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ABSTRACT: In the photosynthetic reaction center (RC) fromRhodobacter sphaeroides, the first electron
transfer to the secondary quinone acceptor QB is coupled to the protonation of Glu-L212, located∼5 Å
from the center of QB. Upon the second electron transfer to QB, Glu-L212 is involved in fast proton
delivery to the reduced QB. Since Asp-L210 and Asp-M17 play an important role in the proton transfer
to the QB site [Paddock, M. L., A¨ delroth, P., Chang, C., Abresch, E. C., Feher, G., and Okamura, M. Y.
(2001)Biochemistry 40, 6893-6902], we investigated the effects of replacing one or both Asp residues
with Asn on proton uptake by Glu-L212 using FTIR difference spectroscopy. Upon the first electron
transfer to QB, the amplitude of the proton uptake by Glu-L212 at pH 8 is increased in the single and
double mutant RCs, as is evident from the larger intensity (by 35-55%) of the carboxylic acid band at
1727 cm-1 in the QB

-/QB difference spectra of mutant RCs, compared to that at 1728 cm-1 in native
RCs. This implies that the extent of ionization of Glu-L212 in the QB ground state is greater in the mutants
than in native RCs and that Asp-M17 and Asp-L210 are at least partially ionized near neutral pH in
native RCs. In addition, no changes in the protonation state or the environment of these two residues are
detected upon QB reduction. The absence of the 1727 cm-1 signal in all of the RCs lacking Glu-L212,
confirms that the positive band at 1728-1727 cm-1 probes the protonation of Glu-L212 in native and
mutant RCs.

The reaction center (RC)1 from the photosynthetic bacte-
rium Rhodobacter(Rb.) sphaeroidesuses light for the
reduction and protonation of a bound quinone molecule QB

(ubiquinone-10) to form quinol QBH2 (1):

The double reduction of QB takes place in a two-step process,
but only the second electron transfer leads to the direct
protonation of the quinone. The details of the mechanism
and energetics of proton-coupled electron transfer to the
bound semiquinone QB- and of the proton-transfer path-
way(s) are still a matter of extensive studies (for a review,
seeref 2). Effects of site-directed mutations in the RC from
Rb. sphaeroideson the electron/proton-transfer rates showed
that Asp-L213 (3-5), Ser-L223 (6), and Glu-L212 (4, 7, 8)
are crucial for rapid electron/proton transfer to reduced QB,
while mutations of acid residues located further from the

QB site resulted in smaller effects on proton coupled electron
transfer (2, 9). In particular, Glu-L212 is important for the
fast delivery of the second proton to the QB site (7, 8, 10).
Although the first electron transfer to QB does not involve
direct protonation of the quinone, it is accompanied by a
fractional proton uptake by the RC protein (11-13). FTIR
difference spectroscopy in combination with site-directed
mutagenesis revealed that Glu-L212 participates directly to
this partial proton uptake (14, 15):

In native RCs, proton uptake by Glu-L212 upon QB
-

formation has been estimated to be 0.3-0.4 H+/QB
- at pH

7 (14), indicating that there is a fraction [f(Glu-COO-)] of
RCs having Glu-L212 ionized in the QB ground state.

More generally, information about changes of the pro-
tonation states of internal carboxylic acid residues upon
trigger-induced reactions can be directly obtained by using
FTIR difference spectroscopy (16). Bands arising from the
CdO stretching mode of protonated side chains of Asp and
Glu appear in the region between 1770 and 1700 cm-1 and
are sensitive to1H/2H isotopic exchange (17). When the QB

-

state is generated in native RCs fromRb. sphaeroidesor
Rb. capsulatus, the QB

- minus QB FTIR difference spectrum
(QB

-/QB) displays a positive band at 1728 cm-1 that was
attributed to substoichiometric proton uptake by Glu-L212
upon QB

- formation, based on its absence when Glu-L212
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-sGlu-COOH (2)
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was replaced with Gln (14, 15, 18, 19). Previous steady-
state FTIR studies of mutant RCs fromRb. sphaeroidesled
to the conclusion that neither Asp-L213, Asp-L210, nor Glu-
H173 contribute significantly to the 1728 cm-1 peak (14,
20, 21).

The X-ray structures of the RC fromRb. sphaeroidesshow
several putative proton pathways involving protonable
residues and/or bound water molecules from the cytoplasm
to QB (22-26). Recently, identification of a dominant proton
pathway for the transfer of both the first and the second
proton to reduced QB has been achieved (10, 27, 28). The
entry point for the protons is located at the surface of the
RC H-subunit, near His-H126, His-H128, and Asp-H124 that
bind metal ions such as Cd2+ and Zn2+ (29). Located in the
region between the proton entry point and QB (Figure 1) are
Asp-M17 and Asp-L210, and it has been proposed that they
act in parallel for efficient proton transfer to QB

-. Simulta-
neous replacement of these two residues by Asn drastically
slowed the rate of proton transfer (30) while the effect of
the single mutation of Asp-L210 or Asp-M17 to Asn was
small (28). However, in the presence of Cd2+ bound to RCs,
the single mutation of Asp-L210 or Asp-M17 to Asn
significantly decreases the rate of proton transfer, which
shows the important role that Asp-L210 and Asp-M17 play
in the proton-transfer chain (28).

In the present work, using steady-state light-induced FTIR
difference spectroscopy, we compare at pH 8 the effects of
the double DN(L210)/DN(M17) and single DN(L210) and
DN(M17) mutations in RCs fromRb. sphaeroideson proton
uptake by Glu-L212 upon QB- formation. We also investigate
the introduction of the additional mutation Glu L212f Gln
leading to the triple EQ(L212)/DN(L210)/DN(M17) and
double EQ(L212)/DN(L210) mutant RCs. Information about
the ionization state of Asp-M17 and Asp-L210 in the ground
state of native RCs is provided by examining the effect of
mutations on the amplitude of the 1728 cm-1 band which is

used as a probe of the local electrostatic environment. A
preliminary account of this work has been presented (31).

EXPERIMENTAL PROCEDURES

The construction of the site-directed mutants is described
in refs 28 and30. RC isolation was performed as reported
in ref 5. A detailed description of the preparation of RC
samples for FTIR experiments is given in refs14 and 21:
10 µL of an RC sample (∼0.2 mM) containing an excess of
ubiquinone was deposited on a CaF2 disk; then, 10µL of
ascorbate (10 mM) and diaminodurene (2,3,5,6-tetramethyl-
p-phenylenediamine), 20 mM in Tris-HCl, pH 8, 90 mM,
was added. The RC sample was dried to a thin paste then
covered with 2µL of 1H2O and sealed with another CaF2

disk. The preparation of RC samples in2H2O was carried
out as reported in ref21.

Steady-state light-induced FTIR difference spectra of the
QB to QB

- transition in native and mutant RCs were recorded
at 15°C in 1H2O or 2H2O, with a Nicolet 60SX spectrometer,
as described in refs14 and21. The QB

- state was generated
by excitation with a single saturating flash (Nd:YAG laser,
7 ns, 530 nm). Difference spectra were calculated from each
of 128 scans (acquisition time: 23 s) recorded before and
after laser flash excitation. For a given sample, these
measurements were repeated over 15-20 h. Spectra are an
average of two to three samples.

RESULTS

The data are broken into two groups for presentation. The
first group, consisting of native RCs, the double DN(L210)/
DN(M17) mutant and the corresponding single mutants,
retains Glu-L212. The second group, consisting of EQ(L212),
EQ(L212)/DN(L210), and EQ(L212)/DN(L210)/DN(M17)
RCs, has Glu replaced with Gln at L212. Figures 2 and 3

FIGURE 1: Part of the structure of the reaction center fromRb.
sphaeroidesshowing the region between the proton entry point and
QB

-. Located between the proton entry point and Glu-L212 are
Asp-L210 and Asp-M17. In this study, we focus on mutations at
these three sites (modified from ref30 based on the structure
reported in ref25).

FIGURE 2: Light-induced QB
-/QB FTIR difference spectra of wild-

type (a) and mutant (b-d) RCs fromRb. sphaeroidesin 1H2O at
pH 8, 15°C. (b) The double mutant DN(L210)/DN(M17); (c) the
single mutant DN(L210); (d) the single mutant DN(M17). Note
the increase of the 1728 cm-1 peak in the mutant RCs compared
to native RCs. About 60 000 scans were averaged. Spectral
resolution was 4 cm-1. a.u., absorbance units. The frequencies
indicated at the top (bottom) of the figure correspond to positive
(negative) IR peaks.
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show the QB
-/QB light-induced FTIR difference spectra

corresponding to the first and second groups of RCs,
respectively. In native RCs (Figure 2a, Table 1), most of
the main negative and positive bands have been previously
attributed to modes of chemical groups belonging to the
quinone, the semiquinone, and the protein (14, 32, 33). The
QB

-/QB spectra of all the mutant RCs display typical
absorption changes associated with first electron transfer to
QB, notably the major peaks at∼1651 cm-1 (+), ∼1641
cm-1 (-), and 1479 cm-1 (+), as well as several other
common features, e.g., at∼1290 cm-1 (-), 1265 cm-1 (-),
and 1535-1537 cm-1 (+). Thus, as observed in native RCs,
the main absorption band of the semiquinone QB

- peaks at
1479 cm-1 (νC‚‚‚O) in 1H2O and at 1481 cm-1 in 2H2O
(data not shown) in all the mutant spectra. This indicates
that the interactions between QB

- and the surrounding amino
acid residues are comparable in native and mutant RCs. The
∼1651/1641 cm-1 differential signal, which is comparable
in all RCs, lies in the amide I (νCdO), side chains, andνCd
O QB (at 1641 cm-1, see refs33 and34) range. The amide
II mode (δN-H andνC-N) of the mutant spectra contrib-
utes at 1548-1549/1535-1537 cm-1 with, however, a
variable amplitude in each mutant: the largest one is ob-
served in the DN(L210)/DN(M17) and DN(L210) mutants
RCs and the smallest one in the EQ(L212) mutant RCs. As
previously described in refs14 and 21, all the spectra
(Figures 2-5) were normalized with respect to the semi-

quinone band at 1479 cm-1 and the bands at 1290 and 1265
cm-1 arising in part from C-O-C modes of the quinone
methoxy groups (32).

With respect to native RCs, the QB
-/QB spectra of the

mutant RCs display several changes. In the first set of spectra
(Figure 2) which includes the double mutant DN(L210)/
DN(M17) and the two corresponding single mutants, a new
intense differential feature is observed at 1666-1665/1657
cm-1 together with a common differential signal at 1548/
1537 cm-1. In addition, the amplitude of the positive peak
at 1727 cm-1 in these mutants is larger than that at 1728
cm-1 in native RCs, while the small negative signal seen at
1740 cm-1 in native RCs is lacking. It is worth noting that
the spectra of the three mutants are closely comparable in
the whole 1800-1200 cm-1 range, with the largest resem-

FIGURE 3: Light-induced QB
-/QB FTIR difference spectra of mutant

RCs fromRb. sphaeroidesin 1H2O at pH 8, 15°C. (a) The triple
mutant EQ(L212)/DN(L210)/DN(M17); (b) the double mutant
EQ(L212)/DN(L210); (c) the single mutant EQ(L212). Note the
absence of the 1728 cm-1 peak in the mutant RCs lacking Glu-
L212. Same conditions as in Figure 2.

Table 1: Main Vibrational IR Frequencies (cm-1) in Native RCs

positive peaks negative peaks

1728 Glu-L212 COOH 1740 HB, 10a ester CdOa

(νCdO) 1685 Glu L212 amide Ia

1651 amide I/side chain 1640 amide I/side chain,
QB (νCdO)

1479 semiquinone QB- 1617 QB (νCdC), side chain
(νC‚‚‚O) 1290, 1265 QB (C-O-CH3)

1537 amide II (δNH) 1527 amide II
a Tentative assignment.

FIGURE 4: Calculated double difference spectra between QB
-/QB

difference spectra ofRb. sphaeroidesRCs obtained in1H2O and
2H2O (1H2O minus2H2O). (a) Wild-type; (b) DN(L210)/DN(M17);
(c) DN(L210); (d) DN(M17). Note the shift of the 1728 cm-1 peak
in 1H2O to 1716 cm-1 in 2H2O.

FIGURE 5: Calculated double difference spectra between QB
-/QB

difference spectra ofRb. sphaeroidesRCs obtained in1H2O and
2H2O (1H2O minus2H2O). (a) EQ(L212)/DN(L210) /DN(M17); (b)
EQ(L212)/DN(L210); (c) EQ(L212). Note the absence of significant
features above 1700 cm-1.
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blance between the DN(L210)/DN(M17) and DN(L210)
spectra.

The second set of spectra (Figure 3) includes the three
mutants that have Glu replaced with Gln at L212. The overall
shape of these spectra is also closely comparable to each
other, with the largest resemblance occurring between the
double EQ(L212)/DN(L210) and triple EQ(L212)/DN(L210)/
DN(M17) RCs spectra. The carboxylic acid signal peaking
at 1728 cm-1 in native RCs (Figure 2a) is lacking in all the
mutants that contain Gln at the L212 site (Figure 3), in
agreement with previous data obtained with the single
EQ(L212) and the double EQ(L212)/DN(L213) mutant RCs
(14). Instead, a small differential signal is observed at 1739
(-)/1730 (+) cm-1. Furthermore, the introduction of the
EQ(L212) mutation prevents the appearance of the large
differential signal observed at 1666/1657 cm-1 in the
DN(L210)/DN(M17) and DN(L210) mutants.

The QB
-/QB difference spectra were also obtained in2H2O

to identify bands that are sensitive to1H/2H exchange. Figures
4 and 5 show the QB-/QB double difference spectra (QB

-/
QB difference spectra obtained in1H2O minus QB

-/QB

difference spectra obtained in2H2O) corresponding to the
first and the second groups of mutant RCs, respectively. For
each group of mutants, the overall shape of the double
difference spectra is comparable, indicating that most of the
absorption changes arise from the same chemical bonds.
Moreover, the double difference spectra of DN(L210)/
DN(M17), DN(L210), and DN(M17) mutant RCs are com-
parable to those of native RCs, with a differential signal at
∼1650/1640 cm-1 and a positive signal at 1539 cm-1, most
probably due to protein modes (amide I and amide II,
respectively). The 1666-1665/1657 cm-1 differential signal
which is unique to the spectra of DN(L210) and/or DN(M17)
mutants (Figure 2) is not significantly shifted (at most by 1
cm-1) in 2H2O (Figure 4). Importantly, a similar frequency
downshift of the band at 1728-1727 cm-1 in 1H2O to∼1716
cm-1 in 2H2O is observed for the first series of mutants and
native RCs (Figure 4). In native RCs, the differential signal
at 1728/1717 cm-1 in the double difference spectra has been
previously attributed to the1H/2H effect on the CdO
stretching mode of the protonated side chain of Glu-L212
(14).

The overall shape of the double difference spectra (1H2O
minus2H2O) corresponding to the second group of mutants
containing the EQ(L212) mutation (Figure 5) is also com-
parable with a main differential signal at∼1652/1640 cm-1

(amide I) and a positive band at 1540 cm-1 (amide II). It
has to be noticed that the region above 1700 cm-1 is
essentially flat, which indicates that the small differential
signal observed at 1739/1730 cm-1 in 1H2O in these mutants
(Figure 3) is not sensitive to1H/2H exchange, as previously
reported for the single EQ(L212) and the double EQ(L212)/
DN(L213) mutant RCs (14).

DISCUSSION

In the present work, we investigate the importance of Asp-
L210 and Asp-M17 for the proton uptake process by the
RC protein on QB- formation. We report the QB-/QB FTIR
difference spectra at pH 8 from the single, double, and triple
mutant RCs in which Asp-L210 and/or Asp-M17 was
replaced with Asn and Glu-L212 with Gln. Information about

the ionization state of these carboxylic acids in the QB and
QB

- states in native RCs and their involvement in proton
uptake in response to the formation of QB

- is obtained. The
effect of the single and double mutations on proton uptake
by Glu-L212 is determined.

Protein Rearrangement: Contribution of Asn-L210 and
Asn-M17.Any contributions of the Asn side chains to the
FTIR difference spectrum are expected in the 1670-1680
cm-1 (νCdO) and 1612-1622 cm-1 (δNH2) ranges (35, 36).
In the νCdO range, the QB-/QB difference spectra of
DN(L210) and DN(L210)/DN(M17) RCs show a new intense
differential signal at 1666/1657 cm-1 (Figure 2) with a
comparable amplitude for both mutants. This signal is
downshifted by∼ 1 cm-1 in 2H2O. The QB

-/QB spectrum
of DN(M17) RCs (Figure 2) exhibits a smaller (∼2-fold)
signal at 1665/1657 cm-1. Although this new 1666-1665/
1657 cm-1 signal could also arise from a conformational
change of the side chain of Asn-L210 and/or Asn-M17, its
frequency would be∼10 cm-1 downshifted with respect to
the side-chain absorption band of model compounds of Asn
in 1H2O (35, 36) and the∼1 cm-1 frequency downshift of
this signal upon1H/2H exchange disfavors such an assign-
ment.2 The band is more compatible with an assignment to
a change in theνCdO peptide (38) upon QB

- formation
suggesting that the backbone is more flexible in the first
group of mutants than in native RCs. This amide I signal
could result from either a localized perturbation of the
backbone at Asn-L210 and/or Asn-M17 or from a delocalized
perturbation over several peptide groups. In support of such
an assignment, a differential signal at 1548/1535 cm-1 lying
in the amide II range is unique to the mutants with Asn-
L210 and/or Asn-M17. It is worth noting that such a
conformational change at 1666-1665/1657 cm-1 does not
occur upon QB reduction in the triple EQ(L212)/DN(L210)/
DN(M17) and double EQ(L212)/DN(L210) mutant RCs
(Figure 3).

In addition to the peptide CdO groups and the Asn side
chains, several other non-carboxylic amino acid residues
(Gln, Arg, Lys) can contribute to the spectral region 1700-
1600 cm-1 (35, 36) in which other small differences are
observed in the mutant RCs. The 1622-1612 cm-1 spectral
range of the DN(L210)/DN(M17) and DN(L210) mutants
shows two very small negative peaks at 1621 and 1612 cm-1

and 1622 and 1610 cm-1, respectively, instead of the unique
negative band seen at 1617 cm-1 in native RCs which in
part arises from theνCdC of QB (Table 1, ref33). One of
the small features seen in the 1622-1612 cm-1 range of the
spectra displayed in Figure 2, panels b and c, could arise
from theδNH2 mode of Asn-L210 side chain (35, 36).

While the single DN(M17) mutation gives rise to new
features in the QB-/QB spectrum compared to that of native
RCs, combining it with changes at L210 [DN(L210)/
DN(M17) and EQ(L212)/DN(L210)/DN(M17)] does not
result in the same additional IR absorption changes. The QB

-/
QB spectra of DN(L210)/DN(M17) and EQ(L212)/DN(L210)/
DN(M17) RCs are comparable to those of DN(L210) and

2 The only study of model compounds in2H2O performed so far
reported that Asn gives rise to a band at 1648 cm-1 referred to the
νCdO of the side chain (37), thus suggesting a frequency downshift
by 30 cm-1 upon1H/2H exchange, which appears very large for aνCd
O mode.
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EQ(L212)/DN(L210) RCs, respectively. In contrast to the
DN(M17) single mutant, the replacement of Asp-M17 with
Asn in the double and triple mutants is quite silent and does
not add to further structural rearrangements.

In common, the QB-/QB spectra of native and mutant RCs
all exhibit a characteristic differential signal in the amide I
range at∼1651/1640 cm-1 (Figures 2 and 3). Such a peptide
CdO signature, the 1651 cm-1 frequency of which is typical
of R-helical structure, most probably reflects a small protein
structural change common to all native and mutant RCs that
could be involved in the stabilization of the charge on QB.

Proton Uptake by Glu-L212 in Asn-L210 and Asn-M17
Mutants RCs.The FTIR spectra displayed in Figure 2 show
a prominent positive band at 1727-1728 cm-1 in the
expected region for a protonating carboxylate. In native RCs,
this band has been previously assigned to theνCdO side-
chain mode of protonated Glu-L212 (14), which is further
supported by results from this paper (see above). The band
probes the protonation of Glu-L212 upon QB reduction
resulting from the electrostatic interaction between QB

- and
the partly ionized form of Glu-L212.

This FTIR band is observed in all mutant RCs which have
Glu at L212 (Figure 2). The band is shifted to 1716 cm-1 in
2H2O (Figure 4). The similarity of the 1727 cm-1 (1H2O)
and 1716 cm-1 (2H2O) bands in the first group of mutant
spectra to those in the native RCs indicates that (1) the
carboxylic acid band at 1727 cm-1 in these mutants can be
attributed to protonation of Glu-L212 since it is present in
all mutant (and native) RCs that retain Glu-L212 and is
absent in all mutant RCs lacking Glu at L212 (reported above
and in ref 14); (2) the 1 cm-1 frequency downshift with
respect to native RCs is attributed to a little difference in
the environment of the protonated side chain of Glu-L212
in the mutant RCs; (3) Asp-L210 and Asp-M17 do not
contribute to the 1728 cm-1 band observed in native RCs.
Furthermore, the amplitude of the proton uptake by Glu-
L212 is increased in the L210/M17 mutant RCs, as seen by
the larger intensity of the band at 1727 cm-1 in DN(L210)/
DN(M17) (∼55%), DN(M17) (∼45%), and DN(L210)
(∼35%) RCs than that at 1728 cm-1 in native RCs. In these
mutant RCs, the equilibrium fraction of RCs having Glu-
L212 ionized in the QB ground state is therefore increased.
A larger protonation of Glu-L212 has been previously
observed for several other mutant RCs fromRb. sphaeroides,
e.g., in the Asp-L213f Asn and Glu-H173f Gln mutant
RCs (14, 21).

In all the mutants containing the EQ(L212) mutation
(Figures 3 and 5), the small differential signal at 1739/1730
cm-1 in 1H2O, which is not significantly sensitive to1H/2H
exchange, is not assigned to a perturbation of carboxylic acid
group(s). FTIR studies of the photoreduction of QA (primary
quinone electron acceptor) and HA (bacteriopheophytin
electron acceptor) in mutant RCs fromRb. sphaeroides(39)
and Rhodopseudomonas(Rp.) Viridis (40) bearing mutations
near HA have shown that the reduction of QA induced a
pronounced electrostatic effect on the molecular vibration(s)
of the 10a-ester CdO of HA above 1700 cm-1. In Rp.Viridis
RCs, an electrochromic shift of the 10a-ester CdO of HA

has been also detected upon QB reduction, although with a
smaller amplitude than upon QA reduction (41). As previ-
ously suggested in ref14 for the single EQ(L212) and the
double EQ(L212)/DN(L213) mutant RCs (as well as for the

small negative signal at 1740 cm-1 in native RCs, Figure
2a, Table 1), the differential signal observed at 1739/1730
cm-1 in the second group of spectra (Figure 3) could
similarly account for the electrostatic influence of the
presence of an electron on QB on the IR mode of the 10a-
ester CdO of HB. Such a carbonyl perturbation (electric field
and/or orientation change) does not occur in the first group
of mutants retaining Glu-L212 (Figure 2). Moreover, the
absence of the differential signal at 1739/1730 cm-1 in the
double DN(L210)/DN(M17) and single DN(L210) and
DN(M17) mutant RCs appears correlated with the presence
of the conformational change occurring in these mutants at
1666-1665/1657 cm-1. Reciprocally, no backbone change
takes place at 1666-1665/1657 cm-1 in the triple EQ(L212)/
DN(L210)/DN(M17) and double EQ(L212)/DN(L210) mu-
tant RCs while the differential signal that could reflect an
electrochromic shift of the 10a-ester CdO of HB is indeed
observed when QB is reduced.

Protonation State of Asp-M17 and Asp-L210 in NatiVe
RCs.In the QB

-/QB spectra of native RCs at pH 7-8, no
band above 1700 cm-1 can be assigned to a signature of
protonated Asp-L210 and Asp-M17. Consequently, the FTIR
data suggest no significant change near neutral pH in the
ionization state or the environment of these two Asp residues
upon QB reduction. This result is somewhat surprising since
Asp-L210 and Asp-M17 belong to a cluster of protonable
residues located near QB and that the electrostatic interactions
between the components of the cluster (six carboxylic acids,
three basic residues, and three water molecules) are expected
to be important (24). It has been proposed that one or more
protons would likely be bound and shared among the
different components (24). As discussed in ref42, it cannot
be excluded that some carboxylic acid residues involved in
proton uptake/release by the RC when QB is reduced give
rise to broad bands difficult to detect or absorb outside their
normal IR frequency range and are shifted to a lower
frequency and hence hidden by other FTIR signals. Another
possibility would be that the proton(s) shared by the coupled
carboxylic acids of the cluster in the QB ground state
rearrange over the different acids in the QB

- state without
changing the final net charge in the cluster. In this case, if
the delocalized proton gives rise to a single IR band, only a
small (if any) IR change would be expected due to internal
proton rearrangement. Finally, it might be also possible that
the proton resides at least in part at bound water molecule(s).
IR signature for a highly polarizable hydrogen-bonding
network involving protonated water molecules (H5O2

+)
possibly bonded to carboxyl groups has been previously
detected in native RCs fromRb. sphaeroidesas an increase
of absorption at∼2600 cm-1 upon QB reduction (42).

Information about the protonation state of Asp-L210 and
Asp-M17 in the ground state of native RCs can be further
provided by examining the effect of mutations on the
amplitude of the 1727 cm-1 band which should respond to
changes in the local electrostatic environment. The larger
amplitude of the 1727 cm-1 band in DN(L210)/DN(M17),
DN(L210), and DN(M17) mutant RCs, compared to that at
1728 cm-1 in native RCs, is attributed to the replacement of
a negatively charged Asp at L210 and/or at M17 with a
neutral side chain, leading to a greater protonation of Glu-
L212. This implies that, in native RCs, Asp-M17 and Asp-
L210 are at least partially ionized near neutral pH, in
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agreement with kinetic electron-transfer results (28, 30).
FTIR data also suggest that the pKa of Asp-L210 and Asp-
M17 should be different in native RCs (pKa Asp-M17 <
pKa Asp-L210) since the intensity of the 1727 cm-1 band is
significantly larger in DN(M17) than in DN(L210). In
addition, the replacement of both Asp with Asn leads to a
further increase in the 1727 cm-1 band, although not in an
additive manner.

Comparison with Other Studies.In transient optical studies,
the charge recombination rate,kBD, for the reaction D+QAQB

-

f DQAQB, which is correlated to the stability of the QB
-

state, is expected to change as a function of the effect of the
mutations on the electrostatic environment near QB, i.e., the
more positive the electrostatic potential near QB, the slower
the observedkBD rate (43). In agreement with the replacement
of one or two (partly) negatively charged residues with
neutral side chains in the mutants at L210/M17 site(s), the
kBD values are decreased up to 2-fold in the mutant RCs (30).
As a consequence of the more positive electrostatic potential
near Glu-L212 (and QB-) in the L210/M17 mutants, Glu-
L212 is expected to be more ionized prior to QB

- formation
in the mutant RCs than in native RCs. Indeed, the increased
amplitude of the proton uptake by Glu-L212 upon QB

reduction in the single and double mutants, as is evident from
the present data, is attributed to a greater fraction of ionized
Glu-L212 in the ground state. Thus, there is a qualitative
agreement between the decrease of the charge recombination
rate previously reported from optical kinetic measurements
(30) and the increase of the protonation of Glu-L212 reported
above from FTIR measurements. Also, the slower measured
rate constantkAB

(1) at pH 8 for the first electron transfer to
QB (eq 2) in the single and double mutant RCs (28, 30) is
consistent with a change in the ionization state of Glu-L212
in the ground state in these mutants. Furthermore, time-
resolved FTIR study of the electron-transfer reaction
QA

-QB f QAQB
- in the double mutant shows that pro-

tonation of Glu-L212 upon QB- formation is also slow and
proceeds at the same kinetics as reduction of QB (ref 44,
and manuscript in preparation).

Recent electrostatic calculations in RCs fromRb. sphaero-
ides (45, 46) show that a cluster of acids, formed by Asp-
L210, Asp-L213, and Glu-L212, shares one proton in the
QB state and two protons in the QB

- state. Upon QB-

formation, the protonation changes occur either at Asp-L210
and Asp-L213 according to Alexov and Gunner (45) or at
Glu-L212 and Asp-L213 according to Rabenstein et al. (46).
Molecular dynamics simulations of the binding of QB and
QB

- also imply changes of protonation state of Glu-L212/
Asp-L213 with the uptake of one proton on reduction of QB

(47). The present FTIR data agree well with the results
reported in (46), since it was calculated that in native RCs
the protonation changes occur mainly at Glu-L212 while the
change is very small at Asp-L213.

In conclusion, the present work shows no evidence for a
significant contribution of Asp-L210 and/or Asp-M17 near
neutral pH to proton uptake/release on QB

- formation in RCs
from Rb. sphaeroides. However, replacement of either one
or both of these two Asp residues with Asn changes the
ionization state of Glu-L212 in the ground state and increases
the extent of proton uptake by Glu-L212 upon first electron
transfer to QB. Proton transfer/rearrangement within the acid
cluster near QB (which includes Asp-L210 and Asp-M17,

ref 24), upon QB reduction could possibly contribute to the
positive IR continuum seen at∼2600 cm-1 in native RCs
(42), but it is not visible in the normal IR frequency range
of protonated carboxylic groups (1770-1700 cm-1). Taking
into account our previous FTIR data obtained on the mutants
at Asp-L213, Glu-L212, and Glu-H173 (14, 20, 21) and the
present FTIR work on the mutants at Asp-L210, Asp-M17,
and Glu-L212, we conclude that proton binding by Glu-L212
is the only contributor to the classic carboxylic acid IR band,
thus emphasizing the unique behavior of Glu-L212 in the
first electron-transfer reaction in native RCs. The fraction
of RCs having Glu-L212 ionized in the QB ground state
would be modulated by neighboring acid residues, such as
Asp-L210 and Asp-M17.
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