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ABSTRACT: It is essential to clarify the structures and interactions of amino acids surrounding the Mn cluster in
photosystem II (PSII) to understand the molecular mechanism of photosynthetic oxygen evolution. In this study,
polarized attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) was applied for the
first time to PSII to investigate the orientation of carboxylate groups coupled to the oxygen-evolving Mn cluster.
PSII membranes from spinach were oriented on the surface of a silicon ATR crystal, and flash-induced polarized
ATR-FTIR difference spectra for the S; — S, transition (S,/S; spectra) were obtained. The distribution of
membrane orientations by mosaic spread was estimated from the semiquinone CO peak in polarized Q5 /Qa
difference spectra recorded using the same oriented sample by buffer exchange. The orientations of carboxylate
groups coupled to the Mn cluster were estimated from the dichroic ratios of the symmetric COO™ bands in the
polarized S,/S; ATR-FTIR spectra. We found that most of the carboxylate groups perturbed during the S; — S,
transition, due to direct ligation to the Mn cluster or though a hydrogen bond network, have orientations in a
relatively narrow angle range of 34—48° with respect to the membrane normal. Implications of the obtained
orientations and the changes upon formation of S, are discussed on the basis of the information from previous
FTIR studies and the X-ray structures. The results in this study show that polarized ATR-FTIR difference
spectroscopy is a fruitful method for investigating the orientations and their reaction-induced changes in redox

cofactors and coupled amino acid side chains in photosynthetic proteins.

Atmospheric oxygen that is essential for almost all lives on Earth
basically relies on photosynthetic oxygen evolution performed by
plants and cyanobacteria. The oxygen-evolving reaction, that is,
oxidation of water to produce molecular oxygen utilizing solar
energy, takes place in photosystem II (PSII)' protein complexes
embedded in thylakoid membranes (/—4). The catalytic site of
oxygen evolution in PSII is the oxygen-evolving center (OEC),
which consists of a metal cluster core of four Mn atoms and one Ca
atom called the Mn cluster and surrounding amino acid ligands
from the D1 and CP43 subunits. In PSII, light-induced charge
separation takes place at the monomeric chlorophyll Chlp,; to form
a radical pair between the chlorophyll dimer Pgg, and the pheo-
phytin electron acceptor Pheop,, Pego Pheop;” (5). On the elec-
tron acceptor side, an electron is transferred from Pheop; to the
primary quinone electron acceptor Qa and then to the secondary
quinone electron acceptor Qg, while on the electron donor side,
Pgso " abstracts an electron from the OEC through the Tyr electron
donor Yz (D1-Tyrl6l). In the OEC, two water molecules are
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converted into one molecular oxygen and four protons through
a light-driven cycle of five intermediates called S; states (i =
0—4) (I—4). When successive flashes are applied, each flash
advances the S; state to the S, state (i = 0—3), and the transient
Sy state relaxes to the Sy state, releasing molecular oxygen. Since the
S; state is the most stable in the dark, oxygen is evolved after the
first three flashes and then every four flashes.

Recent X-ray diffraction (XRD) studies of the PSII core
complexes from thermophilic cyanobacteria have provided the
PSII structures at 2.9—3.7 A resolution (6—9) and predicted the
positions of the Mn and Ca atoms and of amino acid ligands: six
carboxylate groups from D1-Asp170, D1-Glul89, D1- Glu333,
D1-Asp342, DI1-Ala344 (C-terminus), and CP43-Glu354 and
one imidazole from D1-His332. However, these models of the
Mn cluster and the amino acid ligation pattern are significantly
different from each other except for the basic structure with the
trimer/monomer arrangement of the Mny core, which has
previously been proposed by EPR analyses (10, /1), and the
Ca atom coupled with the trimer part. This discrepancy is due
partly to the limited resolutions (2.9—3.7 A) available so far,
which are not enough to resolve the atomic-level structure. In
addition, it was shown by XANES and EXAFS studies that the
X-ray dose used to collect the XRD data reduced the Mn(I1I) and
Mn(IV) ions to Mn(II), which distorted the structure of the Mn
cluster (12, 13). Indeed, Yano et al. (14) showed that none of four
possible MnyCa cluster models obtained by polarized EXAFS
agree with the models obtained from XRD studies. They placed
their Mn4Ca cluster models into the protein structure obtained
by the XRD study (7), providing OEC models with different
amino acid ligation patterns. These models, however, resulted in
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unsatisfactory metal—ligand distances, which were explained by
modification of the ligand positions by X-ray damage to the Mn
cluster (/4). Further analyses using the XRD and EXAFS data,
including repositioning of amino acid ligands (15, 16) and
optimization by density functional theory (DFT) calcula-
tions (17— 19), also proposed different OEC models with different
ligation patterns. Thus, in spite of recent extensive XRD and
EXAFS investigations, the structure of OEC has not yet been
determined.

Information about the structure of the OEC has also been
obtained by Fourier transform infrared (FTIR) spectroscopy,
which is a powerful method for studying the structures and
reactions of amino acid residues coupled to the redox cofactors
in photosynthetic proteins (20, 2/). Light-induced FTIR difference
spectra of the OEC (22—25) have been obtained during S-state
transitions, showing that several carboxylate groups are involved in
the ligands to the Mn cluster and the reactions in the OEC (26—28).
Among them, FTIR bands of the C-terminus (DI1-Ala344)
(25, 29—31) and CP43-Glu354 (32, 33) have been detected by
site-directed mutations and/or selective isotope labeling, strongly
suggesting ligation of these residues to Mn ions. An imidazole
band, probably from D1-His332 or D1-His337, was also detected
by selective isotope labeling of imidazole groups, indicative of
coordination to a Mn ion (34, 35). The His coordination is in
agreement with the previous ESEEM study (36).

In this study, we have for the first time applied the polarized
attenuated total reflection (ATR) FTIR spectroscopy to photo-
synthetic proteins to study the orientations of amino acid side
chains coupled to the Mn cluster. This method is useful for
studying the orientations of the transition dipole moments of
normal mode vibrations in membrane proteins adsorbed to the
surface of an internal reflection element (IRE) (37). So far, ATR-
FTIR has mostly been used to examine the orientations of the
main chains of polypeptides or proteins in lipid bilayers (38—41).
By combination of light-induced FTIR difference spectroscopy,
spectra of different redox cofactors can be obtained for the same
sample adsorbed on the IRE surface by buffer exchange (42, 43).
Analysis of polarized ATR-FTIR difference spectra upon the
S| — S, transition, along with the estimation of a distribution of
membrane orientations usinga Q, signal, provided information
about the orientations of carboxylate groups coupled to the Mn
cluster in the S; and S, states.

MATERIALS AND METHODS

Sample Preparation for ATR-FTIR Measurements.
Oxygen-evolving PSII membranes were prepared from spinach
as reported previously (44) and suspended in Mes buffer [buffer
A: 40 mM Mes-NaOH, 20 mM NaCl, and 20 mM CaCl, (pH
6.5)]. Sample preparation for ATR-FTIR measurements was
followed by the method described previously (43). Briefly, an
aliquot of the PSII sample (5 uL, 1 mg of Chl/mL) washed with
distilled water by centrifugation was loaded on the surface of a
three-reflection silicon prism (3 mm in diameter) of the ATR
accessory (DuraSampl/R I, Smiths Detection) and dried under a
nitrogen gas flow. Subsequently, a flow cell consisting of a
transparent acrylic plate and a rubber spacer was attached to
the sample stage, and buffer A was allowed to flow into the cell
(Figure 1A). A sufficient thickness of the sample to cover the
penetration depth of the IR beam (<1 um at 1650 cm ™) was
confirmed by monitoring the ATR-FTIR absorption while
changing the amount of sample loaded. The temperature of the
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FIGURE 1: (A) Schematic diagram of the ATR cell used for light-
induced polarized ATR-FTIR difference measurements and (B)
procedure for the measurements of S,/S; and Q5 /Qa ATR-FTIR
difference spectra using the same oriented sample of PSII membranes
by exchanging buffers.

silicon surface was maintained at 10 °C by circulation of cooled
water through a copper plate attached to the sample stage.

Polarized ATR-FTIR Measurements. FTIR spectra were
recorded on a Bruker IFS-66/S spectrophotometer equipped with
an MCT detector (InfraRed D313-L). All spectra were recorded
at4cm™' resolution. Illumination was performed with a flash of
light from a Q-switched Nd:YAG laser (Quanta-Ray GCR-130;
532 nm, ~7 ns fwhm, ~9 mJ cm™2 pulse ' at the sample). Pola-
rized ATR-FTIR difference spectra were recorded with perpen-
dicular or parallel polarization of the incident IR beam using a
wire grid polarizer (ST-Japan STJ-1001). For the measurement of
S»/S; FTIR difference spectra, buffer A in the sample cell was
replaced with buffer A containing 5 mM potassium ferricyanide
and 5 mM potassium ferrocyanide® (Figure 1B). Single-beam
spectra with 20 s scans (40 scans) were recorded twice before and
once after single-flash illumination, and dark-minus-dark
(representing noise levels) and light-minus-dark difference spec-
tra were calculated. This measurement was repeated with inter-
vals of 5 min for dark relaxation. The polarizations of the
incident IR beam were changed every five measurements, and
spectra of 80 measurements in total for each polarization were
averaged.

After the measurement of the S,/S; difference spectra, Qo /Qa
difference spectra were recorded using the same oriented sample
by exchanging buffers (43) to evaluate the disorder in membrane
orientation. The Mn cluster was first removed by incubation in
buffer A containing 10 mM NH,OH for 30 min, and then it was
replaced with buffer A containing 10 mM NH,OH, 0.1 mM

Ferrocyanide is included in the buffer to decrease the redox potential
for avoiding preoxidation of the non-heme iron by ferricyanide. In the
previous S,/S; measurements (26), a ferrocyanide:ferricyanide ratio of
9:1 was used because the sample was subjected to long dark adaptation.
In our experiment, however, measurements were repeated with 5 min
dark intervals, and thus, a lower ratio of 1:1 was sufficient to delay the
reoxidation of the non-heme iron and remove its signals from the FTIR
spectra.
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DCMU, and 0.1 mM PMS. PMS works as an electron acceptor
when Q4 is relaxed in the dark in repetitive measurements. A set
of two 40 s measurements before single-flash illumination and
one 40 s measurement after illumination was repeated with 12
min dark intervals. The polarizations of the IR beam were
changed every five measurements, and spectra of 40 measure-
ments in total for each polarization were averaged. Two sets of
experiments using two samples were performed, and the spectra
were averaged for the final data.

Data Analysis. The dichroic ratio R was defined as A4y /AA
in which A4, and A4, are absorbance changes measured with
parallel and perpendicular polarizations, respectively. In ATR-
FTIR measurement, R is related to an orientational order
parameter S (37)

A E? E? 3S
R=20 B By 20 |
4 E},2+E),2< +1—S> M

where E,”, Eyz, and E.° are the time-averaged square electric field
amplitudes of the evanescent wave:

E2 - 4 cos” O(sin’ 0.—2n%1) )
(1= n3,)[(1+n3,) sin” 0 —n3,]
4cos’
B =" (3)
1 —n3
4.cos” O x sin* O
E? - cos® 0 x sin @

(1 _”51)[(1 +n%l) sin’ 0_”%1]

where n,; is the ratio of the refractive index of the external
medium, 7, to that of the IRE, n; (15, = ny/n;), and 6 is the angle
of the incident IR beam with respect to the normal of the IRE
surface. For PSII membranes as a sample, the n; value of 1.5,
which was previously estimated for chloroplasts (45, 46), was
adopted. When n, = 3.42 for the Si crystal as the IRE and 6 =
45°, E> = 1.887, E,> = 2.476,and E.* = 3.066.

The experimental order parameter S obtained from Rbyeq 1 is
expressed as

S = SsSap (5)

where Sy, represents a distribution of the membrane normals
with respect to the normal of the IRE surface by the mosaic
spread (45, 46) and S, is an order parameter representing the
orientation of the transition dipole moment of a normal
mode vibration. If the membranes are perfectly oriented,
Sms = 1, whereas a totally random orientation gives an S5 of
0. In the latter case, R = 2in ATR-FTIR because of a two times
larger penetration depth for parallel polarization compared with
perpendicular polarization, in contrast to an R of 1 in transmis-
sion IR spectroscopy. Sy, is related to the angle of the transition
dipole with respect to the membrane normal, ¢, with the equation

:3cos2(p—1 (6)

Sap 5

Thus, once Sy, is determined for the membrane sample, ¢ of a
concerned vibration can be evaluated from the experimental
value of R using egs 1, 5, and 6.

DFT Calculations. Density functional theory (DFT) calcula-
tions were performed using the Gaussian03 program pack-
age (47). The B3LYP functional (48, 49) with the 6-31+G(d)
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FIGURE 2: (A) Polarized ATR-FTIR difference spectra upon light-
induced Q4 formation of oriented PSII membranes (a) and the
corresponding dark-minus-dark difference spectra representing noise
levels (b). Spectra were recorded with parallel (blue lines) and
perpendicular (red lines) polarizations of the incident IR light. The
zero line is shown as a thin black line in part a. (B) Orientation of the
transition dipole moment of the CO stretching vibration of the Q4
semiquinone anion with respect to the C axis of the PSII core dimer.
The orientation of Q was taken from the X-ray structure of Guskov
et al. (8), and the deviation of the transition dipole moment from the
direction of the C;—O; bond was estimated by DFT calculation of a
model PQ-1" complex hydrogen bonded with water at each CO
group (Figure S1 of the Supporting Information) (50).

basis set was used to optimize the geometry of a hydrogen-
bonded complex of plastoquinone-1 (PQ-1) (50), amodel of Q4
and calculate the transition dipole moments of the normal mode
vibrations.

RESULTS

Estimation of S,,,; Using Polarized Q 4 /O 4 ATR-FTIR
Difference Spectra. The order parameter for a distribution of
membrane orientations by the mosaic spread, S, was estimated
using the CO stretching band of Q4. The polarized Qs /Qa
ATR-FTIR difference spectra of the PSII membranes oriented
on the Si IRE surface are presented in Figure 2Aa (blue and red
lines represent parallel and perpendicular polarizations, re-
spectively). The zero line is also shown as a thin black line. These
spectra were obtained after the measurements of the S,/S;
difference spectra (see below) without changing the sample by
in situ buffer exchange (Figure 1B) (43), and hence, the S
obtained from the QA / Q4 spectra can be directly used in the
analysis of the S,/S; spectra. If the membranes are randomly
oriented, the spectrum from a parallel polarization (blue line)
should show a 2 times greater intensity than that from a
perpendicular polarization (red line) (R = 2). However, the
two spectra in the 1500—1350 cm ™' region exhibited similar
intensities, while the spectra in the 1750—1550 cm™' region
exhibited different dichroic ratios depending on the peaks,
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indicating that the PSII membranes are highly oriented. The
dichroic ratio R at the prominent positive peak at 1477 cm™ ",
which has been assigned to the asymmetric CO stretching
vibration of QA" (50, 51), was estimated to be 0.99 + 0.01.
The error was estimated by taking into account the noise levels
(root-mean-square values in the 1490—1470 cm™' region) re-
vealed in the dark-minus-dark difference spectra obtained before
flash illumination (Figure 2Ab).

We previously performed vibrational analysis of the semiqui-
none anion using PQ-1 with each CO group hydrogen bonded
with a water molecule, as a model of QA having symmetric
hydrogen bonding interactions, by DFT calculations at the
B3LYP/6-31+G(d) level (50). The obtained band pattern repro-
duced well the Q4 FTIR spectra measured in the presence of
DCMU as a herbicide. The CO vibration responsible for the
intense 1477 cm ™' peak is strongly coupled with the ring CC
stretches and the methyl deformations (50), and hence, the
direction of the transition dipole moment is predicted to be
slightly deviated from that of the CO bonds. Using the optimized
geometries obtained in the latter study, we now calculated the
direction of the transition dipole moment of the IR-active CO
stretching mode. It was shown that the direction of the transition
dipole of this vibration deviates from that of the C;—0; bond by
7° to the side of the methyl group on the ring plane (Figure SI of
the Supporting Information). We note that a similar deviation of
6° was estimated using a free PQ-1 anion as a model, and thus, the
transition dipole of this vibration is not very sensitive to the
hydrogen bond form.

Using the atomic coordinates from the X-ray structure at 2.9 A
resolution of Guskov et al. (PDB entry 3BZ1) (8), the orientation
of the C;—0; bond of Q, with respect to the C; axis of the PSII
core dimer was estimated to be 84°. By combining this result with
the result of the DFT calculation described above, we estimated
the orientation of the transition dipole moment of the CO
stretching vibration of Q4 with respect to the membrane normal
tobe 77°. From egs 1, 5, and 6 using an R 0of 0.99 £ 0.01 and a ¢
of 77°, S was estimated to be 0.87 £ 0.01, confirming that the
PSIT membranes used for the ATR-FTIR measurements are
highly oriented on the Si surface. The accuracy of the obtained
Sms depends on that of the Q4 orientation in the X-ray structure.
The X-ray structures of Loll et al. (3.0 A resolution) (7), Ferreira
et al. (3.5 A resolution) (6), and Kawakami et al. (3.7 A
resolution) (9) provide C;—0O; orientations of 89°, 85°, and
77°, respectively, with respect to the membrane normal. The
Sms values estimated using these three X-ray structures taking
into account the DFT result are 0.78, 0.75, and 1.1, respectively,
the last of which is an unrealistic value. These estimations indicate
that the S, of the PSII membranes is at least higher than
0.75 and most likely around 0.9.

Polarized S>/S; ATR-FTIR Difference Spectra. The
polarized S,/S; ATR-FTIR difference spectra of the oriented PSII
membranes are presented in Figure 3a (blue and red lines for
parallel and perpendicular polarizations, respectively). The noise
levels are revealed as dark-minus-dark difference spectra in
Figure 3b. The overall features of the polarized S,/S; spectra are
very similar to those of the previous S»/S; spectra measured using
the transmission (26) and ATR (43) methods. Bands in the
1450—1300 cm ™~ region represent the symmetric COO™ stretching
vibrations of carboxylate groups most likely from the direct ligands
to the Mn cluster, while the 1600—1450 cm ™" region is due to the
overlap of asymmetric COO™ bands and amide IT bands (NH
bend and CN stretch of backbone amides) (24, 25, 27, 28). Bands
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FI1GURE 3: Polarized ATR-FTIR difference spectra upon the light-
induced S; — S, transition of oriented PSII membranes (a) and the
corresponding dark-minus-dark difference spectra representing noise
levels (b). Spectra were measured with parallel (blue lines) and
perpendicular (red lines) polarizations of the incident IR light. The
zero line is shown as a thin black line in part a.

in the 1700—1600 cm ™' region mostly arise from the amide I
vibrations (C=0 stretch of backbone amides). It is notable that
the dichroic ratios of the major bands in the symmetric COO ™
region (e.g., bands at 1435, 1419, 1401, and 1363 cm™ ") are all
large, whereas those in the 1600—1450 cm ™' region (e.g., bands at
1584, 1560, 1544, and 1520 cm™") are relatively small except for
the positive band at 1503 cm™'. Although the dichroic ratios in
the amide I region (1700—1600 cm ') are relatively large, the
peak positions in the 1600—1650 cm ™' region do not agree bet-
ween the parallel and perpendicular polarizations, indicating a
severe overlap of bands representing different orientations. The
latter observation is consistent with the X-ray structures (6—9)
showing that the Mn cluster is surrounded by polypeptide
chains with loop or a-helical conformations oriented in different
directions.

The direction of the transition dipole moment of the symmetric
COO" stretching vibration basically agrees with the orientation
of the COO™ group, which is represented by the direction of the
C—C bond in the CCOO™ unit of Asp and Glu and the C-ter-
minus (Figure 4B). Also, other vibrations of PSII proteins inter-
fere only slightly with the symmetric COO™ region (1450—1300
cm” ') in the S,/S; spectrum (27). Thus, this region is appropriate
for detailed analysis for the investigation of the orientations of
the carboxylate groups coupled to the Mn cluster. In contrast, the
asymmetric COO™ region is not suitable for analysis because of a
severe overlap with amide IT bands (27, 28) and the direction of
the transition dipole that does not directly match that of the
COO™ group.

Figure 4A shows the expanded view of the symmetric COO ™
region of the polarized S,/S; ATR-FTIR difference spectra.
Parallel (blue line) and perpendicular (red line) spectra exhibit
very similar features, although the overall intensity is much lower
in the latter spectrum. In both polarizations, peak positions were
virtually identical in major peaks except that the peaks at 1435
and 1329 cm™ " in the parallel polarization shift to 1433 and 1334
em” !, respectively, in the perpendicular polarization.

Table 1 summarizes the dichroic ratios (R) and the angles (¢) of
the transition dipole moments with respect to the membrane nor-
mal, estimated using an S, of 0.87 4 0.01, at 1435, 1419, 1401, and
1363 cm ™", the frequencies showing major peaks in the parallel
polarization. The R and ¢ values at 1433, 1393, and 1340 cm ™,
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FiGUuRE 4: (A) Expanded spectra in the symmetric COO™ stretching
region of the polarized ATR-FTIR difference spectra of the S; — S,
transition measured with parallel (blue lines) and perpendicular (red
lines) polarizations. The zero line is shown as a thin black line. (B)
Orientation of the transition moment of the symmetric stretching
vibration of a carboxylate group, assuming it has a symmetric
structure.

where CP43-Glu354 or the C-terminus is expected to provide a
large contribution (see below for a detailed discussion of the
assignments of these carboxylate groups), are also included.
Reflecting the relatively large R values in the overall symmetric
COO™ region, the estimated angles of transition dipole moments
provide relatively small values ranging between 34° and 48°.
Errors of angles, which were estimated taking into consideration
the noise levels of the spectra (Figure 3b) and the errors of S
(0.87 £ 0.01), range from 2° and 5°. It is noted that the effect of
inaccuracy of the Q, orientation depending on the X-ray
structures was similar to or smaller than this error range;
for example, if the S, value of 0.75—1.0 is used for the
calculation of ¢ at 1401 cm ™", the resultant ¢ ranges between
44° and 47°, which is similar to the value of 45 + 2° obtained with
an Sy, of 0.87.

DISCUSSION

In this study, we have for the first time applied polarized ATR-
FTIR spectroscopy to photosynthetic membrane proteins to
determine the orientations of carboxylate groups coupled to
the Mn cluster in PSII. The benefits of the polarized ATR-FTIR
method over the conventional transmission method are twofold.
First, using the ATR method, the spectra of different cofactors
can be obtained using the same sample attached to the IRE
surface by exchanging buffers (43). This is advantageous in
determining the S, of the oriented membranes using the
polarized spectra of a cofactor with a known orientation. Second,
better orientations of the membranes can be obtained near the
IRE surface, where the ATR-FTIR spectra of a sample are
selectively measured.

We first estimated the distribution of the membrane orienta-
tions using the dichroic ratio R of the CO stretching band at
1477 cm™" of Q4 in the Q4 ~/Qa difference spectra (Figure 2A),
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which were obtained after the S,/S; measurements using the same
sample adsorbed to the Si surface. The S, was estimated to be
0.87 £ 0.01 from an R of 0.99 £ 0.0l using the orientation
information of Q, from the X-ray structure (8) and the direction
of the transition dipole moment of the CO stretching mode,
which is coupled with the CC stretches and methyl deformations,
estimated by DFT calculations of a PQ-1 radical anion as a
model of Q5 (Figure S1 of the Supporting Information). This
value represents a mosaic spread of 17 & 1°, which is consistent
with or better than the previous reports (15—20° in ref 52 and
35—38° in ref 53) for oriented PSII membranes assessed by the
Yp and cytochrome bss9 EPR signals in polarized EXAFS
studies. Thus, the PSIT membranes used for the S,/S; measure-
ments were highly oriented on the Si surface.

The polarized S,/S; ATR-FTIR difference spectra in the
symmetric COO™ region showed that parallel and perpendicular
spectra have very similar features, with a lower intensity in the
latter spectrum, indicative of a relatively narrow range of R[R =
2.7—5.2 (Table 1)] at least for the major peaks. This observation
indicates that the transition dipole moments of the symmetric
COQO" vibrations affected by the S; — S, transition have rather
similar orientations. In fact, the estimated angles with respect to
the membrane normal range between 34° and 48° at the
prominent peaks at 1363, 1401, 1419, and 1435 cm ™' (Table 1).
Since the direction of the transition dipole moment of the
symmetric COO ™ vibration virtually agrees with that of a COO™
group (Figure 4B) at least in a chelating or symmetric bridging
bidentate coordination (54), this observation indicates that the
carboxylate groups strongly coupled to the Mn cluster and their
structures are perturbed during the S; — S, transition mostly
have orientations in a relatively narrow angle range of 34—48°
with respect to the membrane normal.

Since the assignments of individual symmetric COO™ bands in
the S,/S; FTIR spectrum to specific amino acid residues are not
yet well established (24, 25), it is not easy to definitively correlate
the angle information from the COO™ bands with the orienta-
tions of the carboxylate groups coupled to the Mn cluster. In the
following, however, we will attempt to provide some discussion
about the orientations and their changes of the specific carboxy-
late groups around the Mn cluster based on the information from
the band assignments and the coordination changes of carbox-
ylate groups from previous FTIR studies. The orientation
information for the carboxylate groups in the S; state (or more
reduced states by X-ray radiation) from the XRD studies is also
taken into consideration. Note that although this discussion will
focus on the carboxylate groups that are putative ligands to the
Mn ions or those in the vicinity of the Mn cluster, there is also a
possibility that carboxylate groups rather distant from the Mn
cluster, but structurally coupled with it, are responsible for some
of the symmetric COO™ bands in the FTIR spectra.

Table 2 compares the orientations of seven carboxylate groups
around the Mn cluster (Figure 2B) with respect to the C; axis of
the PSII core dimer obtained from the X-ray structures at 2.9—3.7
A resolution. Among these carboxylate groups, D1-Asp170, D1-
Glul89, D1-Glu333, D1-Asp342, D1-Ala344 (C-terminus), and
CP43-Glu354 are the putative carboxylate ligands, while D1-
Asp61 may not be a direct ligand. Note that the structure of
Guskov et al. (8) (2.9 A) was obtained by reprocessing the same
XRD data used for the structure by Loll et al. (7) (3.0 A). The
angle of each carboxylate group is rather different from one X-ray
structure to another; the maximum differences are 13°, 21°, 31°,
31°,47°,8°, and 22° for Asp61, Asp170, Glul89, Glu333, Asp342,
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Table 1: Orientations of the Transition Dipole Moments of the Symmetric COO™ Stretching Vibrations Coupled to the Mn Cluster Estimated from the S,/S;
Polarized ATR-FTIR Difference Spectra

frequency (cm ™) S state dichroic ratio” R angle? ¢ (deg) note
1340 S, 2.7+£0.5 47+4 contribution of the C-terminus (D1-Ala344) ((29)—(30)(31))
1363 S, 4840.6 3543 sensitive to Ca®" depletion (26) and NH; treatment (56)
1393 S 29+0.6 46+5 contribution of CP43-Glu354 (33)
1401 S 3.0£0.2 45+2 sensitive to Ca" depletion (26)
1419 S 27+£04 48+ 3
1433 S, 43+0.6 38+3 contribution of CP43-Glu354 (33)
1435 S» 52409 34+4

“Errors were estimated from the noise levels of the spectra [rms value in the 1500—1300 cm ™' region of the dark-minus-dark spectra (Figure 3b)]. ®Angles of

the transition dipole moments with respect to the membrane normal were estimated from R using an Sy, of 0.87 £ 0.01.

Table 2: Orientations of the Carboxylate Groups around the Mn Cluster in the X-ray Structures

angle (deg)’
X-ray structure (PDB entry) resolution (A) Asp61 Aspl70 Glul89 Glu333 Asp342 Ala344® Glu354¢
Guskov et al. (3BZ1) (8) 2.9 55 38 73 63 59 76 49
Loll et al. 2AXT) (7) 3.0 60 17 78 43 56 75 50
Ferreira et al. (IS5L) (6) 3.5 47 26 47 66 15 73 50
Kawakami et al. (3A0B) (9) 3.7 54 23 60 74 62 81 71

“Angles of the C—C bond of the CCOO ™ unit with respect to the C, axis of the PSII dimer. °C-Terminus of the D1 subunit. “CP43-Glu354. Other residues

are all on the D1 subunit.

Ala344, and CP43-Glu354, respectively. Even in the results of
Guskov et al. (8) and Loll et al. (7), the orientations of Asp170
(17° vs 38°) and Glu333 (43° vs 63°) are significantly different.
The relatively large discrepancies in the orientations of the
carboxylate ligands in comparison with the discrepancy in the
Q, orientation (difference of 17° at most) indicate that the OEC
indeed suffered from X-ray damage (/2, 13) and its X-ray
structure is temporal. This was also asserted by the inconsistency
of the core structure of the Mn cluster obtained by polarized
EXAFS with that in the X-ray structures (/4).

The assignment of the FTIR bands of CP43-Glu354 has been
investigated using the CP43-Glu354Gln mutant of Synechocystis
sp. PCC6803 by two groups. Strickler et al. (32) first measured an
S,/S; difference spectrum of this mutant and tentatively assigned
the 1362/1378 cm ™! peaks in the wild type-minus-mutant double
difference spectrum to symmetric COO™ vibrations of CP43-
Glu354 in the S, and S; states. However, the corresponding
spectrum by Shimada et al. (33) did not show a prominent band
at 1362 cm™ ' and instead showed a strong band at 1431 cm ™",
where a similar band was also observed at 1429 cm ™' in the
spectrum of Strickler et al. (32). The band corresponding to the
1378 cm ™' band of Strickler et al. was detected at 1394 cm™".
Thus, Shimada et al. (33) proposed that the symmetric COO™
bands of CP43-Glu354 are located at 1431 and 1393 cm ™" in the
S, and S; states, respectively. Reasons for the differences between
the spectra from two groups (32, 33) are unknown at present.
From these results, we tentatively assign the positive peak at 1433
cm ! characteristic of perpendicular polarization and the nega-
tive shoulder at 1393 cm™' in the polarized S,/S; difference
spectra of spinach PSII membranes (Figure 4A) to the signals
that have a large contribution from CP43-Glu354.

The negative shoulder at 1393 cm™" (Figure 4A) showed an
angle of 46 &+ 5° (Table 1). Although a severe overlap with a large
band at 1401 cm ™" hampers accurate estimation of the orienta-
tion of CP43-Glu354, this value agrees with the orientations of
CP43-Glu354 in the X-ray structures at resolutions higher than

3.5 A, 49-50° (Table 2), in the error range. In the S, state, the
orientation of CP43-Glu354 can be estimated to be 38 + 3°
(Table 1) from the dichroic ratio at 1433 cm ™" (Figure 4A, red
line). The orientation change of ~8° upon formation of the S,
state is consistent with the change from bridging to chelating
coordination previously proposed from the decrease in the
frequency gap between the asymmetric and symmetric COO™
vibrations (33). For a more accurate estimation of the CP43-
Glu354 orientation avoiding severe overlap of bands, further
polarized FTIR measurements are necessary for the isolated
CP43-Glu354 bands in double difference spectra between the
wild type and CP43-Glu354GIn mutant.

The C-terminal carboxylate of D1-Ala344 has been shown to
provide peaks at 1356 cm ™' in the S, state and 1338 or 1320 cm ™!
in the S, state by [1-'*C]JAla substitution and site-directed
mutants of D1-Ala344 (25, 29—31). It was later suggested that
the 1338 cm ™' peak is a more likely candidate for the band in the
S, state (25, 32). Indeed, there are weak peaks at ~1340 cm ™' in
both parallel and perpendicular polarizations, whereas almost no
intensity was detected at 1320 cm™' (Figure 4A). Thus, the band
at 1340 cm ™' is expected to have a large contribution from the
C-terminal carboxylate in the S, state. This band provided an
angle of 47 £ 4° (Table 1). On the other hand, the negative dip at
1352 em ™" (Figure 4A) probably corresponds to the band of the
C-terminal carboxylate in the Sy state. Unfortunately, the overlap
with a strong positive band at 1363 cm™' hampers a proper
estimation of the dichroic ratio of this dip. The X-ray structures
have shown the orientation of the Ala344 carboxylate to be
73—81° (Table 2). The large difference in angles between FTIR
and XRD could suggest a large orientation change in the
C-terminal carboxylate upon the S; — S, transition. However,
alternative possibilities are that the 1340 cm ™" band is significantly
overlapped by other vibrations with nearly perpendicular orienta-
tions and that the S, band is actually located at ~1320 cm™' but
the intensity is cancelled by the overlap of another negative band.
It is also possible that the orientation of the C-terminus in the
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X-ray structure is significantly changed from that in the intact
OEC by X-ray damage to the Mn cluster.

The prominent negative band at 1401 cm ™' and the positive
band at 1363 cm™" in the S,/S; difference spectra (Figure 4A)
have been shown to disappear upon depletion of Ca*" (26, 55)
and thus have been proposed to arise from an identical carbox-
ylate ligand in the S; and S, states, respectively. The 1363 cm™'
band is also known to be upshifted by NH; treatment (56). It has
been proposed that this carboxylate ligand takes a bridging
bidentate coordination in the S; state and a unidentate coordina-
tion in the S, state from the change in the frequency gap between
asymmetric and symmetric COO™ vibrations (26). In spite of the
clearest feature in the S,/S; spectrum, the assignment of these
bands to a specific carboxylate group has not been successful yet.
The orientation of this carboxylate was estimated to be 45 £ 2°
and 35 £ 3°in the S; and S, states, respectively (Table 1). The
orientation change of ~10° is consistent with the coordination
change from bidentate to unidentate structure during the S; — S,
transition, because in unidentate coordination, the orientation of
the transition dipole of the “symmetric” COO™ vibration is
slightly deviated to the side of the metal ion (54). The value of
45 £ 2° in the S, state is in the range of 43—74°, 15—62°, and
47-78° for D1-Glu333, DI1-Asp342, and DI1-Glul89, respec-
tively, obtained by the X-ray structures (Table 2). No FTIR
spectra of site-directed mutants of D1-Glu333 have been re-
ported, while Strickler et al. (57, 58) reported that mutations of
D1-Asp342 and D1-Glul89 did not alter the symmetric COO™
bands in FTIR spectra upon Sy — S;, S; — S5, and S, — S5
transitions. Therefore, D1-Glu333 is a possible candidate for
these FTIR bands. In most of the OEC models determined by
XRD studies (7, 8) and by polarized EXAFS (/4—16), DI-
Glu333 coordinates two Mn ions, being consistent with the
bridging bidentate coordination proposed by FTIR (26). How-
ever, D1-Glu333 is located away from Ca>" in these models,
which is inconsistent with the experimental observations that the
1401 and 1363 cm ™" bands are sensitive to Ca®" depletion and
thus should be strongly coupled to Ca>". Further mutational
studies are necessary for the definite assignments of these
prominent FTIR bands at 1401 and 1363 cm™".

The negative band at 1419 cm™' and the positive band at
1435 cm ™! provide angles of 48 + 3° and 34 + 4°, respectively
(Table 1). The relatively high frequencies of these bands in
the symmetric COO™ region indicate that the correspond-
ing carboxylate groups likely have chelating or bridging bidentate
coordination (54, 59, 60). The candidates for the assignment
of the 1419 cm™' peak is the same as that for the 1401 and
1363 cm ! peaks, i.e., D1-Glu333, D1-Asp342, and D1-Glu189.
D1-Asp342 and D1-Glul89, however, do not contribute to
the S,/S; difference spectra as described above. Another
candidate is D1-Asp61, which is not a direct ligand to the Mn
cluster but is located near the Mn cluster and coupled with it
through a hydrogen bond network (6—9). The orientation of D1-
Asp6l in the X-ray structures ranges between 47° and 60°
(Table 2), which is in agreement with the angle of 48 + 3° for
the 1419 cm™" band. D1-Asp61 has been proposed to function as
a mediator of proton transfer from the OEC to the lumenal
side (6, 61—63).

In conclusion, this study shows that light-induced polarized
ATR-FTIR difference spectroscopy is a fruitful method for
investigating the orientations of cofactors and the coupled amino
acid side chains in photosynthetic membrane proteins. In parti-
cular, this method is useful for the study of orientations of the
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amino acid ligands to the metal center that is prone to X-ray
damage, such as the Mn cluster. In the XRD studies, only the
structure of the dark stable state (S; or more reduced states) has
been detected (6—9). In contrast, this polarized ATR-FTIR study
could produce the information of orientation changes in the
carboxylate groups upon the S; — S, transition. Polarized ATR-
FTIR measurements of the S-state cycle via application of
successive flashes would provide further information about the
orientation changes of amino acids during the water oxidation
reaction. Also, combinations of this method with site-directed
mutagenesis, selective amino acid isotope labeling, and various
chemical perturbations (e.g., Ca®>" depletion and metal sub-
stitution) will provide more accurate and specific information
about the structure of individual ligands or amino acid residues
involved in OEC reactions. The improvement in the resolution of
X-ray structures in the near future will help more accurate
assignments of the polarized FTIR bands, which will significantly
contribute to unraveling the molecular mechanism of photosyn-
thetic oxygen evolution.
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