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ABSTRACT: Herbicides targeting photosystem I (PSII) block the electron transfer beyond QA by binding to the
Qgsite. Upon binding, the redox potential of Q4 shifts differently depending on the types of herbicides. In this
study, we have investigated the structures, interactions, and locations of phenolic herbicides in the Qg site to
clarify the molecular mechanism of the Q4 potential shifts by herbicides. Fourier transform infrared (FTIR)
difference spectra upon photoreductlon of the preoxidized non-heme iron (Fe*'/Fe*" difference) were
measured with PSII membranes in the presence of bromoxynil or ioxynil. The CN and CO stretching
vibrations of these phenolic herbicides were identified at 2215—2200 and 1516—1505 cm ™", respectively, in the
Fe>™/Fe*" difference spectra. Comparison with the spectra of bromoxynil in ethanol solutions along with
density functional theory analysis strongly suggests that the phenolic herbicides take a deprotonated form in
the binding pocket. In addition, the CN stretching, NH bending, and NH stretching vibrations of a His side
chain, which were found at 1109—1101, 1187—1185, and 3000—2500 cm ™', respectively, in the Fe*"/Fe*"

difference spectra, showed characteristic features in the presence of phenohc herbicides. These signals are
probably attributed to D1-His215, one of the ligands to the non-heme iron. Docking calculations for
herbicides to the Qg pocket confirmed the binding of deprotonated bromoxynil to D1-His215 at the CO
group, whereas the protonated form of bromoxynil and DCMU were found to bind to the opposite side of the
pocket without an interaction with D1-His215. From these results, it is proposed that a strong hydrogen bond
of the phenolate CO group with D1-His215 induces the change in the hydrogen bond strength of the Qo CO

group through the Q4-His-Fe-His-phenolate bridge causing the downshift of the Q4 redox potential.

Photosystem II (PSII)' is a multisubunit complex that func-
tions as water-quinone oxidoreductase in photosynthesis by
plants and cyanobacteria. Upon light illumination, an electron
is ejected from the excited state of Chlp; to form a charge-
separated state, P680TPheo™ (). On the electron donor side,
P680" abstracts an electron from the Mn cluster, the catalytic
site of water oxidation, through a redox-active tyrosine Yz (2).
On the electron acceptor side, an electron is transferred from
Pheo™ to Q4 and then to Qg (3). Upon two-electron reduction of
Qg, plastoquinone (PQ) in the Qg pocket is converted to plasto-
quinol after binding two protons and is released from the
pocket (3).

Herbicides targeting PSII are known to bind to the Qg site and
block the electron transfer beyond Q4 (4—7). Such herbicides can
be categorized in several groups according to their chemical
structures, that is, urea (e.g., DCMU), triazine (e.g., atrazine and
terbutryn), uracil (e.g., bromacil), and phenolic (e.g., bromoxynil
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and ioxynil) type herbicides. In the studies of herbicide-resistant
mutants, most types of herbicides lost sensitivity via mutations at
D1-Ser264, one of the residues forming the Qg pocket, whereas
phenolic herbicides retain sensitivity, or rather show supersensi-
tivity, to the Ser264 mutants (4—6). Thus, it has been suggested
that the former and latter families of herbicides orient toward
different amino acids in the binding pocket (3, 6): the former to
the D1-Ser264 side and the latter to the D1-His215 side. In these
studies, the mutual positions of key amino acids were predicted
from the X-ray structures of the bacterial reaction centers.
Recently, the X-ray structures of PSII core complexes from
cyanobacteria (8—10) revealed the locations of amino acid
residues forming the Qp pocket. However, orientations of
herbicides in the Qg pocket remain unknown because of the
absence of X-ray structures of PSII in the presence of herbicides.

Binding of herbicides to PSII has been studied not only
because of its function in blocking electron transfer but also
because of the effect on the energetics of PSII relevant to
photodamage and photoprotection (11, 12). The redox potential
of Qa reduction is shifted differently depending on herbicide
species bound to the Qj site; phenolic herbicides lower the Qa
redox potential by ~45 mV relative to that of control PSII
without herbicides, whereas DCMU increases the potential by
~50 mV (I13). These potential changes are consistent with
different peak temperatures of thermoluminescence by S,Qa
recombination between phenolic herbicides and other types of
herbicides (/3—16). The shifts of the Q4 redox potential affect the
charge recombination pathways and their rates, which play
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significant roles in the photodamage and photoprotection of
PSIT (71, 12). With a lower redox potential of Qa, charge
recombination via P680*Pheo™ is favored to form a triplet state
that produces harmful singlet oxygen, whereas with a higher
potential, a direct recombination pathway is dominant in safely
relaxing the charged pair. For understanding the molecular
mechanism of the Q4 potential shift by herbicide binding, it is
essential to clarify the interactions of herbicides with specific
amino acid residues in the Qg pocket and how the interaction is
transferred to Q.

We have recently investigated the effect of a herbicide on the
hydrogen bond interaction of Q4 using Fourier transform in-
frared (FTIR) difference spectroscopy (16), a powerful method
for studying the structures and interactions of redox cofactors
and the coupled amino acid residues in photosynthetic
proteins (/7—19). It was found that phenolic herbicides down-
shift the CO frequency of the Q5 semiquinone radical, whereas
other types of herbicides upshift the CO frequency, indicating
that herbicide binding affects the hydrogen bond interaction of
Qa (16). Interestingly, the CN stretching band of a nitrile group
in bromoxynil and ioxynil, typical phenolic herbicides, was
detected in the Q5 /Q4 difference spectra of PSIT membranes,
providing evidence of an interaction between Q4 and phenolic
herbicides. Because the CN frequency was closer to the phenolate
form of bromoxynil than to its protonated form, it was suggested
that phenolic herbicides are deprotonated in the Qg pocket to
interact with the imidazole of D1-His215 (/6). Deprotonation of
phenolic herbicides in the Qg site was also suggested by Roberts
etal. (20), taking into account the relatively low pK, values of ~4.

In this study, we have further investigated the structures,
interactions, and locations of phenolic herbicides in the Qg
pocket. For this purpose, we have measured the FTIR difference
spectra of the non-heme iron upon its photoreduction (Fe*"/
Fe’* difference) with PSII membranes in the presence of phenolic
herbicides and compared them with the spectra without herbi-
cides in the presence of DCMU. The interaction of herbicides
with the non-heme iron should be stronger than that with Qg,
and hence, more information about herbicides and interacting
amino acids is expected to be obtained. We have also performed
docking calculations for herbicides to the Qg pocket to identify
the binding site in the pocket. The results provided evidence that
phenolic herbicides take a deprotonated form strongly interact-
ing with D1-His215 at the phenolate CO group. A mechanism of
interaction transfer from a herbicide to Q4 to shift its redox
potential is proposed.

MATERIALS AND METHODS

Sample Preparations. PSll-enriched membranes of spinach
were prepared following the method previously described (27)
and suspended in a pH 6.5 buffer containing 40 mM Mes, 400 mM
sucrose, and 20 mM NaCl. Spinach in which nitrogen was globally
labeled with '*N was cultured as described previously (22). Mn
depletion was performed by 10 mM NH,OH treatment followed
by several washes with the Mes buffer. The Mn-depleted PSII
membranes were washed with a pH 8.0 buffer containing 100 mM
Tris, 100 mM sucrose, 20 mM NaCl, and 50 mM sodium
bicarbonate and finally suspended at a concentration of 0.5 mg
of Chl/mL in the same buffer additionally containing 200 mM
potassium ferricyanide and 0.1 mM herbicide (DCMU, bromox-
ynil, or ioxynil). The sample was then centrifuged at 170000g for
30 min, and the resulting pellet was sandwiched between two CaF,
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plates (25 mm in diameter). One of the CaF, plates has a circular
groove (14 mm inner diameter, 1 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 (23). 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 taken.

FTIR Measurements. Flash-induced FTIR spectra were
recorded on a Bruker IFS-66/S spectrophotometer equipped
with an MCT detector (D313-L) at 4 cm ™' 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 (accumulation
for 25 s) were recorded before and after single-flash illumination.
The measurement was repeated with an interval of 300 s for dark
relaxation. The spectra obtained by more than 300 cycles using a
couple of samples were averaged to calculate a Fe*™/Fe’"
difference spectrum by subtraction of the spectrum before
illumination from that after illumination. FTIR spectra of bro-
moxynil and its deprotonated form in ethanol (50 mM) were
recorded at room temperature using an attenuated total reflec-
tion (ATR) accessory (DuraSamp1/RII, Smiths Detection) with
a three-reflection silicon prism (3 mm diameter) (/6). The depro-
tonated form of bromoxynil was prepared by addition of a 3%
volume of a 2.5 M NaOH /water solution to a bromoxynil ethanol
solution. FTIR spectra of solvents were subtracted from those
of sample solutions to eliminate the contributions of solvents.

DFT Calculations. Molecular orbital calculations were per-
formed using the Gaussian03 program package (24). The B3LYP
functional (25, 26) with the 6-31+G(d) basis set was used to
optimize the geometries of model complexes and calculate their
vibrational frequencies and IR intensities. When the vibrations
of a water molecule as a hydrogen bond partner in the complexes
of bromoxynil were strongly coupled with its CO vibration, such
coupling was removed by substitution of hydrogen with a
deuteron in the water molecule.

Docking Calculation. The initial atomic coordinates of the
D1 and D2 proteins were taken from the X-ray structure of the
PSII complexes from Thermosynechococcus elongatus at 2.9 A
resolution [Protein Data Bank (PDB) entry 3BZ1 (9)]. The
hydrogen atoms were added with Reduce (27) assuming physio-
logical pH. To structurally refine the Qg binding pocket, we
performed partial geometry optimization for the Qg site, includ-
ing the non-heme iron, its four histidine ligands (D1-His215, D1-
His272, D2-His214, and D2-His268), and the D1 residues around
a plastoquinone ring of Qg (Met214, Leu218, Val219, Tyr246,
11e248, Ala251, His252, Phe255, Ser264, Phe265, and Leu271).
The geometry optimization was conducted by molecular mecha-
nics calculation with the combination of the universal force field
method (28) and the modified charge equilibration (MQEq)
method (29) in the ABINIT-MP program package (30, 37). In
the MQEq method, atomic charge parameters of Rappé and
Goddard (32) were used. All docking calculations were per-
formed with AutoDock (33, 34). The molecular structures of
herbicides and PQ-1 were optimized using molecular mechanics
calculations with the AMBER force field (24). The docking
pocket was set to a 20 A cube witha 0.2 A grid spacing centered at
the Qg ring. The MQEq atomic charges of the protein and the
herbicides were used to calculate the electrostatic potential maps
in the pocket and an empirical binding free energy (35) during the
docking calculation. The Lamarckian genetic algorithm (35) was
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FIGURE 1: Light-induced Fe?*/Fe*" FTIR difference spectra (1800—
1000 cm ™' region) of PSII membranes in the absence of herbicides (a)
and in the presence of DCMU (b), bromoxynil (c), and ioxynil (d).

utilized to search the conformation of the PQ-1 and herbicides
in the pocket.

RESULTS

Fe’T|Fe** FTIR Difference Spectra. Figure 1a shows a
flash-induced FTIR difference spectrum in the 1800—1000 cm ™"
region of the non-heme iron in the control Mn-depleted PSII
membranes in the absence of herbicides at pH 8.0. The non-heme
iron was preoxidized to Fe** by ferricyanide and reduced to Fe*"
upon single-flash illumination, and thus, the spectrum represents
the Fe?"/Fe*" difference involving the information of the struc-
tural changes in proteins and cofactors coupled to the iron center.
Positive and negative peaks at 2116 and 2039 cm ™', respectively,
arising from the CN stretches of ferricyanide and ferrocyanide
were observed (data not shown), indicating that ferrocyanide
works as an electron donor in this reaction. This spectrum was
virtually identical to the previous Fe*/Fe®" spectra measured
using PSII membranes of spinach (36—38) and cyanobacterial
PSII core complexes (39, 40). The peaks in the 1700—1600 and
1600—1500 cm ™' mainly arise from the amide I (the C=O stretch
of backbone amides) and amide II (the NH bend coupled with the
CN stretch of backbone amides) vibrations indicative of pert-
urbations of polypeptide chains upon Fe reduction (36). The
positive and negative bands at 1339 and 1229 cm ™", respectively,
were assigned to the CO stretches of bicarbonate, a ligand of the
non-heme iron, by introduction of [**CJbicarbonate (36), while
the positive peak at 1257 cm ™' and the part of the 1229 cm ™!
negative band were attributed to the CO stretching vibration of a
Tyr side chain (either D1-Tyr246 or D2-Tyr244) structurally
coupled to the iron center by [4-*C]Tyr labeling (40). The peaks
at 1111(+), 1102(=), and 1094(—) cm ™" are due to the CN stret-
ching vibrations of the imidazole ring of the His ligands (36, 38).
The 8 cm ™' lower frequency of the 1094 cm™' peak compared to
that of the 1102 cm ™' peak has been attributed to deprotonation
of one of the four His ligands, most probably D1-His215, to
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become an imidazolate form in the Fe** state (36, 38). Such a
downshift of the His CN mode upon imidazolate formation has
been observed in FTIR measurements of histidine and its model
complex, 4-methylimidazole (48, 49), and reproduced by DFT
calculations (49).

Fe?"/Fe*" difference spectra of PSII membranes in the pre-
sence of herbicides are presented in Figure 1b—d. In the presence
of DCMU, the intensity of the 1552 cm™' peak in the amide I
region significantly decreased and that of the 1094 cm ™" peak of
the imidazolate form also became smaller to give a shoulder
of the 1102 cm ™" band. In addition, the strong positive peak at
1661 cm ™" in the amide I region slightly downshifted by 3 cm™".
The bicarbonate peaks were observed at 1340 and 1228 cm ™',
which agreed with the frequencies of the corresponding peaks in
the control spectrum within 1 cm™'. The spectra of PSII in the
presence of bromoxynil (Figure lc) and ioxynil (Figure 1d)
exhibited very similar features. When compared with the control
spectrum, the amide I peak is found at lower frequencies by 2—
3cm™ ' and the feature of the negative band at 1229 cm ™' due to
the bicarbonate CO group is changed to a peak at 1216—
1215 cm™" with a shoulder at 1233 cm™', whereas the positive
band at 1339 cm ™' arising from the bicarbonate CO group in the
Fe’* state was unchanged. The His peaks at 1111(+) and
1102(—) cm ™! slightly downshift to 1109(+) and 1101(—) cm™",
respectively, with increased intensities, and the negative peak at
1094 cm ™" disappeared. Such shifts of the 1111 and 1102 cm™'
peaks were not observed in the case of DCMU binding
(Figure 1b). Another characteristic of the spectra with bromoxynil
and ioxynil is the appearance of a strong positive peak at 1516 and
1505 cm ™", respectively. The frequency difference of 11 cm ™" for
these peaks is actually the only difference between the two spectra
appreciable in the 1800—1000 cm ™' region.

The spectral region around these positive peaks is expanded in
Figure 2A (solid line, bromoxynil; dotted line, ioxynil). The
frequency gap of the two prominent peaks without notable
changes in other bands is clearly shown. The peaks at 1516 and
1505 cm ™" were virtually unaffected by the measurements in D,O
buffer (data not shown), excluding the contribution from the
amide I vibrations of polypeptide chains in hydrophilic domains
around the Qg site. Also, if these peaks were attributed to the
amide II vibrations, drastic changes only in the amide II bands
without large changes in the amide I region would be unreason-
able. Thus, it is most likely that these peaks are attributed to
bromoxynil and ioxynil themselves that are coupled to the non-
heme iron reaction, and the frequency gap originates from the
slight structural difference between these herbicides. The struc-
tural coupling of bromoxynil and ioxynil with the non-heme iron
is also exhibited by the appearance of the CN stretching bands of
their nitrile groups (see below).

Figure 2B shows the same region of the FTIR spectra of
bromoxynil (thin line) and its deprotonated phenolate form
(thick line) dissolved in ethanol. The most prominent feature in
this region is strong bands at 1476 and 1485 cm ™' for protonated
and deprotonated bromoxynil, respectively, due to the CO stretch-
ing vibrations (see below for assignments). Thus, the peaks at 1516
and 1505 cm ™" in the Fe**/Fe*" spectra (Figure 2A) are likely to be
attributed to the CO stretching vibrations of bromoxynil and
ioxynil, respectively, bound to the Qg site in either the protonated
or the deprotonated form. Weak negative bands at 1501 and 1494
em™! (Figure 2A), in the presence of bromoxynil and ioxynil,
respectively, on the lower-frequency sides of the major positive
bands may be due to the corresponding CO bands in the Fe*" state.
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FIGURE 2: (A) CO stretching region of bromoxynil (solid line) and
ioxynil (dotted ) in the Fe’*/Fe*" FTIR difference spectra. (B) CO
stretching region of the FTIR spectra of bromoxynil in the proto-
nated (thick line) and deprotonated (thin line) forms dissolved in
ethanol. Solvent bands were subtracted from the solution spectra.
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FIGURE 3: Fe?*/Fe** FTIR difference spectra of PSII membranes.
(A) 3000—2300 cm ' region (His NH region) in the absence of
herbicides (a) and in the presence of DCMU (b, solid line), bromoxy-
nil, (c, solid line), and ioxynil (d, solid line). In parts b—d, the

spectrum in the absence of herbicides (the spectrum in part a) is
shown for comparison (dotted lines). (B) 2260—2160 cm ™' region

(CN stretching region) in the absence of herbicides (a) and in the
presence of DCMU (b), bromoxynil (¢), and ioxynil (d), in compar-
ison with the FTIR spectra of bromoxynil (e) in protonated (solid
line) and deprotonated (dotted line) forms dissolved in ethanol.

Figure 3A shows the Fe’'/Fe** difference spectra in the
higher-frequency region of 3000—2300 cm ™', where broad con-
tinuum bands arising from polarized protons in strong hydrogen
bonds appear (47). Previous FTIR difference spectra upon Qa
and Qg photoreduction (42—45) and the S; — S, transition of the
oxygen-evolving center (46) have shown that several small peaks
on a broad feature in this region originate from the Fermi re-
sonance of a His NH vibration coupled with the overtones and
combinations of other fundamental His vibrations, indicative of
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the presence of a strongly hydrogen-bonded imidazole group
coupled to the cofactor. The samples in the absence of herbi-
cides (Figure 3Aa) showed only some weak peaks centered at
2579 cm™ " on a weak continuum band. In the presence of DCMU
(Figure 3Ab, solid line), additional features appeared at 2857,
2673, and 2650 cm ™', although the overall intensity of a broad
background did not change. In sharp contrast, in the presence of
bromoxynil (Figure 3Ac, solid line) and ioxynil (Figure 3Ad,
solid line), a broad background became significantly intense
above 2500 cm ™' and several prominent peaks (e.g., 2911, 2858,
2798, 2741-2743, 2675-2680, and 2584—2585 cm™') were
observed on this background. Indeed, this large broad band in
the high-frequency region is a characteristic of phenolic herbi-
cides; other types of herbicides, not only DCMU (urea type) but
also bromacil (uracil type) and atrazine (triazine type), exhibited
features similar to those of the control sample (data not shown).
In addition, Berthomieu and Hienerwadel previously showed
that the broad continuum band was totally absent in the presence
of o-phenanthroline (38).

Bromoxynil and ioxynil have a nitrile group in the phenolic
ring (see the structure of bromoxynil in Figure 6) and hence are
expected to show a CN stretching band in the 2260—2200 cm ™'
region (47), if they are coupled to the iron center. We previously
observed the CN stretching bands of bromoxynil and ioxynil at
2205/2216 and 2203/2213 cm ™', respectively, in the Qx /Qa
difference spectra of PSII membranes in the presence of these
herbicides (16). Similar peaks were observed at 2202/2115 and
2200/2213 cm ™" in the Fe’"/Fe’" difference spectra with bro-
moxynil (Figure 3Bc) and ioxynil (Figure 3Bd), respectively,
whereas no band was observed in this region in the absence
of herbicides (Figure 3Ba) and in the presence of DCMU
(Figure 3Bb). The CN bands of bromoxynil and its deprotonated
phenolate form in ethanol, which we previously reported (16), are
presented in Figure 3Be (dotted and solid lines, respectively). The
protonated bromoxynil had a CN peak at 2234 cm™", while the
deprotonated form showed a peak at 2214 cm™', a frequency
lower by 20 cm ™', with an intensity ~2 times higher.

To confirm the assignments of His vibrations in the Fe**/Fe’*
spectrum, the spectrum of globally '°N-labeled PSII membranes
in the presence of bromoxynil was obtained (Figure 4Aa,B, red
lines) and compared with the spectra of the unlabled sample
(Figure 4Aa,B, black lines). In the 1800—1000 cm™' region
(Figure 4A), appreciable changes are observed in the bands around
1100 cm™" as expected and the peaks at 1109 and 1101 cm™!
downshifted by 7 ecm™" to 1102 and 1194 cm™", respectively.
Another change was observed as a downshift of a small peak from
1187 to 1180 cm ™" (by 7 cm ™). The double difference spectrum
(Figure 4Ab) more clearly showed these changes. The prominent
signal at 1110/1101/1089 cm™' and the small signal at 1189/
1178 em ™" correspond to the frequency changes mentioned above.
Numerous peaks in the 1700—1600 and 1600—1500 cm ™" regions
are most likely due to the amide I and amide II vibrations,
respectively, although higher noise levels in these regions and the
fact that these bands are sensitive to subtle changes in sample
conditions hamper definite identification of isotope effects. It is
now safe to say that the peaks at 1109/1101 cm™ " in the presence of
bromoxynil arise from the His CN vibrations, which have shown
bands around 1100 cm™" in the FTIR spectra of histidine and
4-methylimidazole, a model compound of a His side chain, and in
DFT calculations (46, 48—50). The 1187 cm ™" band is most likely
attributed to the NH bending band of imidazole, which was
observed at 1151 cm™' in 4-methylimidazole in aqueous
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FIGURE 4: (A) (a) Fe’*/Fe** FTIR difference spectrum (1800—
1000 cm™! region) of globally *N-labeled PSIT membranes in the
presence of bromoxynil (red line) in comparison with that of un-
labeled PSIT membranes (black line). (b) Unlabeled-minus-'*N-
labeled double difference spectrum. (B) 3000—2300 cm™ ' region of
the Fe?" /Fe*" FTIR difference spectrum of globally '*N-labeled PSII
membranes in the presence of bromoxynil (red line) in comparison
with that of unlabeled PSII membranes (black line).

solution (43). Note that a similar peak was observed at 1185 cm ™'

in the spectrum with ioxynil (Figure 1d), whereas no correspond-
ing band was clearly observed in the control spectrum (Figure 1a)
and the spectrum with DCMU (Figure 1b). Several peaks at
3000—2500 cm ™" on a broad background also showed down-
shifts of 8—20 cm™" upon "°N labeling, providing evidence that
these features are due to the Fermi resonance peaks of a His side
chain.

DFT Calculations of Hydrogen-Bonded Complexes of
Bromoxynil. To understand the effects of deprotonation of the
phenolic OH group of bromoxynil and its hydrogen bond
interactions on the CN and CO stretching frequencies, we per-
formed DFT calculations for the model complexes of bromoxynil
in the protonated (Figure 5, models A and B) and deprotonated
(Figure 5, models C and D) forms. Figure 5 shows the optimized
geometries of these models. In models A and C, the phenolic OH
group or the phenolate oxygen and the CN group are fully
hydrogen bonded with three H,O molecules (the OH group or
phenolate oxygen has two hydrogen bonds, and the CN group
has one hydrogen bond), while models B and D have one
hydrogen bond at the oxygen atom with CF;OH and H,O0,
respectively, keeping a hydrogen bond at the CN group. The
reason for using CF;OH, a stronger hydrogen bond donor than
H,0, in model B is that the basicity of the oxygen of the phenolic
OH group was not high enough to form a stable hydrogen-
bonded complex with H,O. The obtained CN and CO stretching
frequencies and their infrared intensities are summarized in Table
| together with experimental results from Figures 2 and 3. Note
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FIGURE 5: Optimized geometries of the hydrogen-bonded complexes
of bromoxynil in the protonated (A and B) and deprotonated
phenolate (C and D) forms obtained by DFT calculations at the
B3LYP/6-314-G(d) level. In all models, the nitrogen atom of the CN
group is hydrogen bonded with a H,O molecule. The OH group of
bromoxynil is hydrogen bonded with two H,O molecules (A) or
CF;0H (B), and the phenolate oxygen of the deprotonated bromox-
ynil is hydrogen bonded with two H,O molecules (C) or one (D).

that calculated CN and CO frequencies were scaled with different
scaling factors of 0.9657 and 0.9378, respectively, to adjust the
frequencies of model B (a phenolate form with full hydrogen
bonding) to the experimental data of deprotonated bromoxynil
in ethanol. This scaling was performed to facilitate comparison
between calculated and experimental results, and thus, frequency
differences between the models rather than the absolute values
are important in this analysis.

When CN stretching frequencies of fully hydrogen-bonded
bromoxynil (model A) and its deprotonated form (model C) were
compared, the latter showed a lower frequency by 40 cm ™' and a
stronger intensity by a factor of 4.7. This is consistent with the
experimental data in ethanol which showed that the phenolate
form exhibited a lower CN frequency by 20 cm ™" with a 2 times
larger intensity compared with that of the protonated bromoxynil
(Figure 3Be and Table 1), although the frequency gap was
estimated to be much larger via calculation. When one of the
two hydrogen-bonded H,O molecules at the CO group of the
deprotonated bromoxynil in model C was removed (model D),
the CN frequency downshifted by 6 cm ™. On the other hand,
when the hydrogen bond to the OH group hydrogen was removed
from model A and the OH group oxygen was engaged in a
hydrogen bond with CF;0H (model B), the CN frequency
upshifted by 5 cm™".

The CO stretching vibration of model C of deprotonated
bromoxynil (1485 cm™ ") showed a frequency higher than that of
model A of protonated bromoxynil (1421 cm ™) by 64 cm™' and
a stronger intensity by a factor of ~3 (Table 1). The tendency to
upshift is similar to the experimental result in ethanol solutions,
although the extent of the upshift was much smaller (9 cm™") in
experiments. When the double hydrogen bonds at the phenolate
oxygen (model C) are reduced to a single hydrogen bond (model
D), the CO frequency further upshifted by 38 cm ™. In contrast,
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Table 1: Calculated and Experimental Frequencies (cm ') of the CN and CO Stretching Vibrations of Bromoxynil
protonation state condition CN stretch” (int)® CO stretch” (int)°
Calculated”
protonated with 3H,0 (model A) 2263 (123) 1421 (190)
with 2H,0 and CF;COOH (model B) 2268 (83) 1412 (202)
deprotonated with 3H,0 (model C) 2213 (582) 1485 (582)
with 2H,O (model D) 2207 (624) 1523 (598)
Experimental
protonated in EtOH 2234 1476
deprotonated in EtOH 2214 1485
in PSIT (Fe*", neutral Q4) ~2209¢ 1516

“Vibrational frequencies were calculated using the DFT method at the B3LYP/6-31+G(d) level. bCalculated frequencies were scaled with scaling factors of
0.9657 and 0.9378 for the CN and CO vibrations, respectively, to adjust the calculated values of model C to the experimental values of the phenolate anion form
in EtOH. ‘Infrared intensities in parentheses were calculated in kilometers per mole. “The CN frequency of bromoxynil was estimated from the data of the
Fe>/Fe* difference spectrum in this study and the Qa~/Qa difference spectrum in ref 16 (see the text for details).

c. deprotonated bromoxynil

- %%\ .
I L +)

d. protonated bromoxynil

FiGuRreE 6: Binding sites of PQ and herbicides in the Qg pocket of PSII obtained by docking calculations: (a) PQ-1, (b) DCMU, (c) deprotonated
bromoxynil, and (d) protonated bromoxynil. All amino acid residues labeled in panel a belong to the D1 subunit. D1-L218 and D1-F255 that are
also residues in the Qp pocket and located on the upper side of the plane have been omitted so that the interactions of PQ-1 and herbicides are
clearly shown. The Qg binding site was once optimized using the X-ray structure by Guskov et al. [2.9 A resolution (9)] by a molecular mechanics
calculation, and then docking calculations of PQ-1 and herbicides were performed for the optimized Qg pocket.

when the OH group of protonated bromoxynil has a single
hydrogen bond as a hydrogen bond acceptor (model B), the CO
frequency was lower by 9 cm ™' than that of model A in which the
OH group both donates and accepts a hydrogen bond with two
H,0 molecules.

Docking Calculation for Herbicides in the Q g Pocket. To
model the binding site of herbicides in the Qg pocket, docking
calculations were performed for PQ-1, DCMU, bromoxynil, and
its deprotonated phenolate form. Proper docking of a PQ model
to the Qp site was not successful when the protein structure
determined via X-ray crystallography at 2.9 A resolution by
Guskov et al. (9) was directly used. This is probably because the
structure of the Qg pocket is not sufficiently accurate in the X-ray
structure because of the limited resolution. Hence, we performed

structural optimization of the Qp site, including the non-heme
iron, Qg, and surrounding amino acids using molecular me-
chanics calculations. When the docking calculation of PQ-1 as a
Qg model was performed for the optimized Qg pocket, proper PQ
binding very similar to the Qg position in the X-ray structure was
reproduced (Figure 6a), indicating the reliability of the docking
calculation. The central part of the Qg pocket is formed with
hydrophobic Phe and Leu residues, i.e., Phe255, Phe265, Phe274,
Phe211, Leu218, Leu271, and Leu275 (Leu218 and Phe255 have
been omitted from Figure 6 so that the interactions of PQ-1 and
herbicides are clearly shown), while polar groups are located at
both ends of the pocket: the imidazole of D1-His215 at one end
and the OH group of D1-Ser264, the backbone NH group of D1-
Phe265, and the backbone C=0 group of D1-Ala263 at the other



Article

end (Figure 6). In this pocket, one of the C=0 groups of PQ-1 is
hydrogen bonded to His215 and the other C=0 group interacts
with Ser264 and the backbone NH group of Phe265 (Figure 6a).

Docking calculations for DCMU resulted in the binding to the
pocket interacting with the Ser264 OH and Phe265 NH groups
through the C=0 group in a trans-amide conformation without
an interaction with His215 (Figure 6b). This is consistent with the
previous observations of DCMU tolerance induced by Ser264
mutations (3, 6). In contrast, our docking result is at odds with
the previously calculated binding models, in which DCMU is
hydrogen bonded with His215 at the C=0 group in a trans-
amide conformation (57, 52) or with the OH group oxygen of
Ser264 at the phenylamino NH group in a cis-amide conforma-
tion (5/). However, these previous modeling studies were per-
formed before the report of the X-ray structure of PSII core
complexes and thus based on the DI model predicted from the
X-ray structure of the bacterial reaction center.

When the phenolate form of bromoxynil was applied to the
docking calculation, it resulted in a strong interaction with
His215 through a hydrogen bond between the phenolic CO
group and the imidazole NH group (Figure 6¢). The nitrogen
of the CN group interacts with the Phe265 NH group (the N- - -H
distance is 2.16 A), whereas the interaction with the Ser264 OH
group seems to be much weaker (the N- - -H distance is 3.07 A).
On the other hand, protonated bromoxynil did not interact
with His215 at all but interacted with the backbone C=0 group
of Ala263 and the NH group of Phe265 through the hydro-
gen and oxygen atoms, respectively, of the phenolic OH group
(Figure 6d). This binding site is in contrast to the previous
modeling of neutral ioxynil, in which ioxynil is located in the
pocket in an orientation similar to that in our model of depro-
tonated bromoxynil, i.e., an interaction with H215 and Ser264/
Phe265 (52). This discrepancy may originate not only from the
usage of the D1 model deduced from the bacterial reaction center
but also from their modeling method, in which only the contact
surface between atoms was taken into account without estima-
tion of interaction energy, whereas our docking calculation
includes estimation of the electrostatic, van der Waals, and
hydrogen bonding interactions. Thus, the weak basicity of the
oxygen of the phenolic OH group as a hydrogen bond acceptor in
comparison with the strong basicity of the phenolate oxygen was
not reflected in the previous model.

DISCUSSION

In this study, we have determined the protonation structure,
hydrogen bond interactions, and binding sites of phenolic
herbicides in the Qg pocket of PSII using FTIR difference
spectroscopy and docking calculations. Fe*™/Fe’™ FTIR differ-
ence spectra provided the structural information about the
herbicide bound to the Qg site as well as the protein moieties
around the non-heme iron. Docking calculations for herbicides
to the Qg pocket supported the FTIR results and directly
visualized the binding sites and the orientations of herbicides in
the pocket.

Protonation Structure of Bromoxynil and loxynil. The
CN stretching bands of bromoxynil and ioxynil were detected as
differential signals at 2202/2215 and 2200/2213 cm ™', respec-
tively, in the Fe’*/Fe*" FTIR difference spectra. This indicates
that these herbicides are structurally coupled to the non-heme
iron center and their molecular interactions are affected by the
redox change of the iron. The observed frequencies are similar to
those in the previously reported QA /Qa difference spectra,
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2205/2216 and 2203/2213 cm™' for bromoxynil and ioxynil,
respectively (16). In the Qo /Qa FTIR measurements, the non-
heme iron remained in the Fe*" state due to the presence of
NH,OH. The discrepancies of the peak frequencies for the same
PSII state with neutral Q and Fe>" between the Fe*'/Fe* and
Qa ™ /Qa difference spectra, i.e., 2202 cm ™" versus 2216 cm ™" for
bromoxynil and 2200 cm ™" versus 2213 cm ™' for ioxynil, indicate
that the real CN frequencies are located near the centers of the
two peaks, at ~2209 and ~2207 cm ™" for bromoxynil and ioxy-
nil, respectively, and slight shifts upon redox changes of Fe and
Qa induce the differential signals.

As already discussed in our previous report of the CN peaks in
the QA /Qp difference spectra (16), these CN frequencies are
closer to the frequency of the phenolate form of bromoxynil in
ethanol, 2214 cm ™", rather than that of the protonated form,
2234 cm ™! (Figure 3Be), suggesting that bromoxynil is deproto-
nated in the Qg pocket. The decrease in the CN frequency of
bromoxynil by deprotonation concomitant with an intensity
increase (Figure 3Be) was also reproduced by DFT calculations
(Figure 5 and Table 1).

The CO stretching vibrations of bromoxynil in the protonated
and deprotonated forms were observed at 1476 and 1485 cm ™",
respectively, in ethanol solutions (Figure 2B). The DFT calcula-
tions of model hydrogen-bonded complexes of bromoxynil
supported this assignment (Table 1). These CO frequencies that
are significantly higher than the CO frequency region of p-cresol
[1280—1220 cm ™" (53)] are attributed to the shorter C—O bond
length due to the strong electron withdrawing abilities of the Br
groups at the ortho positions and of the CN group at the para
position of the phenyl ring. Indeed, our DFT calculations at the
B3LYR/6-314+G(d,p) level showed that replacement of the
methyl group of p-cresolate with a CN group and additional
replacement of hydrogen atoms with Br atoms at the ortho
positions shortened the C—O bond length by 0.012 and 0.017 A,
respectively (0.029 A in total), resulting in a CO frequency upshift
of 197 cm ™.

The Fe**/Fe*" difference spectrum of PSII in the presence of
bromoxynil exhibited a characteristic positive peak at 1516 cm ™'
(Figure 1c and Figure 2A, solid line). Since this strong peak
downshifted to 1505 cm™" by 11 ecm ™" in the sample with ioxynil
(Figure 2A, dotted line) without appreciable changes in other
bands in the 1800—1000 cm ™' region (Figure lc,d), these peaks
were attributed to the CO vibrations of the phenolic herbicides.
The lower frequency of the ioxynil CO is consistent with the
weaker electron withdrawing ability of I than Br.

The frequency of 1516 cm™' in the Fe’"/Fe*™ spectrum is
higher than the CO frequencies of bromoxynil in ethanol solu-
tions by 30—40 cm™". This higher frequency is consistent with
the assignment to the phenolate CO group engaged in a single
hydrogen bond. The DFT calculations showed that when the
phenolate CO group of bromoxynil has only one hydrogen
bond (Figure 5, model D), its frequency is 38 cm ™' higher than
that of the model with the CO group having two hydrogen
bonds (Figure 5, model C, and Table 1), which are probably
realized in ethanol. In contrast, when protonated bromoxynil
accepts one hydrogen bond at the OH group oxygen (Figure 5,
model B), its CO frequency is lower by 9 cm™' than that of
the model fully hydrogen bonded (Figure 5, model A, and
Table 1). The most probable candidate for the donor of a
hydrogen bond to the phenolate CO group is the imidazole NH
group of the His ligand to the non-heme iron as discussed
below.
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Thus, the results of the CN and CO bands of bromoxynil and
ioxynil in the Fe**/Fe*" difference spectra strongly suggest that
these phenolic herbicides are bound to the Qg pocket as a
phenolate anion form singly hydrogen bonded at the CO group.

Interaction with a His Side Chain. Fe*"|Fe*" difference
spectra involve the vibrations of His side chains that function as
ligands to the non-heme iron. The peaks at 1111(+), 1102(—),
and 1094(—) cm™ " in the control PSII (Figure 1a) have been
assigned to the CN stretching vibrations of imidazole (36, 38).
The negative peak at 1094 cm ™" has been interpreted as indicat-
ing deprotonation of one imidazole ligand in the Fe*' state,
probably D1-His215 in the Qg binding site (38). In the presence of
DCMU (Figure 1b), the 1111(+) and 1102(—) cm™" peaks were
virtually unchanged, whereas when bromoxynil and ioxynil were
bound to PSII, these peaks slightly downshifted to 1109(+) and
1101(=) em ™", respectively, with increased relative intensities.
The 1094 cm™' peak almost disappeared, indicative of fully
protonated D1-His215. The assignment of the 1109 and 1101
cm™ ! peaks to the His side chain was confirmed by the 7 cm™!
downshifts upon global "N substitution (Figure 4A). The
changes in the His CN bands may reflect the presence of a strong
coupling between the non-heme iron and the phenolic herbicides
that affects the vibrations of the His ligands. The most plausible
view is that the phenolate CO of the phenolic herbicides interacts
with the imidazole NH group of D1-His215 forming a strong
hydrogen bond. It is noted that the negative band at 1094 cm ™'
was diminished also in the presence of DCMU (Figure 1b) and
disappeared in the presence of o-phenanthroline (38). Thus,
the pK, of D1-His215 in the Fe*" state seems to be sensitive to
the binding of herbicides in the Qg pocket, and hence, the single
negative band around 1100 cm™" does not necessarily indicate the
presence of a strong hydrogen bond interaction.

A positive band at 1187 cm ™" in the presence of bromoxynil
was also sensitive to "N labeling, showing a differential signal at
1189/1178 cm™" in the unlabled-minus-"N-labeled double dif-
ference spectrum (Figure 4A). A similar signal was previously
observed at 1179/1169 cm™' in the unlabeled-minus-["*N]His-
labeled double difference spectrum of QA /Q4 and was assigned
to the NH bending vibration of the His side chain hydrogen-
bonded with Q4 (43). The higher frequency compared with that
of 4-methylimidazole in aqueous solution at 1151 cm™' was
attributed to strong hydrogen bonding between Q4 and His (43).
Since the signal similar to the 1187 cm ™' band was detected in the
presence of ioxynil at 1185 cm ™! (Figure 1d) but no correspond-
ing band was observed in the samples without herbicides and with
DCMU (Figure la,b), this feature in the Fe**/Fe’" spectrum
may be specific to phenolic herbicides. Thus, the observation of
the higher-frequency NH bending band supports the presence of
a strong hydrogen bond at the His NH group interacting with
phenolic herbicides.

The strong hydrogen bonding interaction of the His side chain
in the presence of phenolic herbicides was also expressed by the
presence of a broad continuum band above 2500 cm ™' with
several Fermi resonance peaks of a His NH stretching vibration
(Figure 3Ac,d, solid lines). The broad feature, which originates
from a polarized proton in a strong hydrogen bond (41),
was significantly larger in the presence of phenolic herbicides
(Figure 3Ac,d, solid lines) than in the absence of herbicides
(Figure 3Aa) and in the presence of other types of herbicides such
as DCMU (Figure 3Ab), bromacil, atrazine (data not shown),
and o-phenanthroline (38). In addition, the Fermi resonance
peaks of the His NH vibration, indicative of the presence of a
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strongly hydrogen bonded NH group of imidazole (42—46), were
intensified by phenolic herbicides (Figure 3Ac,d, solid lines).

Thus, the CN stretching, NH bending, and NH stretching
vibrations, which showed the behaviors characteristic of phenolic
herbicides in the Fe*/Fe*" difference spectra, show that the NH
group of a His ligand, most probably D1-His215, provides a
strong hydrogen bond to bromoxynil and ioxynil in the Qg
pocket. This view is consistent with the conclusion that these
herbicides take a phenolate anion form because of its strong
basicity to enable the formation of a strong hydrogen bond.

Binding Site of Bromoxynil in the Q g Pocket. Our dock-
ing calculation showed that bromoxynil in the phenolate anion
form is bound to the Qg pocket interacting with the imidazole
NH group of D1-His215 at the CO group (Figure 6¢). The CN
group seems to interact with the backbone NH group of D1-
Phe265. This orientation is similar to that of PQ-1; one CO group
is hydrogen bonded to His215 and the other CO group to the
backbone NH group of Phe265 and the OH group of Ser264
(Figure 6a). The interaction of the deprotonated bromoxynil with
His215 may be much stronger than that of PQ-1 judging from the
significantly shorter O- - -H distance of 1.63 A for bromoxynil
compared with the distance of 1.89 A for PQ-1 (Figure 6a,b). The
predicted interaction of the deprotonated bromoxynil is in
agreement with the FTIR conclusion given above: the phenolic
CO group of bromoxynil forms a strong hydrogen bond with the
His NH group. In contrast, protonated bromoxynil was found to
be oriented to the opposite side in the pocket; the phenolic OH
group interacts with the backbone C=0 group of D1-Ala263 and
the backbone NH group of DI-Phe265 (Figure 6d). In this
docking site, D1-His215 is free from interaction, and thus, the
structural coupling between the non-heme iron and bromoxynil is
predicted to be negligible. This is totally inconsistent with the
view from FTIR spectroscopy. The docking calculation of
DCMU also showed no direct interaction with D1-His215, but
the C=0 group of DCMU interacted with the OH group of D1-
Ser264 and the backbone NH group of D1-Phe265 (Figure 6b).
This is consistent with the previous observations of DCMU
resistance by Ser264 mutations (J, 6).

We have very recently detected the CN bands of bromoxynil in
the Fe?/Fe*" spectra of the PSII core complexes of T elongatus,
which have PsbA1 or PsbA3 as the D1 protein (54). Although the
bands at 2200 and 2210 cm™' for PSII with PsbAl were very
similar to the 2202 and 2215 cm™' bands in this study using
spinach PSII membranes, additional weak bands were observed
at 2216 and 2232 cm™' for PSII with PsbA3. The higher
frequencies by ~20 cm™" of this minor signal compared with
the major signal are in agreement with the higher frequency of
protonated bromoxynil by 20 cm ™" than that of the deprotonated
form in ethanol (Figure 3Be). Thus, this observation seems to
indicate that a small population of bromoxynil in this PSII core
complex exists as a protonated form and occupies the site as
shown in Figure 6d. The observation that such a center showed a
thermoluminescence temperature by S,Q, recombination high-
er by ~20 °C than that of the center with major CN peaks and
similar to that of the PSIT with DCMU (54) also supports the
view that bromoxynil having higher-frequency CN peaks does
not interact with His215 but rather interacts with the Phe265/
Ser264 side.

Implication of the Interaction of Bromoxynil in the Qp
Pocket. From the FTIR spectroscopy results described above
and docking calculations, we conclude that the phenolic herbi-
cides, bromoxynil and ioxynil, are bound to the Qg pocket in
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their phenolate anion forms strongly hydrogen bonded with the
NH group of D1-His215 at the CO group and most likely with
the backbone NH group of D1-Phe265 at the CN group. This
binding site is consistent with the previous mutagenesis data in
which D1-Ser264 mutations showed no tolerance for phenolic
herbicides (4—6). Taking a deprotonated form upon binding to
the Qp pocket is reasonable when taking into account the strong
acidity of the phenolic OH groups of these herbicides [e.g., pK, =
4.2 for bromoxynil (55)] and stabilization of the phenolate CO
group by a strong hydrogen bond with D1-His215. It is noted
that deprotonation of phenolic herbicides is not due to the
relatively high pH (pH 8.0) used in this study, because virtually
identical CN and CO bands of bromoxynil were detected in the
Fe?*/Fe*™ difference spectrum measured at pH 5.5 (data not
shown).

It has been known that the redox potential of Q, downshifts
upon binding of phenolic herbicides whereas it upshifts upon
DCMU binding (/1—13). This redox potential downshift caused
by phenolic herbicides has been considered to be responsible
for accelerated photodamage by facilitating P680"Pheo ™ charge
recombination to produce a harmful triplet state (//, /2). The
mechanism of the change in the Q4 redox potential by phenolic
herbicides has been attributed to the electrostatic effect by the
negative charge of the phenolate form or the protein conforma-
tional changes by herbicide binding (13, 20). We have previously
proposed that the Q4 potential shift is caused by the change in the
hydrogen bonding interaction at the CO group of Qa (/6) from
the FTIR study in which the CO stretching vibration of QA"
slightly downshifted and upshifted upon binding of phenolic
herbicides and other types of herbicides, respectively. The view
from this study that the phenolate anions of phenolic herbicides
form a stronger hydrogen bond with His215 than the hydrogen
bond of PQ in the Qg site and DCMU does not directly interact
with this His is consistent with the orders of Q4 redox potentials
and the Qo CO frequencies. Thus, this correlation among the
QA redox potential, the hydrogen bond strength of His215, and
the hydrogen bond strength of the Qao~ CO group provides
strong evidence that the redox potential of Q4 is controlled by the
hydrogen bond interaction at the His215 NH group, rather than
the electrostatic effect of the negative charge of the phenolate
anion. The change in the hydrogen bond strength at the His215
NH group is probably transferred to Q4 through the Q-His-Fe-
His-(herbicide/Qg) molecular bridge. Such a molecular interac-
tion represents the versatility of a His side chain, which can be
simultaneously engaged in a hydrogen bond and metal coordina-
tion at different nitrogen sites influencing each other through
conjugated 7 electrons.
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