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ABSTRACT: The role of chloride in photosystem II (PSII) is unclear. Several
monovalent anions compete for the Cl− site(s) in PSII, and some even support
activity. NO2

− has been reported to be an activator in Cl−-depleted PSII
membranes. In this paper, we report a detailed investigation of the chemistry of
NO2

− with PSII. NO2
− is shown to inhibit PSII activity, and the effects on the

donor side as well as the acceptor side are characterized using steady-state O2-
evolution assays, electron paramagnetic resonance (EPR) spectroscopy, electron-transfer assays, and flash-induced polarographic
O2 yield measurements. Enzyme kinetics analysis shows multiple sites of NO2

− inhibition in PSII with significant inhibition of
oxygen evolution at <5 mM NO2

−. By EPR spectroscopy, the yield of the S2 state remains unchanged up to 15 mM NO2
−.

However, the S2-state g = 4.1 signal is favored over the g = 2 multiline signal with increasing NO2
− concentrations. This could

indicate competition of NO2
− for the Cl− site at higher NO2

− concentrations. In addition to the donor-side chemistry, there is
clear evidence of an acceptor-side effect of NO2

−. The g = 1.9 Fe(II)-QA
−• signal is replaced by a broad g = 1.6 signal in the

presence of NO2
−. Additionally, a g = 1.8 Fe(II)-Q−• signal is present in the dark, indicating the formation of a NO2

−-bound
Fe(II)-QB

−• species in the dark. Electron-transfer assays suggest that the inhibitory effect of NO2
− on the activity of PSII is

largely due to the donor-side chemistry of NO2
−. UV−visible spectroscopy and flash-induced polarographic O2 yield

measurements indicate that NO2
− is oxidized by the oxygen-evolving complex in the higher S states, contributing to the donor-

side inhibition by NO2
−.

Photosystem II (PSII) is a multisubunit pigment−protein
complex that catalyzes the challenging light-driven

oxidation of water in oxygenic photosynthetic organisms. The
active site for water oxidation, the oxygen-evolving complex
(OEC), is a Mn4CaO5 cluster buried in the protein but with
substantial access to water and other small molecules.1,2 The
metal ions in the Mn4CaO5 cluster are ligated by six carboxylate
residues, mostly as bridging ligands, and one histidine residue.1

In addition to the amino acid residues, four waters are also
coordinated to the metals in the OEC.1 Two of the coordinated
waters, one on Mn and one on Ca, are putative substrate water
molecules, according to the nucleophilic attack mechanism for
O−O bond formation in the OEC.2 PSII conducts the
multielectron oxidation steps with a minimal overpotential,
allowing favorable kinetics for water oxidation.
During turnover, the OEC progresses through a series of

oxidation states, known as storage states or S states.3 The most
reduced state, the S0 state, is sequentially oxidized to the most
oxidized S4 state. When an exciton, generated by photon
absorption, reaches the reaction center pigments of PSII (P680),
they are photoexcited and initiate electron-transfer events that
result in an ultrafast charge separation across the membrane
bilayer, providing redox energy to oxidize the OEC. A stable
charge separation is achieved between the P680+• radical and a
membrane-bound QA

−• semiquinone radical. The OEC is then
oxidized by P680

+• via a redox-active tyrosine residue, YZ, and
QA

−• transfers the electron to the terminal electron acceptor in
PSII, QB, another plastoquinone molecule. A non-heme ferrous
ion lies between QA and QB. The non-heme Fe(II) is ligated by
four histidine residues and one bicarbonate/carbonate ligand

under physiological conditions and is not redox-active during
the normal electron-transfer processes.4−7 However, substitu-
tion of the bicarbonate/carbonate ligand with other small
molecules influences the electron-transfer kinetics between QA
and QB.

4,8 The OEC and the cofactors involved in electron
transfer can be divided into the “donor side” and the “acceptor
side” of PSII. The electron donor side consists of the cofactors
that reduce P680

+•, including the OEC and YZ. The electron
acceptor side consists of the cofactors involved in the transfer
of an electron from P680 to QB.
It has long been known that Cl− is essential for the maximal

O2 evolving activity in PSII,9,10 with a stoichiometry of one
high-affinity Cl− ion per PSII determined by analyzing 36Cl−-
labeled PSII.11 Recently, the locations of two Cl− ions near the
OEC have been identified by X-ray crystallography, and both
sites are approximately 6−7 Å from the OEC.1,12−14 Earlier
EXAFS data also suggested a similar distance of Cl− from the
OEC.15

The role of Cl− in PSII has been investigated by substituting
different monovalent anions and studying the effects on the
activity and S-state transitions of the OEC. Several monovalent
anions such as Br−, NO3

−, I−, CH3COO
−, and N3

− have been
shown to compete for the Cl−-binding site.16−18 O2-evolution
activity in Cl−-depleted PSII has been recovered in varying
efficiency: Cl− > Br− ≫ NO3

− > NO2
− > I−.16 Br− substitutes

almost identically for Cl−, whereas I− is activating at low
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concentrations and becomes inhibitory at higher concentra-
tions, possibly by reducing the OEC.16,19 The rate of O2
evolution restored by NO3

− is almost as high as that in the
presence of Cl− when measured under limited light
conditions.20 Hence, NO3

−-substituted PSII is fully active for
O2 evolution, although with a slower turnover rate.20 It has
been shown that NO3

− specifically slows the S3 → S0
transition.21

Although nitrite (NO2
−) has been reported to be activating

in Cl−-depleted PSII,16 competition of NO2
− for the Cl− site

had not yet been studied. In addition to partial activation of
Cl−-depleted PSII by NO2

−,16 there is evidence that NO2
−

inhibits PSII function.22,23 Thermoluminescence investigations
in spinach thylakoids with or without exogenous Cl− added
during the preparation indicate that NO2

− interacts with the
OEC, potentially modifying the S2 state.

24 Furthermore, using
flash-induced UV absorbance difference spectroscopy, it has
been shown that NO2

− may reduce the higher oxidation states
of the OEC.16 In this paper, we discuss the competition of
NO2

− with Cl− as well as the inhibitory effects of NO2
− as

characterized by steady-state O2-evolution assays, EPR spec-
troscopy, UV−visible electron-transfer assays, and flash-induced
polarographic O2 measurements.

■ MATERIALS AND METHODS
Steady-State Oxygen-Evolution Measurements. PSII-

enriched membranes were isolated from fresh market spinach
according to the procedure developed by Berthold, Babcock,
and Yocum.25 O2 evolution was monitored using a Clark-type
electrode, and the O2 assay chamber was maintained at 25 °C.
Samples were illuminated by an Oriel 1000 W tungsten halogen
lamp fitted with a water filter and a 610 nm long-pass cutoff
filter; 250 μM 2,5-DCBQ and 1 mM K3FeCN6 were used as
electron acceptors during the assays. All O2 assay buffers were
prepared with 10 mM Ca2+ (using CaOH2) and 60 mM MES.
Varying concentrations of Cl− and NO2

− were added from
NaCl and NaNO2 stock solutions, respectively. Each solution
was adjusted to pH 6.0 after the addition of NaCl and NaNO2.
O2 assays were performed with a sample of ∼10 μg of Chl from
untreated, O2-evolving PSII membranes. Typical O2-evolution
activities of PSII membranes without any treatment were 400−
530 μmol of O2 (mg of Chl)−1 h−1.
Electron Paramagnetic Resonance Spectroscopy. EPR

samples were prepared by suspending untreated, O2-evolving
PSII membranes in 10 mM Ca2+, 10 mM NaCl, 25% (v/v)
glycerol, and 60 mM MES-NaOH (pH 6.0) with 0, 10, 15, 30,
or 60 mM NaNO2. EPR scans were acquired on a Bruker
ELEXSYS E500 EPR spectrometer equipped with a SHQ
resonator and an Oxford ESR-900 helium-flow cryostat. The S1-
state spectra were obtained in the dark using dark-adapted PSII
membranes. The S2-state spectra were obtained after
illumination of the samples in a 200 K dry ice/acetone bath
for 5 min. The S1YZ

• signal was obtained by illuminating dark-
adapted PSII samples in the cryostat at 7 K. EPR scans probing
the intensities of the S2-state g = 2 multiline and g = 4.1 signals
and the S1YZ

• signal were taken at 7 K with the following
instrumental parameters: microwave frequency of 9.38 GHz,
modulation frequency of 100 kHz, modulation amplitude of 31
G, and microwave power of 5 mW. Some EPR scans probing
the Fe(II)-Q−• signals were taken at 4 K with the following
instrumental parameters: microwave frequency of 9.38 GHz,
modulation frequency of 100 kHz, modulation amplitude of 31
G, and microwave power of 20 mW.

Electron-Transfer Assays. Electron-transfer assays were
performed on Mn-depleted, extrinsic polypeptide-depleted PSII
membranes and on untreated, O2-evolving PSII membranes.
The extrinsic polypeptide depletion procedure and the Mn
depletion procedures have been previously published.26,27

Complete loss of O2-evolution activity was confirmed by a
Clark electrode assay. For both Mn-depleted, extrinsic
polypeptide-depleted PSII membranes and O2-evolving PSII
membranes, the rates of 2,6-dichlorophenolindophenol
(DCPIP) reduction on the acceptor side were assayed by
following the absorbance at 600 nm, the λmax for DCPIP, upon
illumination of the sample using a 150 W halogen lamp. For
Mn-depleted PSII membranes, 7.5 μg of Chl/mL of PSII
membranes, 1 mM diphenylcarbazide (DPC), and 35 μM
DCPIP were assayed in a buffer solution containing 10 mM
Ca2+, 40 mM NaCl, and 60 mM MES-NaOH (pH 6.0) with
either 0, 2.5, 5, 15, or 30 mM NaNO2 present. DPC was absent
for O2-evolving PSII membranes, and otherwise identical
conditions were used. The rate of change in absorbance at
600 nm is directly proportional to the rate of electron transfer
on the acceptor side of PSII in Mn-depleted PSII membranes.

Flash-Induced Oxygen Yield Measurements. Flash-
induced polarographic measurements were taken using a bare
platinum electrode. The electrochemical cell was comprised of
a Pt disk working electrode and a Ag ring counter electrode.
The Ag ring was also used as the reference electrode. PSII
membranes were homogenized and preflashed 10 times at a
frequency of 1 Hz using a xenon flash lamp (#FX 249, EG&G
electro-optics) triggered by a FY-712 “Lite-Pac” module
(EG&G electro-optics) and a BK precision 3300 pulse
generator. The preflashed membranes were incubated in the
dark for 30 min. For each run, dark-incubated PSII membranes
(15 μg of Chl) were pipetted onto the electrode with a buffer
solution containing 10 mM Ca2+, 40 mM NaCl, and 60 mM
MES-NaOH (pH 6.0), and the electrode was centrifuged at
4000 rpm for 10 min in a HS-4 swinging bucket rotor. Once
the membranes had been pelleted, additional buffer was added
with electron acceptors [250 μM DCBQ and 1 mM
K3Fe(CN)6] and appropriate volumes of a 1 M NaNO2 stock
solution to reach the desired NO2

− concentration (0, 2.5, 5, 15,
or 30 mM). The electrode was polarized for 90 s before data
were acquired, after which the flash sequence (20 flashes at 1
Hz) was initiated. The S-state parameters, misses and double
hits, were obtained by fitting the data assuming a four-state Kok
model.

■ RESULTS AND DISCUSSION

Steady-State O2-Evolution Assays. Clark electrode-based
O2-evolution measurements of NO2

−-treated PSII samples
showed a decrease in the initial rate of O2 evolution and a rapid,
progressive inhibition during steady-state turnover (Figure 1).
Inhibition due to NO2

− under steady-state illumination
occurred after very short periods of dark incubation (2 min)
and remained constant over the course dark incubation for 3 h
(Figure S1 of the Supporting Information). Almost complete
recovery of activity was observed when a PSII sample incubated
in 2.5 mM NO2

− for 3 h in the dark was washed with NO2
−-

free buffer and assayed for activity (Figure S1 of the Supporting
Information). This indicated reversible inhibition by NO2

− in
the dark. Hence, the inhibitory aspect of NO2

− as seen in the
steady-state O2-evolution measurements was enhanced during
turnover.
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DCPIP Electron-Transfer Assays. DCPIP reduction assays
were performed to determine if the inhibition of PSII by NO2

−,
as observed in steady-state O2 assays, resulted from slow
electron-transfer kinetics on the acceptor side or from an effect
on the donor side. DCPIP reduction studies were conducted
with Mn-depleted, extrinsic polypeptide-depleted, and O2-
evolving PSII membranes. For Mn-depleted PSII membranes,
electron-transfer assays were conducted using DCPIP as an
electron acceptor and DPC as an electron donor. For O2-
evolving PSII membranes, electron-transfer assays were
conducted using DCPIP as an electron acceptor but in the
absence of DPC. Therefore, any reduction of DCPIP on the
acceptor side was coupled to turnover at the OEC on the donor
side.
From the electron-transfer kinetics of Mn-depleted PSII

membranes, it was clear that the presence of NO2
− did not

significantly slow the reduction of DCPIP on the acceptor side,
although there was a slight decrease in the rate of DCPIP
reduction with increasing NO2

− concentrations (Figure 2A). In

contrast, the rate of DCPIP reduction was significantly slowed
with increasing concentrations of NO2

− when the same assay
was performed with oxygen-evolving PSII membranes (Figure
2B and Figure S3 of the Supporting Information): the initial
rate of DCPIP reduction decreased with increasing concen-
trations of NO2

− (Figure S3 of the Supporting Information),
and the rate of DCPIP reduction reached a plateau much more
quickly in the presence of increasing concentrations of NO2

−

(Figure 2B). These results are in agreement with the steady-
state O2-evolution measurements (Figure 1). Therefore, it is
clear that the primary inhibitory effect of NO2

− is on the donor
side of PSII.
To characterize the reactions of NO2

− with PSII, UV−visible
spectra of O2-evolving PSII membranes without NO2

− or with
5 mM NO2

− were obtained in the dark and after illumination
for 60 s (Figure S4A of the Supporting Information). The dark-
minus-light difference spectra of the two samples showed the
characteristic spectrum of DCPIP between 450 and 800 nm. In
addition, a change in the difference spectrum in the 300−400
nm range was observed (Figure S4B of the Supporting
Information). A double-difference spectrum showed a peak at
350 nm, which matches the absorption peak of NO2

− (Figure
S4C of the Supporting Information). Therefore, we conclude
that NO2

− is consumed during turnover. The product of the
reaction involving NO2

− could not be confirmed; however,
oxidation of NO2

− to NO2 or NO3
− at the OEC is very likely.

Enzyme Kinetics Probing the Mode of Inhibition of
NO2

− with Respect to Cl−. O2-evolution measurements were
taken over a series of Cl− and NO2

− concentrations to identify
the type of inhibition of NO2

− with respect to Cl− (Figure 3).
The inhibition of PSII activity is multiphasic with respect to
NO2

− concentration (Figure 3), indicative of multiple sites of
inhibition. Lineweaver−Burke plots, Dixon plots, and Cornish−
Bowden plots were produced by considering Cl− as the
substrate and NO2

− as the inhibitor (Figures 4−6). The
essentially parallel lines for linear fits in the Lineweaver−Burke
plot would normally suggest that NO2

− is an uncompetitive
inhibitor of PSII with respect to Cl− (Figure 4). However,
multiple modes of inhibition from NO2

−, as observed by EPR
(Figures 8 and 9, discussed below), may complicate the
analysis. For a simple uncompetitive inhibition, the Dixon plot
should also consist of parallel lines. The curvature of the points

Figure 1. Characteristic O2-evolution traces for PSII membranes
assayed in the presence of 0 and 5 mM NO2

−. Both assay buffers also
contained 40 mM Cl−, 10 mM Ca2+, and 60 mM MES-NaOH (pH
6.0). DCBQ and K3FeCN6 were used as electron acceptors.

Figure 2. (A) DCPIP reduction assays using Mn-depleted, extrinsic polypeptide-depleted PSII membranes in the presence of different
concentrations of NO2

−, including DPC as a sacrificial source of electrons on the donor side. (B) DCPIP reduction assays using active PSII
membranes in the presence of different concentrations of NO2

−, using water as the source of electrons on the donor side under illumination.
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in the Dixon plot suggests that there is a mixed-type inhibition,
with more than one site for inhibition by NO2

− (Figures 5 and
6). A similar Dixon plot has been reported for the inhibition
from I− with respect to Cl−.19 Furthermore, intersection of the
linear fits at or below the x-axis in the Cornish−Bowden plot
also indicates a noncompetitive or a mixed-type inhibition. A
global fit of the Cornish−Bowden plot was achieved by
constraining all linear fits to intersect at a single point, while
both the intercepts and slopes were allowed to vary (Figure 6).
The linear fits in the Cornish−Bowden plot intersect with an
ordinate of −KI′. As seen in Figure 3, the inhibition is
multiphasic when the concentration of NO2

− increases to 5
mM, with a more rapid decline in O2 evolution for 0−0.5 mM
NO2

− than for higher NO2
− concentrations of 1−5 mM.

Separating the concentrations of NO2
− above and below 0.5

mM and creating two separate Cornish−Bowden plots resulted
in improved fits (Figure S5A,B of the Supporting Information),
indicating at least two sites of inhibition where NO2

− does not

compete with Cl−. The KI′s are approximately 1.3 and 7.5 mM
for the two inhibitory sites, neither of which is the Cl− site
(Figure S5A,B of the Supporting Information). However, on
the basis of the observation that NO2

− is consumed during
turnover (Figure S4C of the Supporting Information), it is also
likely that a nonequilibrium concentration-dependent oxidation
of NO2

− occurs. Therefore, it is clear that NO2
− inhibition of

PSII is complicated and that a simple enzyme kinetics model is
not sufficient to explain the results.
NO2

− is an activator of PSII in Cl−-depleted PSII
membranes,16 which indicates that NO2

− can occupy the Cl−-
binding site in PSII. Although we were not able to determine a
Cl−-competitive KI from our enzyme kinetics analysis, our EPR
data analysis, shown below (Figures 8 and 9), indicates
competition between NO2

− and Cl− for the Cl−-binding site. It
is possible that the KI′s for binding of NO2

− to non-chloride
sites in a mixed-type inhibition are much smaller than the KI for
the competition of NO2

− with Cl−, therefore resulting in a
Lineweaver−Burke plot that does not show any competition of
NO2

− for the Cl− site. Altogether, the steady-state O2-evolution

Figure 3. Relative activity (%) as a function of NO2
− concentration in

the presence of varying concentrations of Cl−. The data points were
normalized to the oxygen-evolution activity of each preparation in the
presence of 10 mM Ca2+ and 5 mM Cl− [these activities ranged from
400 to 530 μmol of O2 (mg of Chl)−1 h−1 and were set to 100%].

Figure 4. Lineweaver−Burke plot considering Cl− as the substrate and
NO2

− as the inhibitor using the data set reported in Figure 3.

Figure 5. Dixon plot considering Cl− as the substrate and NO2
− as the

inhibitor using the data set reported in Figure 3.

Figure 6. Cornish−Bowden plot considering Cl− as the substrate and
NO2

− as the inhibitor using the data set reported in Figure 3.
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measurements are indicative of at least two non-chloride-
binding sites for NO2

− with KI′s that are smaller than the
chloride-competitive KI; the chloride-competitive KI could not
be determined from the steady-state enzyme kinetics analysis.
Flash-Induced Polarographic O2 Measurements. Flash-

induced polarographic O2 yield measurements were taken with
PSII membranes pelleted on a Pt disc/Ag ring electrode in the
presence of 0, 2.5, 5, 15, and 30 mM NO2

−. With increasing
NO2

− concentrations, the classic period-four oscillation pattern
was perturbed and the yields of O2 released during the flash
sequence progression were dampened (Figure 7). The O2

yields were fit using a four-S-state Kok model. The initial S0-
and S1-state populations were obtained from the untreated
sample (Table 1). To fit the data for samples with NO2

−

present, the double hits and misses were allowed to change
while the initial S0- and S1-state populations were restricted to
19.5 and 80.5%, respectively, as found in the untreated sample
(Table 1). The percent of double hits remained fairly constant,
whereas the percent misses drastically increased with increasing
NO2

− concentrations (Table 1). Reduction of the OEC by
NO2

− in the time between flashes in the flash-induced
polarographic O2 measurements is revealed by the increase in
misses. This is consistent with NO2

− oxidation by the OEC
during turnover (Figure S4 of the Supporting Information).

The redox chemistry of NO2
− with the OEC is an attractive

suggestion for its inhibitory effect on the donor side. A parallel
study conducted to probe the chemistry of NO2

− with di-μ-
oxodimanganese complexes shows that Mn(III/IV) dimers
oxidize NO2

− to NO3
− (Y. Gao, R. Pokhrel, and G. W. Brudvig,

manuscript in preparation). It was found that NO2
− can bind to

Mn in the model complex in place of a water molecule and
undergo a two-electron oxidation. Analogously, we propose
that NO2

− can bind in place of one or more of the terminal
water molecules in the OEC and undergo a two-electron
oxidation. Our EPR analysis shows that the S1 state is not
reduced by NO2

− because the yield of the S2-state signal under
single-turnover conditions is not changed by a 2 h incubation of
the sample with NO2

− in the dark (Figure 8), as discussed in
the following section. Therefore, the oxidation of NO2

− is most
likely occurring in the higher S states, such as the S2 and/or S3
states of the OEC.

EPR Spectroscopy. Donor Side. EPR experiments show
that the total yield of the S2 state remained unchanged in the
presence of up to 15 mM NO2

− (Figure 8A). These results
indicate that the significant inhibition observed in the O2-
evolution measurements up to 5 mM NO2

− occurred during
turnover in one or more of the S states higher than the S1 state,
possibly the S2 and S3 states, in agreement with previous
studies16 and flash-induced polarographic O2 yield measure-
ments. At higher NO2

− concentrations, 30 and 60 mM, the
total yield of the S2 state, the sum of the g = 4.1 and g = 2
multiline signals, decreased. However, increasing concentra-
tions of NO2

− stabilized the g = 4.1 form over the g = 2
multiline form (Figures 8 and 9). Substitution of Cl− with
NO2

− at high NO2
− concentrations could cause a shift in the

equilibrium toward the g = 4.1 state, consistent with a similar
effect for the substitution of Cl− with other monovalent anions
and primary amines.17,28−31

Acceptor Side. Earlier studies demonstrated that several
anions bind to the non-heme Fe(II) on the acceptor side of
PSII4,8,32,33 and that their binding slows or completely blocks
electron transfer on the acceptor side.8,33 NO2

− was shown to
bind reversibly to a site where it can be displaced by
bicarbonate,8,33 and it can be concluded that NO2

− binds to
the non-heme Fe(II) in PSII, consistent with our findings. It
was also found that the Kd of H

14CO3
− of 81 μM was increased

to 238 μM by the addition of 5 mM NO2
− and increased to 481

μM by the addition of 10 mM NO2
−, indicating competitive

binding.22 Furthermore, NO2
− showed stronger inhibition of

HCO3
− binding under illumination than in the dark.22 In the

presence of 2 mM NaNO2, the Kd of HCO3
− was 171 μM in

the dark and increased to 706 μM after illumination under
room light for 30 min.22 Therefore, NO2

− is a more powerful
competitor for the HCO3

−-binding site under illumination.
Variable fluorescence studies showed that the t1/2 for the
QA

−QB → QAQB
− reaction is increased from 0.8 to 4.0 ms in

the presence of 20 mM NO2
−.34 However, our UV−visible

studies show that there is no significant change in the rate of
DCPIP reduction in Mn-depleted PSII membranes at ≤30 mM
NO2

−.
In the light-minus-dark EPR spectrum of PSII samples

without any NO2
− in this study, a g = 1.9 Fe(II)-QA

−• signal
from the acceptor side was observed (Figure 8). However, in
the presence of NO2

−, a broad g = 1.6 signal and another g = 7
feature also appeared in the light-minus-dark spectra (Figure 8).
The yield of the broad g = 1.6 signal and the g = 7 signal
remained unchanged with the NO2

− concentration increasing

Figure 7. Flash-induced polarographic O2 yield patterns for PSII
membranes treated with different NO2

− concentrations (labeled on
the graph).

Table 1. Percent Misses (α), Percent Double Hits (β), and S-
State Distributions (percentages) of PSII Membranes Based
on Fits Created Using a Four-State Kok Modela

[NO2
−] in assay buffer

(mM)
α

(% misses)
β

(% double hits) S0 (%) S1 (%)

0 14.0 5.7 19.5 80.5
2.5 19.7 5.5 19.5b 80.5b

5 26.1 5.6 19.5b 80.5b

15 44.3 6.8 19.5b 80.5b

aThe initial S0- and S1-state populations were obtained by fitting the
data for the untreated sample (0 mM sample). bFor samples treated
with NO2

−, the initial S0- and S1-state populations were fixed to the
values obtained for an untreated sample.
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from 15 to 60 mM. These signals are tentatively assigned to
arise from a NO2

−-bound Fe(II)-QA
−• species. A similar

difference spectrum has also been observed in samples that
were initially treated with NO, which was then removed from
the sample.35

In the presence of NO2
−, a g = 1.8 signal appeared in the

dark EPR spectrum that was not present in its absence (Figure
10). This signal resembled the well-characterized Fe(II)-QA

−•

signal observed in certain carboxylate-bound Fe(II)-QA
−•

species and bicarbonate-depleted Fe(II)-QA
−•.8,36−38 The

presence of this signal demonstrates the coordination of the
non-heme iron by Fe(II) by NO2

−, and either the reduction of
QA or the reduction of QB. EPR results clearly showed that the
S1- to S2-state transition was not blocked at ≤15 mM NO2

−

(Figure 8A), which indicates that QA was not reduced in the
dark at these NO2

− concentrations. If QA was reduced in the
dark, it would prevent a stable charge separation upon
illumination, and the S state of the OEC would not be
advanced. Therefore, the g = 1.8 dark signal arises from a
NO2

−-bound Fe(II)-QB
−• species, and not from a NO2

−-bound
Fe(II)-QA

−• species.

The intensity of the NO2
−-bound Fe(II)-QB

−• g = 1.8 dark
signal decreased with an increasing concentration of NO2

−

(Figure 11), indicating that QB becomes either doubly reduced
or reoxidized at higher NO2

− concentrations. However, because
the E0 value for one-electron oxidation of NO2

− is
approximately −0.99 V, it is not feasible for it to directly
reduce QB to QB

−•. Therefore, alternative schemes are
proposed for the reduction of QB, in which the non-heme Fe
is involved. The standard potentials at pH 6 for oxidation and
reduction of NO2

− are listed below.

+ + → + =− + − ENO 2H e NO H O 0.47 V2 2
0

+ → + + = −− − + − ENO H O NO 2H 2e 0.47 V2 2 3
0

→ + = −− − ENO NO e 0.99 V2 2
0

Figure 8. (A) Light-minus-dark EPR spectra with 0, 10, and 15 mM NO2
−. (B) Light-minus-dark EPR spectra with 0, 30, and 60 mM NO2

−. All EPR
samples of PSII membranes were advanced to the S2 state by illumination in a 200 K dry ice/acetone bath for 5 min.

Figure 9. Ratio of the g = 2 multiline signal (MLS) and the g = 4.1
signal as a function of NO2

− concentration.

Figure 10. Dark EPR spectra of PSII membrane samples prepared in
the absence of NO2

− (black) and in the presence of 30 mM NO2
−

(red). Spectra were collected at 4 K with a microwave power of 20
mW.
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Because the QB to QB
−• reduction is a one-electron reduction

and the only feasible oxidation of NO2
− is a two-electron

oxidation of NO2
− to NO3

−, we propose a non-heme Fe(II)-
catalyzed reduction of QB. The midpoint redox potential of the
non-heme Fe(II) is estimated to be approximately 400 mV.39

Initially, NO2
− bound to the non-heme Fe(II) could oxidize the

non-heme Fe(II) to Fe(III), resulting in the production of NO.
Because NO reacts with O2 under aerobic conditions and
because NO2

− is present in excess, NO formed at the non-
heme iron site would subsequently be replaced by a second
equivalent of NO2

−. NO2
− bound to Fe(III) can undergo a

two-electron oxidation to NO3
−, where one electron is used to

reduce Fe(III) to Fe(II) and the other electron is used to
reduce QB to QB

−•. Once again, because NO2
− is present in

excess, NO2
− would displace the NO3

− bound to the non-heme
Fe(II) site. However, the reoxidation of QB

−• to QB is also
feasible via the reduction of NO2

− to NO. This could explain
the observation that the magnitude of the g = 1.8 Fe(II)-QB

−•

signal generated in the dark at low concentrations of NO2
−

decreases as the concentration of NO2
− is increased (Figure

11).
The light-induced S2-minus-S1 difference spectra for NO2

−-
treated PSII show a broad g = 1.6 feature in place of the g = 1.9
Fe(II)-QA

−• signal present in untreated samples. We propose
that the broad signal arises from a NO2

−-bound Fe(II)-QA
−•

species. However, the reason for the significant difference in the
EPR signals for the dark NO2

−-bound Fe(II)-QB
−• species and

the light-induced NO2
−-bound Fe(II)-QA

−• species is not
obvious.
Reversibility of NO2

− Effects. PSII membranes that had
been previously treated with 60 mM NO2

− were tested for the
ability to recover the EPR signals generated in untreated PSII
samples: the S2-state g = 2 multiline signal, the S2-state g = 4.1
signal, and the g = 1.9 Fe2+-QA

−• signal. Following 200 K
illumination to yield the S2-state EPR spectrum in the presence
of 60 mM NO2

−, the sample was thawed on ice, washed with
NO2

−-free buffer in the dark, and incubated in the dark for 30
min. The “washed” sample gave almost identical yields of the g
= 2 multiline, g = 4.1, and g = 1.9 Fe2+-QA

−• signals compared
to those of the untreated sample (Figure S6 of the Supporting

Information). The broad g = 1.6 signal also disappeared upon
washing (Figure S6 of the Supporting Information). Because of
the restored yield of the S2 state, we can conclude that the OEC
was intact throughout our experiments and was not reduced by
treating PSII membranes with up to 60 mM NO2

−. The lower
yield of the g = 2 multiline signal and the g = 4.1 signal in the
presence of ≥ 30 mM NO2

− may have been due to either
another form of the S2 state of the OEC that is not observed
under these conditions or a less efficient charge separation at
these NO2

− concentrations, as indicated by the lower yield of
the S1YZ

• state in the 60 mM NO2
−-treated PSII membranes

when compared to the untreated PSII membranes (Figure S7
of the Supporting Information).

■ CONCLUSIONS

In this work, we investigated the binding and chemistry of
NO2

− with PSII. A previous study had shown that NO2
− can

bind in place of Cl− in Cl−-depleted PSII membranes.16 Using
steady-state O2-evolution assays, we investigated the competi-
tion between NO2

− and Cl− for the Cl−-binding site in PSII
membranes that were not depleted of Cl−. At ≤5 mM NO2

−,
we observed mixed-type inhibition by NO2

−. Two KI′s for
NO2

− inhibition were estimated to be around 1.3 and 7.5 mM.
These two non-chloride sites for NO2

− inhibition are proposed
to be the non-heme Fe site and the OEC. The Cl−-competitive
KI, estimated from EPR measurements to be much higher than
the KI′s of the non-chloride sites, could not be determined
from the steady-state activity assays. Electron-transfer assays
confirmed that the inhibition was largely a donor side effect.
UV−visible spectroscopy showed that NO2

− was consumed
during turnover. Flash-induced polarographic O2 yield measure-
ments confirmed an increase in the miss parameter with an
increasing NO2

− concentration. Therefore, we propose that
NO2

− is oxidized by the OEC in one or more of the S states
above S1, resulting in reduction of the OEC. A separate
investigation of the reaction of NO2

− with di-μ-oxodimanga-
nese complexes showed that Mn(III/IV) dimers oxidize NO2

−

to NO3
− (Y. Gao, R. Pokhrel, and G. W. Brudvig, manuscript in

preparation), consistent with our proposal for the oxidation of
NO2

− by the OEC.
In our EPR experiments, the S1 → S2 transition proceeded in

full yield in the presence of ≤15 mM NO2
−. At 30 and 60 mM

NO2
−, a decrease in the yield of the S2 EPR signals was

observed, although the magnitude of the g = 4.1 form of the S2
state increased relative to the magnitude of the g = 2 multiline
signal. This observation is consistent with the competition of
NO2

− for the Cl− site in the higher NO2
− concentration

regime, because depletion or substitution of Cl− with other
monovalent anions has been shown to favor the g = 4.1 form of
the S2 state. Additionally, in the presence of NO2

−, the g = 1.9
Fe(II)-QA

−• signal was replaced by a broad g = 1.6 signal, and
NO2

− reduced QB in the dark, giving rise to a g = 1.8 signal that
was assigned to NO2

−-bound Fe(II)-QB
−•.

■ ASSOCIATED CONTENT

*S Supporting Information
Additional activity assay data on the effect of incubation time,
concentration, and acceptor side effects of NO2

−; pH
dependence of oxygen-evolution activity in the presence and
absence of chloride; UV−visible spectra showing NO2

−

consumption; additional Cornish−Bowden plots; and addi-
tional EPR spectra on the effect of NO2

− on the S2 state and

Figure 11. Dark EPR spectra of PSII membrane samples prepared in
the presence of 0, 5, 10, 15, 30, and 60 mM NO2

−. Spectra were
collected at 7 K with a microwave power of 5 mW.
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