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The effects of H-bonding on the redox potential and molecular vibrations of plastoquinone (PQ) that
functions as a primary and a secondary quinone electron acceptor (Q4 and Qg, respectively) in photosystem |l
(PSIl) in plants and cyanobacteria were investigated using density functional theory calculations. Calculations
were performed on the neutral and semiquinone anion forms of PQ and its H-bonded complexes, which
form H-bonds with water molecules, or using amino acid models mimicking the interactions of Qs and Qg.
The calculated redox potential (E°) of PQ showed a linear relationship with the humber of H-bonds, and the
E° increased by +100-200 mV with the addition of one H-bond. Vibrational analysis of the model PQ
complexes showed that the CO stretching vibrations of neutral PQ are sensitive to the number and symmetry
of H-bonding interactions, providing criteria to determine the H-bonding structure. Although no specific trend
in the H-bonding dependency was found for anionic PQ, complex spectral features in the CO stretching
region due to significant couplings with other PQ vibrations and the vibrations of H-bonding amino acids are
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Introduction

Photosystem II (PSII) is one of the major protein complexes that
are involved in photosynthetic energy conversion occurring in
plants and cyanobacteria. The most important function of PSII
is abstracting electrons necessary for CO, reduction from water
molecules using light energy. In PSII, primary charge separa-
tion takes place from the excited state of chlorophylls making a
charged pair between the chlorophyll dimer (P680) and the
pheophytin electron acceptor (Pheo), P680'Pheo ."> On the
electron donor side, P680" abstracts an electron from the Mn,Ca
cluster, the catalytic site of water oxidation, via a redox-active
tyrosine Y,.>® After four turnover reactions, two water molecules
are oxidized to one oxygen molecule and four protons generating
four electrons. On the electron acceptor side, an electron is
transferred from Pheo™ to the primary quinone electron acceptor
(Qa), and then to the secondary quinone electron acceptor (Qg).”
When Qg is doubly reduced by two electron transfer reactions, it

Division of Material Science, Graduate School of Science, Nagoya University,
Furo-cho, Chikusa-ku, Nagoya, 464-8602, Japan.

E-mail: tnoguchi@bio.phys.nagoya-u.ac.jp

i Electronic supplementary information (ESI) available: Optimized geometries of
semiquinone anions in plastoquinone complexes H-bonded to water molecules
and amino acid models. See DOI: 10.1039/c3cp54742f

11864 | Phys. Chem. Chem. Phys., 2014, 16, 11864-11876

is converted to a quinol molecule by binding two protons and is
released from the Qg site into thylakoid membranes.”

Both Q4 and Qg consist of a plastoquinone-9 (PQ-9) mole-
cule (Fig. 1B) bound to different sites in PSII. The mid-point
redox potential (E,,) for one-electron reduction of Q4 has been
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Fig. 1 (A) The structure of the Q and Qg binding sites deduced from the
X-ray crystal structure of PSIl at 1.9 A resolution (PDB code 3ARC).?? (B) The
chemical structure of plastoquione-9.
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measured to be —80 mV in intact PSII membranes from
spinach,8 while E,, for one-electron reduction of Qg has been
estimated to be higher than that of Q4 by ~+80 mv.%*° This Ey,
gap generates a driving force for smooth electron transfer from
Qa to Qg. It is also known that E,;, of Q, increases by ~140 mV
upon depletion of the Mn,Ca cluster®'" and shifts by ~+50 mV
by binding different types of herbicide at the Qg site."> These
E., shifts change the kinetics of redox reactions and charge
recombination pathways, resulting in inhibition or acceleration
of photodamage in PSIL.">™" The E,, gap between Q4 and Qg as
well as the E,, shifts of Q, should arise from the changes in
the protein environments at the Q, and Qg binding sites.'*™'
In particular, direct interactions of the C—O groups of PQ
through H-bonds with proteins should be a significant factor
to determine the E,, values of Q, and Qg.

The recent high-resolution (1.9 A) X-ray structure of PSII com-
plexes from the cyanobacterium Thermosynechococcus vulcanus™
showed the structures of the Q4 and Qg binding sites (Fig. 1A).
They are located around the non-heme iron center with a
pseudo C, symmetry, although the quinone rings are oriented
in opposite ways, i.e., the C(1)=0 of Q, and the C(4)—0 of Qg
are directed to the central non-heme iron (Fig. 1A). The
molecular interactions of Q, and Qg are very similar. The
oxygen atoms of C(1)=0 and C(4)—0O of Q, are at H-bond
distances from the imidazole nitrogen of D2-H214 (2.78 A) and
the backbone nitrogen of D2-A260 (2.98 A), respectively, while
those of the C(4)=—0 and C(1)=—O0 of Qg are at H-bond distances
from the imidazole nitrogen of D1-H215 (2.47 A) and the
backbone nitrogen of D1-F265 (2.99 A), respectively. A signifi-
cant difference, however, is that Qg seems to have an additional
H-bond at C(1)=O with the OH group of D1-S264 (2.69 A).
Although the OH of D2-T217 is also located near the C(1)—0 of
Qa, the distance is a little too far (3.80 A) to form a H-bond.
Thus, from the X-ray structure of PSII,** Q4 seems to have two
H-bonds, whereas Qg seems to have three H-bonds. However,
this X-ray structure without the information of hydrogen atoms
cannot provide a definite conclusion about the H-bonding struc-
tures of Q, and Qg. For example, if the proton of the D1-S264 OH
is directed to the imidazole of D1-H252 (the distance between
the O (S264) and N (H252) atoms is 2.77 A), there is no H-bond
between D1-5264 and Qg.'® Also, D2-T217 can be H-bonded to
the Q4 C(1)=O by changing the conformation of the side
chain." It is possible that the local structure in the PSII crystal
at cryogenic temperature is rather different from the real structure
in a physiological state at room temperature. Also, the H-bonding
structures of Q, and Qg could change upon their reduction
to semiquinone anions and some treatments such as Mn,Ca
depletion and herbicide binding."®

One of the powerful methods to study the H-bonding inter-
actions of quinone molecules in photosynthetic proteins is
light-induced Fourier transform infrared (FTIR) difference
spectroscopy.>®>> This spectroscopy can detect the changes in the
structure and interactions of a quinone cofactor upon its photo-
reduction together with the structural changes in surrounding
protein moieties as effects on the normal mode vibrations of
the quinone and proteins. FTIR difference spectra of Q4 and Qg
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(ubiquinone or menaquinone) in bacterial reaction centers,?®™°
and those (PQ-9) of PSIL,'"*"** and A, (vitamin K;) in PSI****
have been obtained and analyzed by isotope substitution of
quinone and the surrounding amino acid residues. In addition,
electrochemically-induced FTIR difference measurements of
quinones in organic solvents have been performed.***® How-
ever, the effects of H-bonding interactions on the normal mode
vibrations of neutral and anionic forms of quinones remain
poorly understood.

Quantum chemical calculation is a particularly important tool
to quantitatively investigate the effects of H-bonding interactions
on the redox potentials and molecular vibrations of quinone
molecules. In experimental systems of homogeneous solutions,
it is difficult to realize asymmetric H-bonding structures with
different H-bonding partners in the individual C=O groups,
which are usually found in proteins. However, in calculations,
such situations are readily realized by assuming model H-bonded
complexes with intended H-bonding partners. A number of
theoretical studies of quantum chemical calculations, especially
using the density functional theory (DFT) method, have been
performed to estimate redox potentials®’~*' and normal mode
vibrations”**™*® for various quinone molecules. Some of the
studies treat quinone models with H-bonds mostly with water
molecules at the C=O groups to obtain the information on the
effect of H-bonds.'””***¢*® However, systematic calculations
using quinone models, especially those of PQ, with different
H-bonding structures have not yet been investigated. Recent QM/
MM calculations, in which protein environments around qui-
none molecules are involved in calculations, well reproduced
vibrational and spin properties of quinones in bacterial reaction
centers.”*! Although such a QM/MM approach is very impor-
tant for reproduction of spectra and assignments of bands,
involvement of all the effects of protein moieties, in contrast,
makes it rather difficult to understand pure effects of H-bonding
interactions on the energy and vibrations.

In this study, we have systematically investigated the effects
of H-bonding interactions on the redox potential and normal
mode vibrations of PQ using DFT calculations. For this pur-
pose, we have performed calculations for the neutral and
semiquinone anion forms of a PQ model and its H-bonded
complexes, which have a different number of H-bonds with
water molecules as simple H-bonding partners or with amino
acid models mimicking the H-bonding interactions of Q, and
Qg in PSIL The results of this work provided theoretical bases
for interpretation of the Q, -minus-Q, and Qg™ -minus-Qg FTIR
difference spectra to study the H-bonding structures in proteins
and to understand the factors that determine the E,,, of Q4 and
Qg in PSIL

Computational methods

Molecular orbital calculations were performed using the
Gaussian09 program package.>” The B3LYP functional®*** with
the 6-31+G(d) basis set was used to optimize the geometries of
the PQ models in both neutral and semiquinone anion forms.
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Using the obtained optimized geometries, electronic energies
were calculated at the B3LYP/6-311+G(3df,3pd) level in the gas
phase and in solvents with different dielectric constants using
IEF-PCM (PCM calculations using the integrated equation
formalism model) approximation.>®™’ Six solvent parameters
included in Gaussian09 were used: argon (¢ = 1.4), benzene
(¢ = 2.2), chloroform (¢ = 4.9), dichloroethane (¢ = 10.4), acetone
(¢ = 20.7), dimethylsulfoxide (¢ = 46.7), and water (¢ = 78.4). The
electronic energies were corrected with zero-point energies in the
gas phase calculated at the B3LYP/6-31+G(d) level for the neutral
and anionic forms. Electron affinity (EA) of PQ was calculated by
subtracting the corrected electronic energy (Eejec) of the anionic
form from that of the neutral one. The redox potential (E°) versus
the standard hydrogen electrode (SHE) for one electron
reduction of PQ was calculated using the equation:

E°=EA — 4.43,

where the value of 4.43 eV is an estimate of the absolute
potential of SHE.>*>°

Normal mode frequencies and IR intensities were calculated
at the B3LYP/6-31+G(d) level for the optimized geometries in
the neutral and anionic forms. The calculated vibrational
frequencies were scaled with a scaling factor of 0.9730 follow-
ing our previous study of PQ*~ calculation,'” in which the
calculated frequency of the main CO band in the PQ*™ model
having two H-bonds with water molecules (PQ-2H in this work,
see below) was adjusted to 1479 cm ™', the experimental fre-
quency of Q5. To decouple the H,O bending vibrations from
the C—O0/C=C vibrations at 1700-1600 cm ' in neutral PQ
models, hydrogen atoms in water molecules were replaced with
deuterium atoms.

Results

DFT calculations of PQ complexes H-bonded to water
molecules

a. Optimized geometries and redox potentials. Fig. 2 shows
the optimized geometries of the neutral forms of H-bonded PQ
models. PQ-1, which has a truncated isoprenoid chain, was
used as a PQ model instead of PQ-9, which actually functions in
plants, to save the CPU time. Previous experimental and theoretical
studies showed only a minor effect of the length of the isoprenoid
chain on the redox potential of PQ.*>** In addition to free PQ
(Fig. 2a), four PQ complexes H-bonded to one to four water
molecules at the C—O0 groups were subjected to calculations: PQ
with one H-bond at C(4)—0 (PQ-1H; Fig. 2b), PQ with two H-bonds
(one H-bond at each C—O0) (PQ-2H; Fig. 2c), PQ with three H-bonds
(two H-bonds at C(1)=0 and one H-bond at C(4)—O0) (PQ-3H;
Fig. 2d), and PQ with four H-bonds (two H-bonds at each C—O0)
(PQ-4H; Fig. 2e). PQ2H and PQ-3H were used as H-bonded PQ
models in our previous study to calculate the CO vibrations of their
radical anions."” Geometry optimization of the semiquinone radicals
of the corresponding complexes (Fig. S1 in the ESIT) exhibited no
change in the H-bonding structures except for slightly altered
orientations of water molecules.
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The lengths of the CO and CC bonds in the PQ ring of the
optimized structures in the neutral and anionic forms are
summarized in Table 1. The following tendency of the effects of
H-bonds was obtained in the neutral forms. (1) Upon formation of
one H-bond to a C—O0 group (C(4)O of PQ-1H, PQ-2H, and PQ-3H,
and C(1)O of PQ-2H), the CO length increases by +0.003—+0.006 A.
(2) Upon formation of two H-bonds to a single C=0O group
(C(1)O of PQ-3H and PQ-4H, and C(4)O of PQ-4H), the CO length
increases by +0.008—+0.010 A, ie., two times more than the case
of a single H-bond. (3) The length of the C(2)—C(3) bond slightly
increases (+0.001—+0.002 A) upon formation of H-bond(s) to the
C=0 group(s).

Upon formation of semiquinone radical anions, the lengths of
both the C(1)=0 and C(4)=0 bonds increased by +0.042—+0.049 A,
while those of the C(2)—C(3) and C(5)—C(6) bonds were
lengthened by +0.025-+0.028 A. Even in radical anions, the
changes in the CO lengths by H-bond formation are similar to
those of the neutral forms.

Table 2 summarizes the electronic energies (Eeje.) of PQ and
PQ*" calculated in the gas phase and in various solvents with
different ¢ values. The ¢ dependence of Ec. corrected with zero-
point energies of PQ and PQ*~ is depicted in Fig. 3A. The Ejec
of the PQ* ™ anion is highly dependent on ¢, whereas the Eje. of
neutral PQ is rather insensitive to ¢. The electron affinity (E4) and
the redox potential versus SHE (E°) estimated from the Ege. values
of PQ and PQ* ™ at different ¢ are also presented in Table 2, and the
¢ dependence of E° is depicted in Fig. 3B. The E° was estimated to
be —2.545 V in the gas phase (¢ = 1.0) but increased with larger ¢ to
converge into a constant value of ~—0.6 V.

Table 3 summarizes the E° of the H-bonded PQ models
calculated at various ¢ values. The data at ¢ = 4.9, which is close to
the general ¢ value in proteins (¢ = 4),°"°* are selected to present a
graph as a function of the number of H-bonds in Fig. 4. There is a
linear relationship between E° and the number of H-bonds, with a
higher E° with more H-bonds. The slope of the regression line
provides the E° change per H-bond. It is +172 meV/H-bond at ¢ = 4.9,
and the slope becomes smaller at higher ¢ (Table 3).

b. Calculation of molecular vibrations. Fig. 5 shows calculated
normal mode frequencies with IR intensities (red bars) in the C—0
and C—C regions of the model PQ complexes in the neutral forms.
IR spectra are also produced assuming Gaussian bands with a
full width at half maximum of 8 ecm™" (black lines). There are
four C—0/C—C stretching (¥CO/vCC) modes of the PQ ring in
this region. A weak C—C stretching band of the isoprenoid
chain calculated at 1692-1689 cm ' will not be discussed here.
The asymmetric C—C stretching vibration (v,sCC) is isolated at
1615-1611 cm ™', while the other three vibrations are strongly
coupled with each other.

The band patterns of the three »CO/vCC modes are different
depending on the symmetry of the H-bonding structures. The
PQ models with symmetric H-bonding structures (PQ, PQ-2H,
and PQ-4H; Fig. 2a, c and e, respectively) showed a single strong
band due mainly to the asymmetric C=O0 stretching vibration
(asCO). The corresponding symmetric C—O stretching vibra-
tion (vsCO) is coupled with the symmetric C—=C stretching
vibration (vsCC) and splits into two modes showing peaks on
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Fig. 2 Optimized geometries of the PQ model and its H-bonded complexes with water molecules in the neutral forms. (a) PQ: free plastoquinone-1,
(b) PQ-1H: PQ with one H-bond at C(4)=0, (c) PQ-2H: PQ with two H-bonds (one H-bond at each C=0), (d) PQ-3H: PQ with three H-bonds
(two H-bonds at C(1)=0O and one H-bond at C(4)—0), and (e) PQ-4H: PQ with four H-bonds (two H-bonds at each C—0). Carbon, oxygen and

hydrogen atoms are expressed as gray, red, and cyan balls, respectively.

the higher- and lower-frequency sides of the strong v,,CO band.
These modes generally have only weak IR intensities due to the
symmetric motions of IR-active CO vibrations. The frequency of
the 1,4CO mode decreases from 1666 cm ™" in free PQ to 1653 (Av=
—13 cm™ ") and 1634 (Av = —32 cm ") em ™" in PQ-2H and PQ-4H,
respectively. Thus, in the symmetric H-bonded complexes, the typical
band pattern is a single strong 1,,CO band at 1670-1630 cm ™
with a relatively weak 1,,CC band at ~1615 cm™ .

In contrast, the PQ models with asymmetric H-bonding struc-
tures (PQ-1H, and PQ-3H; Fig. 2b and d, respectively) have split
CO peaks (Fig. 5) by decoupling of the two C—O vibrations due
to the different H-bond intensities and the resultant different
C=0O0 lengths (Table 1). In PQ-1H, all the three vibrational modes
showed medium or strong intensities (Fig. 5b). The H-bonded
C(4)=0 bond has the lowest CO frequency of 1644 cm™ ", while

This journal is © the Owner Societies 2014

the ©C(1)0 mode has a higher frequency of 1673 cm™'. The
strongest peak at 1659 cm™ " is a coupled mode of 1,,CO and
vsCC. In PQ-3H, the vC(1)O and vC(4)O modes separately
appear at 1628 and 1652 cm™ " (Fig. 5d). The remaining mode
of coupled vsCC and v5;CO vibrations has only a weak intensity
at a higher frequency of 1671 cm ™.

The calculated »CO/vCC modes of semiquinone anion
forms are shown in Fig. 6. The frequencies are calculated at
1520-1400 cm ™', which is ~200 em™" lower than the »CO/vCC
region of the neutral forms, reflecting the lengthened CO and
CC bonds (Table 1). The »CO and vCC vibrations are strongly
coupled with the deformation vibrations of the Me groups
(6Me) in the PQ ring. In all the PQ models, a strongest band
mainly arising from the »CO vibration is observed in a narrow
range of 1482-1474 cm™ . Around this prominent band, mostly

Phys. Chem. Chem. Phys., 2014, 16, 11864-11876 | 11867
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Table 1 Calculated C=0O and C=C bond lengths (A) of PQ in the neutral and semiquinone anion forms and the effects of H-bonds with water

molecules
PQ model®
PQ PQ-1H PQ-2H PQ-3H PQ-4H
H-bonding structure None C(4)0---H Cc(1)o---H C(1)0- - 2H C(1)0- - 2H
C(4)0---H C(4)0-- -H C(4)0---2H
Neutral form
C(1)0 rCoO 1.230 1.230 1.234 1.240 1.239
Altibond” — 0.000 +0.004 +0.010 +0.009
C(4)0 rcO 1.229 1.234 1.235 1.232 1.237
AFirbond — +0.005 +0.006 +0.003 +0.008
C(2)C(3) rCC 1.358 1.359 1.361 1.360 1.360
AFiibond — +0.001 +0.003 +0.002 +0.002
C(5)C(6) rCC 1.346 1.346 1.345 1.347 1.347
Alti-bond — 0.000 —0.001 +0.001 +0.001
Semiquinone anion form
c(1)o rCO 1.274 1.272 1.278 1.286 1.283
AFiibond — —0.002 +0.004 +0.012 +0.009
Al anion” +0.044 +0.042 +0.044 +0.046 +0.044
C(4)0 rcO 1.275 1.283 1.279 1.277 1.284
AFgbond — +0.008 +0.004 +0.002 +0.009
AFanion +0.046 +0.049 +0.044 +0.045 +0.047
C(2)C(3) rCC 1.385 1.385 1.386 1.386 1.385
AFiibond — 0.000 +0.001 +0.001 0.000
AFanion +0.027 +0.026 +0.025 +0.026 +0.025
C(5)C(6) rCC 1.374 1.373 1.372 1.372 1.372
AFtbond — —0.001 —0.002 —0.002 —0.002
AFanion +0.028 +0.027 +0.027 +0.025 +0.025

“ Optimized geometries of model PQ complexes are shown in Fig. 2. ” The change in the bond length by H-bond formation.  The change in the

bond length by semiquinone anion formation.

Table 2 Calculated electronic energies, electron affinities, and redox
potentials of PQ at various dielectric constants

Eelecb (CV)
& PQ PQ*~ EA® (eV) (V)
1.0 —17834.547 —17836.432 1.885 ~2.545
1.4 —17834.595 —17837.034 2.439 —-1.991
2.2 —17834.647 —17837.583 2.936 —1.494
4.9 —17834.706 —17838.100 3.394 -1.036
10.4 —17834.742 —17838.373 3.631 —0.799
20.7 —17 834.760 —17 838.497 3.737 —0.693
46.7 —17834.770 —17838.567 3.797 —0.633
78.4 —17834.774 —17838.589 3.815 —0.615

“ Dielectric constants of the gas phase (1.0), argon (1.4), benzene (2,2),
chloroform (4.9), dichloroethane (10.4), acetone (20.7), dimethylsulf-
oxide (46.7), and water (78.4). ° Electronic energies corrected with zero-point
energies of PQ and PQ*~ were calculated at the B3LYP/6-311+G(3df,3pd)
level after geometry optimization at the B3LYP/6-31+G(d) level.
¢ Electron affinity obtained as a difference between the Eje. values of
PQ and PQ*~. ¢ Redox potential vs. SHE of the PQ/PQ*™ redox couple
calculated by E° = EA — 4.43.

on the lower frequency side (1470-1450 cm™ '), a bunch of bands
with medium or weak intensities arising from the coupled 1CO, CC
and §Me vibrations exist. At a higher frequency of 1516-1502 cm™*,
a weak band of the coupled »,,CC, éMe and 0CH vibrations
appears, while at a lower frequency of 1420-1405 cm ™, there
is a band due to the stretching vibrations of the CC single
bonds (C(2)-C(1)-C(6) and C(3)-C(4)-C(5)) coupled with the
0Me vibrations.

11868 | Phys. Chem. Chem. Phys., 2014, 16, 11864-11876

DFT calculations of PQ complexes mimicking Q, and Qg
interactions in PSII

PQ complexes mimicking the H-bonding interactions of Q, and
Qg in PSII (Fig. 1A) were constructed using simple amino-acid
models (Fig. 7 and Fig. S2, ESI{). In the Q, model (Fig. 7a),
4-methylimidazole as a model of the D2-H214 side chain and
N-methylacetamide as a model of the D2-A260 backbone amide
interact with C(1)=0 and C(4)=0, respectively. D2-T217, whose
oxygen atom is located at 3.8 A away from the C(1)=O0 in the
X-ray structure (Fig. 1A),>> was not involved in the H-bonded
complex. In the Qg model (Fig. 7b), the OH and NH groups of
HO-(CH,),~CONH-CH3, which mimics the D1-S264 side chain
and the D1-F265 backbone amide, interact with C(1)=0, and the
NH of 4-methylimidazole as a model of D1-H215 interacts with
C(4)=0. Thus, the Q4 model has two H-bonds, one at C(1)=—0
with imidazole NH and the other at C(4)—O with amide NH,
while the Qg model has three H-bonds, two at C(1)—O with
alcohol OH and amide NH and one at C(4)—O0O with imidazole
NH. The H-bonding patterns of the Q, and Qg models are the
same as those of PQ-2H and PQ-3H, respectively.

The calculated CO and CC bond lengths of PQ in these
model complexes are summarized in Table 4. The tendency of
the changes in the bond lengths by H-bond formation and
semiquinone anion formation in the Q, and Qg models is very
similar to that in PQ-2H and PQ-3H, respectively. The Egje., FA,
and E° values of the Q, and Qg models calculated at ¢ = 4.9
are presented in Table 5, and the E° values are plotted in Fig. 4
(red circles) in comparison with other complexes with water

This journal is © the Owner Societies 2014
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Fig. 3 (A) Calculated electronic energies of PQ in the neutral (closed
circles) and semiquinone anion (open circles) forms as a function of
dielectric constant. Electronic energies were corrected with zero-point
energies calculated for the neutral and anionic forms in the gas phase.
(B) Calculated redox potential of the PQ/PQ*"~ redox couple as a function
of dielectric constant.

Table 3 Calculated redox potentials (V) of model PQ complexes H-bonded
to water molecules at various dielectric constants

ob
B M) AE°/H-bond®
& PQ PQ-1H PQ2H PQ3H PQ4H (mV)
1.0 —2.545 —2.242 —-1.936 —1.651 —1.438 +281
1.4 —1.991 —1.726 —-1.464 —-1.210 —-1.026 +245
2.2 —1.494 —1.265 —1.043 —0.824 —0.671 +209
4.9 —1.036 —0.842 —-0.657 —0.478 —0.359 +172
10.4 —-0.799 —-0.624 —0.458 —-0.305 —0.206 +151
20.7 —0.693 —0.525 —0.369 —0.228 —0.138 +141
46.7 —0.633 —0.471 —0.320 —-0.186 —0.102 +135
78.4 —0.615 —0.454 —0.304 —-0.173 —0.090 +133

“ Dielectric constants of the gas phase (1.0), argon (1.4), benzene (2,2),
chloroform (4.9), dichloroethane (10.4), acetone (20.7), dimethylsulf-
oxide (46.7), and water (78.4). ° The structures of the model PQ com-
plexes are presented in Fig. 2. ¢ The E° change for one H-bond increase
was estimated as a slope of the regression line.

molecules. The calculated E° values of Q, (=556 mV) and Qg
(—444 mV) models are in fair agreement with those of PQ-2H
(=657 mV) and PQ-3H (—478 mV), respectively, although
the former models H-bonded to amino acids have a little
higher value. The E° difference of 112 mV between the former
two models is comparable to that of 172 mV between the latter
two models.
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Fig. 4 H-bond number dependence of the calculated redox potentials of
the PQ complexes with different H-bonding interactions. Black circles:
free PQ and the H-bonded complexes with water molecules. Red circles:
PQ complexes H-bonded to amino acid models. The redox potentials
were calculated at a dielectric constant of 4.9.
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Fig. 5 Calculated IR spectra in the CO/CC stretching region of free PQ and
the PQ complexes H-bonded to water molecules in the neutral forms. (a) PQ,
(b) PQ-1H, (c) PQ-2H, (d) PQ-3H, and (e) PQ-4H. The calculated vibrational
frequencies, which were scaled with a factor of 0.9730, are shown in red bars.
Spectra were produced with Gaussian bands with a width (FWHM) of 8 cm™™,
The scale of IR intensity is 500 km mol™ for a division.

Calculated IR spectra in the C—0/C=—C region of the neutral
forms of the Q4 and Qg models are shown in Fig. 8. Except for
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Fig. 6 Calculated IR spectra in the CO/CC stretching region of free PQ and
the PQ complexes H-bonded to water molecules in the radical anion forms.
(@) PQ, (b) PQ-1H, (c) PQ-2H, (d) PQ-3H, and (e) PQ-4H. The calculated
vibrational frequencies, which were scaled with a factor of 0.9730, are
shown in red bars. Spectra were produced with Gaussian bands with a width
(FWHM) of 8 cm ™. The scale of IR intensity is 500 km mol ™ for a division.

the additional band of the H-bonded amide (CO stretch + NH
bend) at 1710-1680 cm ™, band features of the PQ vibrations of the
Qa and Qg models are very similar to those of PQ-2H (Fig. 5¢) and
PQ-3H (Fig. 5d), respectively. In the Q, model, one strong ,;CO
band appears at 1656 cm * with weak side bands due to the
coupled v4CO/vCC vibrations. The lower-frequency side band at
1641 cm™ ' gained a slightly larger intensity than the corresponding
band at 1647 cm™ " in PQ-2H, reflecting the asymmetry in the
H-bonding partners (imidazole NH and amide NH) at C(1)=—0
and C(4)=0. In the Qg model, C=O0 vibrations split into two
strong bands of the C(4)—0 and C(1)—0 modes at 1655 and
1638 cm ™', respectively.

The calculated IR spectra in the »CO/vCC region of the
semiquinone anions of the Q4 and Qg models are shown in
Fig. 9 (red bars and black lines). The spectral features with one
strong band near 1480 cm™ ' due mainly to the vCO vibration
surrounded by medium- or weak-intensity bands, mostly on the
lower-frequency side, are similar to the calculated IR spectra
of PQ-2H and PQ-3H (Fig. 6¢ and d). In the Q4 and Qg models,
however, the number of modes in this region is much more
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than that of PQ-2H and PQ-3H (22 and 23 normal modes in the
Qa and Qg models, respectively, versus 13 normal modes in
PQ-2H and PQ-3H between 1520 and 1410 cm ') and the PQ
modes are complexly mixed with the vibrations of H-bonding
amino acid groups. Typically, the PQ vibrations in the Q, model
are coupled with the dNH, JCH, and +CN vibrations of imidazole,
while those in the Qg model are coupled with the JOH and 6CH,
vibrations of the Ser side chain in addition to the imidazole
vibrations (Fig. 9).

In Fig. 9, the calculated spectra (black lines) are also compared
with the experimental Q, -minus-Q, and Qg -minus-Qgp spectra
(blue lines) of PSII core complexes from Thermosynechococcus
elongatus reported previously.®> Note that in the experimental
spectra, prominent amide I (1700-1600 cm™ ') and amide II
(~1550 cm™ ') bands of protein backbones®*"*> do not interfere
with the CO/CC region of a semiquinone anion, whereas amide I
bands severely overlap the »CO/vCC region of the neutral PQ
(1700-1600 cm™*; Fig. 5 and 8). It is shown that the characteristics of
the experimental Q,~ and Qg™ spectra were well reproduced by
calculations. There is a major strong CO band at ~1480 cm ™ *
together with a complex feature on the lower-frequency side. The
latter complex feature is in agreement with the presence of numer-
ous bands in the calculated spectra arising from the couplings of the
PQ vibrations with the H-bonding amino acid vibrations.

Discussion

Redox potentials of the PQ models

The present DFT calculation estimated the EA of free PQ in the
gas phase to be 1.885 eV, which agrees well with the experi-
mental EAs of various quinones such as benzoquinone (1.9 eV),
2,5-dimethyl-benzoquinone (1.8 eV), and 2,3,5,6-tetramethyl-
benzoquinone (1.6 eV),**® confirming an appropriate level
of calculation used in this study. However, the calculated E° of
PQ upon semiquinone anion formation in the gas phase,
—2.545 V, was much lower than the experimental E,, of PQ-9,
which has been estimated to be —0.3 to —0.4 V vs. SHE in
N,N-dimethylformamide® and acetonitrile.*® Because E° for one-
electron reduction or oxidation of a compound is generally affected
by the ¢ of a medium,*"*” we have calculated the E° of PQ in various
solvents using IEF-PCM approximation (Fig. 3B and Table 2). It was
shown that E° is highly dependent on the ¢ of solvent especially at
relatively low ¢ (¢ < 10); the E° steeply increases as ¢ increases and
converges into a constant value at a high enough ¢. The E° of free PQ
was estimated to be —0.633 to —0.693 V at ¢ = 20.7-46.7 near the
dielectric constants of N,N-dimethylformamide (¢ = 38) and
acetonitrile (¢ = 37.5) (Table 3). These values are much closer to
the experimental ones but still lower by ~ 0.3 V. Thus, absolute E°
values calculated in the polarizable continuum model for solvent
interactions do not reproduce enough the experimental values.
This might be partly related to the experimental fact that E,, of
quinones are not directly related to the ¢ values of solvents but
rather correlated with the acceptor numbers,*®®® indicating that
local quinone-solvent interactions represented by H-bonding
interactions are important for E°® values.
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Fig. 7 Optimized geometries of the neutral forms of PQ complexes H-bonded to amino acid models mimicking the Qa ((a) Qa model) and Qg ((b) Qg
model) interactions in PSII. In the Qx model (a), C(1)=—0 and C(4)=—0 interact with 4-methylimidazole as a model of the D2-His214 side chain and N-
methylacetamide as a model of the D2-A260 backbone amide, respectively. In the Qg model (b), C(1)=—0 interacts with the OH and NH groups of HO-
(CH>),—CONH-CHj3 that mimics the D1-S264 side chain and the D1-F265 backbone amide, while C(4)—0 interacts with 4-methylimidazole as a model
of the D1-His215 side chain. Carbon, oxygen, nitrogen, and hydrogen atoms are expressed as gray, red, blue, and cyan balls, respectively.

Table 4 Calculated C—=C and C=0 bond lengths (A) of the neutral and
semiquinone anion forms of PQ complexes H-bonded to amino acid
models mimicking Qa and Qg interactions in PSII

Table 5 Calculated electronic energies, electron affinities, and redox
potentials of PQ complexes H-bonded to amino acid models mimicking
Qa and Qg interactions in PSI|

PQ model®
QA model Qg model
H-bonding structure C(1)o---H C(1)O- - -2H
c(4)o---H c(4)o---H
Neutral form
Cc(1)o rcoO 1.236 1.237
Alitbond +0.006 +0.007
C(4)0 rCo 1.232 1.232
Alibond +0.003 +0.003
C(2)c(3) rcC 1.358 1.359
Altibond 0.000 +0.001
C(5)C(6) rCC 1.347 1.346
Altibond +0.001 0.000
Semiquinone anion form
c(1)o rco 1.282 1.286
Alirbond +0.008 +0.012
Alanion’ +0.046 +0.049
c(4)o rco 1.279 1.278
Alitbond +0.004 +0.003
Alanion +0.047 +0.046
C(2)C(3) rcC 1.384 1.385
Alibond —0.001 0.000
Alanion +0.026 +0.026
C(5)C(6) rcC 1.373 1.372
Alitbond —0.001 —0.002
Alanion +0.026 +0.026

“ Optimized geometries of model PQ complexes are shown in Fig. 7.
? The change in the bond length by H-bond formation. ¢ The change in
the bond length by semiquinone anion formation.

This journal is © the Owner Societies 2014

Eeleca (eV)
PQ model’ Neutral Anion EA° (eV) E°Y (V) AE°®(mV)
Q, model —31835.996 —31839.870 3.874 —0.556 0
Qp model —34953.708 —34957.694 3.986 —0.444 +112

“ Energies were calculated at a dielectric constant of 4.9. ? The structures of
the PQ complexes are shown in Fig. 7. ¢ Electron affinity obtained as a
difference between the E. values of neutral and semiquinone anion forms.
4 Redox potential vs. SHE calculated by Eyeq = EA — 4.43. ¢ The difference in
the calculated redox potential of the Q, model.

To investigate the effect of H-bonding interactions on the
E° of PQ, we have calculated the E° values of PQ models with
various H-bonding structures, in which the number of H-bonds
at the C—O0 group(s) with water molecule(s) is changed from
one to four (Fig. 2). It was clearly shown that the PQ model with
more H-bonds has a higher E° value (Fig. 4 and Table 3). It is
notable that E° and the number of H-bonds have a linear
relationship. This indicates that there is virtually no difference
in the effects of H-bonding on E° between the interactions at the
C(1)=0 and C(4)—0 and between the first and second H-bonds
at each C—=O0 group. The slope of the regression line in the
H-bond number dependence is smaller at higher ¢; eg, +281,
+172, and +133 mV for one H-bond increase at ¢ = 1, 4.9, and 78.9,
respectively (Table 3). The calculated increase in E° by H-bond
formation is consistent with the previous experimental results.”®”
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Fig. 8 Calculated IR spectra in the CO/CC stretching region of the Qj (a) and
Qg (b) models in the neutral forms. The calculated vibrational frequencies,
which were scaled with a factor of 0.9730, are shown in red bars. Spectra were
produced with Gaussian bands with a width (FWHM) of 8 cm™. The scale of IR
intensity is 500 km mol ™ for a division.

For example, Feldman et al.”* showed that phylloquinone derivatives

increased the E;, by 70-240 mV by forming an intramolecular
H-bond, while Coates et al.” reported that the E,, of naphthoqui-
none derivatives increased by 200-300 mV by changing a solvent
from aprotic acetonitrile to protic ethanol. Previous calculations are
also consistent with our calculations, showing increases in EA or E°
of quinones by H-bond formation.?”*%*!

The Q, and Qg models (Fig. 7), which have H-bonding
partners of amino acid models mimicking the interactions in
PSII proteins, showed E° values similar to those of PQ-2H and
PQ-3H (Fig. 2c and d), respectively, which have the same H-bonding
structures but with water molecules. The calculated E° values
are —556 and —444 mV for the Q, and Qg models, respectively,
at ¢ = 4.9, while the corresponding E° values are —657 and —478 mV
for PQ-2H and PQ-3H, respectively (Fig. 4, Tables 3 and 5). The E°
increase from the Q, to the Qg models is +112 mV, which is
comparable with +179 mV from PQ-2H to PQ-3H (or +172 mV/
H-bond as the slope of the regression line in Fig. 4). This
calculation result indicates that the number of H-bonds is an
important factor to determine the E° value, although the
difference in the chemical species of the H-bonding partners
may also have some effect.

The calculated E° of the simple Q4 model (—556 mV) could
not well reproduce the experimental E,,, value of Q4, —80 mv.2
This result suggests that the protein environments around Q,,
especially the electrostatic interactions with the protein moieties,'®
are significant in determining the absolute E,, value. In contrast,
the experimental E,, gap between Q, and Qg, which has been

11872 | Phys. Chem. Chem. Phys., 2014, 16, 11864-11876

View Article Online

Paper

SMe
_ v,.CO His 8NH,vCN
3Me v,CO
a 1477 1475 3Me
His 8NH,5CH,vCN
v,CO oMe

1464
vC(1)0

v 6 oMe vCC
sMe vasCO 1452

4 sch 1490 VO
1516 3Me

1417

>
=
(2]
c
o)
2 -
E vC(4)0
— SMe
Ty 5Me,5CH,
1 vC(4)0 v.C(1)O
b 1478 His SNHSCH.VON G
3Me s
Ser 30H 1452
vC(4)0 1464
— Yol vce
Ser 50H Ser 50H, 5CH, V,,CO
vasCC 1482 1431 SMe
SMe Ser 80H
SCH 1420

1515 ‘\
LLath

I T I I I I T I I
1540 1520 1500 1480 1460 1440 1420 1400 1380

Wavenumber (cm'1)

Fig. 9 Calculated IR spectra in the CO/CC stretching region of the Qa (a) and
Qg (b) models in the semiquinone anion forms (black lines) in comparison with
experimental spectra of Qa~ and Qg™ (blue lines). The calculated vibrational
frequencies, which were scaled with a factor of 0.9730, are shown in red bars.
Spectra were produced with Gaussian bands with a width (FWHM) of 8 cm™2.
The scale of IR intensity is 500 km mol™ for a division. Experimental spectra
were taken from the Qp -minus-Qa and Qg -minus-Qg FTIR difference
spectra of PSIl core complexes from Thermosynechococcus elongatus>?
and were scaled so that the intensities of the strongest CO bands were
adjusted to those of the calculated spectra.

estimated to be ~+80 mV,>*° is comparable to the E° difference

between the Q, and Qg models (+112 mV) obtained by DFT
calculations, suggesting that an additional H-bond from the
D1-Ser264 OH to Qg is an important factor for the E,, gap. This is
consistent with previous calculations of the E,,, values of Q, and Qg
based on the linearized Poisson-Boltzmann equation,'® in which
the AE,, (Qg — Qa) was estimated to be +53-86 mV and the E,,(Qg)
decreased by 132-165 mV upon removal of a H-bond of D1-Ser264.

Calculated IR spectra: criteria for the H-bonding structure of
PQ

a. Neutral forms of PQ complexes. The H-bonding structures
of quinones are reflected in IR spectra, especially in the CO
stretching bands.'”***7*83% Hence, it is important to provide
clear criteria for interpretation of the CO bands to determine
the H-bonding structure of PQ. In the neutral forms of the PQ
complexes H-bonded to water molecules, one strong C—=O
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band arising from the v,,CO vibration appears when they have
symmetric H-bonding interactions such as free PQ, PQ-2H, and
PQ-4H, whereas two prominent bands with main contributions
from individual C(1)=—0O and C(4)—O vibrations appear in
the PQ complexes with asymmetric H-bonding interactions like
PQ-1H and PQ-3H (Fig. 5). In PQ-2H and PQ-4H, the »,,CO
frequency is lower than that of free PQ by 13 and 33 cm ™,
respectively, by formation of one and two H-bonds at each
C=O0. Also, PQ-1H with a single H-bond at C(4—O has a
1C(4)O frequency lower by 29 and 15 cm ™' than the vC(1)O and
1,sCO frequencies, respectively, while in PQ-3H, the vC(1)=0
with two H-bonds has a CO frequency lower by 24 cm ™" than the
1C(4)—0 with one H-bond. The presence of a single strong C—0
band in free or symmetrically H-bonded PQ is in agreement with
the experimental IR spectra in aprotic and protic solvents.*>*%7*7>
The splitting of C—0 bands by asymmetric H-bonding interactions
with PQ was also pointed out previously by Bandaranayake et al.*®
by DFT calculations for the PQ model singly H-bonded at C(4)—0.
Thus, a single prominent C—=0O band or split C=O0O bands as
well as their frequencies can be good criteria for determining
the symmetry of the H-bonded structure and the number
of H-bonds.

These criteria basically hold in the Q4 and Qg models. The Qa
model has symmetric H-bonding interactions but with different
H-bonding partners (imidazole and amide; Fig. 7a), while the Qg
model has asymmetric H-bonding interactions (Fig. 7b). The band
patterns of the Q, and Qg models (Fig. 8) were similar to those
of PQ-2H and PQ-3H, respectively. Thus, the difference in the
H-bonding partners in the Q, model is not much sensitive to the
band feature of the C—=O vibrations, although a slight intensity
increase in the v,CO band at 1641 cm™* on the lower frequency
side of the main peak seems to reflect the asymmetry in the
H-bonding partners.

Although the dependence of the C—O vibrations on the
H-bonding structure in the neutral PQ forms is now clear, the
C=0 region (1700-1600 cm ") of neutral PQ in the Q4 -minus-Q,
and Qg -minus-Qp difference spectra severely overlap strong,
complex bands of amide I vibrations arising from the perturbations
of protein backbones upon Q,~ and Qg~ formation.*** Thus,
replacement of Q4 and Qg with isotope labeled PQ is necessary to
identify the C—O bands of the neutral forms. Such isotope
substitution studies using *C/'®0 labeled quinones have been
performed in bacterial reaction centers*”>° and PSI** but have
not yet been reported in PSIIL

b. Semiquinone anion forms of PQ complexes. The semi-
quinone anion forms of PQ complexes show the »CO/vCC
frequencies lower by ~200 cm ' than those of the neutral
forms due to significantly lengthened C—0 and C—C bonds in
the quinone ring (Tables 1 and 4), which originate from the
antibonding character of the singly occupied molecular orbital
of the semiquinone radical anion.*>”® All the H-bonded complexes
showed a similar spectral pattern of a single strong band near
1480 cm ™', which arises from the v,,CO vibration coupled with
the v,4CC and J6Me vibrations, surrounded by numerous weak
or medium bands due to complex couplings of vCO, CC, dMe,
and 0CH vibrations (Fig. 6). The frequency of the main band is
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not very sensitive to the H-bonded structures (Fig. 6) in contrast
to the neutral forms, and is found only in a narrow range
(1479 + 5 cm™ ). The direction of shift does not show a clear
tendency, and also there is no clear pattern in the side bands
except that more H-bonded complexes seem to have more
complex band features. These properties of the bands in the
vCO region of the semiquinone anion is ascribed to the lower
contribution of the ©CO vibrations to the normal modes due to
strong couplings with other vibrations, which originally have
nearby frequencies, such as 6Me, 6CH and single bond »C-C
vibrations. Indeed, the potential energy distribution of the »CO
vibrations in the main ¥CO mode at 1479 cm™* of free PQ in the
anionic form was only 57%, in contrast to 83% in the »CO
mode at 1666 cm™ " in the neutral form.

In the Q, and Qg models (Fig. 7), the bands are further
coupled with amino acid vibrations such as the NH and OH
bending vibrations of His and Ser side chains, respectively,
providing more complex features with a larger number of
vibrational modes than the PQ complexes with water molecules
(Fig. 9). The calculated band features fairly reproduced the experi-
mental spectra of Q4 and Qg™ in the Q4 -minus-Q, and Qg -
minus-Qg FTIR difference spectra (Fig. 9).>> However, the intensities
of the board features at 1470-1400 cm ™" on the lower frequency
side of the major strong band are larger in the experimental Q™
and Qg spectra than the calculated spectra. Our Q, and Qg
models adopted the simplest amino acid structures as H-bonding
partners (Fig. 7). Stronger intensities of the experimental bands
might imply a larger number of couplings with the vibrations
from protein moieties in real Q4 and Qg in PSIL Although the Q4
and Qp models with two and three H-bonds, respectively, are
consistent with experimental spectra, no definite evidence was
obtained from the anion CO bands for approving the H-bonding
structure predicted from the X-ray structure.’” Nevertheless,
due to significant couplings of the H-bonding amino acid
vibrations with the »CO vibrations of the PQ radical anion,
the complex spectral features in this region (Fig. 9) are useful to
monitor the interaction changes of Q4 and Qg in PSII proteins
upon certain treatments.

E,,, Changes of Q, by Mn depletion and herbicide binding

It has been known that the E,, of Q4 increases by ~140 mV by
depletion of the Mn,Ca cluster or even depletion of only Ca** in
the cluster.®'" The E,, increase of Q, makes the Ey,, gap between
Qa and Qg smaller and that between Pheo and Q, larger, and
hence relaxation of Qg~ through Q, is promoted whereas
reverse electron transfer from Q. to Pheo leading to the
formation of a harmful triplet state is suppressed.’*'* Thus,
the E,,, control of Q, by Mn,Ca depletion is proposed to be one of
the photoprotection mechanisms that PSII evolved.'*'* Ishikita
et al.*® suggested based on linearized Poisson-Boltzmann calcu-
lations that H-bonding by D2-Thr217 to the C(1)=0 of Q,
upshifts the E,,, by ~100 mV. This result is consistent with the
present DFT calculation that an upshift of E° by ~+100-200 mV
is expected due to additional single H-bond formation. If this is
the case, some changes are expected to take place in the »CO/
vCC region of the Q,~ FTIR spectrum upon Mn,Ca depletion.
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However, the frequency of the strongest CO band at 1478-1479 cm ™"
did not change at all between the Q, S,-minus-Q,S; and
Q, -minus-Q, spectra in intact and Mn,Ca-depleted PSII
samples, respectively.'” Also, a double difference spectrum
between Q, S,-minus-Q,S; (intact) and Q, -minus-Q, (Mn,Ca-
depleted) difference spectra showed no specific feature in the
1500-1440 cm ' region,”” indicating that there is no spectral
changes in this region by Mn,Ca depletion. These observations
suggest that there is no change at least in the H-bonding pattern
in Q4~ upon Mn,Ca depletion. The possible mechanism of the £,
change by Mn,Ca depletion is therefore that the H-bonding
structure in neutral Q, is changed or the H-bond strength is
changed without a change in the basic H-bonding pattern.
Binding of a herbicide to the Qg site affects the E,,, of Q4. The
urea-type herbicide, DCMU, raises the E,(Qa) by ~50 mvV,
whereas phenolic herbicide, bromoxynil, lowers the E,(Q,) by
~45 mV." Our previous FTIR study showed that urea, triazine,
and uracil-type herbicides showing higher thermolumines-
cence temperatures (i.e., higher E,, values) provided a slightly
higher frequency by ~1 cm™* in the main CO peak of Q,~ than
phenolic herbicides showing lower thermoluminescence
temperatures (i.e., lower E,, values) without a specific difference
in the band pattern.”” This FTIR difference was interpreted to
reflect the change in the H-bonding strength without changing
the H-bonding pattern by comparison of the calculated IR spectra
of PQ-2H, PQ-3H, and the PQ complex in which additional water
is attached to the water of PQ-2H to increase the H-bonding
intensity. The DFT calculations in this study with a more number
of H-bonded models, showing the sensitivity of the H-bonding
structure to the spectral features around the main CO peak,
confirmed the conclusion that the H-bonding pattern is basically
not changed by treatment of different herbicides. The influence
of a strong H-bond of the phenolate anion of bromoxynil with
D2-H215’% on the H-bond between Q, and D1-H214 through
the His-Fe-His bridge (Fig. 1A) was suggested by theoretical
calculations using DFT and Poisson-Boltzmann approaches.’
Further FTIR analyses to study the effects of Mn,Ca depletion
and herbicide binding on the C=O0 bands of neutral Q4 will be
fruitful in full understanding of the mechanism of the redox
potential control of Q, in PSII.

Conclusion

The present DFT calculations showed that the redox potential
of PQ is highly dependent on its H-bonding interactions.
Additional single H-bond formation to the C=0O group of PQ
upshifts the E° value by 100-200 mV, which would provide a
significant effect on the redox reactions of quinones in proteins.
This H-bonding dependency of the quinone potential should hold
for other types of quinone molecules that function in PSI and
bacterial reaction centers. Thus, adding, removing, or changing the
intensities of H-bonds to the quinone C=—O groups may be a
common strategy of potential control in quinone-binding proteins.
In PSII, H-bonding interactions can be a key factor to generate
the E,, gap between Q, and Qg and the E,, shifts of Qs by
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treatments like Mn,Ca depletion and herbicide binding, although
detailed mechanisms remain to be clarified by further theoretical
and experimental studies.

H-bonding interactions of quinones in proteins can be
monitored by FTIR difference spectroscopy. Neutral forms
show significant changes in the CO stretching vibrations at
1700-1600 cm ™', which provide good criteria to determine the
H-bonding structures. However, significant overlaps with
strong amide I vibrations from protein backbones hamper clear
assignments of CO bands and hence substitution experiments
using C/"®0 isotope-labeled quinones are necessary. In contrast,
assignment of the CO bands of a semiquinone anion in proteins
is much easier because of large downshifts to 1500-1450 cm ™,
where there is no significant overlap with major protein bands.
Although the present DFT calculations showed that the main CO
peak of the semiquinone anion is not very sensitive to H-bonding
interactions, the spectral features formed by numerous side
bands, which arise from normal modes complexly coupled with
other quinone vibrations and the vibrations of H-bonding
amino acids, are useful monitors for detecting the changes in
the H-bonding structure in proteins. Thus, the results in the
present study showed that FTIR measurements combined with
theoretical DFT calculations are useful methods for full under-
standing of the molecular mechanism of redox potential control
of quinones in PSII and other photosynthetic proteins.
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