad g = 2 signal while the 
amplitude of the NH3-modified multiline signal de- 
creased only slightly (Fig. 5). Even if the new species 
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Fig, 4. Light-induced changc~, in the EPR ~r, cct~um of Ca:'-suffi- 
cient PS I! membranes treated v, ith NI|~CI at pit 7.5. (A) dashed 
line, dark-adapted membranes: ~flid line. after illuminatmn at 250 K 
for 4 rain. (B) Difference spectrum, illuminated minus dark-adapted. 

Conditions for EPR as in Fig. 1. 
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Fig. 5. Effect of warming on the tight-induced EPR spectrum in 
Nlt4CI-treated PS II membranes. (A) Solid fine, illuminated as in 
Fig. 4: dashed line, after relaxation in the dark at 273 K for 25 rain. 
(B) Difference ~pectrum, illuminated minus relaxed (gain twice that 

in A). Conditions for EPR as in Fig. I. 

decayed via the S z state this behavior may be expected 
because of the comparably low amount of the new 
species (judged from the signal amplitude) and the 
limited stability of the S, state. (The half-life of the 
NH~-modified S 2 state under similar conditions was 
measured to about 25 rain in a separate experiment.) 
The change in amplitude of the narrow Tyr-D + EPR 
signal at g = 2 is insignificant during the decay of the 
wide g = 2 component. Therefore, the difference spec- 
trum obtained from the decay reaction (Fig. 5B) is 
better resolved than that recorded after illumination 
(Fig. 4B) where the signal is partially masked by the 
large ivxrease in Signal I1~. The peak-to-peak distance 
of the signal in Fig. 5B is slightly less than l0 roT. 

The power saturation of the new signal was meas- 
ured at a field position on the high-field side of g = 2 
where interference from the Tyr-D ÷ signal was negligi- 
ble and gave a value for PI/2 at II K of 1 mW, similar 
to the value earlier reported for the modified S 3 state 
(see above). 

If the new i0 mT-wide signal in NH ~-treated, native 
PS il membranes corresponds to a modified S 3 state 
one would expect it to appear after illumination with 
two light flashes. However, no such signal was obterved 
after the second flash at 293 K or on the following 
flashes (7 flashes in total), only a NH3-modified mvlti- 
line signal in agreement with earlier observations [20]. 
As the warming experiment described above indicated 
that the state responsible for the signal was unstable, 
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the flash illumination was repeated at 273 and 250 K in 
attempts to trap the signal. These experiments also 
gave negative results. 

To investigate the possibility that a low rate of 
formation, e.g., due to slow binding of NH:~. was re- 
sponsible for the failure to form the 10 roT-wide signal 
after the second flash, two laser flashes were given at 
273 K to NH3-treatcd PS II membranes to generate 
the S 3 state, followed by a dark interval between 2 and 
40 s before freezing to allow for the formation of the 
signal. The 10 mT wide signal was also not observed 
with this method. 

Discussion 

The approximately 15 roT-wide EPR signal at g = 2 
seen after depletion of Ca TM has been suggested to 
arise from a modified S~ state (S;) accumulated as a 
consequence of the inhibition of  oxygen evolution [6,7]. 
It is interesting to find that in the presence of ammo- 
nia, which interferes specifically with the oxygen-evolv- 
ing process, Ca2+-depleted PS I! membranes show a 
similar but not identical signal, the main difference 
being a considerably decreased width. Although ammo- 
nia has been suggested to bind to several of the possi- 
ble intermediates, i.e., the S states, in the oxygen-evolv 
ing process, the S z state has been the only intermedi- 
ate in which ammonia binding has been observed di- 
rectly by spectroscopic techniques so far [5,13,14-17]. 
Therefore, the modification by ammonia of the EPR 
signal induced after depletion of Ca-" ÷ may represent 
the first direct spectroscopic evidence of ammonia 
binding to an S state other than S:. The similarity of 
this signal with that observed after Ca:* depletion 
suggests that it also arises from an S' 3 state, although 
ammonia-modified. These observations are in line with 
earlier studies where binding of ammonia to S 3 was 
inferred indirectly from lumineseence and EPR meas- 
urements [16,20]. Another piece of evidence which a l ~  
suggests that the broad g = 2 signal originates from an 
S~ state is the formation of the signal on the second 
flash given to dark-adapted, Ca" *-depleted and ammo- 
nia-treated PS II membranes, assuming that dark- 
adapted material resides preferentially in the S~ state. 
The modification of the S~ signal by NH 3 is also a 
strong indication that the inhibitor binds near or di- 
rectly to the manganese cluster in the S~ state although 
one cannot exclude that a change in conformation from 
a remotely bound NH 3 molecule could weaken the 
interaction between the radical and manganese with a 
decrease in splitting and signal width as a result. 

Our results may indicate that high pH renders the 
S 2 state in Ca~'--depleted PS II membranes tempera- 
ture labile. Ca ̀ '+ depletion by itself has been shown to 
make the S 2 state unusually dark stable so that relax- 
ation of the S[ state leads to an accumulation of the S, 

state with a mulliline EPR signal modified by the 
absence of Ca 2. [6,7,24]. At pH 75 no multiline signal 
appeared on the decay of the broad g = 2 signal re- 
gardless of whether ammonia was present or not; only 
the Kind of rc[ativcly featureless spectrum which usu- 
ally characterizes a dark-adapted PS I1 sample in the 
S~ state resulted (Fig. 21. if the S, state is more labile 
than the S~ state in these samples no accumulation of 
the former state would be expected to occur. 

it is also possiSle that the S, state in these samples 
has been modified in a way to make its EPR signal 
difficult to detect. This may be one reason for the 
absence of a strong EPR signal alter the first flash 
(Fig. 3), also when the illumination was given at 250 K. 
Again, if the S, state is labile at this temperature and 
above, rapid decay of the S~ state may prevent the 
trapping of significant amounts. Sometimes a weak 
multiline EPR signal was detected after the first flash 
in the ammonia-treated samples (Fig. 3AI. However, 
because of its low amplitude it was not possible to 
decide whether this came from an S 2 state modified by 
ammonia or if it represented a small population of 
centers in the unmodified, Ca-"-deplcted S: state, 

The absence of an S., EPR signal after illumination 
at 200 K of the CaZ'-depleted, NH~-treated PS I1 
membranes may be interpreted as showing that this 
state is extremely labile under these conditions, even at 
this low temperature. A more likely explanation is that 
the S, state does not even form under these conditions 
since it has been observed that Ca:"  depletion may 
result in an inhibition of the S~ to S, transition at low 
temperatures [22,241. 

Since NH 3 is an inhibitor of oxygen evolution one or 
more reactions in the catalytic process should occur 
with a lower rate than normally or not at all, leading to 
the accumulation of an intermediate before the inhib- 
ited step. The observation of a new EPR signal after 
illumination of Ca:*-sufficient PS I! membranes in the 
presence of NH~ may indicate the presence of such an 
intermediate. In addition, it is possible that the binding 
of NH 3 has perturbed the structure of the ox3'gen- 
evolving complex so that the interntediate is more 
easily observable by EPR in analog' with the modified 
$3 state lbrmed after inhibition of oxygen evolution by 
depletion of Ca-" [0-8] c,r replacement of CI v~,ith F- 
I91. 

It is not possible at this stage to gi~c a de[initc 
assignment of the intermediate responsible for the 10 
mT EPR signal at g = 2  in NH~-tteatcd PS !1 mem- 
branes in the presence of Ca: ~. The observations that 
the signal forms preferentially above 240 K, where 
aceeptor side limitations to electron transfer due to the 
temperature are relaxed [25], and at the expense of the 
S: multiline signal, argue for an S state later in the 
catalytic cycle. One possible candidate is a modified S 3 
state in analogy with the earlier described S~ states. 
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with I.:.PR signals ascribed m a histidinc radical [~-HI] 
in magnetic interaction ~ith the manganese  ccntc, .  
Se~cral line,, of  evidence ~(~tlltl support ~ucll an as'qgn- 
merit. In atl these cases, the trcatmer~t~ ~hich result in 
inhibition ~d t~x~ge, c~olution a~re bclie'.cd to intcrlere 
x~ita the oxidation of the S: s t a t e  I+urlherrnore. in 
addition to similaritic~ v, ith the other  ,S', stales ~ith 
regard to the illumination and temperature  require- 
ments for the lbrmatitm of  the 10 ml -vdde  EPR signal. 
lhc NH ~-dependenI signal silo~Ys a limited stability and 
decays at c lc ;a tcd temperalurcs.  Although mole  n3r- 
ro~ r than other  S~ signals observed so tar .  the signal 
h~,s a width considcrabl)  larger than that of a typical 
radical. The tliffcrcncc in ~.idlh ct~nlpared to the car- 
lier observed S'~ signals ma~ bc easily explained by a 
change in the magnetic coupling be t~cen  the radical 
and lilt" mangane,,c cluster induced by NH ~ binding in 
analog} ,.~,ah the el'feel ,m the signal ~,~idlh of  the 
extrinsic 16 and 23 kl)a proteins [22]. Power satur:~tion 
sit,dies also sho~ ;l more cll icJcnt relaxation than what 
is likely t(~ he the ca~c |or  an isolated radical and more 
typical of a magnetically interacting paramagnct ic  cen- 
ter. The similarit} ~i~h the signal observed in N i t , -  
treated. Ca-"-dcple lcd  PS 11 membranes  might bc 
taken to shm~ that it actually arises from a population 
ol centers inadvcrlcnlly depicted of ( ' a : ' .  However. 
l'lc abscnte  ol the r[~nal in tilt_" flash experiment (scc 
below) argues against thi .  possibility and instead sug- 
gcsls that the signals arise from distinct but ch~sely 
related intermediates.  The small dissimilarities be- 
tween the two most likely rcllcct the difflercnce in the 
availability of Ca: ". 

The absence of the 10 ml ' -~ idc  signal in Ntt~- 
lrcatcd. ( 'a : ' - s t , f f ic icnt  i 'S il membra, ncs after two 

flashes stony, to argue for an ~rigin olher than a 

modiIicd S~ Male. IIowcver, the signal ~as not de- 

Icclcd an.v~hclc else in the llash sequence but only  

a f te r  con t inuous  illumim_~tion. Th i~  behav io r  b, ex- 

pected lor an in;u'li,.e into,mediate  which ix tormed 
slo,*ly and in com0~tit~,.,n wiln a rapidly formed normal 
intermediate.  In PS II membranes  the formation of  the 
inhibited state (S,-NH ~l in the presence of NH~ was 
reported to occur with a half-time of 3{1 s at room 
temperature [20]. probably because of  slow binding of 
an N i l  ¢ molecule. At a flash ircqucnt3 of  I Itz there ix 
little time tk~r NIt~ to bind and S-slate cycling can 
proceed almost m~impedcd f o r  a fc~ cxclcs [20f When 
the interval between the second flash and the freezing 
event is pm hm ge d  to give more  time h~r N H ,  to bind. 
fl~rm~,lion of significant amounts  of the of  the modified 
S~ state is counteracted by its limited stability. This is a 
likely explanation why the Ill m'l '-wide EPR signal ~'as 
not observed in the flash experiments.  In continuous 
tight, on the o ther  hand. e~cn if the a~cragc transit 
time for the S sla~es ix short, the repeated passage 
through the susceptible S~ state should eventually lead 

to photoaccumulat ion of the inactive form of  S ~ through 
N H ,  binding follov,.ed by the formation of  the EPR 
signal. The actual amount  observed should depend  on 
factors such ~ls the balance between the light intcnsi:y 
1201 :uld the stability of the Ni t  ~-m~dificd S,  !,tate at 
catch particular tempera ture .  

In conclusion, these exper iments  provide spectro- 
scopic evidence that binding of NH~ to the oxygcn- 
cvoldng complex leads to the formation of  a struc- 
turall) per turbed and inactive S.~ state.  The spectral 
changes  induced by NH~ suggests that the inhibitor 
bind,, near  or directly to the manganese  cluster in this 
M;.IIc of  Ihc oxygen- volving center.  
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