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Hui Yu, Constantino P. Aznar, Xianzhong Xu, and R. David Britt*
Department of Chemistry, Usrsity of California, Dais, California 95616-0935
Receied March 29, 2005; Résed Manuscript Receéed July 1, 2005

ABSTRACT. The effect of adding azide to photosystem Il (PS II) membrane samples (BBY preparation),
with or without chloride, has been investigated using continuous wave (CW) and pulsed EPR spectroscopy.
In the BBY samples with 25 mM chloride, we observed that the inhibition induced by azide is partly
recovered by the addition of bicarbonate. Electron sjgicho envelope modulation (ESEEM) was used

to search for spin transitions 8N nuclei magnetically coupled to the State Mn cluster (multiline EPR

signal form) in1®N (single terminal label) azide-treated samples with negative results. HowevEN an
ESEEM peak was observed in parallel chloride-depleted PS Il samples whéNthabeled azide is
added. However, this peak is absent in chloride-depleted samples incubated in buffer containing both
chloride and P°N]azide. Thus these results demonstrate an azide binding site in the immediate vicinity of
the Mn cluster, and since this site appears to be competitive with chloride, these results provide further
evidence that chloride is bound proximal to the Mn cluster as well. Discussion on the possible interplay
between azide, chloride, and bicarbonate is provided.

Photosystem Il (PS It)is a multisubunit chlorophytt It has been observed that bicarbonate can relieve to some
protein complex that uses light energy to oxidize water and extent the PS Il inhibition induced by monovalent anions
form molecular oxygen, with a concomitant reduction of such as F, HCO,", NO,7, NO;-, and Ac (21-23).
plastoquinone to plastoquindl,(2). The catalytic center for  However, N~ is an exception. Stemler et al. hypothesized
the oxidation of two water molecules to one dioxygen that the azide anion binds to PS Il at a site other than the
molecule is composed of a spin-coupled tetramanganeseHCO;~ binding site 21). Recently, it has been suggested
cluster along with C& and CI cofactors 8—8). A nearby that azide inhibits oxygen evolution as a chloride competitor
redox-active tyrosine (¥) serves as an electron transfer and that it prevents the OEC from undergoing the normal
intermediate between the photooxidized P68l and the progression to the ;Sstate 4, 25).

Mn cluster, and it has been proposed to also couple proton In this work, we employ continuous wave (CW) and
transfer to this electron transfey, (10). pulsed EPR to further investigate the effect of azide at various

The removal of calcium or chloride through dialysis of concentrations on PS Il-enriched membrane preparations
PS Il samples against €afree or CI-free buffers inhibits (BBY) (27), both in the presence and in the absence of
the advancement of the S-state cycle beyopdaBhough chloride. We discuss the possibility that azide disrupts the
one more donor side electron can be removed by trappingnormal proton-relay network and delays the release of
Yz in its oxidized neutral radical form ) (4, 11-19). protons from the water-splitting reaction.

Inhibition of oxygen evolution has also been observed when
PS Il is treated with nitric oxide or some weak anions such MATERIALS AND METHODS
as azide, acetate, and nitrite, although the inhibition mech- \aterials NaNs (99% 15N single terminal labeled,

anism is still poorly understoodL§, 20—25). A previous 15N14N14N-) was used as received from Cambridge Isotope

ESEEM study showed that acetate binds to or near the Mn gporatories. All other chemicals were used as received from
cluster and displaces water, which may directly relate to Figher Scientific or Sigma.

an analogous fashion. developed by Berthold et al27, 28), with some modifica-

tions provided by Campbell et al29). All steps were
TWe gratefully acknowledge the National Institute of Health (Grant performed under dim green light or darkness in a cold room.

GM 48242) for supporting this work. Isolated BBY samples were resuspended in SMNCE buffer
* To whom correspondence should be addressed. Phone: (530) 752- . . ’
6377. Fax: (530) 752-8995. E-mail: rdbritt@ucdavis.edu. which contains 400 mM sucrose, 20 mM MESaOH (pH

1 Abbreviations: BBY, PS lIl-enriched thylakoid membrane; chl, 6.0), 15 mM NaCl, 5 mM MgGl, 5 mM CaC}, and 1 mM
chlorophyll; CW, continuous wave; ENDOR, electron nuclear double EDTA, and were then stored in liquid nitrogen until use.

resonance; EPR, electron paramagnetic resonance; ESE, electron spin ; ; DS s
echo; ESEEM, electron spirecho envelope modulation; EXAFS, Protein analysis by S rea-PAGE used a gel containing

extended X-ray absorption fine structure: OEC, oxygen evolution 6.0 M urea as described pre_ViOUSBOX- The pc_)lyacrylamide
complex; PS II, photosystem II. concentrations of the stacking and separation gels were 4%
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and 15%, respectively. The gels were stained with Coomassie
Brilliant blue R-250. Chl concentration and Céb ratios

were determined by Arnon’s methodi). el b
Treatment with Azide of BBY Samples in the Presence of 4 kB3 w
Chloride. BBY samples treated with Na\(natural abun- —— s = 33kDa
dance or**N single terminal labeled) in the presence of 25 - -
mM chloride were prepared as described in 2&f BBY D1 D2 B S e 23 kDa

samples were washed twice with a buffer containing 400 e
mM sucrose, 15 mM NaCl, 5 mM Mggland 20 mM e
MES—NaOH (pH 6.0) and then suspended to 0.5 mg of Chl

mL~! with the same buffer and varied concentrations of

NaNs. After incubation on ice for 30 min, BBY samples were

centrifuged at 300apfor 30 min, and the resultant pellets —
were loaded into EPR tubes. For the experiments on 1 2 3
bicarbonate effects on the BBY samples treated by azide,FiGURE 1: Electrophoretic pattern of isolated PS Il-enriched
BBY samples treated by azide were reincubated in the samgneémbranes (BBY) in a 15% acrylamide gel containéiM urea.

. . S - Numbers below the lane indicate (1) BBY control, (2) BBY
buffer (25 mM chloride) with additional NaHCG{or 30 min membranes depleted of Cby dialysis for 16 h against Cifree

in a cold room (4°C). After incubation on ice in the dark 20 mM MES-NaOH, pH 6.3, and 1.4 M glycerol buffer, and (3)
for about 30 min, all BBY samples were centrifuged at the 17, 23, and 33 kDa extrinsic proteins (obtained from the

3000@ for 30 min. The final pellets were loaded into supernatant of a urea-treated BBY sample).
precision 3.8 mm o.d. quartz EPR tubes at final chlorophyll )
concentrations of 1220 mg of Chl mL-*and stored in liquid = Performed for the electron spB= ¥/ and nuclear spih=
nitrogen until use. 1/, using the analytical solution derived b_y M|m_370. For
Treatment with Azide of BBY Samples in the Absence ofthe S = > and | = 1 case, ESEEM simulations were
Chloride BBY samples were depleted with chloride and perfor.med using the matrix diagonalization procedure as
treated with azide (natural abundancé®f terminal labeled) ~ described previously3g).
as follows @5, 32): BBY samples were dialyzed in the dark RESULTS
at cold room temperature (&) for 16—-18 h against Ci-
free 20 mM MES-NaOH buffer, pH 6.3, with glycerol, Polypeptide Composition of BBY Samples and-Cl
146.7 g ! (1.4 M). These BBY samples will be referred Depleted BBY Sample3he polypeptide composition of
to as Cr-depleted BBY samples in the following. After extracted BBY samples as analyzed by Shea-PAGE
centrifugation, the pellets prepared from the dialyzed BBY is shown in Figure 1. The gel pattern of the control sample
samples were resuspended and diluted to about 0.3 mg oflane 1) shows several major polypeptides, including D1,
Chl mL™t in a CI-free buffer (400 mM sucrose, 20 mM D2, CP47, CP43, three extrinsic proteins, etc. After dialysis
Mes—NaOH, pH 6.3) with NaN of desired concentrations of a BBY sample against a Glfree medium containing
(natural abundance 8fN terminal labeled). To investigate  glycerol, no change in polypeptide composition (lane 2) was
if azide is a competitor of chloride, a set of dialyzed BBY observed compared to the control. Lane 3 shows the gel
samples were treated with both Na{datural abundance or  patterns of the 17, 23, and 33 kDa extrinsic protei3g).(
15N labeled) and 10 mM NaCl. Dark incubation, centrifuge  Inhibition Induced by Varied Concentrations of Azide for
pelleting, and EPR tube loading were performed as describedBBY Samples in the Presence of 25 mM Chloride. (A) CW-
above. EPR Spectroscopyit was previously reported that azide
Sample llluminationAll samples were advanced to the irreversibly inhibits oxygen evolution3@). Haddy et al.
S, state by illumination in a non-silvered dewar for 5 min at reported that NapNat millimolar concentration suppresses
195 K (dry ice/methanol). lllumination was performed with the S state signals of BBY samples in the presence of 25
a focused Radiac light source. Samples were frozen im- mM chloride @5). In the experiment reported here, treatment
mediately in liquid nitrogen withi 2 s ofillumination. of PS Il samples in the presence of 25 mM @lith varied
EPR Spectroscop{CW-EPR spectra were recorded at a azide concentrations (from 8 to 100 mM) suppressed both
temperature ©7 K with a Bruker ECS 106 X-band CW- the g = 2 multiline signal and they = 4.1 signal (Figure
EPR spectrometer equipped with an Oxford ESR 900 liquid 2A). The S state multiline EPR signal arises from a ground
helium cryostat and an ITC 530 temperature controller. spin S = 1/, state of the antiferromagnetically exchange-
Electron spir-echo (ESE) field sweeps and ESE envelope coupled Mn cluster, while thg = 4.1 signal arises from a
modulation (ESEEM) spectra were collected at 4.2 K using higher spin state 40, 41). The suppressed EPR signal

17 kDa

an X-band laboratory-built pulsed EPR spectrome83).( intensities induced by azide in these experiments suggest that
Two-pulse ESEEM experiments were performed by incre- azide could inhibit the donor side reaction of PS Il through
menting the timer in the spin-echo sequencex/2—t— a weak binding to some sites in or near the OEC. In addition,

m—t—echo. Time-domain ESEEM spectra were collected for Figure 2 also shows that tlye= 2 multiline signal appeared
both dark and illuminated samples. The “dark” spectra were to be more sensitive to azide than the 4.1 signal (Figure
subtracted from the “light” spectra to produce the “light 2B). It was reported that binding of formate stimulates the
minus dark” time-domain modulation patterns. A cosine EPR signal ag = 1.82 that arises from the light-induced
Fourier backfill was used to reconstruct the dead time data Qs Fe*" state of the PS Il electron acceptor side,(44;
needed to generate the final displayed cosine Fourier transforYu, Britt, et al., unpublished results). As the concentration
spectra 84—37). Two-pulse ESEEM simulations were of azide was increased, however, the effect of azide on this
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Ficure 3: (A) CW-EPR spectra of (a) control (BBY), (b) 40 mM
NaNs-treated BBY sample, and (c) BBY sample treated previously
with 40 mM NaN; with 10 mM bicarbonate subsequently added.
20 All PS Il samples were prepared in the presence of 25 mM ClI
Experimental parameters are as given in Figure 2. (B) Graphical
0 summary of these EPR spectra. Bars: white, control; dots, 40 mM
azide-treated BBY samples; right slashes, BBY samples treated
0 20 40 60 80 100 previously with 40 mM azide with 10 mM bicarbonate subsequently

Azide Concentration [mM] A -
) added. The bar heights report averages of two to three independent
FiGUrRe 2: (A) CW-EPR spectra of BBY samples treated with gpectral data sets.

varied concentrations of NaN (a) 0 mM; (b) 8 mM; (c) 40 mM;

(d) 100 mM. PS Il samples were prepared in the presence of 25 = 2 multiline signal and 20% for thg = 4.1 signal) induced
mM CI~. Experimental parameters: microwave frequercg.68 by 40 mM NaN (natural abundance!“N]azide) in the
GHz; microwave power 5 mW; modulation amplitude= 9.74 presence of 25 mM Cl could be partly reversed by the

G; modulation frequency= 50 kHz; temperature= 7 K. The - - S
averaged peak to peak heights of the features marked with asterisk@ddition of 10 mM bicarbonate. The sample containing

were used to report the signal intensity of the= 2 signal. (B) bicarbonate showeg = 4.1 andg = 2 signal intensities of
Azide concentration dependence of the intensities of thet&e about 88% and 89%, respectively, vs controls [panels A
CW-EPR signals: @) g = 2 signal; @) g = 4.1 signal. (c) and B of Figure 3].
acceptor side EPR signal seemed insignificant, quite different (B) Pulsed EPR Spectroscogyigures 4-6 show pulsed
from the effect of formate, suggesting the absence of an EPR results for BBY samples containing 25 mM (Figure
analogous acceptor side binding site for azide. 4 shows the field-swept ESE spectra of the dark-adapted
It was observed that bicarbonate could relieve to some samples (labeled as dark) and illuminated samples (labeled
extent the inhibitory effect induced by monovalent anions as light), as well as the difference spectra isolating the S
such as formate on PS IR{—23). As mentioned in the  state signal (labeled as light minus dark). Figure 4A shows
introduction, however, Stemler et al. observed that the the spectra of the control BBY sample. Panels B and C of
inhibitory effect of azide on PS Il cannot be relieved by Figure 4 display those of the Naftreated BBY samples,
HCOs;™. Only at high concentration (higher than 20 mM), natural abundance (B) aA@N terminal labeled (C). The line
or in the light, will N5~ effectively compete with HC® shapes of the three different spectra are essentially the same
(21). Haddy et al. also reported that azide inhibition is not (Figure 4). Figure 5 shows the various time-domain two-
relieved by bicarbonate2d), though removing azide by pulse ESEEM spectra measured at a static field of 3430 G
washing azide-treated PS Il samples with azide-free buffer (see Figure 4). Again, data were recorded before (dotted
partly recovers the amplitude of the State EPR signals lines) and after illumination (dashed lines). The difference
(24). In the experiments reported here, we observed that the(solid lines) spectra show the modulation of the light-induced
inhibition of S, state EPR signal intensity (by 31% forthe  multiline EPR signal resulting from magnetic nuclei coupled

% Control
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spectrum of a Cl-depleted PS Il sample, with significantly
lower signal amplitude than the control sample (Figure 7a).
We observed that the addition of 10 mM chloride to the-Cl
depleted PS Il sample (on ice in darkness with 30 min
incubation) almost fully rescued tlge= 2 multiline signal
but provided less recovery of tlye= 4.1 signal (Figure 7c),
consistent with a previous reporBZ). Treating a Ci-

| depleted BBY sample with 8 mM azide partly recovered both
;" "‘-..J_igm minus dark g =2 andg = 4.1 S EPR signals (Figure 7d). However,
e TSt cunret e incubation of a Ct-depleted PS Il sample with both 10 mM
. = . I | Cl- and 8 mM azide resulted in a depressgd 4.1 signal
1000 2000 3000 4000 5000G compared to thg = 2 multiline signal (Figure 7e), showing

G that at these relative concentrations the added chloride

B manifests a stronger influence on the OEC spin state than
does azide.

(B) Pulsed EPR SpectroscosSE field-swept spectra of
Cl~-depleted and azide-repleted BBY samples (not shown)
are analogous to those shown in Figure 4. Figure 8 shows
the FT of the time-domain ESEEM (not shown) for selected
repleted samples. Figure 8, trace a, compares the ESEEM
, | of the Cl-depleted'>N terminally labeled azide-repleted

;o "-.\ sample to that of a control. A strong new peak is observed
v “light minus dark at about 1.9 MHz (which is 0.4 MHz higher than the 1.5
s i —— MHz 3N Larmor frequency). This feature was reproduced
1000 2000 3000 4000 5000G in three independent preparations, with a frequency of 1.82
G =+ 0.08 MHz. No such peak was observed usitidr-labeled
light azide when repleted along with chloride (Figure 8c). As
C previously noted, the ESEEM obtained usitity-labeled
“ azide in a non-chloride-depleted sample is identical to that
/ dark of a control sample (Figure 6). Contrasting the spectrum of
: the N terminally labeled azide sample with that using
natural abundance azide (Figure 8b) shows that the 1.9 MHz
ESEEM feature arises from the terminal aZit¢ label. The
spectra of Figure 8, traces b and c, lacking a 1.9 MHz peak,
were also reproduced in three preparations. The clear
. conclusion arising from these ESEEM experiments is that
i R e azide binds in close proximity to the Mn cluster in the S
1000 2000 3000 4000 5000 state in the absence of chloride. Given that the illumination
Magnetic Field (G) to advance from the;So the $ state was done at the low
FiGUrRe4: ESE field-swept spectra of BBY PS Il samples prepared 195 K temperature, it is likely that azide is also bound at
in the presence of 25 mM ClI Panels: (A) control; (B) with 8  the S state as well.
mM natural abundance NaNC) with 8 MM N terminally labeled The upshift of the 1.9 MH#*N peak compared to the 1.5

NaNs. Panels A-C show the ESE field-swept EPR spectra of 15 P . .
samples prior to illumination (dark traces), after illumination (light MHz N Larmor frequency indicates a nonzero isotropic

traces), and the difference spectra (traces light minus dark). cOUpling to the labeled azide terminus. Figure 9 shows two-
Experimental parameters: microwave frequereyd.339 GHz; pulse ESEEM FFT simulations for both tHeN and 4N
microwave power= 20 W; repetition rate= 200 Hz;z = 210 ns; (natural abundance) samples. To match the relaxation-
ﬁ]/g ﬁq”a'ls‘r?] cl,(t?iggftir;j 1&323;5?5;? ?tu#\i Aé-éE*El\ﬁ‘go‘g’;r'gds'f%ﬁn . induced phase memory decay of the experimental data, each
Figure g P simulated time-domain spectrum was multiplied by an
exponential damping function (damping tin¥e 0.9 us)
to the Mn cluster. Figure 6 shows the Fourier transform before the Fourier transformation. The 1.9 MM peak
(frequency-domain) spectra of the normalized difference frequency was well reproduced in a simulation using an
ESEEM traces (Figure 5, solid lines). The 14.6 MHz peak isotropic!®N hyperfine coupling of 0.70 MHz (along with a
is from coupled protons, and the broad peak centered at 4.80.3 MHz dipolar coupling). One would expect a matching
MHz arises from a histidinefN]nitrogen @5). The control lower frequency transition~1.1 MHz) for thel = %, 15N
sample and the two different azide nitrogen isotope samplesnucleus (see vertical lines in Figure 9), and this was indeed
showed the same ESEEM spectra within our typical experi- observed in the undamped simulation (not shown), but this
mental reproducibility. Therefore, these experiments provided lower frequency peak, corresponding to a longer period time-
no positive indication of azide binding close to the Mn cluster domain oscillation, was largely suppressed when the damping
in the presence of 25 mM ClI function was applied to simulate the phase memory decay
Inhibition Induced by Varied Concentrations of Azide for of the experimental spectrum. In addition, the two-pulse
BBY Samples in the Absence of Chloride. (A) CW-EPR ESEEM simulation shows the expected out-of-phase transi-
Spectroscopy Figure 7b shows the ,Sstate CW-EPR  tion at the “sum” frequency of 3.0 MHz. This negative peak
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FiGurE 6: Fourier transform spectra of the light minus dark two-
pulse ESEEM time-domain spectra of Figure 5: control, solid trace;
8 mM natural abundance NaNlashed trace; 8 mM¥N terminally
labeled Nal, dotted trace.
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FIGURe 5: Two-pulse time-domain ESEEM spectra of BBY PS I Magnetic Field (G)

samples prepared in the presence of 25 mM. ®anels: (A)
control; (B) with 8 mM natural abundance NgNC) with 8 mM Ficure 7: CW-EPR spectra of Cldepleted BBY samples repleted

15\ terminally labeled Nahl Shown are the ESEEM patterns of with various anions: (a) control (BBY); (b) Cldepleted; (c) 10
the samples prior to illumination (dotted traces), after illumination MM NaCl; (d) 8 mM NaN; (e) 8 mM NaN plus 10 mM NaCl.

(dashed traces), and the light minus dark difference spectra (solidPS Il samples were prepared in the absence of Experimental
traces). Experimental parameters: microwave frequen&339 parameters are as given in Figure 2.

GHz; B = 3430 G; startingr = 180 ns;7 increment= 10 ns; 14 ;

microwave power= 20 W; repetition rate= 200 Hz; 7/2 pulse .N pe"?‘ks 47). Peaks were observed in the. undamped

length= 11 ns;x pulse length= 23 ns; temperature- 4.2 K. simulation (not shown), but after the exponential damping
function was applied, the simulated frequency-domain spec-

seems to be observed in the experimental spectrum (compar&um was quite featureless, matching the experimental
the [5N]- and [“N]azide spectra, for example), but its ©Observation.

assignment is not completely clear as this frequency overlaps

with the lower frequency edge of the broad histidine peak. DISCUSSION
Our simulations also reproduced the lack of obserifdd Azide was found to be an inhibitor of oxygen evolution
modulation in the natural abundance azide spectrum. Theof PS Il in previous studies20—25, 39). However, the
14N simulation used the same hyperfine tensor as fottke inhibitory mechanism of azide on oxygen evolution of PS
case, scaled by the respective magnetogyric ratios, butll remains unclear. In the presence of 25 mM chloride, we
included a nonzero nuclear quadrupolar interaction (ngi) for show that azide can suppress boilsate CW-EPR signals,
thel = 1 N nucleus. A¥N eeqQ value of 2.0 MHzi(= and theg = 2 multiline signal appears to be more sensitive
0) was chosen on the basis of an azide solution NMR studyto azide than they = 4.1 signal (Figure 2). These results
(44, 45). For the modest isotropic coupling employed here suggest that azide might inhibit water oxidation on the donor
(lower than the “exact cancellation” matching condition that side of PS Il. We do not find a significant azide effect on
gives favorable!®N modulation) 46), the effect of the  the light-induced @ Fe** signal atg = 1.82 under our
nonzero ngi is to broaden and decrease the amplitude of theexperimental condition, which could be taken as additional
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Ficure 8: Fourier transforms of the light minus dark two-pulse
ESEEM time-domain spectra obtained from @epleted BBY
samples repleted with various anions (dotted traces) and compare
with BBY controls (solid traces): (a) 8 mMN-terminally labeled
azide; (b) 8 mM natural abundance azide; (c) 8 A¥M-terminally
labeled azide plus 10 mM NaCl. Experimental parameters: micro-
wave frequency= 9.315 GHz;B = 3418 G; starting = 180 ns;

T increment= 10 ns; microwave power 20 W; repetition rate=

200 Hz; /2 pulse length= 11 ns;x pulse length= 23 ns;
temperature= 4.2 K.
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FiGurRe 9: Two-pulse ESEEM frequency-domain data and simula-
tions of C-depleted BBY repleted witi{N]azide and }*N]azide.
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bicarbonate in the water splitting chemistry remains unclear.
For example, we cannot assert that bicarbonate binding
occurs at the ESEEM-detectable azide site reported here. In
particular, in parallel work witd3C-labeled bicarbonate, we
failed to observe an ESEEM signal from the= 1/, °C,
suggesting that this site may be remote from the Mn cluster
(Yu, Britt, et al., unpublished results). Very recently, it was
suggested that chloride participates in establishing a proton
relay network by interacting with charged amino acid
residues rather than being an integral constituent of the OEC
(32). In this model, releasing chloride from PS Il disrupts
the normal proton-relay network and retards the release of
protons from the water-splitting reaction. It seems possible
that azide displaces bicarbonate from its functional site and
delays the advancement from ® S in the presence of
chloride. After the removal of Clfrom the OEC by dialysis,
azide may occupy the chloride binding side and bind to the
Mn cluster in the OEC. Chloride may act to protect the OEC

dagainst inhibition by azide.

It is well-known that, acting as a Lewis base, azide readily
binds to transition metals such as mangané&. (n this
work we observed a weak hyperfine coupling between the
S, state Mn cluster and the spiir= %/, >N of 15N terminally
labeled azide, which places this labeled nitrogen within about
a 0.5 nm radius of the Mn cluster. The observed azide
binding site appears to be competitive with chloride, as the
5N peak was unobservable when the labeled azide was added
to an intact BBY preparation in the presence of chloride, or
in a chloride-depleted sample where azide and chloride were
simultaneously added in the repletion buffer. This is an
interesting result, in that it reinforces our earlier ESEEM
study with acetate in showing that the chloride binding site
is very close to the Mn clusterl§). Because of the large
quadrupolar interactions, it is difficult to directly observe
ENDOR/ESEEM transitions for the twb = 3/, chloride
nuclei ¢Cl and®'Cl). However, we do observe transitions
from 2H-labeled acetate antiN-labeled azide. Numerous
studies have shown that Clis necessary for oxygen
evolution @8—51), but the exact role of chloride in the water
oxidation reaction still remains largely unresolved. A new
structural model of the OEC does not resolve any iBhs
associated with the OEGE). However, our new experiments
suggest that azide replaces chloride in a binding site near
the Mn cluster, indicating that in the intact OEC chloride is
indeed bound close to the manganese cluster, consistent with
previous reports and suggestiot8,(14, 27, 48—54). Further

The experimental traces are those of the dotted curves in Figure 8,details of the azide binding motif will require more ESEEM

traces a and b. The pertinent parameters used ifkhsimulation

are isotropic coupling constanf{,) = 0.70 MHz and dipolar
coupling constantAgp) = 0.30 MHz. For the“N simulation,Ais,

= 0.50, Agip = 0.21 MHz, nuclear quadrupolar coupling constant
eeqQ= 2.0 MHz, and asymmetry parametgr= 0. The simulated
time-domain ESEEM spectrum (not shown) is multiplied by an
exponential damping function prior to Fourier transformation. The
dotted vertical line marks theN Larmor frequency, and the solid
vertical lines indicate the positions of split peaks centered on the
15N Larmor frequency.

and ENDOR studies using a wider range'8N]azide labels.
However, the significant isotropic coupling (0.7 MHz)
between the Mn cluster and the terminal azide nitrogen
demonstrates an intimate interaction between this anion and
the catalytic metal cluster, with direct ligation a very strong
possibility.
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evidence to support a previous suggestion that azide does

not significantly interfere with electron transfer between P680
and this acceptor side quinon25{.

We note that the Mn Sstate EPR signal suppression
induced by azide on PS Il is partly recovered by the addition
of bicarbonate (Figure 3). The role, if any, played by
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