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ABSTRACT: Light-induced Fourier transform infrared difference spectroscopy has been applied to studies
of ammonia effects on the oxygen-evolving complex (OEC) of photosystem II (PSII). We found that
NH3 induced characteristic spectral changes in the region of the symmetric carboxylate stretching modes
(1450-1300 cm-1) of the S2QA

-/S1QA FTIR difference spectra of PSII. The S2 state carboxylate mode
at 1365 cm-1 in the S2QA

-/S1QA spectrum of the controlled samples was very likely upshifted to 1379
cm-1 in that of NH3-treated samples; however, the frequency of the corresponding S1 carboxylate mode
at 1402 cm-1 in the same spectrum was not significantly affected. These two carboxylate modes have
been assigned to a Mn-ligating carboxylate whose coordination mode changes from bridging or chelating
to unidentate ligation during the S1 to S2 transition [Noguchi, T., Ono, T., and Inoue, Y. (1995)Biochim.
Biophys. Acta 1228, 189-200; Kimura, Y., and Ono, T.-A. (2001)Biochemistry 40, 14061-14068].
Therefore, our results show that NH3 induced significant structural changes of the OEC in the S2 state. In
addition, our results also indicated that the NH3-induced spectral changes of the S2QA

-/S1QA spectrum of
PSII are dependent on the temperature of the FTIR measurement. Among the temperatures we measured,
the strongest effect was seen at 250 K, a lesser effect was seen at 225 K, and little or no effect was seen
at 200 K. Furthermore, our results also showed that the NH3 effects on the S2QA

-/S1QA spectrum of PSII
are dependent on the concentrations of NH4Cl. The NH3-induced upshift of the 1365 cm-1 mode is apparent
at 5 mM NH4Cl and is completely saturated at 100 mM NH4Cl concentration. Finally, we found that
CH3NH2 has a small but clear effect on the spectral change of the S2QA

-/S1QA FTIR difference spectrum
of PSII. The effects of amines on the S2QA

-/S1QA FTIR difference spectra (NH3 > CH3NH2 > AEPD
and Tris) are inverse proportional to their size (Tris∼ AEPD > CH3NH2 > NH3). Therefore, our results
showed that the effects of amines on the S2QA

-/S1QA spectrum of PSII are sterically selective for small
amines. On the basis of the correlations between the conditions (dependences on the excitation temperature
and NH3 concentration and the steric requirement for the amine effects) that give rise to the NH3-induced
upshift of the 1365 cm-1 mode in the S2QA

-/S1QA spectrum of PSII and the conditions that give rise to
the altered S2 state multiline EPR signal, we propose that the NH3-induced upshift of the 1365 cm-1

mode is caused by the binding of NH3 to the site on the Mn cluster that gives rise to the altered S2 state
multiline EPR signal. In addition, we found no significant NH3-induced change in the S2QA

-/S1QA FTIR
difference spectrum at 200 K. Under this condition, the OEC gives rise to the NH3-stabilizedg ) 4.1
EPR signal and a suppressedg ) 2 multiline EPR signal. Our results suggest that the structural difference
of the OEC between the normalg ) 2 multiline form and the NH3-stabilizedg ) 4.1 form is small.

The catalytic site of photosynthetic oxygen evolution
contains a tetranuclear Mn cluster that interacts closely with
a redox-active tyrosine residue known as YZ. Ca2+ and Cl-

are essential cofactors (for review see refs1-4). The Mn
cluster accumulates oxidizing equivalents in response to
photoinduced electron transfer reactions within PSII1 and then

catalyzes the oxidation of two molecules of water, conse-
quently releasing one molecule of O2 as a byproduct. The
progression of the OEC goes through a cycle of five
intermediate states, labeled as the Sn state (n ) 0-4), where
n denotes the number of stored equivalents. The S1 state is
predominated in the dark-adapted samples; in the S4 state,
water is split, O2 is released, and the OEC returns to the S0
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state (5, 6). Recent X-ray crystal structures of PSII were
determined to be about 3.7 Å resolution (7, 8). In these new
structures of PSII, the general shape and location of the OEC
in PSII are determined. However, the detailed molecular
structure and ligation of the PSII/OEC are not yet observable.

NH3 is a structural analogue of substrate H2O and an
inhibitor to the water oxidation reaction in PSII (for reviews
see refs 9 and 10). Steady-state inhibition studies by
Sandusky and Yocum described two independent sites for
ammonia inhibition of oxygen evolution and named them
“SY I” and “SY II” ( 11, 12). The SY I site showed inhibition
by the class of amines (NH3, Tris, methylamine, 2-amino-
2-ethylpropanediol, andtert-butylamine) that are competitive
with Cl-. The SY II site was accessible only to NH3, and
the NH3 binding was not competitive with respect to Cl-.

EPR studies demonstrated that no alternations of the S2

state multiline EPR signal are observed when samples that
are poised in the dark-stable S1 state are illuminated at 200
K but that alternations are produced when samples that have
been illuminated at 200 K are subsequently “annealed” at
273 K or when samples that are poised in the dark-stable S1

state are illuminated at 273 K (13). These results were
interpreted as showing that coordination of NH3 to the Mn
site occurs after formation of the S2 state (13-15). Com-
parison of 2H ESE modulation in control and ammonia-
treated samples incubated in2H2O supported the idea that
NH3 displaced a water ligand upon binding to Mn in this
NH3-specific (type II) site (16). ESEEM experiments per-
formed on the NH3-altered multiline EPR signals using both
14NH3 and15NH3 concluded that a single NH3-derived ligand
binds directly to the Mn cluster in the S2 state (17). In
addition, analysis of the14N quadrupolar interaction provided
evidence in favor of an amido (NH2) bridge formed between
Mn ions. Changes in multiline EPR line shapes were
interpreted as the result of a change in the overall pattern of
magnetic exchange interactions within the cluster caused by
the formation of this new bridge (17). An EXAFS study
under the condition of NH3-altered multiline EPR signals
reported an increase in one 2.7 Å Mn-Mn distance by 0.15
Å whereas the Mn-Mn distance of the second unit seem to
be unaffected by ammonia treatment (18). This result was
interpreted as the elongation of one Mn di-µ-oxo core of
the OEC, probably due to the replacement of one bridging
µ-oxo in this core with an amido (NH2) group. In addition,
this EXAFS study showed that there were only small effects
on position, shape, and orientation dependence on the Mn
K-edge spectra result from ammonia treatment. These results
indicated that the Mn oxidation state, the symmetry of the
Mn ligand environment, and the orientation of the Mn
complex remain essentially unaffected in the annealed NH3

S2 state (18).
One EPR study probed the nature of the ligand-binding

site on the Mn cluster in PSII by monitoring the S2 state
multiline EPR spectrum in the presence of several primary
amines (14). This study showed that amines other than NH3

(Tris, AEPD, CH3NH2) do not affect the hyperfine line
pattern and temperature dependence of the S2 state multiline
EPR signal. The authors of this study concluded that amines
other than NH3 do not readily bind to this Mn site in the S2

state because of the steric factors (14).
Additional EPR studies showed that NH3 stabilizes theg

) 4 signal relative to theg ) 2 multiline signal upon

illumination at 200 K (14, 19-21). These observations were
interpreted as demonstrating that the binding of NH3 to an
additional site, probably the Cl- site, on the OEC occurred
already in the S1 state (14). The NH3-stabilizedg ) 4 signal
obtained in oriented PSII membranes displayed at least 16
partially resolved Mn hyperfine transitions with a regular
spacing of 36 G (22, 23). The partially resolved hyperfine
structure provided unambiguous evidence for a tetranuclear
Mn origin for theg ) 4 signal (22, 23). However, it is not
clear whether NH3 binding at this site represents direct
ligation to the Mn cluster or binding to a site in close
proximity to the Mn cluster. The structure of this Cl-

competitive, NH3-binding site is less well characterized than
the Cl--insensitive, NH3-specific site on the OEC, presum-
ably due to the relative difficulty of performing ENDOR or
ESEEM spectroscopy on the high-sping ) 4.1 EPR signal
(17).

Light-induced FTIR difference spectroscopy has been
extensively applied to study structural changes of the OEC
during the S state transitions. These structural changes
include the protein and ligand environment around the OEC
(24-38), the structure and bonding of the Mn cluster (39-
43), and active water molecules interacting with the OEC
(44, 45). Several carboxylate stretching modes and one
histidine mode have been identified in the midfrequency
(1000-2000 cm-1) S2/S1 FTIR difference spectrum of intact
PSII samples (24-38). Previous research has proposed that
these carboxylate and histidine modes originate from car-
boxylate and histidine ligands of the OEC that undergo
structural changes during the S1 to S2 transition (24-38).
Negative bands at∼1560 and∼1402 cm-1 and positive
bands at∼1588 and∼1364 cm-1 have been assigned to an
Mn-ligating carboxylate whose coordination mode changes
from bridging or chelating to unidentate ligation during the
S1 to S2 transition (24, 32). A negative band at∼1561 cm-1

has been assigned to the asymmetric stretching mode of a
carboxylate group that forms a hydrogen bond with a Mn-
bound water molecule (25). Site-directed mutagenesis (2)
and the recent X-ray crystal structures of PSII (7, 8) suggest
that the D1 polypeptide provides most, if not all, of the
protein ligands to the Mn cluster. In combination with site-
directed mutagenesis and isotopic labeling, FTIR difference
spectroscopy has been applied to identify the amino acid
origin of these carboxylate modes in the S2/S1 FTIR
difference spectrum of PSII (37, 38). One such study showed
that D1-Asp170 is structurally coupled to the Mn cluster
during the S1 to S2 transition but that this residue is not the
origin of carboxylate modes at∼1402 and at∼1364 cm-1

in the S2/S1 FTIR difference spectrum of PSII (37). Another
such study showed that a negative band at∼1356 cm-1 and
a positive band at∼1339 or∼1320 cm-1 in S2/S1 FTIR
difference spectrum of PSII originate from the symmetric
stretching mode of theR-COO- of Ala344 at the C-terminus
of the D1 polypeptide (38). These frequencies are consistent
with unidentate ligation of the Mn cluster by theR-COO-

group of D1-Ala344 in both the S1 and S2 states (38). FTIR
difference spectroscopy has also been applied to study the
effects of the calcium and chloride cofactors on the structure
and mechanism of the OEC in PSII (24, 33, 34). However,
this FTIR difference technique has not yet been applied to
study the effects of NH3 on the OEC.
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In this study, the effects of NH3 on the S2QA
-/S1QA FTIR

difference spectrum of PSII have been examined in order to
obtain structural information about ammonia coordination
to the catalytic site of the OEC during the S1 to S2 transition.
In addition, the properties of NH3-binding sites on the PSII/
OEC are also discussed.

MATERIALS AND METHODS

Sample Conditions for FTIR Measurement.Spinach OTG
PSII reaction center cores (RCCs), retaining the three
extrinsic polypeptides, were prepared as described in ref46.
Typical oxygen evolution rates were about 1.1-1.4 mmol
of O2 (mg of Chl)-1 h-1. NH4Cl- and amine-treated PSII
samples were prepared from PSII OTG RCCs. These RCCs
were washed twice with HEPES buffer (40 mM HEPES, 10
mM NaCl, 0.4 M sucrose at pH 7.5). Either14NH4Cl or
15NH4Cl or other amines (CH3NH2, AEPD, and Tris) were
added from a 1.25 M stock solution (pH was adjusted to pH
7.5) to a final concentration of 100 mM or to the concentra-
tion as indicated in the text. For controlled PSII samples,
the same concentration of NaCl was added in place of NH4Cl.
The sample suspension included 0.1 mM DCMU for the
S2QA

-/S1QA FTIR difference spectrum or 0.1 mM DCMU
and 10 mM NH2OH for the QA

-/QA difference spectrum.
DCMU was added from 10 mM solution in 95% ethanol.
NH2OH was added from 1 M solution (pH was adjusted to
pH 7.5) prepared just before it was used. NH2OH were added
as an exogenous electron donor. Samples for FTIR measure-
ment were prepared by centrifuging PSII OTG cores (15 min
at 20000 rpm) to produce a pellet that was then sandwiched
between two CaF2 sample windows.15NH4Cl with 98+ atom
% 15N was purchased from Aldrich Chemical Co.

Experimental Conditions for FTIR Measurement.Mid-
frequency FTIR experiments were performed on a Bruker
EQUINOX 55 spectrometer that was equipped with a KBr
beam splitter and a photovoltaic MCT detector. Samples were
cooled to 250 K by using an Oxford DN liquid nitrogen
cryostat. The sample temperature was regulated to(0.1 K
with a temperature controller (Oxford ITC 502). Samples
were illuminated for 4 s by aDolan-Jenner MI 150 high-
intensity illuminator with a heat filter and a low-frequency
filter that passes visible light>650 nm. Double-sided
forward-backward interferograms were recorded with a
scanner velocity of 60 kHz. For the calculation of Fourier
transforms, a Blackmann-Harris three-term apodization
function and a zero-filled factor of 4 were employed. The
acquisition time for all spectra was 1 min (387 scans). The
light-minus-dark FTIR difference spectrum was calculated
from the ratio of the single-beam dark spectrum and that
following illumination. The spectral resolution for all spectra
was 4 cm-1. The S2/S1 difference spectrum was obtained by
subtracting the QA-/QA difference spectrum from the S2QA

-/
S1QA difference spectrum (24, 32, 34). The multiple differ-
ence spectra were averaged to improve the signal to noise
ratio of the spectra.

Conditions for EPR Measurements.EPR control experi-
ments were performed on pellets of PSII OTG core samples
in the similar manner as for FTIR samples. In the final
centrifugation step, the EPR samples were prepared by
centrifuging PSII OTG cores (25 min at 5880g) to produce
a pellet in EPR tubes. The samples were illuminated for 1.5

min in a nonsilvered Dewar in a cold ethanol bath at 250 K
by the addition of dry ice. The samples were frozen in liquid
nitrogen after illumination. EPR spectra were obtained at
X-band using a Bruker EMX spectrometer equipped with a
Bruker TE102 cavity and an Advanced Research System
continuous-flow cryostat (3.2-200 K). The microwave
frequency was measured with a Hewlett-Packard 5246L
electronic counter. The instrument settings are shown in the
figure legend.

RESULTS

Ammonia-Induced Changes on S2QA
-/S1QA FTIR Differ-

ence Spectra of PSII.Previous EPR studies demonstrated
that the appearance of the NH3-modified S2 stateg ) 2
multiline EPR signal is dependent on the temperature of
illumination (13). The modified S2 state multiline EPR signal
is generated when NH3-treated (100 mM NH4Cl, pH 7.5)
PSII samples are illuminated above 250 K but is not
generated when samples are illuminated at 200 K. We expect
that the possible effects of NH3 on the light-induced S2QA

-/
S1QA FTIR difference spectrum will show a similar temper-
ature-dependent behavior. Therefore, we performed light-
induced S2QA

-/S1QA FTIR difference measurements on NH3-
treated (100 mM NH4Cl, pH 7.5) and controlled (100 mM
NaCl, pH 7.5) PSII samples at three temperatures (200, 225,
and 250 K) in order to identify possible NH3-induced spectral
changes. The results are shown in Figure 1. Indeed, we found
that NH3 altered the spectral region (1450-1300 cm-1) of
the symmetric carboxylate stretching modes in the S2QA

-/
S1QA FTIR difference spectrum of PSII at 250 K. The 1365/
1402 cm-1 bands in the S2QA

-/S1QA FTIR difference
spectrum of controlled PSII samples have been assigned by
previous FTIR studies to symmetric carboxylate stretching
modes that are shifted during the S2/S1 transition (24). We
found that the intensity of the S2 symmetric carboxylate mode
at 1365 cm-1 was progressively diminished and a new mode
appeared in the S2QA

-/S1QA spectrum of NH3-treated PSII

FIGURE 1: Temperature dependence of S2QA
-/S1QA FTIR difference

spectra of NH3-treated (thick line) and controlled (thin line) PSII
samples. The spectra were recorded at (A) 250 K, (B) 225 K, and
(C) 200 K, respectively. The PSII samples were treated with 100
mM NH4Cl or 100 mM NaCl (control). The sample suspension
also included 0.1 mM DCMU. These spectra represent the averages
of eight to ten, five, and four difference spectra, respectively. The
intensity of each spectrum has been normalized with respect to the
QA

- band at 1478 cm-1.
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at ∼1379 cm-1 as the temperature of the measurement
increased from 200 to 250 K. When the FTIR measurement
was performed at or above 265 K, the amplitude of the
S2QA

-/S1QA spectrum diminished significantly owing to rapid
charge recombination of the S2QA

- state (data not shown).
In this study, we used PSII OTG core samples, which gave
2-3-fold larger FTIR signals than PSII-enriched membranes
under our experimental conditions, while maintaining their
functional integrity to a significant extent. We found that
the temperature dependence of the NH3-induced FTIR
spectral changes (e.g., upshift of the 1365 cm-1 mode) in
the S2QA

-/S1QA FTIR difference spectrum in BBY PSII-
enriched membranes are identical to that in the PSII OTG
core in Figure 1. Furthermore, the spectrum and the
dependence of the exciting temperature of the NH3-modified
g ) 2 multiline EPR signal in the PSII OTG core is very
similar to those in BBY PSII-enriched membranes (data not
shown). Therefore, our results showed that the temperature
dependence of this NH3-induced FTIR spectral change (e.g.,
upshift of the 1365 cm-1 mode) in the S2QA

-/S1QA FTIR
difference spectrum is very similar to that of the formation
of the NH3-modified g ) 2 multiline EPR signal.

Figures 2 and 3 show the effect of increasing concentra-
tions of NH4Cl on the changes of the S2QA

-/S1QA and the
double-difference S2/S1 FTIR difference spectra of NH3-
treated PSII, respectively. The double-difference S2/S1 FTIR
difference spectra were obtained by subtracting the QA

-/QA

FTIR difference spectrum from the S2QA
-/S1QA FTIR

difference spectrum of PSII samples (24, 32, 34). The
intensity of the S2 carboxylate mode at 1365 cm-1 progres-
sively decreased and the intensity of the positive mode at
about∼1379 cm-1 progressively increased in Figures 2 and
3 as the concentration of NH4Cl increased from 0 to 100
mM. In addition, the NH3 effect is apparent at 5 mM NH4Cl
and completely saturated at 100 mM NH4Cl concentration.
Furthermore, we found that the dependence on the NH4Cl
concentration for the NH3-induced FTIR spectral changes

(e.g., upshift of the 1365 cm-1 mode) in the S2QA
-/S1QA

FTIR difference spectrum in BBY PSII-enriched membranes
is very similar to that in PSII OTG cores as in Figure 2 (data
not shown). Previous EPR studies have shown that, at 10
mM NH4Cl concentration, a modifiedg ) 2 multiline and a
g ) 4.2 EPR signal were generated when samples that were
poised in the dark-stable S1 state were illuminated at 273 or
253 K (19-21). In addition, one EPR study estimated that
the apparent dissociation constant for the ammonia-binding
site of the OEC that gives rise to theg ) 2 modified EPR
signal is about 3 mM NH4+ concentration (20). Furthermore,
previous EPR studies also showed that the formation of the
modified multiline signal appeared to increase with NH4Cl
concentration (20, 21). Figure 4 shows the effect of increas-
ing concentrations of NH4Cl on the S2 state EPR signals
generated in PSII OTG core samples by illumination at 250
K. Our EPR results showed that, at 5 mM NH4Cl concentra-
tion, theg ) 2 multiline EPR signal was modified and ag
) 4.2 EPR signal was also generated when samples that were
poised in the dark-stable S1 state were illuminated at 250 K.
The average of the hyperfine line spacing for the modified
(Figure 4A-C) and normal (Figure 4D)g ) 2 multiline EPR
signal is about 69 and 85 G, respectively. In addition, the
formation of the modified multiline EPR signal appeared to
increase with NH4Cl concentration, and its concentration
dependence was generally correlated with that of the NH3-
induced FTIR spectral changes (e.g., upshift of the 1365 cm-1

mode). The intensity of theg ) 4.2 signal was progressively
diminished as NH4Cl concentration increased from 5 to 100
mM in Figure 4.

A simple explanation for the above FTIR results is that
the symmetric carboxylate stretching mode that appears at
1365 cm-1 in the S2QA

-/S1QA spectrum is upshifted to 1379
cm-1 upon treatment with NH3. Alternatively, it is possible
that the spectral change might be caused by the absorption
from other species. For example, an NH3-derived species

FIGURE 2: Effect of increasing concentrations of NH4Cl on the
changes of S2QA

-/S1QA spectra of NH3-treated PSII. The spectra
were recorded at 250 K. The PSII samples were treated with (A)
200 mM, (B) 100 mM, (C) 50 mM, (D) 10 mM, (E) 5 mM, and
(F) no addition of NH4Cl, respectively. Each S2QA

-/S1QA spectrum
is the average of difference spectra from four different samples,
except spectrum B is the average of ten difference spectra. The
sample suspension also included 0.1 mM DCMU. The intensity of
each spectrum has been normalized with respect to the QA

- band
at 1478 cm-1.

FIGURE 3: Effect of increasing concentrations of NH4Cl on the
changes of the double-difference S2/S1 spectra of NH3-treated PSII.
The spectra were recorded at 250 K. The PSII samples were treated
with (A) 100 mM, (B) 50 mM, (C) 10 mM, (D) 5 mM, and (E) no
addition of NH4Cl, respectively. Each S2/S1 spectrum was obtained
by subtracting the light-induced QA-/QA difference spectrum from
the light-minus-dark S2QA

-/S1QA FTIR difference spectrum of PSII
samples. The sample suspension included 0.1 mM DCMU for the
S2QA

-/S1QA FTIR difference spectrum or 0.1 mM DCMU and 10
mM NH2OH for the QA

-/QA difference spectrum. The intensity of
each spectrum has been normalized with respect to the QA

- band
at 1478 cm-1.
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might appear in the symmetric carboxylate stretching region
(1450-1300 cm-1) after treatment with NH3. According to
studies of ammonia inorganic compounds (47), we might
expect to see the symmetric deformation modes of metal-
bound NH3 in this region. To test this possibility, we
performed FTIR experiments on15NH4Cl-treated PSII samples.

Figures 5 and 6 show the S2QA
-/S1QA FTIR difference

spectra and the double-difference S2/S1 FTIR difference
spectra of14NH4Cl (blue line), 15NH4Cl-treated (red line),
and controlled (NaCl, green line) PSII samples at 250 K,
respectively. The double-difference S2/S1 FTIR difference

spectra were obtained by subtracting the QA
-/QA FTIR

difference spectrum from the S2QA
-/S1QA FTIR difference

spectrum of PSII samples (24, 32, 34). The deformation
bands of metal-bound NH3 are expected to be present at
∼1600 cm-1 (asymmetric) and 1400-1000 cm-1 (sym-
metric). The symmetric deformation modes of metal-bound
NH3 generally show a15N-induced shift of 2-5 cm-1, and
the asymmetric deformation modes generally do not show a
significant15N-induced shift (47). As shown in Figure 6, we
found no significant differences between the S2/S1 spectra
of 14NH4Cl (solid line) and15NH4Cl-treated (dashed line)
PSII samples (see the15N minus14N difference spectrum).
Therefore, the spectral change in the symmetric carboxylate
stretching region is unlikely due to the absorption from NH3-
derived species. We hypothesize that the symmetric defor-
mation modes of the manganese-bound NH3 might be too
weak to be detected in our spectra. In fact, the bending modes
of the manganese-bound H2O which is expected to show up
at about 1650 cm-1 were not identified in the S2/S1 FTIR
difference spectrum due to their very weak extinction
coefficient (25). Our results do indicate, however, that the
S2 carboxylate mode at 1365 cm-1 in the S2QA

-/S1QA FTIR
difference spectrum of controlled PSII samples at 250 K is
upshifted to 1379 cm-1 in the spectrum of NH3-treated PSII
samples.

By comparing the S2/S1 spectra of the14NH4Cl (blue line)
and 15NH4Cl-treated (red line) PSII samples with the
spectrum of controlled (NaCl, green line) PSII samples in
Figure 6, we found that the major spectral features in all

FIGURE 4: Dependence on the NH4Cl concentration of the S2 state
EPR spectra generated in PSII OTG core samples by illumination
at 250 K. The PSII samples were treated with (A) 100 mM, (B) 10
mM, (C) 5 mM, and (D) no addition of NH4Cl, respectively.
Instrument settings: microwave frequency, 9.51 GHz; modulation
amplitude, 20 G at 100 kHz; temperature, 4.8 K; microwave power,
20 mW. Theg ) 2 region, which is interfered with by EPR signal
IIs, is removed for clarity. The vertical dashed lines show the
positions of the hyperfine lines of the modifiedg ) 2 multiline
EPR signal.

FIGURE 5: Light-minus-dark S2QA
-/S1QA FTIR difference spectra

of PSII samples with 100 mM14NH4Cl (blue line),15NH4Cl-treated
(red line), and NaCl (green line), respectively, at 250 K. Each
S2QA

-/S1QA spectrum is the average of eight to ten difference
spectra. The sample suspension also included 0.1 mM DCMU. The
intensity of each spectrum was normalized with respect to the QA

-

band at 1478 cm-1. The dark-minus-dark spectrum shown at the
bottom is collected immediately before the light-minus-dark spectra
of the 14NH4Cl-treated PSII samples. It gives an indication of the
noise level in the light-minus-dark spectrum.

FIGURE 6: Double-difference S2/S1 spectra of PSII samples with
100 mM 14NH4Cl (blue line),15NH4Cl-treated (red line), or NaCl
(green line) at 250 K. Each S2/S1 spectrum was obtained by
subtracting the light-induced QA-/QA difference spectrum from the
light-minus-dark S2QA

-/S1QA FTIR difference spectrum of PSII
samples. The sample suspension included 0.1 mM DCMU for the
S2QA

-/S1QA FTIR difference spectrum or 0.1 mM DCMU and 10
mM NH2OH for the QA

-/QA difference spectrum. The intensity of
each spectrum has been normalized with respect to the QA

- band
at 1478 cm-1. The double-difference dark-minus-dark spectrum
shown at the bottom was obtained by subtracting the dark-minus-
dark spectrum of the QA-/QA difference spectrum from the dark-
minus-dark spectrum of the S2QA

-/S1QA FTIR difference spectrum
of 14NH4Cl-treated PSII samples. The dark-minus-dark spectra were
collected immediately before the light-minus-dark spectra of the
14NH4Cl-treated PSII samples. It gives an indication of the noise
level in the double-difference S2/S1 spectrum. The15N minus14N
spectrum is generated by subtracting the14NH4Cl S2/S1 spectrum
from the 15NH4Cl S2/S1 spectrum. All spectra are collected at 4
cm-1 resolution.
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three spectra are very similar. Therefore, our result generally
supports the suggestion from previous EXAFS results that
the redox state of the Mn, the Mn ligand environment, and
the orientation of the Mn complex are not affected by NH3

binding to a significant extent (18). However, there are some
significant differences in the spectral regions of the amide I
(1700-1620 cm-1), amide II (1570-1550 cm-1), asymmetric
carboxylate stretching (1640-1500 cm-1), and symmetric
carboxylate stretching regions (1450-1300 cm-1) of the S2/
S1 FTIR difference spectra between the NH3-treated and
controlled samples. The symmetric carboxylate stretching
mode at∼1366 cm-1 appears to be upshifted to∼1378 cm-1

by NH3 treatment, shown in the S2QA
-/S1QA experiments

(see above). In addition, we found that there are significant
spectral differences at 1699 (+), ∼1628 (+), ∼1567 (-),
∼1403 (-), and ∼1353 cm-1 (-) of the S2/S1 FTIR
difference spectra between the NH3-treated and controlled
samples. Because NH3 is known to bind to Mn under the
condition of our experiment, therefore our results suggest
that there are some structural perturbations in the protein
and ligand environment around the OEC when NH3 binds
to the Mn cluster during the S1 to S2 transition. Alternatively,
these spectral differences might be caused by the difference
in ionic effects of NH4Cl vs NaCl on the PSII/OEC. For
example, as shown in Figures 5 and 6, the intensity of the
S1 carboxylate mode at 1402 cm-1 seems to decrease in the
NH3 spectrum rather than in the controlled spectrum;
however, its frequency did not significantly change. Because
the intensity of the IR mode is very sensitive to environ-
mental changes, therefore, the decrease in intensity of the
S1 carboxylate mode at 1402 cm-1 might be due to the
difference in ionic effects of NH4Cl vs NaCl on the PSII/
OEC.

Steric Requirements of the NH3-Binding Site in PSII/OEC.
To test the steric requirements of the NH3-binding site in
PSII that gives rise to the ammonia-altered FTIR spectra,
we treated the PSII samples with different primary amines
(NH3, CH3NH2, AEPD, and Tris) and studied them by FTIR.
The results are shown in Figure 7. We found that the small
amine CH3NH2 has a small but clear effect on the spectral
change (upshift of the 1365 cm-1 mode) of the S2QA

-/S1QA

FTIR difference spectrum of PSII. The effects of amines on
the S2QA

-/S1QA FTIR difference spectrum (NH3 > CH3NH2

> AEPD and Tris) are inversely proportional to their size
(Tris ∼ AEPD > CH3NH2 > NH3). However, there is no
apparent correlation between the effects of amines on the
S2QA

-/S1QA FTIR difference spectrum and their pKa value.
The pKa values (at 25°C) of NH3, CH3NH2, AEPD, and
Tris are 9.2, 10.6, 9.0, and 8.0, respectively (12). Therefore,
we conclude that this possible NH3-binding site that gives
rise to the altered S2QA

-/S1QA FTIR difference spectra is
sterically selective for small ligands. Furthermore, we found
that the same effects of primary amines on the S2QA

-/S1QA

FTIR difference spectrum were observed in BBY PSII-
enriched membranes (data not shown). Therefore, our results
suggest that the steric requirement of the amine effect in
BBY PSII-enriched membranes is very similar to that in PSII
OTG cores.

Figure 8 showed the temperature dependence of the S2QA
-/

S1QA FTIR difference spectra of CH3NH2-treated (thick line)
and controlled (thin line) PSII samples. The temperature
dependence of the CH3NH2-induced spectral change of the

S2QA
-/S1QA FTIR difference spectrum is very similar to NH3

(compare to Figure 1). The intensity of the S2 symmetric
carboxylate mode at 1365 cm-1 was progressively decreased,
and a new mode appeared in the S2QA

-/S1QA spectrum of
CH3NH2-treated PSII at∼1379 cm-1 as the temperature of
the measurement increased from 200 to 250 K.

DISCUSSION

Properties of NH3-Binding Sites on the OEC in the S2

State.Previous steady-state inhibition studies described two
independent sites of ammonia inhibition that were named
SY I and SY II (11, 12). The SY I site shows inhibition by
the class of amines that are competitive with Cl-, while the
SY II site is accessible only to NH3. Previous EPR studies

FIGURE 7: Light-minus-dark S2QA
-/S1QA FTIR difference spectra

of PSII samples with 100 mM (A) NH4Cl, (B) CH3NH2, (C) AEPD,
(D) Tris, and (E) NaCl, respectively. The sample suspension also
included 0.1 mM DCMU. The FTIR measurement was performed
at 250 K. Spectra A and E are the average of ten and eight difference
spectra, respectively. The other spectra (B-D) are the average of
three to four difference spectra. The intensity of each spectrum has
been normalized with respect to the QA

- band at 1478 cm-1.

FIGURE 8: Temperature dependence of S2QA
-/S1QA FTIR difference

spectra of CH3NH2-treated (thick line) and controlled (thin line)
PSII samples. The spectra were recorded at (A) 250 K, (B) 225 K,
and (C) 200 K, respectively. The PSII samples were treated with
100 mM CH3NH2 or 100 mM NaCl (control). The sample
suspension also included 0.1 mM DCMU. The CH3NH2 spectra
represent the averages of two to three difference spectra. The
controlled spectra represent the averages of four to eight difference
spectra. The intensity of each spectrum has been normalized with
respect to the QA- band at 1478 cm-1.
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identified the NH3-specific SY II site as being located on
the Mn cluster and giving rise to the S2 stateg ) 2 NH3-
modified multiline EPR signal (17, 48). These EPR studies
also identified an additional NH3-binding site on the OEC
(probably SY I), not necessary on the Mn cluster, that affects
the stability of the S2 stateg ) 4.1 EPR signal (14, 15, 19-
21). From the temperature dependence of theg ) 2 NH3-
modified multiline EPR signal, the EPR data were interpreted
as showing that NH3 binds to the Mn cluster after the
formation of the S2 state (13, 19-21). In this study, we found
that the S2 carboxylate mode that appears at 1365 cm-1 in
the S2QA

-/S1QA spectrum in controlled samples is upshifted
to ∼1379 cm-1 upon NH3 treatment; however, the frequency
of corresponding S1 carboxylate mode at 1402 cm-1 is not
significantly affected (see Figures 5 and 6). These two
carboxylate modes have been assigned to a Mn-ligating
carboxylate whose coordination mode changes from bridging
or chelating to unidentate during the S1 to S2 transition (24,
32). Therefore, our results show that NH3 induced a
significant structural change in the OEC in the S2 state.

Our results provide several lines of evidence in supporting
that the NH3-induced FTIR spectral changes (e.g., upshift
of the 1365 cm-1 mode) in the S2QA

-/S1QA FTIR difference
spectrum are very likely caused by direct binding of NH3 to
the SY II site on the Mn cluster that gives rise to the altered
S2 state multiline EPR signal. First, NH3 is known to bind
to the Mn cluster under the conditions that gave rise to the
NH3-inducedg ) 2 modified multiline EPR signal. The
observed correlations on the dependence of excitation
temperature and NH4Cl concentration and the steric require-
ment for amine effects between the NH3-induced FTIR
spectral changes (e.g., upshift of the 1365 cm-1 mode) in
this study and the NH3-inducedg ) 2 modified multiline
EPR signal in previous EPR studies and in Figure 4 strongly
suggest that these two signals very likely have the same
origin. Second, the 1365 cm-1 mode has been assigned to
be originating from an Mn-ligating carboxylate whose
coordination mode changes from bridging or chelating to
unidentate ligation during the S1 to S2 transition (24, 32).
The ∼12 cm-1 NH3-induced upshift of the possible Mn-
ligating carboxylate mode in the S2QA

-/S1QA FTIR difference
spectrum indicates that a change in structural and electronic
properties of the Mn cluster has occurred under the experi-
mental conditions. The direct binding of NH3 to the Mn
cluster could account for such a change. Third, to our
knowledge, the frequency of this carboxylate mode at 1365
cm-1 in the S2QA

-/S1QA FTIR difference spectrum is only
affected by small amines (NH3 and CH3NH2) but not
significantly affected by all of the other treatments, e.g., Ca2+

or Cl- depletion (24, 33, 34), substitutions with different
ions (33, 34), or different cryoprotectants (29). Therefore,
this NH3 effect (the upshift of the 1365 cm-1 mode) is
unlikely due to the nonspecific binding of NH3 to the OEC.
Finally, our unpublished result showed that the upshift of
the 1365 cm-1 mode in the S2QA

-/S1QA FTIR difference
spectrum was not affected by treatments with 100 mM ND4Cl
in D2O buffer (pD 7.5). Therefore, the NH3-induced upshift
of the 1365 cm-1 mode in the S2QA

-/S1QA FTIR difference
spectrum is also unlikely caused by the strong hydrogen-
bonding interaction between the NH3 and the carboxylate
group that gives rise to the 1365 cm-1 mode. On the basis
of the above reasons, we proposed that the NH3-induced

FTIR spectral changes (e.g., upshift of the 1365 cm-1 mode)
in the S2QA

-/S1QA FTIR difference spectrum are caused by
direct binding of NH3 to the SY II site on the Mn cluster
that gives rise to the altered S2 state multiline EPR signal.

A recent FTIR study reported effects of Cl- on S2/S1

difference spectra of the OEC in PSII (34). Their results
showed that Cl- depletion resulted in a modification of the
S2/S1 difference spectrum. Particularly, the intensity of the
S1 carboxylate mode at∼1404 cm-1 is largely suppressed,
but the corresponding S2 carboxylate mode at∼1365 cm-1

is not significantly affected upon Cl- depletion. In addition,
their results also showed that the intensities of these two
carboxylate modes are not affected by replacement of Cl-

with Br-, I-, or NO3
-; however, both carboxylate modes

are largely suppressed by the replacement of Cl- with F- or
CH3COO- (34). The above Cl- effects on spectral changes
of the S2/S1 difference spectra of the OEC are dramatically
different from the NH3-induced spectral changes (e.g., upshift
of the 1365 cm-1 mode) as shown in Figure 5. These
differences show that the NH3-induced FTIR spectral change
is not caused by the displacement of Cl- from PSII, further
supporting our proposal that the NH3-induced FTIR spectral
change is caused by direct binding of NH3 to the NH3-
specific, SY II site on the Mn cluster in PSII.

A previous study showed that amines larger than NH3

inhibit oxygen evolution only at the Cl- competitive SY I
site (12). In addition, a previous EPR study has shown that
amines other than NH3 (e.g., Tris, AEPD, and CH3NH2) do
not affect the S2 state multiline EPR signal (14). The authors
of these studies concluded that bulkier amines such as Tris,
AEPD, and even CH3NH2 cannot bind to the Mn site owing
to steric factors (12, 14). However, as shown in Figures 7
and 8, we found that the small amine CH3NH2 has a small
but clear effect on the spectral change (e.g., upshift of the
1365 cm-1 mode) of the S2QA

-/S1QA FTIR difference
spectrum of PSII. The effects of amines on the S2QA

-/S1QA

FTIR difference spectrum (NH3 > CH3NH2 > AEPD and
Tris) are inversely proportional to their size (Tris∼ AEPD
> CH3NH2 > NH3). Furthermore, our results showed that
the effects of amines on the S2QA

-/S1QA FTIR difference
spectrum in the BBYs are the same as those in the OTG
RCCs. Therefore, our results suggest that the earlier EPR
studies were wrong in that they would have been unable to
detect small populations of PSII centers having bound
CH3NH2 (the EPR spectra would have been dominated by
the “normal” spectrum). In other words, if the NH3-induced
FTIR spectral change is caused by direct binding of NH3 to
the NH3-specific, SY II site on the Mn cluster in PSII as we
proposed, our results would suggest that the binding pocket
of this NH3-specific (SY II) site on the OEC in the S2 state
is slightly larger than the estimate from previous studies (12,
14).

Previous EPR studies showed that NH3 alters the stability
of the S2 stateg ) 4.1 EPR signals upon illumination at
200 K (14, 15, 19-21). These results were interpreted as
showing that NH3 binds to probably the Cl- site (SY I) in
both the S1 and the S2 states. In addition, it is not clear
whether NH3 binding at this site represents direct ligation
to the Mn cluster or binding to a site in close proximity to
the Mn cluster. As shown in Figure 1, we found that there
is no apparent NH3-induced change in the S2QA

-/S1QA FTIR
difference spectrum at 200 K. Therefore, our results indicate
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that the NH3-induced structural changes of the OEC that are
responsible for the enhancement of theg ) 4.1 EPR signal
in NH3-treated PSII samples must be small. Further studies
[e.g., low-frequency FTIR (39-43), pulse EPR (48, 49),
resonance Raman spectroscopy (50, 51), or X-ray crystal-
lography (7, 8)] will be required to identify the exact nature
of the NH3-induced structural changes of the OEC that are
responsible for the enhancement of theg ) 4.1 EPR signal
and also to determine whether NH3 binds to the Cl- site (SY
I) in both the S1 and the S2 states.

Because NH3 and H2O are similar structurally and because
NH3 inhibits photosynthetic water oxidation, the binding of
NH3 to the OEC may occur at the substrate-water binding
site (9, 10). CW and pulse EPR studies have provided several
important structural insights into the properties of the NH3-
binding site in PSII (13-23). However, direct spectroscopic
evidence proving whether any of the NH3-binding sites (SY
I or SY II) correspond to substrate H2O-binding sites remains
lacking. In this study, we found that NH3 induced charac-
teristic spectral changes in the region of the symmetric
carboxylate stretching modes (1450-1300 cm-1) of the
midfrequency (1800-1200 cm-1) S2QA

-/S1QA FTIR differ-
ence spectrum of PSII. Our work demonstrates that FTIR is
a potentially important tool to obtain structural information
about ammonia coordination to the catalytic site of the OEC.
Future FTIR studies on the high-frequency region (3500-
3000 cm-1) where OH vibrations of the active water and
NH vibrations of NH3 occur (44, 45) and on the low-
frequency region (1000-350 cm-1) of FTIR difference
spectra of NH3-treated PSII samples where Mn-substrate
and Mn-ligand vibrations of the OEC occur (39-43) might
provide direct spectroscopic evidence to determine whether
the NH3-binding sites (SY I or SY II) correspond to substrate-
binding sites in PSII and also provide other new structural
insights into the S state intermediates of the OEC and the
structural mechanism of photosynthetic water oxidation.
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