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ABSTRACT: The non-heme iron is located between the quinone electron acceptors, Q4 and Qg, in photosystem
11 (PSII) and together with its bicarbonate ligand, it regulates the electron and proton transfer reactions of
quinone acceptors. In this study, we have investigated the structural coupling of a nearby Tyr residue with the
non-heme iron center using Fourier transform infrared (FTIR) spectroscopy. Light-induced Fe**/Fe*" FTIR
difference spectra of PSII core complexes from unlabeled and [4-'>C]Tyr-labeled Thermosynechococcus
elongatus revealed that the CO stretching (vCO) bands of a Tyr side chain are located at 1253 and 1241 cm ™' in
the Fe?™ and Fe*" states, respectively. Upon deuteration, both ¥CO bands were upshifted by 11—12 cm ™.
Taking into account the criteria for determining the hydrogen bond structure of a Tyr side chain from infrared
bands reported previously [Takahashi, R., and Noguchi, T. (2007) J. Phys. Chem. B 111, 13833—13844]
and the results of DFT calculations of model complexes of p-cresol hydrogen-bonded with bicarbonate,
we interpreted the observed vCO bands and their deuteration effects as indicating that one Tyr side chain with
a hydrogen bond donor—acceptor form is strongly coupled to the non-heme iron. From the X-ray structures
of PSII core complexes, it is proposed that either D1-Y246 or D2-Y244 provides a hydrogen bond to
the oxygen of the bicarbonate ligand but the other Tyr does not directly interact with bicarbonate. The
Tyr residue coupled to the non-heme iron may play a key role in the regulatory function of the
iron—bicarbonate center by stabilizing the bicarbonate ligand and forming a rigid hydrogen bond network

around the non-heme ion.

Photosystem IT (PSII)" is a multimeric protein complex that
functions as a water-quinone oxidoreductase. Light illumina-
tion to PSII triggers charge separation between the special pair
chlorophyll P680 and the pheophytin electron acceptor. On the
electron donor side, P680" oxidizes the Mn cluster through Y,
and two water molecules are converted to a molecular oxygen
and four protons (/), while on the electron acceptor side, an
electron is transferred from the pheophytin to the primary
quinone electron acceptor Q, and then to the secondary
quinone acceptor Qg (2). When Qg is doubly reduced, it is
protonated and released from the protein pocket as a quinol
molecule.

The non-heme iron is located between Q4 and Qg (2—4). As
revealed by the X-ray crystallographic structures of PSII core
complexes (5—7), the non-heme iron is ligated by four His
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residues, D1-His215, D1-His272, D2-His214, and D1-His268,
and a bicarbonate ion (Figure 1). D2-His214 and D1-His215
bridge the non-heme iron with Q4 and Qg, respectively,
through hydrogen bonding interactions. Such a structure
around the non-heme iron is virtually identical to that of a
bacterial type II reaction center, which is thought to be the
prototype of PSII in its evolution, except that the bacterial
non-heme iron has a Glu ligand instead of bicarbonate ().
The Fe**/Fe** redox couple of the non-heme iron in PSII has
a midpoint potential (E,,) of 400 mV at pH 7 (9, 10), which is
much lower than the bacterial one (£, > 550 mV) (4). Hence,
the iron center in PSII is readily oxidized to Fe’' by
ferricyanide, and then it can be photoreduced to Fe*™ by
accepting an electron from Q. The pH dependence of E,,
with —60 mV/pH (10, 11) implies that this redox reaction is
coupled to proton transfer, suggesting the presence of a
proton pathway in a hydrogen bond network around the
non-heme iron center (/2). Indeed, proton uptake upon
photoreduction of Fe’* has been detected (13—15). A recent
theoretical work also revealed the existence of a network of
residues serving as an internal proton reservoir around the
iron center (/6).

The bicarbonate ligand, which was introduced to PSII in the
evolutionary process via replacement of the Glu ligand in bacterial
reaction centers, must have some specific function. The bicarbo-
nate is a labile ligand and is readily replaced with NO, CN™, and
many carboxylate anions (2—4). Thus, bicarbonate has been
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FIGURE 1: X-ray structure around the non-heme iron of the PSII
complex from Thermosynechococcus elongatus (7). The distances
(angstroms) from D1-Y246 and D2-Y244 to the bicarbonate and
nearby residues are also presented (orange). The oxygen atoms of the
bicarbonate are designated as O4, Og, and Oc.

proposed to play regulatory roles in the acceptor side
reactions (2—4, 17—19). It is essential for proper electron flow
from Qa to Qpg, and the electron transfer rate is slowed by
bicarbonate depletion (2, 4, 20). Bicarbonate is also necessary
for protonation of Qg™ and hence is proposed to be involved in
the proton pathway to Qg (4, 14, 17, 21). The exchange of
bicarbonate with other carboxylate anions alters the E,, of the
non-heme iron and its pH dependence (22), suggesting that
bicarbonate regulates the pK, of protonatable groups near the
iron center through hydrogen bond networks.

The X-ray structures of PSII core complexes showed that two
Tyr residues, D1-Y246 and D2-Y?244, are located in the vicinity
of the non-heme iron and within hydrogen bonding distance of
the bicarbonate (Figure 1). D2-K264, D1-E244, and D1-S268
also exist around the bicarbonate and seem to form a hydrogen
bond network together with the Tyr side chains. However, the
limited resolution of the X-ray structures (2.9—3.5 A) (5—7)and
inherent difficulty in detecting protons by X-ray crystallography
have hampered clarification of the hydrogen bonding structures
around the iron—bicarbonate center, which is essential for
understanding the molecular mechanism of bicarbonate regula-
tion of quinone reactions.

In this study, we have investigated the hydrogen bond inter-
actions of the iron—bicarbonate center focusing on the nearby
Tyr residues. To do so, we used light-induced Fourier transform
infrared (FTIR) difference spectroscopy, which is especially
sensitive to protonation and hydrogen bond structures of amino
acid side groups and has been used in investigation of the
structures and reactions of PSII (23—27). FTIR spectra specific
to the non-heme iron center have been obtained as Fe*'/Fe’*
difference spectra by utilizing photoreduction of Fe’' and
revealed the bicarbonate and histidine ligation, the pH-depen-
dent redox potential, and the coupling with proton transfer
reactions (14, 28—30). Tyr signals coupled to cofactor reactions
can be identified in FTIR difference spectra using selective
isotope labeling of Tyr side chains (3/—34). We have further
performed DFT calculations using model complexes of p-cresol
hydrogen-bonded with bicarbonate to determine the hydrogen
bond structure of Tyr coupled to the non-heme iron. The
obtained results revealed that one Tyr side chain is strongly
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coupled to the non-heme iron though a hydrogen bond to
bicarbonate.

MATERIALS AND METHODS

PSII core complexes of T. elongatus, in which the carboxyl
terminus of the CP43 subunit was genetically His-tagged, were
purified as previously described (35). [4-*C]Tyr labeling of
T. elongatus cells was performed as described in ref 36 using
L-[4-"*C]Tyr. Mn depletion was performed with 10 mM NH,OH
treatment for 30 min at room temperature (35).

The Mn-depleted PSII core complexes were suspended in a pH
8.0 Tris buffer in the presence of bicarbonate (10 mM Tris, 20
mM sucrose, 5 mM NaCl, 10 mM NaHCOs;, and 0.06% DM)
and concentrated to 9 mg of chlorophyll/mL using a Microcon-
100 apparatus (Amicon). For Fe*"/Fe™™ FTIR measurements,
an aliquot (5 uL) of the sample suspension was mixed with 1 uL
of 500 mM potassium ferricyanide and deposited on a ZnSe plate
(25 mm in diameter). The sample was then lightly dried under a
N> gas flow and sandwiched with another ZnSe plate together
with 1 uL of H,O (or D,0) (37). One of the ZnSe plates has a
circular groove (14 mm inner diameter, | mm width), and the
sample cell was sealed with silicone grease laid on the outer part
of the groove, where a piece of aluminum foil (~1 mm x 1 mm,
~15 um thick) was placed as a spacer. Deuterated PSII core
complexes were prepared by resuspending a dried sample on the
ZnSe plate with a small volume of D,O (Aldrich, 99.9 at. % D).
The sample temperature was adjusted to 10 °C by circulating cold
water in a copper holder. The sample was stabilized at this
temperature in the dark for more than 1 h before measurements
were started.

Flash-induced FTIR spectra were recorded on a Bruker IFS-
66/S spectrophotometer equipped with an MCT detector (D313-
L)at4cm ™' resolution. Flash illumination was performed using
a Q-switched Nd:YAG laser (INDI-40-10, 532 nm, ~7 ns full
width at half-maximum, 10 mJ pulse”' cm™?). Single-beam
spectra with 50 scans (25 s accumulation) were recorded before
and after single-flash illumination. The measurement was re-
peated with an interval of 300 s for dark relaxation. The spectra
obtained by more than 220 cycles using one or two samples were
averaged to calculate a Fe*/Fe*" difference spectrum by sub-
tracting the spectrum before illumination from that after illumi-
nation.

Spectral fitting was performed using IGOR Pro (WaveMetrics
Inc., Lake Oswego, OR).

Molecular orbital calculations were performed using the
Gaussian03 program package (38). The B3LYP functional (39,
40) with the 6-314+G(d,p) basis set was used to optimize the
geometries of model complexes and calculate their vibrational
frequencies and IR intensities. The calculated frequencies were
scaled with a scaling factor of 0.977 following the previous
report (41).

RESULTS

Fe’t|Fe*™ FTIR Difference Spectra. Figure 2a (black line)
shows a Fe’™/Fe’* FTIR difference spectrum of Mn-depleted
PSII core complexes from T. elongatus in a pH 8 buffer. The
positive and negative signals reflect the structures in the Fe*" and
Fe’™ states, respectively. The peaks at 2115(+)/2040(—) cm ™'
arising from the CN stretches of ferricyanide/ferrocyanide (data
not shown) indicate that an electron is donated from ferrocyanide
on the electron donor side. The observed spectral features were
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FIGURE 2: (a) Light-induced Fe?*/Fe’* FTIR difference spectra
obtained using unlabeled (black line) and [4-'*C]Tyr-labeled (red
line) PSII core complexes at pH 8.0. The inset shows the structure of a
Tyr side chain, in which the carbon atom labeled with '*C is marked
with an asterisk. (b) Double-difference spectrum between the [4-'3C]-
Tyr-labeled and unlabeled spectra (unlabeled minus [4-'°C]Tyr-
labeled).

basically identical to those of the previous Fe*'/Fe’™ FTIR
difference spectra obtained using spinach PSII membranes (/4,
28, 29) and the core complexes of T. elongatus (30). The complex
structures in the 1700—1600 and 1600—1500 cm ™" region include
the amide I and amide II bands, respectively, originating from
conformational changes of polypeptide main chains. Hienerwadel
and Berthomieu (28) assigned the bands at 1340(+) and
1229(=) em ™" to the symmetric ¥CO vibrations of the bicarbo-
nate ligand in the Fe*" and Fe** states, respectively, by replacing
bicarbonate with ['*C]bicarbonate. This isotope labeling analysis
also revealed that the coupled asymmetric ¥CO vibrations of
bicarbonate are present at 1530 and 1658 cm ™" in the Fe*™ and
Fe’* states, respectively, and the presence of the bicarbonate
OCOH mode at 1258 cm ™" in the Fe" state. Global "N labeling
of PSIT membranes showed that the positive peak at 1110 cm ™'
and the negative peaksat 1101 and 1095 cm™" arise from the vCN
vibrations of His ligands (28). The vC=0 bands of the COOH
groups of carboxylic amino acids and of the ester groups of
chlorophyll or pheophytin may be involved in the 1750—1700
em~ ! region. Contributions of Arg and Lys signals to the
1680—1500 cm ™' region, of carboxylate side chains to the
1563/1586 and 1410/1401 cm™" bands (1561/1585 and 1409/
1400 cm ™! in ref 28), and of the Tyr »CO signal to the 1257 cm ™!
band were also suggested.

If a Tyr side chain is structurally coupled to the non-heme iron
through hydrogen bond interactions, vCO and COH bands of
the COH group of Tyr should appear in the region of 1300—1150
cm ! (41, 42). To identify Tyr bands in the Fe*"/Fe*" difference
spectrum, we replaced Tyr side chains in the PSII core complexes
with [4-*C]Tyr, in which the carbon atom having an OH group is
labeled with "*C (Figure 2, inset). The obtained spectrum of the
[4-°C]Tyr-labeled PSII complexes is presented in Figure 2a (red
line). The spectrum was scaled so that the intensity of the
ferricyanide peak at 2115 cm ™' matched that of the unlabeled
sample (not shown). Significant spectral changes were observed
at 1300—1200 cm ™" in the Tyr »CO and 6COH region. The
positive and negative peaks at 1257 and 1229 cm ™' showed clear
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FIGURE 3: (a) Light-induced Fe?*/Fe’™ FTIR difference spectra
obtained using unlabeled (black line) and [4-"*C]Tyr-labeled (red
line) PSII core complexes in D,O. (b) Double-difference spectrum
between the [4-'*C]Tyr-labeled and unlabeled spectra in D,O
(unlabeled minus [4-1*C]Tyr-labeled).

downshifts to 1236 and 1218 cm™' by 21 and 11 cm ™", respec-
tively.

For more detailed analysis, we extracted only Tyr bands from
the Fe**/Fe'™ spectrum by calculating a double-difference
spectrum between the [4-'*C]Tyr-labeled and unlabeled spectra
(unlabeled minus [4-"*C]Tyr-labeled) (Figure 2b). Prominent
bands were observed at 1256(+), 1234(—), and 1217(+) cm™",
whereas other bands were mostly canceled. Small signals at
~1504 and 1476 cm™" are probably due to Yp" that contaminates
the Fe*/Fe*" spectrum. In fact, previous studies reported the
vCO peaks of unlabeled and [4-"*C]Tyr-labeled Yp" at 1503 and
1477 cm ™", respectively (37—33). The ¥CO/0COH bands of Yp
in the 1290—1200 cm ™! region, however, exhibited much smaller
intensities (by ~0.3) than the vCO intensity of Yp" at pH >8(32),
which was used in this study. Thus, the contribution of the Yp
signals to the bands in the 1260—1210 cm ™" region is negligible.
The peaks in the amide I region (~1650 cm™') are not repro-
ducible and are probably ascribed to a subtle difference in the
sample conditions, to which amide I bands are generally very
sensitive.

Similar measurements were performed for samples in D,0O. In
deuterated Tyr, the SCOD vibration occurs at a frequency lower
than 1000 cm ™', and hence, the SCOH vibrations disappear from
the 1300—1200 cm ™" region leaving only ¥CO bands (34, 41). The
Fe?*/Fe*" difference spectrum of unlabeled PSII core complexes
in D,O is shown in Figure 3a (black line). The effects of
deuteration are similar to those in spinach PSII membranes
previously reported by Hienerwadel and Berthomieu (28). The
relative intensity of the 1229 cm™! peak decreased, and the 1257
em ! peak in H,O upshifted to 1265 cm ™!, making a negative
intensity at 1251 cm™ ! apparent. In the amide I region, new
strong peaks appeared at 1633(+) and 1621(—) cm™'. These
changes indicate that protonatable groups around the non-heme
iron were successfully deuterated by incubation of the core
sample in D,0 for a relatively short period of time (~1 h before
measurement).

The [4-"3C]Tyr-labeled PSII sample in D,O exhibited peaks at
1239(4) and 1226(—) em™" (Figure 3a, red line) as a result of
downshifts by 26 and 25 cm ™" of the 1265(+) and 1251(—) cm ™!
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FiGure 4: vCO/OCOH region of Tyr in the isotope-edited double-
difference spectra (unlabeled minus [4-"*C]Tyr-labeled) (red lines) in
H,0 (A) and D,O (B) and deconvolution of the spectra into Gaussian
bands (blue and green lines). In the latter Gaussian bands, blue and
green lines represent the bands in the Fe?™ and Fe'™ states, respec-
tively, and solid and dotted lines represent the bands of unlabeled and
4-B3C-labeled Tyr, respectively. The sum of the Gaussian bands
(black dotted line) is overlaid on the experimental spectrum.

peaks, respectively, of unlabeled PSII in D,0. In the unlabeled
minus [4-C]Tyr-labeled double-difference spectrum (Figure 3b),
these changes are revealed as peaks at 1265(+), 1253(—), 1239(-),
and 1225(+) ecm ™", A minor differential signal around 1290 cm ™'
on the higher-frequency side of these signals probably originates
from the ring vCC and 0CH mode weakly coupled with the SCOD
vibration according to our DFT calculation of p-cresol, in which
this mode downshifts by ~10 cm™' upon 4-"*C labeling whereas
the corresponding mode in nondeuterated p-cresol is unaffected. A
small negative band at 1476 cm™' and some contribution to the
1503 cm ™" band are probably due to the vCO signal of contami-
nating Yp', in analogy with the corresponding signals in H»O,
while peaks at 1522(+), 1511(=), and 1503(+) cm~' may be
mainly attributed to the 19a mode of Tyr arising from the vCC and
OCH vibrations (41). Previous studies of Y, in PSII (3/—33) and
the photocycle of the cyanobacterial sensor protein TePixD (34)
have shown the 19a bands in similar positions in corresponding
double-difference spectra. The reason why the 19a bands did not
clearly appear in the spectrum in H>O (Figure 2b) is unknown but
could be due to some coincidental overlap of bands.

To further characterize the ¥CO/OCOH bands of Tyr, the
obtained double-difference spectra in the 1280—1200 cm ™' region
were decomposed into Gaussian bands by a fitting procedure
(Figure 4). Frequencies, intensities, and widths of Gaussian
bands were changed as parameters without any constraints in
the fitting. Not only the double-difference spectrum in D,O
(Figure 4b) but also that in H,O (Figures 4a) was successfully
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Table 1: Frequencies (cm™') of the ¥CO Bands of the Tyr Coupled to the
Non-Heme Iron in the Fe** and Fe?* States Obtained by Fitting Analysis
of the Unlabeled minus [4-"*C]Tyr-Labeled Double-Difference Spectra

F62+ FeS+
[2C)Tyr  [4-CITyr ABC  [2CITyr  [4-BCJTyr ABCC
inH,O 1253 1231 -22 1241 1221 -20
inD,O 1265(+12)" 1238 =27 1252(+11)» 1225 -27

“Frequency shifts upon [4-"*C]Tyr labeling. ®Values in parentheses are
frequency shifts upon deuteration.

reproduced by the sum of four Gaussian bands. This is a sharp
contrast to the similar analysis of Tyr vCO/0COH bands of
TePixD, in which eight bands were necessary to fit the double-
difference spectrum in H,O (34). The obtained frequencies of the
Gaussian bands are summarized in Table 1. In the Fe*" and Fe*"
states, the bands are found at 1253 and 1241 cm ™", respectively,
which upshift by 11—12 cm™" to 1265 and 1252 cm ™', respec-
tively, upon deuteration. The bands of unlabeled samples down-
shift by 20—27 cm ™" upon [4-"*C]Tyr labeling both in H,O and in
D,0. It is noted that similar analysis after removal of the
contribution of Yp'/Yp contamination from the spectra pro-
vided basically the same result except for slight shifts of some
peaks by less than 3 cm ™.

DFT Calculations for Model Complexes of p-Cresol
Hydrogen-Bonded with Bicarbonate. Frequencies and IR
intensities of the ¥CO and dCOH vibrations of model complexes
of p-cresol, a simplest model of a Tyr side chain, hydrogen-
bonded with a bicarbonate anion were calculated using the DFT
method at the B3LYP/6-314+G(d,p) level. In model 1, p-cresol
has a hydrogen bond donor form and is hydrogen-bonded only
with bicarbonate, whereas in models 2 and 3, p-cresol forms two
hydrogen bonds with bicarbonate and methanol as a hydrogen
bond donor—acceptor form (Figure 5). In the latter two models,
p-cresol provides a hydrogen bond to the oxygen atom of the
bicarbonate OH (model 2) or CO (model 3) group. The optimized
geometries of these complexes are depicted in Figure 5, and the
calculated frequencies and IR intensities are summarized in
Table 2. It is shown that hydrogen bond distances between
p-cresol and bicarbonate [1.708, 1.642, and 1.466 A in models
13, respectively (Figure 5)] are shorter than those in any of the
model complexes of p-cresol hydrogen-bonded with various
neutral compounds in ref 4/, reflecting strong hydrogen bonds
with anionic bicarbonate. Model 1 provides the vCO and 6 COH
vibrations at 1285 and 1264 cm™", respectively, with comparable
strong IR intensities. In sharp contrast, models 2 and 3 provide a
strong vCO vibration and an almost IR-inactive dCOH vibra-
tion. The »CO frequency of 1296 cm ™' in model 3 is much higher
than that of 1266 cm™ ' in model 2, indicating that the vCO
frequency significantly increases when p-cresol is hydrogen-
bonded to a negatively charged oxygen atom. Upon deuteration
of the p-cresol OH group, the vCO frequency of model
1 downshifts by 8 cm ™", whereas models 2 and 3 exhibit smaller
downshifts of 1 and 4 cm™', respectively. The effect of 4-"°C
labeling is similar in all three models; the vCO frequency down-
shifts by 22—23 cm ™', while smaller downshifts of 16—19 cm ™
are seen in the 0COH frequency (Table 2).

DISCUSSION

Structural Coupling of Tyr with the Non-Heme Iron.
Selective labeling of Tyr side chains with [4-'*C]Tyr in the PSII
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core complexes from 7. elongatus clearly revealed the presence of
Tyr signals in the Fe**/Fe’" FTIR spectrum (Figure 2). The
prominent bands at 1257(+) and 1229(—) cm ™" exhibited sig-
nificant downshifts to 1236 and 1218 cm ™", respectively. Hie-
nerwadel and Berthomieu (28) previously proposed a tentative
assignment of the 1257 cm™' peak to the »CO vibration of Tyr
superimposing the 0COH band of bicarbonate. Our study
provides definitive proof of this assignment of the Tyr peak in
the Fe*" state. We also showed that the Tyr signal in the Fe*"
state gives some contribution to the negative band at 1229 cm ™",
which mainly arises from the symmetric ¥CO vibration of
bicarbonate. The presence of Tyr signals in the Fe*'/Fe*"
spectrum indicates that a Tyr side chain(s) is structurally coupled
to the non-heme iron center and affected by the Fe**/Fe*" redox
change.

The bands of Tyr were extracted from the Fe*™/Fe*" spectrum
by calculation of a double-difference spectrum between the
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FIGURE 5: Optimized geometries of model complexes of p-cresol
hydrogen-bonded with bicarbonate. In model 1, p-cresol is hydro-
gen-bonded with the oxygen atom of the bicarbonate OH group. In
model 2, p-cresol is hydrogen-bonded with the oxygen atom of the
bicarbonate OH group and the hydrogen atom of the methanol OH
group. Inmodel 3, p-cresol is hydrogen-bonded with the oxygen atom
of the bicarbonate CO group and the hydrogen atom of the methanol
OH group.
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spectra of [4-*C]Tyr-labeled and unlabeled PSII (Figures 2b
and 3b). In both H,O and D0, the double-difference spectrum
in the 1280—1200 cm ™' region, in which the »CO and dCOH
vibrations of Tyr are located (3/—34, 41, 42), was successfully
reproduced by the sum of four Gaussian bands, two of which are
attributed to [C]Tyr in the Fe*" and Fe" states and the other
two of which are the corresponding bands of [4-"C]Tyr
(Figure 4). Thus, the bands of ["°C]Tyr were identified at 1253
and 1241 cm ™' in the Fe*" and Fe’" states, respectively, while
upon deuteration of the OH group, the bands were found at 1265
and 1252 cm™! as a result of upshifts by 12 and 11 cm™',
respectively (Table 1). The significant deuteration effect together
with the frequencies lower than ~1270 cm™" typical of the vCO
frequency of the tyrosinate form (37, 33) indicates that the Tyr
coupled with the non-heme iron takes a protonated form in both
the Fe*™ and Fe'" states.

Hydrogen Bond Structure of the Tyr Side Chain. Takahashi
and Noguchi (41) recently proposed criteria for determining the
hydrogen bond structures of a Tyr side chain using its vCO and
O0COH IR bands from the results of DFT calculations of various
hydrogen-bonded complexes of p-cresol together with experi-
mental observations of Tyr and p-cresol. It was reported that
vCO vibrations occur at 1280—1260, 1260—1250, 1255—
1235, and 1240—1220 cm ™" in the hydrogen bond donor, free,
donor—acceptor, and acceptor forms, respectively, while SCOH
vibrations are found at 1255—1210 cm™" in the donor form and
at relatively low frequencies of 1190—1160 cm ™" in the free and
acceptor forms. The notable result was that in the donor—
acceptor form, the OCOH vibration located at 1260—
1240 cm™" was almost IR-inactive (4/). Another characteristic
of the donor—acceptor form is that deuteration of the OH group
provides a similar or even upshifted (sometimes by more than
10 em ™) ¥CO frequency, whereas other forms always exhibit
downshifts of the vCO frequencies by several wavenumbers (4/).

These criteria were, however, determined for Tyr and p-cresol
complexes hydrogen-bonded with neutral compounds. Since it
was uncertain that the same criteria can be used to analyze the
bands of Tyr hydrogen-bonded to an anion like bicarbonate, we
have performed DFT calculations for model complexes of
p-cresol hydrogen-bonded with bicarbonate (Figure 5 and
Table 2). Although both of the vCO and dCOH vibrations
exhibited frequencies higher than the frequency range for com-
plexes with neutral hydrogen bond partners due to stronger
hydrogen bonding, the basic characteristics of the »CO and
OCOH vibrations dependent on the hydrogen bond forms were
conserved. First, in the donor—acceptor form (models 2 and 3), the
OCOH mode was almost IR-inactive, whereas in the donor form
(model 1), the SCOH exhibited an intensity comparable to that of
the »CO vibration (Table 2). Second, the downshift of the »CO fre-
quency by deuteration is smaller (1—4 cm ™) in the donor—acceptor

Table 2: Calculated Frequencies (cm ™ ') and IR Intensities (km mol ") of the ¥CO and COH Vibrations of p-Cresol in Its Hydrogen-Bonded Complexes with

Bicarbonate

vCO® 0COH”
hydrogen bond partner (complex no.)* frequency (intensity)“ AD! A4-13¢Ce frequency (intensity)® A4-13¢Ce
bicarbonate O(H) (1) 1285(87) -8 =22 1264 (117) —-16
bicarbonate O(H)/methanol (2) 1266 (219) -1 -23 1283 (2) —18
bicarbonate CO/methanol (3) 1296 (199) —4 -22 1279 (6) -19

“The complex number and the optimized geometries are presented in Figure 5.

bCalculated frequencies (cm™") were scaled by a factor of 0.977 following

ref 41. “Values in parentheses are IR intensities (km mol ™). “Shifts upon deuteration of the OH group of p-cresol. “Shifts upon 4-'*C labeling.
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form than that in the donor form (8 cm ™). Thus, although the vCO
frequency was not upshifted by deuteration in models 2 and 3 used
in this study, a general tendency of the deuteration effect on the vCO
vibration seems to hold even in the case of Tyr—bicarbonate
complexes.

By application of the criteria described above to the Tyr bands
coupled to the non-heme iron, the free and acceptor forms are
readily excluded from candidates, because no 0COH bands were
observed in the low-frequency region of 1190—1160 cm ™" in the
double-difference spectrum of Fe*™/Fe’™ in H,O (Figure 2b).
The observation that only a single band of Tyr was found for
each of the Fe’™ and Fe’* states [at 1253 and 1241 cm ™!,
respectively (Table 1)] is consistent with the band pattern of
the donor—acceptor form, in which only the vCO band is strong
and the 0COH band is almost IR-inactive. The assignments of
the 1253 and 1241 cm ™" bands to the vCO vibrations are also
supported by the downshifts of 20—22 cm™" upon 4-'*C labeling
(Table 1), which is consistent with the calculated result in Table 2
and in the previous study (Supporting Information of ref 47). The
OCOH vibrations usually exhibit 4-"C-induced downshifts of
<20 cm™! (Table 2 and ref 47). In addition, the vCO bands
upshifted by 12.and 11 cm™" upon deuteration (Table 1), which is
inconsistent with the tendency of the vCO downshift upon
deuteration in the donor form but consistent with the often
observed upshift in the donor—acceptor form (47). The vCO
frequencies at 1253/1241 cm™" in H,0 and 1265/1252 cm™" in
D0 in the Fe*"/Fe’* states are within or slightly higher than the
typical vCO range of the donor—acceptor form [1255—1235
em” ' in H,0 and 1260—1240 cm ™" in D,0 (41)]. The relatively
high vCO frequencies are consistent with a hydrogen bond
interaction with a bicarbonate anion, although the anionic nature
should be significantly reduced by ligation to Fe*" or Fe*"
compared with free bicarbonate in the model complexes calcu-
lated in this study (Figure 5). The vCO frequencies higher by
11-12 em™" in the Fe* state compared to the Fe’' state
(Table 1) suggest that the hydrogen bond with bicarbonate is
stronger in the former state, in agreement with the prediction that
the bicarbonate ligand is more negatively charged in the Fe**
state. These considerations lead to a conclusion that the Tyr side
chain coupled to the non-heme iron has a hydrogen bond
donor—acceptor form in the Fe*" and Fe’" states, and one of
the hydrogen bond partners is probably the bicarbonate ligand.

Structural Relationship of the Tyr with the Non-Heme
Iron. The above discussion provides a view that only one Tyr side
chain is strongly coupled to the non-heme iron. However, the
X-ray structures of the PSII core complexes from T. elongatus
reported by two independent groups (5, 7) both reveal that two
Tyr residues, D1-Y246 and D2-Y?244, are located in the vicinity
of the bicarbonate. These Tyr residues are symmetrically located,
and no significant differences are found in the distances and
orientations with respect to the bicarbonate (Figure land
Table 3). The distances from the oxygen atom of D1-Y246 to
O, and Oc of bicarbonate are 3.2—4.0 and 3.0—3.6 A, respec-
tively, while those from the oxygen atom of D2-Y244 to O, and
Og of bicarbonate are 3.6—4.5 and 3.2—3.3 A, respectively. In
addition, the ZCO- -+ O pc angles formed between the CO
group of each Tyr and O,, O, and Oc of bicarbonate are within
93—134°, while the Z£0---OpC angles between the oxygen
atom of each Tyr and the OgC and OcC groups of bicarbonate
are 90—135°. In contrast, the Z0O---0,C angles between the
oxygen atom of each Tyr and the O,C group of bicarbonate
show smaller values of 53—94° that are not very appropriate for
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Table 3: Distances and Orientations between D2-Y244 or D1-Y246 and
the Bicarbonate or the Surrounding Amino Acid Residues Deduced from
the X-ray Structures

D1-Y246 D2-Y244
Distances (A)“
0---04° 4.0/3.2 3.6/4.5
0---0p" — 3.3/3.2
0-+-0¢" 3.0/3.6 —
0+ N(K264)° — 3.5/2.2
0-+-0(S268)" 4.1/4.2 —
Angles (deg)”
ZCO---04° 93/104 94/111
Z0-:0,C? 77/53 94/73
ZCO---0y" — 112/134
£0-+-05C? — 108/135
Z£CO---0¢" 99/97 —
Z£0--0cC" 130/90 —
ZCO- - -N(K264)" — 91/106
Z0- - -NC(K264)" — 52/93
£CO---0(5268)" 153/171 —

£0---0C(S268)" 103/115 —

“The values were obtained from the X-ray structures at 2.9/3.5 A [PDB
entries 3bzl (7)/1s51 (5)]. PO, Op, and Oc are the oxygen atoms of the
bicarbonate labeled in Figure 1. “N(K264) is the nitrogen atom of the D2-
K264 side chain. “O(S268) is the oxygen atom of the D1-S268 side chain.

proper hydrogen bonding. Thus, both Tyr side chains have
distances and orientations suitable for hydrogen bonding inter-
actions with Og or O of bicarbonate, indicating that they both
can be a candidate for the Tyr strongly coupled to the non-heme
iron detected by FTIR. It seems less likely, however, that the Tyr
forms a strong hydrogen bond with O, of bicarbonate.

The X-ray structures also show that D1-S268 and D2-K264
are located within hydrogen bonding distance of D1-Y246 and
D2-Y244, respectively (Figure 1 and Table 3), and thus can be
candidates for another hydrogen bond partner of Tyr. Water
molecules, which have not been resolved yet in the X-ray
structures, also can form hydrogen bonds to the Tyr. Therefore,
the most plausible view is that either D1-Y246 or D2-Y244 is
coupled to the non-heme iron by providing a strong hydrogen
bond to Oc or Og of the bicarbonate ligand and simultaneously
accepts a hydrogen bond from DI-S268, D2-K264, O4 of
bicarbonate, or water to form a hydrogen bond network around
the bicarbonate. The other Tyr may not directly interact with the
bicarbonate and hence is rather insensitive to the redox change of
the iron center. The coupling of D1-Y246 to the non-heme iron is
consistent with the previous mutagenesis study in which the D1-
Y246F mutant of Synechocystis sp. PCC6803 showed photo-
autotrophic growth slower than that of the wild-type cells (43),
although it is also possible that this is due to the secondary effect
caused by changing the hydrogen bond network around the iron
center. Further mutagenesis studies in combination with FTIR
analysis are necessary to definitively identify which Tyr residue is
responsible for the strong coupling with the non-heme iron.

The coupling of a Tyr side chain to the bicarbonate is
consistent with the previous observation by Berthomieu and
Hienerwadel (14) that substitution of bicarbonate with other
carboxylate anions induced the complete disappearance of the
1257 em™" peak, which is now definitively assigned to a Tyr
signal. This disappearance may be caused by the loss of the direct
interaction of the bicarbonate with D1-Y246 or D2-Y244 by
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altered coordination structures of these carboxylate anions (/4).
Hienerwadel et al. (28) previously proposed that the bicarbonate
has bidentate and unidentate coordinations in the Fe** and Fe*
states, respectively. It is likely that the change of the Tyr vCO
band upon the redox reaction of the iron center is coupled with
this coordination change of bicarbonate. If the bicarbonate takes
a unidentate ligand to Fe'', it should have an asymmetric
structure with noncoordinating COH and CO groups. Thus,
the idea that both D1-Y246 and D2-Y244 have identical hydro-
gen bond interactions in both Fe*" and Fe'" states providing
very close vCO frequencies is rather unlikely.

Role of the Tyr Coupled with the Non-Heme Iron. The
redox reaction of the non-heme iron is coupled to proton
transfer (/13— 15), and the proton pathway around the non-heme
iron involving bicarbonate may be directly relevant to the proton
pathway to Qg (4, 12, 14, 17, 21). This proton pathway may be
formed by a rigid hydrogen bond network around the non-heme
iron. Since the Tyr residue coupled to the iron center has a
protonated form in both the Fe*" and Fe** states (see above), it is
not a titratable group responsible for the pH dependence (—60
mV/pH) of the E,, of the Fe*"/Fe*" couple (10, 11). The Tyr
residue may play a role in stabilizing the bicarbonate ligand by a
strong hydrogen bond interaction. The fact that the Tyr OH
group simultaneously forms two hydrogen bonds as a hydrogen
bond donor and as an acceptor is essential in the formation of a
rigid hydrogen bond network and a proton transfer pathway.
Thus, it is proposed that the Tyr residue coupled to the non-heme
iron has a key role in controlling the bicarbonate-relevant
regulation of the quinone electron transfer and Qg protonation
reactions.
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