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ABSTRACT: The bacterial reaction center (RC) is a membrane protein complex that performs photosynthetic
electron transfer from a bacteriochlorophyll dimer to quinone acceptors QA and QB. QB accepts electrons
from the primary quinone, QA, in two sequential electron transfer reactions coupled to uptake of a proton
from solution. It has been suggested that water molecules along the proton uptake pathway are protonated
upon quinone reduction on the basis of FTIR difference spectra [Breton, J., and Nabedryk, E. (1998)
Photosynth. Res. 55, 301-307]. We examined the possible involvement of water molecules in the
photoreaction processes by studying 18O water isotope effects on FTIR difference spectra resulting from
formation of QA

- and QB
-. Continuum bands in D2O due to QB

- formation in the 2300-1800 cm-1

region did not show spectral shifts by 18O water in the wild-type (WT) RC, suggesting that these bands
do not originate from (protonated) water. In contrast, the QB

-/QB spectrum of the EQ-L212 mutant RC
showed a spectral shift of a band near 2100 cm-1 due to 18O water substitution, consistent with protonation
of internal water. FTIR shifts due to 18O water were also observed following formation of QA

- and QB
-

in the spectral region of 3700-3500 cm-1 characteristic of weakly hydrogen bonded water. The water
responsible for the QB

- change was localized near Glu-L212 by spectral shifts in mutant RCs. The weakly
hydrogen bonded water perturbed by quinone reduction may play a role in stabilizing the charge-separated
state.

The photosynthetic bacterial reaction center (RC)1 is a
membrane protein complex with redox components that
works in cooperation with the cytochrome bc1 complex as a
light-driven proton pump, transferring protons across biologi-
cal membranes from the cytoplasmic side to the periplasmic
side. The RC performs photochemical electron transfer from
the bacteriochlorophyll dimer (P) through a series of electron
donor and acceptor molecules to the secondary quinone, QB.
QB accepts electrons from the primary quinone, QA, in two
sequential electron transfer reactions. The second electron
transfer to QB is coupled to the uptake of two protons from
the cytoplasmic side, leading to the formation of the
dihydroquinone QBH2 that diffuses out of the RC (reviewed
in refs 1 and 2). The oxidation of the reduced quinone
releases protons across the membrane, resulting in a proton
gradient that is essential for ATP synthesis.

In the photosynthetic RC of purple bacteria, QB is buried
in the protein away from the water surface. Thus, a pathway
for proton transfer must be present to enable protons to

penetrate to the QB site. The crystal structure of the RC from
Rhodobacter sphaeroides shows that QB is surrounded by a
cluster of acidic and polar amino acid residues (Glu-L212,
Asp-L213, and Ser-L223) and water molecules which can
facilitate transfer of a proton to QB. In addition, hydrophilic
pathways which contain protonatable amino acid residues
(Asp-M17, Asp-L210, His-H126, and His-H128) and water
molecules are observed leading from the cytoplasm to the
QB binding site (3-6) (Figure 1). The role of the carboxylic
acid residues has been demonstrated by site-directed muta-
tion, which results in reduced rates of proton uptake (7-15).

Light-induced electron transfer to form QA
- and QB

-

results in proton uptake from solution (16, 17). Under these
conditions, the reduced quinone has been found to be in the
anionic semiquinone state (18, 19), indicating that the proton
must be bound to some other molecule in the protein. The
nature of the proton binding sites in RCs has been extensively
studied by light-induced Fourier transform infrared (FTIR)
spectroscopy (for a recent review, see ref 20). The proton-
ation of glutamic acid and aspartic acid results in absorption
bands in the 1770-1700 cm-1 region due to CdO stretching
vibrations of the protonated acid. Although considerable
proton uptake is expected on the basis of electrostatic
calculations (21-26), only one carboxylic acid, Glu-L212,
was observed to change protonation state upon QB

- formation.
However, the intermediate states for proton uptake from

the cytoplasmic side to the inside of the RC remain unclear
because the protonation of internal groups is not observed
except for Glu-L212 upon the reduction of QB (27-31). One
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puzzle is the observation that in some cases proton uptake
is observed under conditions where no protonation of
carboxylic residues is measured by FTIR. For instance, EQ-
L212 mutant RCs lacking Glu-L212 display proton uptake
in the QB

- state (32) but do not have increased FTIR bands
in the carboxylic acid region. In addition, FTIR carboxylic
acid protonation signals are not observed in the RC of
Blastochloris Viridis (33). How is proton uptake into the
protein carried out without protonation of acid side chains?

One possibility is that an internal water molecule, in an
ionic environment surround by carboxylic acids, serves as a
protonated transient or stable intermediate in the proton
transfer chain. Although it is likely that water molecules are
commonly used to bridge transfer between proton donor and
acceptor groups, serving as transient intermediates, it is less
certain if water becomes stably protonated to form either
Eigen (H3O+) (34) or Zundel cations (H5O2

+) (35). In the
RC, several water molecules are observed near carboxylic
acid groups in X-ray crystal structures that provide a
connection between internal amino acids and allow for the
formation of a contiguous hydrogen bonding network from
the cytoplasmic surface to the internal catalytic QB site
(Figure 1). Breton and Nabedryk interpreted H-D exchange-
able IR signals in the 2800-1900 cm-1 region to be due to
proton movement within a highly polarizable hydrogen
bonded web, possibly involving water protonation (36).
Hermes et al. observed similar signals in the DN-L210
mutant by time-resolved FTIR studies which were ascribed
to protonation of internal water molecules due to the observed
vibration frequency (37). Indeed, in bacteriorhodopsin (BR),
a light-driven proton pump, protonation of internal water
molecules (Zundel cation, H5O2

+) has been proposed as a
proton release group detected in the 2000-1800 cm-1

region (38, 39). However, bands in this region are not by

themselves sufficient evidence of protonated water. In BR,
the O-H stretching vibration of the water molecule that
bridges positive and negative charges appears at 2800
cm-1 (40-42), which forms an unusually strong hydrogen
bond. Recently, we have further shown that the continuum
band at 2000-1800 cm-1 in BR contains vibration of water
by use of 18O water (43). As shown for BR, conclusive
assignment of a water band requires the use of an identifiable
and specific isotopic substitution of the water molecules.

In this study, we examined the possible involvement of
water molecules in the photoreaction processes of the RC
by studying 18O water isotope effects on native and EQ-
L212 mutant RCs. Previously, we have shown the importance
of internal water molecules in the proton transfer processes
of bacteriorhodopsin (BR) by means of isotope water edited
FTIR spectroscopy (40-42; reviewed in refs 44 and 45 and
references therein). FTIR spectroscopy is a powerful tool
for detecting changes in the hydrogen bond environment as
well as the protonation state of internal groups. Here our
goal is to detect structural changes in internal water molecules
accompanied by the reduction of quinones in the RC. We
developed conditions for water substitution of RCs in dry-
hydrated films that produced the same FTIR signals as in
solution. The changes in O-H (or O-D) stretching vibrations
were examined in RC films hydrated with either H2O or D2O
upon the reduction of QA or QB. D2O substitution is useful
for shifting O-D stretching vibrations into a region away
from other interfering bands. The observed bands were
assigned to water vibrations by measuring shifts due to
substitution of 18O for 16O.

We studied the broad continuum bands in the 2950-2200
cm-1 region (in H2O) and from 2300 to 1800 cm-1 (in D2O)
which have been proposed to contain contributions from
protonated water. We did not observe an 18O-shifted band
in wild-type (WT) RCs in either H2O or D2O, suggesting
that the bands in this region do not originate from (proto-
nated) water. In contrast, we observed an 18O spectral shift
expected for a water band near 2100 cm-1 in D2O for the
EQ-L212 mutant RC upon formation of QB

-. This band is
in a region expected for a protonated water molecule and is
consistent with the proposal that protonated water is a stable
species in proton transfer in the RC. We also examined the
isotope shifts of bands in the region of the spectrum where
weakly hydrogen bonded water vibrations are observed
(3700-3500 cm-1 in H2O or 2700-2400 cm-1 in D2O). This
region of the spectrum is relatively free of interference due
to absorption of bulk water which has normal hydrogen
bonding and is thus shifted to lower vibrational frequencies.
Isotope-shifted bands were observed in WT RCs after either
formation of QA

- and QB
-, indicating the presence of weakly

hydrogen bonded water molecules near both QA and QB

whose spectra are perturbed by quinone reduction. The water
bands shifted due to QB

- formation were found to be
perturbed in EQ-L212 RCs, indicating that this water is
located near Glu-L212. The possible role of these water
molecules is discussed.

MATERIALS AND METHODS

The construction of the site-directed mutant EQ-L212, DN-
L213, and SA-L223 was previously reported (7, 11, 12). The
purification of RCs was carried out as described in ref 11.

FIGURE 1: Structure of the QB binding site of the reaction center of
Rb. sphaeroides in the P+QB

- state [PDB entry 1DV3 (5)]. Peptide
backbones are shown as ribbons, where L, M, and H subunits are
colored yellow, blue, and orange, respectively. Quinone and amino
acid side chains are shown as stick drawings. Green spheres
represent water molecules. Dotted lines show putative hydrogen
bonds and coordinate bond.
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RCs were dialyzed against dialysis buffer [10 mM Tris ·HCl
(pH 8), 0.1 mM EDTA ·2Na, 5 mM NaCl, and 0.02% (w/v)
dodecyl maltopyranoside]. Fifteen microliters of RC (70-100
µM) and 5 µL of reducing reagent mixture [10 mM sodium
ascorbate, 20 mM 2,3,5,6-tetramethyl-p-phenylenediamine
in 10 mM Tris ·HCl (pH 8), 1 mM EDTA ·2Na, and 0.025%
(w/v) N,N-dimethyldodecylamine N-oxide] were mixed. For
QA measurement, terbutryn was added to a final concentration
of 100 µM. For QB measurement, 10 µL of ubiquinone-10
(1 mg/mL in ethanol) was added the RC mixture. The RC
mixtures were put on a BaF2 window and dried by aspiration.
The RC films were rehydrated by placing ∼1 µL of a 20%
(v/v) glycerol/water mixture (H2O or H2

18O) (Taiyo Nioopn
Sanso; 98% 18O) aside (99% relative humidity) (46).

H-D exchange was carried out by diluting the RC sample
with dialysis buffer prepared in D2O and concentrating with
an Amicon YM-30 device (Millipore) three times. The RC
in D2O buffer was incubated for 16 h at 293 K according to
the method described in ref 14. For QA and QB measure-
ments, the same reagents were added as D2O-treated samples
and dried on a BaF2 window. The RC films were rehydrated
with 20% (v/v) glycerol-(OD)3 (Cambridge Isotope Labo-
ratories; 98% D) and D2O (Spectra Gases; 99% D) or D2

18O
(Icon Isotopes; 99% D, 95% 18O).

Light-induced QA
-/QA difference spectra were measured

at 283 K under continuous illumination with >700 nm light
(R69 and C40B, Asahi Thechno Glass) with a 1 kW tungsten
lump (47). Light intensity was decreased to 1% by the use
of the ND1 filter for the QB

-/QB measurements of WT (48)
and SA-L223, and 0.5% (ND1 and ND50) for the measure-
ments of EQ-L212 and DN-L213 because bands from QA

-

appeared by the illumination using the ND1 filter (data not
shown). For FTIR spectra, 256 interferograms at 2 cm-1

resolution were recorded during and before illumination and
after and during illumination. By subtracting difference
spectra after and during illumination from difference spectra
during and before illumination, we efficiently eliminated
baseline drift. Typical signal intensities were 0.003 at 1467
cm-1 for the WT QA

-/QA spectra, 0.0015 at 1478 cm-1 for
the QB

-/QB spectra of WT and SA-L223, and 0.0006 at 1478
cm-1 for the QB

-/QB spectra of EQ-L212 and DN-L213;
80-100 recordings were averaged, each of which exhibited
a similar spectral trend.

RESULTS

Q-/Q Difference FTIR Spectra of the Rehydrated RC
Films. The FTIR difference spectra in rehydrated films were
compared to the spectra obtained in solution to determine if
changes due to sample differences were observed. Panels
a-c of Figure 2 show the QA

-/QA and QB
-/QB difference

spectra of the WT and QB
-/QB difference spectra of the EQ-

L212 mutant RC films in the 1800-1200 cm-1 region,
respectively. A characteristic positive band at 1467 cm-1 is
observed in the QA

-/QA spectrum (Figure 2a), which comes
from a C–̈O stretch (49, 50) semiquinone. The bands at 1735
(-)/1729 (+) cm-1 are reported to the 10a-ester CdO stretch
of bacteriopheophytin on the A side (51). The negative band
at 1670 cm-1 is assigned to the amide I CdO stretch (49).
These are identical to QA

-/QA spectra previously reported (47,
49-51). Similarly, a positive peak at 1479 cm-1 for the QB

-/
QB spectrum (Figure 2b) comes from C–̈O/C–̈C stretching

bands of semiquinone (52, 53). The negative peak at 1641
cm-1 originates from CdO groups of neutral QB (52, 53).
The positive band at 1728 cm-1 comes from the CdO group
of the protonated carboxylic acid side chain of Glu-L212
(27), which disappeared in EQ-L212 (Figure 2c). Instead,
smaller bands at 1739 (-)/1731 (+) cm-1 remain. The bands
are assumed to be a CdO stretch at 10a-ester in the
bacteriopheophytin on the B side (30).

Thus, the similarity of these spectra to those from isolated
RCs shows that there are no dramatic changes to the
properties and protein responses of RCs in the dry-hydrated
films. With most of the bulk water removed, we were now
able to investigate higher frequencies.

Continuum Bands in the 2900-2200 cm-1 Region. The
FTIR difference spectra due to quinone reduction were
measured in the continuum region where bands due to
protonated water have been proposed. Figure 3 shows
Q-/Q difference FTIR spectra of WT and EQ-L212 mutant
RCs in the 2900-2200 cm-1 region. In the QA

-/QA

spectrum of WT, there are positive peaks at 2818, 2756,
2709, 2611, and 2559 cm-1 (Figure 3a). Similarly, the
QB

-/QB spectrum of WT has a main peak at 2613 cm-1

and small peaks at 2831, 2764, 2691, and 2559 cm-1

(Figure 3b), whose feature was quite identical in EQ-L212
(Figure3c).Thebroadfeatureswerepreviouslyreported(36,54)
and were tentatively interpreted to involve highly polariz-
able hydrogen bonds involving cofactors, amino acids, and
water. More recently, the broad feature of the QA

-/QA

spectrum was shown to contain a contribution from the
strongly hydrogen bonded Nπ-H group of His-M219 (55).
Contributions from protonated water molecules were

FIGURE 2: Light-induced Q-/Q difference FTIR spectra of Rb.
sphaeroides RCs in the 1800-1200 cm-1 region. QA

-/QA spectrum
of WT (a) and QB

-/QB spectra of WT (b), EQ-L212 (c), DN-L213
(d), and SA-L223 (e). Averaged spectra a-e were multiplied by
0.51, 1, 1.91, 1.40, and 1.62, respectively, for the sake of
comparison. One division of the y-axis corresponds to 0.003
absorbance unit.
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expected to produce spectral shifts of ∼8.5 cm-1 upon
exchange with H2

18O. However, the broad bands in the
2600 cm-1 region did not show any shift by hydration of
H2

18O water (Figure 3, blue lines), preventing us from
assigning some of the features to water. To investigate
whether the spectral shifts are clearly observed for the
Q-/Q spectra, hydration by D2

16O/D2
18O was carried out.

The difference in the O-D stretching vibration of D2
16O

and D2
18O is expected to be 15-18 cm-1, which is larger

than O-H stretches, even though the other signals appear
in the same frequency region.

Assignment of Water Signals in the O-D Stretching
Continuum Region (2300-1800 cm-1). The FTIR difference
spectra due to quinone reduction were measured in D2O in
the continuum region where the shifted protonated water
bands should occur. Figure 4 compares the QA

-/QA and QB
-/

QB spectra between hydration of D2
16O (red lines) and D2

18O
(blue lines). The positive broad bands showed H-D ex-
change and downshifted to the 2300-1800 cm-1 region. The
QA

-/QA and QB
-/QB spectra of WT possess peaks at 2138

cm-1 (Figure 4a) and at 2085 and 1904 cm-1 (Figure 4b),
respectively. Parts a and b of Figure 5 show double-
difference spectra between hydration of D2

16O and D2
18O in

parts a and b of Figure 4, respectively. These spectra are
identical to the baseline within the noise level. We thus
concluded that there is no water O-D stretching signal in
the 2300-1800 cm-1 region of the WT RC. Instead, as
proposed for the QA

-/QA spectrum (55), the N-H (N-D)
stretch of His may be involved in the spectra.

On the other hand, the QB
-/QB difference FTIR spectra

of the EQ-L212 mutant showed a spectral shift was observed
between D2

16O and D2
18O in the 2300-1800 cm-1 region

(Figure 4c). Though the signal-to-noise ratios of EQ-L212
spectra were worse than those of WT because of the smaller
intensity (see Materials and Methods), the positive peak at

2092 cm-1 (red line) shows a reproducible shift to a lower
frequency in D2

18O (blue line). This is more obviously seen
in the double-difference spectrum (black line in Figure 5c),
which has a first-derivative shape indicating a peak shift.
The difference spectrum was fitted by two Gaussian func-
tions, whose peaks are located at 2110 and 2095 cm-1 (red
and blue lines in Figure 5d). These spectra correspond to
16O-D (red line) and 18O-D (blue line) stretching vibrations
of water. The remainder of the signal (black line in Figure
5d) should correspond to other O-D or N-D stretch(es).
The broad positive bands at 2300-1800 cm-1 of EQ-L212
do contain water stretching vibrations, but those of WT do
not. The corresponding O-H stretch should be located at
∼2600 cm-1, though the isotope shift was not clear (Figure
3c). In fact, the double-difference spectrum of the two spectra
in Figure 3c is identical to the baseline within the noise level
(data not shown). We infer that the isotope shift of ∼8.5
cm-1 for the water O-H stretch was not sufficient under
the present experimental accuracy, but the isotope shift of
the O-D stretch (isotope shift by 15-18 cm-1) was
observable.

Q-/Q Difference FTIR Spectra in the 3700-3480 cm-1

Region. The FTIR difference spectra due to quinone reduc-
tion were measured in the spectral region where O-H
vibrations due to weakly hydrogen bonded water molecules
occur. Figure 6a shows QA

-/QA spectra of the WT RC in
the 3700-3480 cm-1 region. The QA

-/QA spectrum hydrated
with H2O (red line) has peaks at 3664 (+), 3657 (-), 3622
(-), 3587 (-), 3501 (-), and 3488 (+) cm-1. Of those, the
bands at 3664 (+), 3657 (-), 3622 (-), and 3587 (-) cm-1

undergo spectral shifts of 10-11 cm-1 by the hydration of
H2

18O (blue line), indicating that these bands originate from
water stretching vibrations upon the formation of QA

-. The
band at 3664 (+) cm-1 remains in the H2

18O-hydrated

FIGURE 3: Light-induced Q-/Q difference FTIR spectra of WT Rb.
sphaeroides RCs in the 2950-2200 cm-1 region. Samples were
hydrated with H2O (red lines) or H2

18O (blue lines). QA
-/QA spectra

of WT (a) and QB
-/QB spectra of WT (b) and EQ-L212 (c) are

shown, which are taken from parts a-c of Figure 2, respectively.
One division of the y-axis corresponds to 0.00045 absorbance unit.

FIGURE 4: Light-induced Q-/Q difference FTIR spectra of WT Rb.
sphaeroides RCs in the 2300-1800 cm-1 region. Samples were
hydrated with D2O (red lines), D2

18O (blue lines), or H2O (gray
lines). QA

-/QA spectra of WT (a) and QB
-/QB spectra of WT (b)

and EQ-L212 (c) are shown. One division of the y-axis corresponds
to 0.00042 absorbance unit.
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sample. This is probably because multiple signals appear at
the same frequency region or because of incomplete substitu-
tion with H2

18O. Since complete substitution was not
expected, we decided to use the amplitude of the 3664 (+)
cm-1 band as a measure of the remaining H2

16O, the
contribution of which should be subtracted by use of the

H2
16O spectrum. The contribution of the 16O-H stretch was

estimated to be 50%.
The QB

-/QB spectrum hydrated with H2O has peaks at
3632 (+), 3618 (-), 3543 (+), and 3485 (-) cm-1 and shows
H2

18O isotope shifts at 3618 (-) and 3543 (+) cm-1 (Figure
6b). These shifted bands originate from water stretch
vibrations. On the other hand, although the band at 3632
(+) cm-1 does not clearly shift, its amplitude is decreased
by H2

18O hydration. As for QA
-/QA spectra, we assumed

incomplete substitution of H2
18O as a measure of the level

(∼50%) of H2
16O in the dried sample.

The signals appearing in this region represent weakly
hydrogen bonded groups. Those water molecules are located
in the hydrophobic environment or the hydrophilic environ-
ment, but the O-H stretch does not form a hydrogen bond.
In either case, those water molecules are expected to be inside
the protein. The substitution efficiency of the water 18O
whose O-H stretch appears in such an environment is
approximately 50% by the operation of hydration. IR spectra
could detect water molecules around quinones whose envi-
ronments differ from each other. We can distinguish both
Q-/Q spectra in this frequency region clearly as well as in
the 1800-1200 cm-1 region. The bands at 3501 (-) and
3487 (+) cm-1 in the QA

-/QA spectrum and at 3485 (-)
cm-1 in the QB

-/QB spectrum, which did not show isotope
shifts with H2

18O, probably come from the O-H or N-H
stretch of amino acid residues.

Mutational Effect at Glu-L212 for QB
-/QB Spectra in the

3700-3480 cm-1 Region. To localize the position of the
weakly hydrogen bonded water molecules responsible for
the spectral changes, we measured FTIR difference spectra
in mutant RCs having changes to residues near the QB site.
Figure 7a shows QB

-/QB spectra of EQ-L212 in the
3700-3480 cm-1 region. The spectrum has one negative and
two positive peaks (Figure 7a, red line). They were assigned
as water O-H stretches because the bands exhibited a
downshift upon rehydration in H2

18O (Figure 7a, blue line).
The overall spectral shapes look similar for WT and EQ-
L212 RCs, but the peak frequencies are different. Figure 7d
compares the EQ-L212 spectrum with the WT spectrum. The
positive bands in the EQ-L212 spectrum shift to the higher
frequency by 5 cm-1 compared with the WT spectrum. The
negative peak showed a 2 cm-1 shift to a higher frequency.
Because these bands were influenced by the mutation at Glu-
L212, the water molecules are sensitive to small changes at
L212 and are likely located near Glu-L212.

In contrast to the spectral changes observed in the Glu-
L212 (EQ-L212) mutant RCs, mutations at Asp-L213 (DN-
L213) and at Ser-L223 (SA-L223), both of which are
essential for proton transfer to QB (Figure 1) (8, 10-13),
showed only minor changes compared to the WT (Figure
7). Parts b and c of Figure 7 show QB

-/QB spectra of SA-
L223 and DN-L213, respectively, in the 3700-3480 cm-1

region. The peaks were assigned as water O-H stretches
by comparing spectra hydrated with H2

16O and H2
18O (red

and blue lines in parts b and c of Figure 7). Parts e and f of
Figure 7 compare mutant spectra with the WT spectrum. The
spectrum of DN-L213 has peaks at 3632 (+) and bands at
3619 (-) and 3543 (+) cm-1 (Figure 7e). Though a negative
band showed a 1 cm-1 shift compared with that of WT, it
suggests that those water molecules are not influenced by
the mutation at Asp-L213. Water bands appear at 3632 (+),

FIGURE 5: Double-difference spectra between D2
16O and D2

18O for
QA

-/QA of WT (a), QB
-/QB of WT (b), and QB

-/QB of EQ-L212
(black line in c) in Figure 4. The red trace in part c shows the
fitted spectrum by the difference spectrum of two Gaussian
functions shown in part d (red and blue traces). The peak positions
are 2110 (red line) and 2095 cm-1 (blue line), with the full width
at half-maximum being 150 cm-1. Black solid and dotted lines in
part d show the difference spectra between those in Figures 4c and
5c (red and blue lines), respectively. One division of the y-axis
corresponds to 0.000075 absorbance unit.

FIGURE 6: Light-induced QA
-/QA (a) and QB

-/QB (b) difference
FTIR spectra of Rb. sphaeroides WT RCs in the 3700-3480 cm-1

region. Samples were hydrated with H2O (red lines) and H2
18O (blue

lines). One division of the y-axis corresponds to 0.0003 absorbance
unit.
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3618 (-), and 3543 (+) cm-1 for SA-L223, which are
identical with those of WT (Figure 7f). These water bands
are not influenced by the mutation at Ser-L223, suggesting
that these water molecules are not located near Ser-L223.
Thus, the observed water molecules are located in the region
of Glu-L212.

Hermes et al. (37) reported the existence of a band of water
at 3681 cm-1 for the DN-L210 mutant, but we could not
find any bands in the 3700-3670 cm-1 region for the native
or mutant RCs used in this study (Figures 6 and 7). The
signal may be specific to the DN-L210 mutant.

Assignment of Water Signals in the O-D Stretching
Vibration Region (2750-2390 cm-1). The FTIR difference
spectra were measured in D2O in the spectral region for water
molecules with weak hydrogen bonds. Parts a and b of Figure
8 show the QA

-/QA and QB
-/QB spectra of WT hydrated

with D2O (red lines) and D2
18O (blue lines) in the 2750-2390

cm-1 region. Gray spectra are Q-/Q spectra hydrated with
H2O (Figure 3). Below the 2650 cm-1 region, the continuum
bands disappear and new bands appear. The continuum bands
show H-D exchange and are downshifted to ∼2100 cm-1

(Figure 4). New bands originate from X-D stretches shifted
from the 3800-3200 cm-1 region. QA

-/QA spectra have

characteristic peaks at 2589 (-) and 2580 (+) cm-1. These
bands are shifted from 3501 (-) and 3487 (+) cm-1,
respectively (Figure 6a). Small bands at 2706 (+), 2699 (-),
and 2659 (-) cm-1 exhibited spectral shifts in D2

18O, which
originate from water O-D stretches. These bands correspond
to 3664 (+), 3657 (-), and 3587 (-) cm-1 bands in the
O-H stretching vibration region (Figure 6a). The expected
water O-D band corresponding to 3622 (-) cm-1 in the
O-H stretch was not observed probably because the signal
amplitude of the O-D stretch is small and masked by a
remaining D2O insensitive positive peak around 2700 cm-1.
Because no bands were observed in the 2580-2400 cm-1

region, we concluded that there are no water O-D stretches
in this region.

The QB
-/QB spectrum has peaks at 2690 (+), 2674 (-),

2617 (+), 2578 (-), 2549 (+), 2527 (-), and 2414 (+) cm-1

(Figure 8b). Of those, the bands at 2690 (+), 2674 (-), and
2617 (+) cm-1 show a D2

18O isotope shift and correspond
to the O-H stretches at 3632 (+), 3618 (-), and 3543 (+)
cm-1, respectively (Figure 6b). No water O-D stretches were
observed in the 2600-2400 cm-1 region or in the QA

-/QA

spectrum, and other peaks would originate from pigments
or amino acid residues.

Figure 8c shows QB
-/QB spectra of EQ-L212 hydrated

with D2
16O (red line) and D2

18O (blue line). The peaks at
2692 (+), 2678 (-), and 2615 (+) cm-1 originate from water
O-D stretches and correspond to the O-H stretches at 3637
(+), 3620 (-), and 3548 (+) cm-1, respectively. Other peaks
at 2521 (-), 2457 (-), and 2420 (+) cm-1 did not exhibit
a D2

18O isotope shift.

DISCUSSION

Continuum Bands in the WT and EQ-L212 Mutant. In this
report, water vibrations were identified in reaction centers

FIGURE 7: Light-induced QB
-/QB difference FTIR spectra of Rb.

sphaeroides mutant RCs in the 3700-3490 cm-1 region. (a-c) QB
-/

QB spectra of EQ-L212 (a), DN-L213 (b), and SA-L223 (c) hydrated
with H2O (red lines) or H2

18O (blue lines). (d-f) QB
-/QB spectra

of EQ-L212 (d), DN-L213 (e), and SA-L223 (f) (red lines) are
compared with the spectrum of WT (black lines). The samples were
hydrated with H2O. One division of the y-axis corresponds to 0.0003
absorbance unit. Labeled frequencies correspond to those identified
as water stretching vibrations.

FIGURE 8: Light-induced Q-/Q difference FTIR spectra of WT Rb.
sphaeroides RCs in the 2750-2390 cm-1 region. Samples were
hydrated with D2

16O (red lines), D2
18O (blue lines), and H2

16O (gray
lines). QA

-/QA spectra of WT (a) and QB
-/QB spectra of WT (b)

and EQ-L212 (c) are shown. One division of the y-axis corresponds
to 0.00045 absorbance unit.
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from Rb. sphaeroides upon reduction of QA and QB using
18O water substitution effects on O-H or O-D stretching
frequencies. The broad positive bands at 2300-1800 cm-1

of EQ-L212 contain water stretching vibrations, but those
of WT do not (Figure 4). The corresponding O-H stretch
is probably located at ∼2600 cm-1, though the isotope shift
was not clear (Figure 3c). The water O-D stretch at 2110
cm-1 is even lower than the frequency of the bridged water
(2171 cm-1) in the Schiff base region of BR (40). What is
the origin of such a strongly hydrogen bonded water band
in EQ-L212? It may be possible that a water O-D group
strongly associates with a negative charge such as QB

-, but
if it does, we also expect it in the WT RC. Upon formation
of QB

-, proton uptake from the aqueous phase occurs for
both WT and EQ-L212 (32) and is expected on the basis of
simple electrostatic attraction (charge compensation) and
confirmed by electrostatic calculations (21-26). The proton
acceptor for WT is Glu-L212 (27, 28, 31) as is clearly seen
from the appearance of the CdO stretch at 1727 cm-1 (Figure
2b), but it has not been identified for EQ-L212. The
appearance of a low-frequency peak due to a water molecule
leads to the interpretation that the previously unidentified
proton acceptor could be an internal water molecule(s) with
the O-D stretch at 2110 cm-1 due to formation of D3O+ or
D+(D2O)n (Figure 1). Low-frequency vibrations in this region
of the spectrum due to a protonated water cluster have been
observed in the gas phase (56, 57). The greater width of the
water O-D band (150 cm-1) versus that for the fixed water
molecules in BR (70-80 cm-1 for the 2171 cm-1 band) (40)
can be explained by delocalization of the proton among
multiple water molecules. The location of protonated water
could be in the region of acidic residues Asp-L213, Asp-
M17, and Asp-L210 (Figure 1), where the protonated water
could be stabilized by interactions with a cluster of negative
charges due to carboxylic acid residues. Thus, it is conceiv-
able that the band could be due to a protonated water inside
the RC. In BR, the protonated water cluster has been
proposed to be a proton release group on the basis of the
broad IR band at 2000-1900 cm-1 (38, 39). This proposal
was recently evidenced by the careful isotope measurement
of water via time-resolved FTIR (43). Thus, water clusters
inside proteins may function in protonation and deprotonation
processes.

Then, what is the origin of the continuum bands which
do not originate from water stretching (Figures 4a,b and 5d)?
They more likely originate from N-D stretches which form
strong hydrogen bonds. It was previously determined that
the N-D stretch of the protonated Schiff base in the ground
state of BR also appears at 2171 cm-1 (58). In the QA

-/QA

FTIR difference spectra of photosystem II, multiple peaks
in the 3000-2600 cm-1 region originate from strongly
hydrogen bonded histidines (59). Including the result of
Breton et al. (60), all bands in this IR region observed in
the QA

-/QA spectrum could originate from the strongly
hydrogen bonded N-H group of His-M219. Since similar
peaks were also observed in the QB

-/QB difference spectrum,
we assume that the bands originate from the Nπ-H group
which is positively charged or which forms strong hydrogen
bonds with negatively charged groups. Therefore, it is
possible that His-L190 (strongly hydrogen bonded with
negatively charged QB

-) (Figure 1) is similarly a major
contributor to the difference QB

-/QB IR spectrum. Such a

strong hydrogen bond could be involved in the donation of
a proton from Glu-L212 as well as the rearrangement of
water molecules.2

Assignment of Water Molecules That Form Weak Hydro-
gen Bonds. Changes in FTIR spectra in the high-frequency
region indicate the presence of weakly hydrogen bonded
water molecules near both QA and QB. The water molecules
responsible for changes due to formation of QB

- were
localized around Glu-L212, which is involved in the donation
of a proton to QB. Because the mutation of Asp-L213, which
is next to Glu-L212, did not influence the water bands (Figure
7), it is likely that the water molecules that contribute to the
IR spectrum must be located in a relatively small region
around Glu-L212. It may be reasonable that the SA-L223
mutant does not affect the water structural changes upon
formation of QB

- because Ser-L223 is not involved in the
proton uptake pathway associated with the formation of QB

-

(ref 2 and references within).
The spectral changes in this spectral region due to QB

-

formation include two bands that appear and two bands that
disappear. It seems reasonable to assume that these changes
are due to the increase in the frequency of two O-H
vibrations due to the presence of the negative charge on QB

-

(although this is not proven). In principle, these spectral
changes can be due to alterations of two weakly hydrogen
bonded O-H groups in one water molecule or to two weakly
hydrogen bonded O-H groups in two different water
molecules. In the latter case, the other more strongly
hydrogen bonded O-H group would have a lower frequency
and be in the bulk water region not examined in this study.

Possible candidates for the weakly hydrogen bonded
waters are found in X-ray crystal structures of the RC, such
as the three water molecules near Glu-L212 seen in Figure
1. The central water molecule, hydrogen bonded to Glu-
L212, has both protons in hydrogen bonds and is not a likely
candidate; the two peripheral water molecules may have one
or both protons in weak hydrogen bonding positions. The
FTIR changes may be due to the changes in stretching
frequency of one or two of these water molecules in response
to the protonation of Glu-L212 and/or the negative charge
on QB

-. Since spectral changes are still observed in EQ-
L212 RCs where the L212 residue is always neutral, the main
cause for the shift is not likely to be protonation but a change
in environment due to the formation of QB

-.
The FTIR difference spectra due to the QBf QB

- reaction
may provide information about the role of conformational
changes. The X-ray crystal structures of RCs frozen in the
dark (PQB) state and in the light (P+QB

-) state show a 5 Å
movement of QB from a distal position to a proximal position
(5). FTIR studies by Breton et al. do not show a change in
the spectrum of the quinone and indicate that the position
of the quinone does not change upon reduction at 15 °C (61).
If the movement of QB occurs, many more water molecules
would be expected to exhibit structural changes. If QB were

2 We concluded that positive peaks contain water vibrations for EQ-
L212 (Figures 3c and 4c), but not for WT (Figures 3b and 4b). However,
the signal amplitudes were similar at 2800-2400 cm-1 in H2O (Figure
3b,c). In the case of the X-D stretching region, the signal of EQ-
L212 was even smaller than that of WT (Figure 4b,c). While the reason
is unclear at present, the mutation at Glu-L212 may influence the
vibrations except water, such as N-H stretching vibrations at His-
L190. Identification of these bands is our future focus.
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to move by 5 Å, we would expect to observe more than two
O-H group shifts. This supports previous FTIR results which
suggest a proximal position for neutral QB at room temper-
ature (61). However, it should be noted that water molecules
displaced by QB

- movement may be more strongly hydrogen
bonded and consequently may not be observed in this study.

Changes due to weakly hydrogen bonded water molecules
were observed due to formation of QA

-. In the weakly
hydrogen bonded region of the spectrum after transfer of an
electron to QA, one band was found to appear and three bands
were found to disappear. The structure around QA is relatively
hydrophobic, and there are a smaller number of water
molecules in the X-ray crystal structure (3-6). In addition,
there may be weakly hydrogen bonded water molecules near
QA that may not be well-ordered and thus not observed by
X-ray crystallography. The reorientation of the weakly
hydrogen bonded water protons may help stabilize the charge
on QA

-. A conformational change due to water reorientation
may explain the changes in recombination kinetics observed
for RCs frozen in the light or frozen in the dark (62).

Weakly hydrogen bonded water molecules have also been
detected by FTIR in PSII associated with the S1 to S2 electron
transfer reaction of the water-oxidizing complex (46) and
oxidation of the redox active tyrosine YD (63). Weakly
hydrogen bonded water molecules lack strong hydrogen
bonds that fix them in position and should be able to reorient
in the electric field of the cofactor following electron transfer.
These water molecules are uniquely able to stabilize charges
formed by electron transfer by dielectric screening resulting
from the reoriented water dipole. Thus, weakly hydrogen
bonded water molecules may play a special role in stabilizing
charge-separated states in proteins.

CONCLUSIONS

FTIR spectroscopy and 18O water substitution can be used
to identify water molecules perturbed by electron transfer
to QA and QB in bacterial RCs. An FTIR band near 2100
cm-1 in D2O due to electron transfer forming QB

- in the
EQ-L212 mutant RC was shifted by 18O water substitution
and could conceivably be due to protonation of a water
molecule. This result is consistent with the idea that
protonated water molecules can be stable components in a
proton transfer pathway. Isotope-shifted bands were observed
in RCs due to formation of QA

- and QB
- in the spectral

region of 3700-3500 cm-1 characteristic of weakly hydrogen
bonded water molecules. The changes due to QB

- are due
to water molecules near Glu-L212. These results show that
water molecules near the quinone sites are present and are
perturbed by the charge on the quinone. These weakly
hydrogen bonded water molecules may be important for
stabilizing the charge on the quinone and facilitate transfer
of a proton to the QB site.
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