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Azide as a Probe of Proton Transfer Reactions in Photosynthetic
Oxygen Evolution
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ABSTRACT In oxygenic photosynthesis, photosystem Il (PSll) is the multisubunit membrane protein responsible for the
oxidation of water to O, and the reduction of plastoquinone to plastoquinol. One electron charge separation in the PSII reaction
center is coupled to sequential oxidation reactions at the oxygen-evolving complex (OEC), which is composed of four
manganese ions and one calcium ion. The sequentially oxidized forms of the OEC are referred to as the S, states. S; is the
dark-adapted state of the OEC. Flash-induced oxygen production oscillates with period four and occurs during the Sz to Sg
transition. Chloride plays an important, but poorly understood role in photosynthetic water oxidation. Chloride removal is known
to block manganese oxidation during the S, to Sj transition. In this work, we have used azide as a probe of proton transfer
reactions in PSIl. PSIl was sulfate-treated to deplete chloride and then treated with azide. Steady state oxygen evolution
measurements demonstrate that azide inhibits oxygen evolution in a chloride-dependent manner and that azide is a mixed or
noncompetitive inhibitor. This result is consistent with two azide binding sites, one at which azide competes with chloride and
one at which azide and chloride do not compete. At pH 7.5, the K; for the competing site was estimated as 1 mM, and the K;’ for
the uncompetitive site was estimated as 8 mM. Vibrational spectroscopy was then used to monitor perturbations in the
frequency and amplitude of the azide antisymmetric stretching band. These changes were induced by laser-induced charge
separation in the PSII reaction center. The results suggest that azide is involved in proton transfer reactions, which occur before

manganese oxidation, on the donor side of chloride-depleted PSII.

INTRODUCTION

Photosystem II (PSII) is a chlorophyll-containing protein
complex found in the thylakoid membrane of cyanobacteria,
algae, and higher plants. PSII catalyzes the light-induced ox-
idation of water and reduction of plastoquinone (reviewed by
Nelson and Yocum (1) and Yocum (2)). The water-splitting
reactions provide molecular oxygen, which is necessary for
the maintenance of aerobic life on earth. Chlorophyll (chl) is
the primary donor during the light-induced electron transfer
reactions, which lead to the production of a transmembrane
charge-separated state. Two plastoquinone acceptors, Q4 and
Qg, are sequentially reduced on the stromal side of the PSII
reaction center. On the PSII lumenal side, a chl cation radical,
Pdgo, oxidizes tyrosine 161 (Yz) of the D1 polypeptide to
produce a tyrosyl radical (Y7). Y2 then oxidizes the oxygen-
evolving complex (OEC), which is composed of four man-
ganese ions and one calcium ion. X-ray diffraction has been
used to determine the structure of PSII at 3.8-3.0 A 3-7).
However, x-ray induced damage to the OEC complicates in-
terpretation of the manganese ligand environment in the cur-
rent structures (5,8,9).

Four sequential light-induced charge separations are re-
quired to produce one oxygen molecule from two water
molecules. These sequential reactions are stored as oxidation
reactions at the OEC. Accordingly, the Mn,Ca™? cluster
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cycles among five oxidation states in the production of mo-
lecular oxygen (10). The oxidation states are labeled Sy—S,
where the subscript describes the number of oxidizing
equivalents stored. The rate of OEC oxidation slows as
charge is accumulated, and there is a period four pattern of
oxygen release (11,12). Oxygen release occurs during the S3
to Sy transition, in which the transient S, state is formed.
Information about the S, state has been obtained by x-ray
absorption spectroscopy (12), electron paramagnetic reso-
nance (EPR) spectroscopy (13), and transient infrared spec-
troscopy (14). UV spectroscopy has been used to probe the
identity of S state intermediates accumulated at high oxygen
pressure (15).

Chloride is required to achieve the maximum rate of PSII
oxygen evolution activity (16—19). Although chloride is
known to bind near the OEC (20,21), chloride has not yet
been located in the PSII x-ray structures and is not an iden-
tified component in the Mn,Ca™? cluster (3-7). Previously,
chloride has been proposed to bind to amino acid side chains
(22-24) or directly to metal ions (16).

Chloride depletion alters the functional properties of the
OEC. Chloride depletion changes the S, state EPR signals
(25,26), and S-state transition-associated Fourier transform
infrared (FT-IR) spectra (24,27). Chloride removal also in-
hibits manganese oxidation (28—34). Previously, chloride has
been proposed to have a role in structural maintenance of the
OEC (35), as a manganese ligand (16), as a facilitator of
proton transfer (19), as an adjustor of the OEC midpoint
potential (36), and/or as an activator of substrate (37).

doi: 10.1529/biophysj.108.136879
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In PSII, azide has been shown to be a reversible inhibitor
(38). Evidence has been presented for azide interactions with
both the PSII donor-side chloride site and the PSII acceptor-
side. Evidence for a donor-side azide binding site near the
OEC includes perturbation of the S,-state EPR (26) and
electron spin-echo envelope modulation (ESEEM) (39) sig-
nals. In addition, azide-induced inhibition of semiquinone
anion (Q,) oxidation is partially reversed by bicarbonate
(40). This result suggests a second, low affinity azide binding
site on the PSII acceptor side.

It has been proposed that proton transfer precedes man-
ganese oxidation on some of the S state transitions (12,14).
To gain more insight into proton transfer reactions occurring
in the OEC, we have used azide as a vibrational spectroscopic
probe. The antisymmetric stretching vibration of azide is
sensitive to changes in protonation and hydrogen bonding,
because these interactions stabilize the triple-bonded, valence
bond structures (41). In our experiments, PSII was chloride-
depleted by treatment with sulfate (24,32) and was then
treated with azide. Reaction-induced, rapid scan FT-IR
spectroscopy and flash excitation were then used to step PSII
through the accessible S state transitions, and the effect of
light-induced electron transfer on the azide vibrational
spectrum was assessed. Previous FT-IR studies (for previous
examples, see (42—46)) have shown that long-lived confor-
mational changes occurring during the S state cycle can be
monitored, even on the slow (seconds) timescale of rapid
scan FT-IR spectroscopy (47). Our work provides evidence
that azide inhibition is due to changes in proton transfer re-
actions on the PSII donor side.

MATERIALS AND METHODS

PSII membranes were isolated from market spinach as previously described
(48). Activity was measured with a Clark-type electrode and either re-
crystallized 2,6-dichlorobenzoquinone (DCBQ) or recrystallized para-
phenylbenzoquinone (PPBQ) as an electron acceptor (49). Chloride-depleted
samples were prepared by sulfate treatment as previously described (24,32).
Immediately before the experiment, PSII membranes were exchanged into
pH 7.5 buffer (400 mM sucrose, 50 mM HEPES-NaOH, pH 7.5) by cen-
trifugation and resuspension. Exchanged samples were incubated in sulfate
buffer (400 mM sucrose, 50 mM HEPES-NaOH, pH 7.5, and 50 mM
Na,SO,) for 15 min while shaking on ice and in darkness. After centrifu-
gation, the chloride-depleted samples were suspended again in pH 7.5 buffer.
Manganese-depleted samples were prepared as previously described using
alkaline tris(hydroxymethyl)aminomethane (Tris) (50). Manganese-depleted
samples were exchanged into pH 7.5 buffer, displayed no oxygen-evolving
capability, and were stored at -70°C until use. The final Tris concentration
for the manganese-depleted samples was estimated to be =6 mM. Azide-
exchanged samples were prepared by suspension of chloride-depleted or
manganese-depleted PSII into buffer containing 400 mM sucrose, S0 mM
HEPES-NaOH, pH 7.5, and indicated concentrations of sodium 14N-azide or
terminally labeled (‘>N"N'*N) sodium '°N-azide (98% '*N-enriched, Cam-
bridge Isotope Laboratories, Andover, MA). Solvent isotope exchange was
achieved by performing each step of the chloride depletion protocol in ?H,O-
containing buffers (99.8% ’H enriched, Isotec, Miamisburg, OH). The pZH is
reported as the uncorrected pH meter reading (51).

Reaction-induced FT-IR difference spectroscopy was performed at pH
7.5 as previously described (24,46,47). Chloride-depleted samples were
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concentrated with dry nitrogen gas to give an O-H stretching absorbance
(3370 cm™ ") to amide II absorbance ratio of =3. Manganese-depleted
samples were concentrated with nitrogen for ten minutes. Data acquisition
parameters were as follows: 8 cm™ ' resolution; four levels of zero filling;
Happ-Genzel apodization function; 60 KHz mirror speed; Mertz phase
correction. Samples were given a single saturating 532 nm laser flash fol-
lowed by 20 min of dark adaptation to set all reaction centers in the S; state.
Each subsequent flash was followed by 15 s of rapid scan data collection at
4°C. S state difference spectra were created by ratio of data taken before and
after flash excitation, followed by conversion to absorbance. All data was
normalized to an amide II intensity of 0.5 absorbance units (AU) to eliminate
differences in sample pathlength (24,46,47). The amide II band intensity was
determined from an infrared absorption spectrum, which was generated
through the use of a blank background scan.

RESULTS

Table 1 presents representative steady state oxygen evolution
rates for sulfate-treated PSII (see also (24)). Sulfate treatment
is known to dissociate the 24 and 18 kDa extrinsic subunits
and to decrease the chloride binding affinity, allowing for
quantitative ion release (18,20,24,32,52). When assayed at
pH 6.0 and pH 7.5 in the presence of DCBQ, untreated PSII
had oxygen rates of >750 wmol O, (mg chl—h)_1 and >500
wmol O, (mg chl-h)™!, respectively. Sulfate treatment re-
sulted in a complete suppression of oxygen evolution activity
atpH 7.5 (=30 umol O, (mg chl-h)fl). Table 1 demonstrates
that addition of chloride resulted in the reconstitution of the
majority of oxygen-evolving activity at pH 6.0 (460 wmol O,
(mg chl-h)™") and pH 7.5 (240 umol O, (mg chl-h)™'). As
expected (32), calcium addition had little effect on oxygen-
evolving activity in sulfate-treated PSII (Table 1). Thus,
sulfate treatment allows the effect of chloride depletion to be
studied separately from the effects of calcium depletion
(24,32). In addition, sulfate-treated samples reconstituted
with chloride are known to produce a higher flash yield of the
S state transitions, compared to other methods of chloride
depletion (32).

Fig. 1 and Fig. S1 (see the Supplementary Material, Data S1)
demonstrate that azide inhibits PSII oxygen evolution in a
chloride-dependent manner, both at pH 6.3 (Fig. 1 A and
Fig. S1 A in Data S1) and 7.5 (Figs. 1 B and Fig. S1 B in
Data S1). The direct plots (see Fig. S1 in Data S1) and the

TABLE 1 Oxygen evolving activity of sulfate-treated PSIl at pH

6.0 and 7.5

10 mM Ca*? 15 mM CI~ pH 6.0* pH 7.5%
— — 60 = 30 30 = 10
+ + 460 + 60 240 = 3
— + 370 = 60 200 = 20
+ — 46 = 7 9+1

Oxygen evolving activity measured at 25°C and listed with units of wmol
0O, (mg chl-h)~! (24). Values are reported *1 standard deviation (SD). All
measurements are an average of at least three individual experiments. Each
measurement performed with 1 mM ferricyanide and 0.5 mM DCBQ.
*Conditions were 400 mM sucrose and 50 mM MES-NaOH (pH 6.0).
fConditions were 400 mM sucrose and 50 mM HEPES-NaOH (pH 7.5).
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FIGURE 1 Lineweaver-Burk double-reciprocal plots, considering chlo-

ride as the substrate and showing the inhibitory effect of azide on PSII
oxygen evolution activity. PSII was treated with sulfate to deplete chloride,
and the PSII sample was then treated with O (red), 0.25 (orange), 0.38
(green), 0.50 (light blue), 0.75 (dark blue), or 1.0 (purple), 1.8 (black), and
2.5 (brown; pH 7.5 only) mM N5 In A, the assay conditions were taken
from reference (38) and employed 400 mM sucrose, 50 mM MES-NaOH,
pH 6.3, and 2 mM recrystallized PPBQ. In B, the assay conditions were 400
mM sucrose, 50 mM HEPES-NaOH, pH 7.5, and 2 mM recrystallized
PPBQ. The concentrations of chloride and azide were adjusted by addition
from 1 M NaCl and 100 mM NaNj stock solutions, respectively, in the
appropriate assay buffer. Error bars represent 1 SD. The color coded,
superimposed lines were generated with Vy,.x, Ki, K;, and K’ values,
derived from fits to the hyperbolic oxygen evolution plots (see Re-
sults section and the Supplementary Material, Data S1). The double
reciprocal plots were fit with the equation (1/vo) = ((1+([N5]/Kj))
Km/VmHX) (1/[(:17])4’ ((1 +([N§]/Ki,))/VleX)

Lineweaver-Burk double reciprocal plots (1/v, versus 1/[C1"])
give the dependence of the initial oxygen evolution velocity
on the azide concentration. At pH 6.3, the Lineweaver-Burk
results (Fig. 1 A) are consistent with a family of lines that
intersect to the left of the 1/v, axis. This pattern provides
evidence for reversible, noncompetitive (or mixed) inhibi-
tion between azide and chloride, in agreement with an
earlier report (38). In a Michaelis-Menten interpretation,
this type of inhibition occurs if azide simultaneously com-
petes at the chloride site both in the enzyme (competitive
site) and in the enzyme-substrate complex (uncompetitive
site). Assuming that azide is a mixed inhibitor, fits to the
direct plots (see Fig. S1 A in Data S1) were used to yield
kinetics constants. At pH 6.3, the K, for chloride was de-
rived as 0.7 mM, and the V., was derived as 360 umol O,
(mg chl-h)~'. The K; for azide binding to the competitive
site was derived as 0.3 mM and the K/ for the uncompet-
itive site was derived as 2 mM. Note that the uncompetitive
azide site may correspond to an acceptor side binding event
(see Discussion section). Previously, Dixon and Cornish-
Bowden plots were used to estimate the azide inhibition
constants for the competitive and uncompetitive sites at pH
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6.3 in sodium-chloride treated PSII samples (38), and in-
distinguishable kinetic constants were obtained.

When pH 6.3 (Figs. 1 A and Fig. S1 A in Data S1) and pH
7.5 (Figs. 1 B and Fig. S1 B in Data S1) data were compared,
a similar pattern of mixed inhibition was observed. Fits to the
direct plots were again used to derive kinetic constants (Fig.
S1 Bin Data S1). At pH 7.5, the K,,, for chloride was derived
as 3 mM, the V ,,, was derived as 330 wmol O, (mg chl-h)™ !
the K for azide binding to the competitive site was derived as
1 mM, and the K’ for the uncompetitive site was derived as 8
mM. The Lineweaver-Burk plots exhibit some nonlinearity at
high azide concentrations (Fig. 1 =2.5 mM azide). Azide
inhibition was found to be reversible at pH 7.5 (data not
shown), as previously reported at pH 6.3 (38). Taken together
with previous work (38), Fig. 1 illustrates that the azide in-
hibition constant is similar in sulfate-treated PSII and other
PSII preparations (38).

Fig. 1 suggests that azide can be used as a spectroscopic
probe, which will bind on the donor side of sulfate-treated
PSII. The azide antisymmetric stretching band has been
used previously to monitor protonation reactions in other
enzymes, including bacteriorhodopsin (53) and halorho-
dopsin (54). The frequency of the antisymmetric azide band
falls outside the normal range of peptide and biological
cofactor infrared absorption (1800—1200 cm™"), facilitating
detection of azide even in complex biological systems
(53,55).

To probe proton transfer reactions at the PSII azide site, we
employed reaction-induced difference FT-IR spectroscopy.
Fig. 2 A and B, show the results of three consecutive 532 nm
laser pulses (red, 1 flash; green, 2 flashes; blue, 3 flashes) on the
azide antisymmetric stretching vibration in oxygen-evolving
PSITat pH 6.0 and 7.5, respectively. Chloride was not depleted
in these samples before the addition of 15 mM azide. The
difference spectra were constructed using data acquired after
each flash and data acquired before the three laser flashes. In
oxygen-evolving PSII, these spectra correspond to the S; to S,
(one flash), S; to S; (two flashes), and S; to S, (three flashes)
transitions. Our previously published work, analyzing the mid-
infrared region of the spectrum, demonstrates that S state ad-
vancement is detectable under these conditions (24). Azide
bands were not observed in PSII without flash excitation ( see
Fig. 2 F) or in mixtures of azide, DCBQ acceptor and other
buffer components, which did not contain PSII, but received
flash excitation (data not shown).

Fig. 2, A and B, show that PSII charge separation perturbs
bands assignable to the azide antisymmetric stretching mode
either at pH 6.0 (Fig. 2 A) or at pH 7.5 (Fig. 2 B). In both data
sets, two band shifts at 2124 (—)/2111 (+) cem ™! and 2102
(=) /2088 (+) cm ™! are observed. These bands are signifi-
cant compared to the noise in the measurement, as assessed
by comparison to a dark-minus-dark spectrum (Fig. 2 F). The
pH 7.5 spectrum (Fig. 2 B) displays additional negative bands
at 2078 and 2062 cm ™', which are not present at pH 6.0 (Fig.
2 A). In the PSII samples used in Fig. 2, A and B, chloride has
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FIGURE 2 Difference FT-IR spectra showing flash-induced perturbation
of the azide antisymmetric stretching band in untreated, manganese-de-
pleted, or chloride-depleted PSII samples. Difference spectra were created
by ratio of data taken before and after flash excitation, followed by
conversion to absorbance. In A-E, the results of three consecutive 532 nm
laser flashes to a preflashed, dark-adapted PSII sample are presented in red
(flash 1), green (flash 2), and blue (flash 3). In A, untreated PSII contained
400 mM sucrose, 50 mM MES-NaOH, pH 6.0, and 15 mM NaCl (average of
12). In B, untreated PSII contained in 400 mM sucrose, 50 mM HEPES-
NaOH, pH 7.5 (pH 7.5 buffer) (average of 15). In C, manganese-depleted
PSII contained pH 7.5 buffer (average of 38). In D and E, chloride-depleted
PSII contained pH 7.5 buffer (average of 39). In A-D, the sample also
contained 15 mM N3. In E, chloride-depleted PSII in pH 7.5 buffer
contained 15 mM [ISN(MN)Z]’ (average of 21). In F, a dark-minus-dark
control was generated from the data set in D. Delta absorbance on the y axis
indicates that the spectra show changes in absorbance. All samples contained
1.5 mM recrystallized DCBQ. The tick marks on the y axis represent 5 X
107" AU.

not been depleted. Therefore, we assign azide bands, ob-
served under these conditions, to a PSII acceptor side binding
site. In agreement with this interpretation, similar perturba-
tions of azide bands were also observed in manganese-de-
pleted PSII at pH 7.5 (Fig. 2 C). These manganese-depleted
samples do not contain a chloride-binding site because the
OEC has been removed by Tris treatment (20,52). The small
increase in azide band amplitude on each flash in (Fig. 2, A-C)
may be due to a light-induced conformational change, which
allows increased access to the acceptor side binding site.

Fig. 2 D reveals the effect of PSII charge separation on
azide bands in chloride-depleted samples. Reaction-induced
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FT-IR spectra were recorded at pH 7.5. While the S, to S,
transition (first flash) proceeds in chloride-depleted PSII, the
S, to S; transition (second flash) is blocked at the level of
manganese oxidation (28-34). Thus, in chloride-depleted
samples, two flashes generate the S, Y state. This S, Y or S5
state has a halftime of ~0.5 s (32). Previous FT-IR studies of
chloride-depleted samples have shown that structural
changes occur in the OEC during the S, to S5’ transition, even
though manganese oxidation is blocked (24). These struc-
tural changes are long-lived and occur on the seconds time-
scale (24), as are other rapid-scan, FT-IR-detected structural
changes during the normal S state cycle (46,47).

The reaction-induced spectra obtained with a single flash
(S; to S, transition) (Fig. 2 D, red) are similar to data acquired
in manganese-depleted PSII (Fig. 2 C, red). This can be as-
certained in Fig. 3 A, in which these spectra subtract to give a
flat baseline (compare to Fig. 3 C). This result suggests that
there is no significant perturbation of the azide donor-side
binding site on the first flash. Spectra acquired with a second
(see Fig. 2 D, green) and third (see Fig. 2 D, blue) flash (S; to
(S, Y2) S3 transition) are similar to each other and exhibit
new positive bands at 2111 and 2040 cm ™' and increased
negative intensity at ~2062 cm ', compared to manganese-
depleted PSII. In these samples, both the second and third
flashes correspond to the inhibited S; to (S;Y7) S3 transition,
because charge recombination occurs in the time between the
flashes (56). The frequencies of all observed bands were
downshifted when terminally °N labeled azide (see Fig. 2 E)
was employed, confirming the spectral assignment to the
azide antisymmetric stretching band.

A Flash 1

2116 2052 2040
l \ (L

B Flash 3
/

2093 578 2066
C Control double difference

Delta Absorbance

2200 2150 2100 1 2050
Wavenumber (cm )

FIGURE 3 Double difference FT-IR spectra showing perturbations of
azide antisymmetric stretching bands. To identify any structural changes at
the OEC azide site, manganese-depleted PSII data were subtracted from
chloride-depleted PSII data. These double difference spectra were created by
subtraction of data shown in Fig. 2, C and D. In A, subtracted spectra were
acquired with one laser flash (Fig. 2, C and D, red). In B, subtracted spectra
were acquired with three laser flashes (Fig. 2, C and D, blue). In C, a control
double difference spectrum, in which no vibrational bands are expected, was
generated by subtraction of one half of the data in (Fig. 2 D, red) from the
other half of the data set and dividing by the square root of two. Delta
absorbance on the y axis indicates that the spectra show changes in
absorbance. All samples contained 1.5 mM recrystallized DCBQ. The tick
marks on the y axis represent 5 X 107* AU.
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A double difference spectrum (Fig. 3 B), chloride-de-
pleted-minus-manganese-depleted, can be used to remove
acceptor-side and any other non-OEC azide contributions.
This method will identify azide bands, which are due to
binding at the OEC azide site and are perturbed on the second
and third flash. This double difference spectrum reveals three
negative bands, at 2093, 2078, and 2066 cmfl, which shift
both to higher and lower frequency with three flash excita-
tion. The positive bands are observed at 2116, 2052, and
2040 cm'. The intensities are significant compared to a
control double difference spectrum, in which no vibrational
bands are expected (Fig. 3 C). The observation of these
unique azide spectral features demonstrates that light-in-
duced charge separation perturbs the OEC azide binding site
during the S; to (S,Y72) Sj transition in chloride-depleted
PSII. The observation of multiple bands may be consistent
with multiple azide orientations in its PSII binding site. In the
presence of buried charges, the orientation of azide can in-
fluence the vibrational frequency through a Stark effect.
Alternatively, sulfate treatment or extrinsic subunit removal
may introduce heterogeneity at the PSII donor side. Such
heterogeneity may cause the structure of the azide binding
site to vary slightly from one PSII complex to another.

In the double difference spectrum (Fig. 3 B), negative
bands correspond to bound azide in the dark-adapted S; state.
The antisymmetric stretching vibration of azide is expected at
2050 cm ! in water (53). In hydrophobic solvents, such as
dimethyl sulfoxide, the band shifts down to 2018 cm ! (53).
Protonation of azide upshifts these bands into the 2148-2129
cm ™! region (41,53,55). Hydrogen bonding is also expected
to upshift the antisymmetric stretching vibration (41).
Therefore, the characteristic frequencies of the observed
negative bands in Fig. 3 B, at 2093, 2078, and 2066 cmfl,
suggest that azide is bound in the S; state in a hydrogen
bonded, but deprotonated form, consistent with the expected
azide pK4 of ~4.7 (57).

The data acquired with a single flash (see Fig. 2 D, red)
show that no significant azide frequency perturbation occurs
at the azide donor-side site during the S; to S, transition (see
also double difference spectrum, Fig. 3 A). However, the
second and third flashes, which generate the S; to (S,Y?) S3
transition (Fig. 3 B), produce two new populations of azide,
which are reflected as positive spectral bands. Based on the
frequencies, both a protonated form (2116 cm™") and non-
hydrogen bonded anionic forms (2052 and 2040 cm ') are
generated.

To test this interpretation, reaction-induced FT-IR spectra
were acquired in azide-containing, chloride-depleted PSII,
either in "H,O (Fig. 4 A) or *H,O buffers (Fig. 4 B). Solvent
isotope exchange is expected to downshift the frequencies of
protonated and hydrogen bonded forms of azide (58-60).
The effect of solvent isotope exchange is shown in a double
difference, 'H,O-minus-"H,0, spectrum (Fig. 4 C). A posi-
tive band at ~2106 cm ™ is observed to shift to 2079 cm ™"
and a negative band at 2065 cm ™' is observed to shift to 2048
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FIGURE 4 Difference FT-IR spectra showing the effect of solvent isotope
exchange on the azide antisymmetric stretching band in chloride-depleted
PSII samples. Difference spectra were created by ratio of data taken before
and after flash excitation, followed by conversion to absorbance. In A and B,
the results of three consecutive 532 nm laser flashes to a preflashed, dark
adapted PSII sample are presented in red (flash 1), green (flash 2), and blue
(flash 3). In A, chloride-depleted PSII in 'H,0 le 7.5 buffer contained 15
mM Nj (average of 39). In B, chloride-depleted PSII in *H,0 p°H 7.5 buffer
contained 15 mM Nj (average of 26). In C, an isotope-edited, 'H,0-
minus-H,0, double difference spectrum was generated by subtracting (B,
flash 3, blue) from (A, flash 3, blue). In D, a dark-minus-dark control was
generated from the data set in A. In E, a control double difference spectrum,
in which no vibrational bands are expected, was generated by subtraction of
one half of the data in A from the other half of the data set and dividing by the
square root of two. Delta absorbance on the y axis indicates that the spectra
show changes in absorbance. All samples contained 1.5 mM recrystallized
DCBQ. The tick marks on the y axis represent 5 X 10~ AU.

cm~'. These shifts are consistent with assignment of the
positive 2116 cm ™' band (see Fig. 3 B) to protonated azide
and the negative 2066 cm ™' band (see Fig. 3 B) to hydrogen
bonded azide, as described below. The isotope shifts for the
other positive and negative bands are not discernable from
the isotope-edited spectrum. These results suggest that, dur-
ing the S; to (S,Y?) S; transition, azide acts both as a proton
acceptor and a proton donor at the OEC azide site.

DISCUSSION

Azide has been used previously to study proton transfer re-
actions in enzymes. In PSII, azide acts as an inhibitor (38). In
other proteins, azide addition may be stimulatory, due to
effects on hydrogen bonding networks in proton transfer
pathways (61). For example, azide has been observed to
stimulate proton transfer in site-directed mutants of bacte-
riorhodopsin, halorhodopsin, and hydroxysteroid dehydro-
genase (53,62—67). Previously, azide has also been shown to
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promote electron and proton transfer to the quinone acceptors
in photosynthetic reaction center mutants (57).

We have used the azide antisymmetric stretching vibration
as a vibrational probe (53,55). The antisymmetric stretching
frequency is perturbed by changes in hydrogen bonding,
polarity, and metal coordination (41,53,55). Azide vibra-
tional band frequencies are also sensitive to changes in
electric fields (68). Previously, azide has been used as a vi-
brational probe in bacteriorhodopsin. An increase in 2132
cm ! amplitude was attributed to the transient protonation of
azide during proton transfer (53). Also, in metmyoglobin,
shifts in azide bands at 2046 cm™' and 2023/2018 cm ™' led
to an estimation of the thermal spin equilibrium for high- and
low-spin heme, respectively (69,70).

In our work, reaction-induced difference FT-IR spectra
show that the antisymmetric stretching mode of azide is
perturbed by PSII charge separation. These data provide
evidence for two azide binding sites in PSII. At pH 7.5,
perturbation of azide gave rise to derivative-shaped bands,
with both positive and negative components, at 2124 (—) /
2111 (+), 2102 (—) /2088 (+) cm~ ! and negative bands at
2078 and 2062 cm ™~ '. We attribute these bands to an acceptor
side or other non-OEC azide binding site. These bands were
observed both in manganese-depleted PSII, in which the
OEC has been removed by Tris treatment, and in oxygen-
evolving preparations, which had not been depleted of
chloride.

Previous EPR and ESEEM measurements demonstrate
that azide also binds to the chloride site near the OEC (26,39).
In chloride-depleted PSII, we have detected unique azide
vibrational bands when a second or third flash induces the S;
to (S2Y?2) S} transition. We assign these bands to donor-side
bound azide, because the vibrational frequencies are not
observed in manganese-depleted PSII or in PSII, which has
not been depleted of chloride. The azide species, which are
present in the S; state, absorb at 2093 (—), 2078 (—), and
2066 (—) cm™'. These are frequencies characteristic of hy-
drogen bonded, anionic azide. When the S;’ state is formed,
three positive bands are observed. The frequency of the 2116
cm ! band suggests assignment to protonated azide, and the
frequencies of the 2052 and 2040 cm ™' bands suggest as-
signment to nonhydrogen bonded or weakly hydrogen
bonded anionic azide. Solvent isotope exchange identified a
27 cmfl, 17 cmfl, and nondetectable isotope shift for the
positive 2116, negative 2066, and positive 2040 cm ™' bands.
Previous studies of azide have revealed a deuterium isotope
shift of ~30 cm ™' for the protonated species (59,60) and an
~8 cm ™! shift for the hydrogen bonded, anionic species (58).
Therefore, the results of solvent isotope exchange are con-
sistent with the attribution of the 2116, 2066, and 2040 cm !
bands to protonated azide, hydrogen bonded anionic azide,
and nonhydrogen bonded (or weakly hydrogen bonded) an-
ionic azide, respectively.

These results suggest that a heterogeneous proton-coupled
electron transfer reaction occurs at the OEC azide site during
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the S; to (S,Y?) S} transition. Bound, hydrogen bonded azide
molecules both protonate and deprotonate. Although man-
ganese oxidation does not occur on the second flash or third
flash in chloride-depleted samples (28-34), the proton
transfer reactions may be driven by conformational changes,
linked to Y, oxidation. Therefore, our results are consistent
with the conclusion that proton transfer reactions occur be-
fore the manganese oxidation reaction, as previously sug-
gested (12,14). During the S; to S, transition, bands
attributable to protonation of azide are not observed in our
chloride-depleted samples. This result is consistent with
previous suggestions that the S; to S, transition involves
uncompensated electron transfer and no net proton transfer
(37,71,72).

Taken together, our results suggest that azide may estab-
lish a perturbed hydrogen bond network near the OEC. We
propose that azide inhibits oxygen evolution by disruption or
rearrangement of the normal hydrogen bond network, which
is necessary for proton-coupled electron transfer reactions in
the OEC. Because azide exhibits mixed inhibition and
competes at the chloride site, this interpretation may also
imply a role for chloride in PSII proton transfer reactions.
Finally, our data support the interpretation that proton
transfer reactions at the OEC azide site precede manganese
oxidation reactions (12,14,24), at least in chloride-depleted
PSII.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
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