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provides a unique approach to study directly protonation/deprotonation events of
carboxylic acids involved in the photochemical cycle of membrane proteins, such as the bacterial photosynthetic
reaction center (RC). In thiswork,we review thedata obtainedby light-induced FTIR difference spectroscopyon the
first electron transfer to the secondary quinone QB in native RCs and a series of mutant RCs. We first examine the
approach of isotope-edited FTIR spectroscopy to investigate the binding site of QB. This method provides highly
specific IR vibrational fingerprints of the bonding interactions of the carbonyls of QB and QB

− with the protein. The
same isotope-edited IR fingerprints for the carbonyls of neutral QB have been observed for native Rhodobacter
sphaeroides RCs and several mutant RCs at the Pro-L209, Ala-M260, or Glu-L212/Asp-L213 sites, for which X-ray
crystallography has found the quinone in the proximal position. It is concluded that at room temperature QB

occupies a single binding site that fits well the description of the proximal site derived from X-ray crystallography
and that the conformational gate limiting the rate of the first electron transfer from QA

−QB to QAQB
− cannot be the

movement of QB from its distal to proximal site. Possible alternative gating mechanisms are discussed. In a second
part, we review the contribution of the various experimental measurements, theoretical calculations, and
molecular dynamics simulationswhichhave been actively conducted to proposewhich amino acid side chains near
QB could be proton donors/acceptors. Further, we show how FTIR spectroscopy of mutant RCs has directly allowed
several carboxylic acids involved in proton uptake upon first electron transfer to QB to be identified. Owing to the
importance of a numberof residues for high efficiency of coupled electron transfer reactions, the photoreduction of
QB was studied in a series of single mutant RCs at Asp-L213, Asp-L210, Asp-M17, Glu-L212, Glu-H173, as well as
combinations of these mutations in double and triple mutant RCs. The same protonation patternwas observed in
the 1760–1700 cm−1 region of the QB

−/QB spectra of native and several mutant (DN-L213, DN-L210, DN-M17, EQ-
H173) RCs. However, it was drastically modified in spectra of mutants lacking Glu at L212. The main conclusion of
this work is that in native RCs from Rb. sphaeroides, Glu-L212 is the only carboxylic acid residue that contributes to
proton uptake at all pH values (from pH 4 to pH 11) in response to the formation of QB

−. Another important result is
that the residues Asp-L213, Asp-L210, Asp-M17, and Glu-H173 are mostly ionized in the QB state at neutral pH and
do not significantly change their protonation state upon QB

− formation. In contrast, interchanging Asp and Glu at
L212 and L213 (i.e., in the so-called swap mutant) led to the identification of a novel protonation pattern of
carboxylic acids: at least four individual carboxylic acids were affected by QB reduction. The pH dependence of IR
carboxylic signals in the swapmutantdemonstrates that protonationofGlu-L213occurred at pHN5whereas thatof
Asp-L212occurred over the entire pH range from8 to4. In nativeRCs fromRhodobacter sphaeroides, a broadpositive
IR continuum around 2600 cm−1 in the QB

−/QB steady-state FTIR spectrum in 1H2O was assigned to delocalized
proton(s) in a highly polarizable hydrogen-bonded network. The possible relation of the IR continuum band to the
carboxylic acid residues and to boundwatermolecules involved in the proton transfer pathwaywas investigated by
testing the robustness of this band to different mutations of acids. The presence of the band is not correlated with
the localization of the proton on Glu-L212. The largest changes of the IR continuumwere observed in single and
doublemutant RCswhere Asp-L213 is not present. It is proposed that the changes observed in themutant RCswith
respect to native RCs reflect the specific role of bound protonated water molecule(s) located in the vicinity of Asp-
L213 and undergoing hydrogen-bond changes in the network.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction
Fig. 1. Structural models of the Rb. sphaeroides reaction center. (A) Overall
organization of the cofactors showing the bacteriochlorophylls (dimeric primary
electron donor P and monomeric (B), bacteriopheophytins (H), and ubiquinones (Q).
The cofactors are arranged around the axis of 2-fold symmetry in two branches (A
and B) that span the membrane. The route of electron transfer from P to QB along the
A-branch is shown by the solid arrows. (B) The distal and proximal binding positions
of the QB ubiquinone in the RC. When in the distal position (red), the C4=O carbonyl
accepts a hydrogen bond (green spheres) from the backbone NH group of Ile-L224,
while the C1=O carbonyl is free. When in the proximal position (green yellow), the
C1=O carbonyl is hydrogen-bonded (magenta spheres) to the backbone NH group of
Ile-L224 and Gly-L225, while the C4=O carbonyl is hydrogen bonded to the side
chain of His-L190. On the symmetrical side, His-M219 is a ligand to QA. This figure is
courtesy of P. Fyfe and M.R. Jones (University of Bristol, Bristol, U.K.).
In bioenergetic systems, electron and proton transfer reactions are
fundamental processes required for the generation and interconversion
of energy. In photosynthetic bacteria, the initial steps of light energy
conversion into chemical energy occur in a membrane bound pigment-
protein complex called the photochemical reaction center (RC) which
couples electron and proton transfer across the bacterial membrane .
The RC complex (∼100 kDa) is composed of three (L, M, and H) or four
(including a cytochrome unit) polypeptide subunits. With the three-
dimensional structure determined at ∼2 Å resolution, the protein
amenable to site-directedmutagenesis, and the possibility to trigger the
electron transfer (ET) reactions by a short pulse of light, the RC
represents an ideal system for the study of proton-coupled ET reactions.

In the native RC, light-induced ET is exclusively initiated via the
active A-branch of cofactors from the primary electron donor P (a
dimer of bacteriochlorophyll) through a series of electron acceptors
(notably the bacteriopheophytin HA) to the primary quinone (QA), and
then to the loosely bound secondary quinone QB (Fig. 1A). In RCs from
Rhodobacter (Rb.) capsulatus and Rb. sphaeroides, QA and QB are both
ubiquinone-10 (Q10). A second ET coupled with the uptake of two
protons from the solution results in the formation of the quinol QBH2

that is subsequently released from the QB binding site and replaced by
another quinone from a pool contained in the membrane. This
physiologically important reaction, i.e., the double reduction and
protonation of QB, together with the oxidation of QBH2 by the
cytochrome bc1 complex, further initiates the formation of the proton
gradient required for ATP synthesis [1].

The two-sequential ET reactions between QA and QB have been
subjected to extensive kinetic optical studies [2–4]. Notably, it has
been reported that the first ET from QA to QB is at least biphasic [5–8]
with a fast phase (5–10 μs) that is assigned to pure ET and a slow
phase (100–200 μs) which appears kinetically gated by a conforma-
tional change [9]: following light absorption, the slow phase of ET to
QB first involves a conformational change followed by an ET step.
Several possible structural changes involved in the gating process
have been proposed. In addition to the structural changes, proton
uptake also plays an important role in the electron transfer. Although
the first ET to QB in isolated RCs does not involve the direct
protonation of the semiquinone itself, substoichiometric proton
uptake by the protein following formation of QB

− has been experi-
mentally measured [10–13] and also predicted from electrostatic
calculations [14–27], based on the X-ray structures. Proton binding by
the RC protein reveals a change of the pKa of amino acid side chains
between the states QB and QB

−.
High resolution structures of the RCs from two purple bacteria, Rb.

sphaeroides [28–32] and Blastochloris (B.) viridis [33–35] show that,
unlikeQA, QB is surroundedbymanypolar and acid residues of the L,M,
andHprotein subunits. In the Rb. sphaeroidesRC, theQB binding pocket
is formed by a cluster of polar and acid residues (andwater molecules)
including Ser-L223, Asp-L213, Asp-L210, Asp-M17, Glu-H173, and Glu-
L212 [36,37]. Inparticular, Ser-L223, Asp-L213, andGlu-L212,which are
all located near QB (Fig. 2), were shown to be crucial for rapid coupled
electron-proton transfer to reduced QB [2–4]. Several other amino acid
side chains located between the QB site and the surface [2–4] are also
potential proton transfer species (such as Asp-L210, Asp-M17, Glu-
H173, and Arg-L217). One controversial issue is the binding position of
QB. While the binding site of QA is well-defined, different locations of
QB have been observed in the various crystallographic structures
reported for both Rb. sphaeroides and B. viridis RCs, and two distinct
main binding sites for QB have been discussed [30,35,36,38], i.e., a
position proximal to the non-heme iron (closest to QA) with hydrogen
bonds at both carbonyls, and a position termed the distal site displaced
by ∼4.5 Å (further from the non-heme iron) with only one carbonyl
hydrogen bonded to the protein (Fig. 1B). On the other hand, there is a
consensus on the location of QB

−, which places the semiquinone at the
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location proximal to the non-heme iron and at the approximate
symmetry-related position of QA. In the proximal position, QB and/or
QB
− form several likely hydrogen bonds to the backbone at L224 and/or

L225 at the C1=O carbonyl and to His-L190 at the C4=O group [28,36].
Possible hydrogen-bonding interactions between Ser-L223 and QB

and/or QB
− have been discussed [27,34–36,39–41] (see Section 2.4).

With respect to the general stucture-function relationship of QB and
QB
−, the most specific questions that have been addressed and are still



Fig. 2. Structure of the Rb. sphaeroides reaction center near the secondary quinone QB

(from PDB ID code 1AIG, [36]). The arrows represent the general proton flow from the
surface near His-H126 and His-H128 to reduced QB via Asp-L213 and Glu-L212. Located
between the proton entry point and Glu-L212 are Asp-L210 and Asp-M17. In this work,
we focus on mutations at Asp-L213, Glu-L212, Ser-L223, Asp-L210, Asp-M17, and Glu-
H173. The red spheres represent bound water molecules. This figure is courtesy of M.L.
Paddock (University of California, San Diego).

1231E. Nabedryk, J. Breton / Biochimica et Biophysica Acta 1777 (2008) 1229–1248
under debate are: 1) what are the pathways for proton transfer
associated with QB reduction? 2) which amino acids are involved in
proton uptake in response to the negative charge in their vicinity? 3)
what is the gating step that governs the rate of thefirst ET fromQA

− toQB?
The first point has been extensively investigated by kinetic ET studies of
native RCs and site-directedmutants in combinationwith the resolution
of X-ray structures and several excellent reviews have appeared [2–4].
The second point has been extensively debated and is still controversial,
there is no clear consensus between experimental (in particular FTIR)
and theoretical work on the protonation states of key residues near QB

and the extent of proton uptake by these residues upon QB
− formation.

The third point has not yet been resolved and several studies have
suggested that protein structural changes, QB movement, charge
relaxation and/or protonation events may play an important role in
the gating process required before ET to QB. In this review, wewill show
that FTIR difference spectroscopy of QB reduction has successfully
contributed to the understanding of the two latter points.

Analyzing proton binding sites with IR difference spectroscopy is
especially suited because protonation/deprotonation reactions result
in changes of molecular vibrational frequencies in the 1770–1700 cm−1

spectral domain where the C=O stretching mode from the COOH side
chain group of protonated carboxylic acid residues (Asp and Glu) is
the main contributor [42,43]. In 1995, an essential finding was that
upon reduction of QB in Rb. sphaeroides RCs, one signal centered at
1728 cm−1 in light-induced FTIR difference spectra [44] and a kinetic
signal measured at 1725 cm−1 [45] which were sensitive to 1H/2H
isotopic exchange were identified as the signature of proton uptake
by a carboxylic acid group, suggesting that this amino acid was
partially ionized at pH 7 in the QB neutral state and becomes
protonated in the QB

− state. The 1728–1725 cm−1 signal was missing
in the Glu-L212 to Gln mutant RC [44–46] and futher FTIR studies
have demonstrated that it was indeed present in mutant RCs at a
numberof the other carboxylic acid sites in the vicinity of QB [44,46–48].
This signal was assigned to substoichiometric proton uptake by Glu-
L212 upon QB

− formation. It was concluded that Glu-L212 in Rb.
sphaeroides [44–48] and Rb. capsulatus [49,50] RCs is at least partially
ionized at pH 7 in the neutral QB state becomingmore protonated in the
QB
− state. In addition, no spectral IR changes from Asp-L213 could be

identified in the QB
−/QB FTIR spectra of Rb. sphaeroides RCs, and thus it

was inferred that Asp-L213 does not significantly change protonation
state upon QB

− formation in native RCs at pH 7 and is mostly ionized in
both the QB and QB

− states [44].These IR conclusions were in disagree-
ment with the interpretation of several experimental results based on
the pH dependence of the first ET rate constant, the P+QB

− charge
recombination kinetics, and the proton uptake stoichiometry by the QB

−

state in native and mutant RCs from Rb. sphaeroides and Rb. capsulatus
[10–12,51–58]. In general, these spectroscopic studies indicated that
Glu-L212 contributes to proton uptake only at high pH and is essentially
protonated at pH 7. Although early electrostatic calculations of proton
uptake associatedwithQB reduction inRb. sphaeroides indicated that the
proton uptake was dominated by Glu-L212 [14,15], most of the
subsequent calculations [19,21–23,26,27] were in contrast to the IR
results. Thus, there was no consensus between experimental (FTIR) and
theoretical work on the protonation states of the two key residues, Glu-
L212 and Asp-L213 in the QB neutral state and on the extent of proton
uptake by these residues upon QB

− formation. However, most of the
electrostatic calculations predicted that a cluster of acids composed of
Asp-L210, Asp-L213, and Glu-L212, exhibiting non-classic titration
behavior, shares one proton in the QB state and two protons in the QB

−

state, although the exact location of the protons varied amongst the
studies. Inparticular the protonation states of Glu-L212 andAsp-L213 for
a given QB or QB

− state can vary from no protonation to full protonation,
depending on the molecular dynamics simulation technique and the X-
ray structural RCmodel used [21,27]. Also, for bothRb. sphaeroides and B.
viridis RCs several mechanistic models of the QB turnover have been
discussed on the basis of X-ray structures [35,59,60] and electrogenic
events [61–63]. Very recently, a model involving a cluster of strongly
interacting carboxylic acids near QB led to revisit the interpretation of
thehighestpHband inmeasurements of protonuptakeby theQB

− state in
Rb. sphaeroides RCs [64].

In this review, wewill first examine the approach of FTIR difference
spectroscopy to investigate whether QB moves upon reduction in
relation with the different locations of QB observed in the various
crystallographic structures of the RC and the proposal that the
movement of QB from its distal to proximal site accounted for the
conformational gate limiting the rate of the first ET fromQA

−QB to QAQB
−.

The binding site of QB has been explored using isotope-edited FTIR
spectroscopy, a method that provides highly specific vibrational
“fingerprints” of the bonding interactions of QB with the protein
[40,65–71]. In the second section, we will review the contribution of
the various experimental measurements, theoretical calculations, and
molecular dynamics simulations which have been actively conducted
to propose which amino acid side chains near QB could be proton
donors/acceptors. In the two subsequent sections, we will show how
FTIR spectroscopy of mutant RCs has directly allowed several
carboxylic acids involved in proton uptake upon first ET to QB to be
identified and how the observation of IR continuum bands led us to
propose a direct role of bound water molecules in this reaction.

2. Interactions of QB and QB
− with the RC protein

2.1. Vibrational FTIR spectroscopy favors a unique QB binding site at the
proximal position

2.1.1. The two main binding sites for QB in RC crystals
In crystals of native RCs from Rb. sphaeroides, the description of

two main binding sites for QB (Fig. 1B) has provided a molecular basis



Fig. 3. Comparison of isotope-edited QB
−/QB FTIR fingerprint spectra (isotopically labeled

minus unlabeled) obtained for wild type and mutant RCs from Rb. sphaeroides
reconstituted with 13C1-labeled ubiquinone Q3 (a–d), and 13C4-labeled Q3 (e–h). (a,e)
native RCs, pH 8, (b,f) Pro-L209→Tyr (PY-L209), pH 7, (c,g) Asp-L213→Ala/Glu-
L212→Ala (AA), pH 8, (d,h) Ser-L223→Ala (SA-L223), pH 7. Each division on the vertical
scale corresponds to 10−4 absorbance unit and the frequency of the peaks is given at
±1 cm−1. These conditions apply to all subsequent figures.
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for a conformational gating model limiting the rate of the first ET from
QA
− to QB [7,9]. A major finding was reported by Stowell et al., [36]

when these authors obtained, at cryogenic temperature, the dark-
adapted and light-adapted structures (at 2.2 and 2.6 Å resolution,
respectively) for RCs containing a mixture of native QB and added
ubiquinone-2. In the dark-adapted state (PQB), QB was mainly found in
the distal position with only one carbonyl (C4=O) of QB interacting
with the backbone (Ile-L224). In the charge-separated state (P+QB

−) of
RCs, QB

− was located ∼4.5 Å from the QB distal position in the neutral
PQB state and had undergone a 180° ring flip: QB

− occupies a proximal
positionwith both carbonyls hydrogen bonded to the protein (Fig. 1B).
These results were later confirmed by Fritzsch et al., [38], although in
the dark neutral state (at 1.87 Å resolution) the occupancies were 55%
and 45% for the distal and proximal sites, respectively, whereas in the
light-excited state (at 2.07 Å resolution), the occupancies were 10%
and 90%, respectively. In B. viridis RCs, a mechanistic model involving a
similar displacement of QB from the distal to the proximal site has also
been proposed by Lancaster and Michel [35,59,60].

The motion of QB from the distal to the proximal site was proposed
to represent the conformational gate that limits the rate of the first ET
from QA

−QB to QAQB
− [9,36]. The proximal site was postulated to be an

activated site for ET, whereas the distal sitewas assumed to be inactive
in ET. This mechanism would account for the observation that RCs
cooled under illumination are frozen in an active state (i.e., in the P+QB

−

charge-separated state) but RCs trapped at low temperatures in the
dark (i.e., in the PQB state) are inactive for the QA

−QB to QAQB
− ET

[7,72,73]. This has been called the “Kleinfeld effect” [72] which has
also been observed recently in B. viridis RCs with EPR and ENDOR
techniques [74].

The conformational gating mechanism has triggered a number of
theoretical works on the functional implications of the two distinct
binding sites of QB. Calculations on the energetics of the ET from QA

− to
QB in Rb. sphaeroides RCs have indicated that ET is more favorable
when QB is in the proximal site [21]. Molecular dynamics simulations
of QB binding in the RC of Rb. sphaeroides [22] and B. viridis [35,59,60]
support the spontaneous transfer of QB from the distal site to the
proximal site, notably when the primary quinone becomes reduced.
The existence of two binding sites has been proposed to be related to
different protonation states of the two nearby amino acids Glu-L212
and Asp-L213 [22,23] that are important for rapid electron-coupled
proton transfer to reduced QB. A mechanistic model of the QB turnover
in Rb. sphaeroides RCs also assumed two possible configurations of the
quinone depending on the equilibrium between the ionized and
protonated forms of Glu-L212 [62,63]. The orientation of the Glu-L212
side chain was described as the possible conformational gate for the
QB migration which may control the first ET [23]. More recently, it has
been also proposed that the Ser-L223 hydroxyl proton flip between
Asp-L213 and QB upon its reduction could contribute to the gating step
[27,39,41]. Importantly, pH [26], ubiquinone isoprene chain length
[35], temperature, and cryoprotectant [75] have been reported to
likely influence the binding position of QB.

2.1.2. Isotope-edited FTIR spectra of QB in native Rb. sphaeroides and
B. viridis RCs

Besides X-ray crystallography, the binding of quinones (QA and QB)
can be investigated by isotope-edited FTIR spectroscopy which
provides a way to determine the bonding interactions of QB (QA)
and QB

− (QA
−) with the protein in RCs [67]. FTIR difference spectroscopy

is an extremely sensitive method for investigating atomic interactions
at the level of individual bonds. In the case of a large molecular system
such as the RC, the complexity of IR spectra can be overcome by using
a difference technique whereby the FTIR spectrum of the ground state
of the protein is subtracted from that of a well-defined charge-
separated state. Using such a difference procedure, only the groups
that alter their molecular vibrations between these two states will
contribute to the difference spectrum, whereas all the vibrational
modes from groups that do not participate to the reaction will cancel
out [42,43,76–78]. By combining this technique with isotope labeling,
it is possible to detect and assign vibrational modes of single chemical
groups in a protein complex as large as a RC [67,79]. Furthermore, the
IR frequency of carbonyl bonds is strongly influenced by the
surrounding environment (electrostatics and polar interactions) [80].

Precise IR fingerprints of the interactions of QB before and after
photoreduction have been obtained for wild-type RCs from Rb.
sphaeroides and B. viridis RCs [65–67,70] as well as for a series of
mutant RCs [40,68,69,71], using RCs reconstituted with ubiquinone-3
site-specific 13C-labeled either at the C1

____O or C4
____O carbonyl. The

molecular vibrations of QB and QB
− can be specifically revealed by

calculating double-difference spectra between the QB
−/QB spectra

recorded with 13C-labeled and unlabeled ubiquinone. For both Rb.
sphaeroides (Fig. 3a and e) and B. viridis [65] RCs, the IR fingerprint
spectra for 13C1 and 13C4 labels show a unique C

____O band for neutral
QB at 1641 cm−1 that is downshifted by 10–20 cm−1 compared to the
frequency of the free carbonyls of the quinone in solution [81]. These
IR data are indicative of symmetrical hydrogen bonding of QB to the
binding site with moderate hydrogen-bonding strength [65,66]. Thus,
the two carbonyls of QB interact with the protein, as it is described in
the various X-ray structures of native and mutant RCs when QB

occupies the proximal site (Fig. 1B). Moreover, the IR fingerprint of the
semiquinone QB

− shows amain negative band at 1479 cm−1 (Fig. 3a and
e) which is similarly shifted to 1439 cm−1 (positive peak in Fig. 3a and
e) by either 13C1 or 13C4 labels, thus also favoring symmetrical



Table 1
Nomenclature of mutant reaction centers

Amino acid

Name L212 L213 L210 M17 H173 L209 L223

Wild type Glu Asp Asp Asp Glu Pro Ser

SA-L223 Ala
EQ-L212 Gln
ED-L212 Asp
DN-L213 Asn
DE-L213 Glu
EA-L212/DA-L213 (AA) Ala Ala
ED-L212/DE-L213 Asp Glu
ED-L212/DQ-L213 Asp Gln
EN-L212/DE-L213 Asn Glu
DN-L210 Asn
DN-M17 Asn
EQ-H173 Gln
PY-L209 Tyr
PF-L209 Phe
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interactions of the two carbonyls of QB
− with the protein in Rb.

sphaeroides RCs [65]. In contrast, the IR fingerprint spectra of the
quinone QA in Rb. sphaeroides show a large difference in the frequency
of the two C=O modes at 1660 and 1601 cm−1, indicative of a
pronounced asymmetry in hydrogen bonding, with a very strong
hydrogen bond between the C4=O carbonyl at 1601 cm−1 and His-
M219 [82–84].

2.1.3. Isotope-edited FTIR spectra of QB in Rb. sphaeroides mutant RCs
The recent observation that QB was found to bind essentially in the

proximal position in the crystallographic structures of several mutant
RCs from Rb. sphaeroides[85–87] near the QB site offered an attractive
opportunity to test the IR proposal that functional QB in both native
Rb. sphaeroides and B. viridis RCs occupies the site corresponding to
the proximal position and to discuss the implications of these new
results for the conformational gate of the first ET from to QA

− to QB.
Mutations at Pro-L209 were originally constructed to interrupt a

water chain in the RC protein [30,88]. Interestingly, in the dark-
adapted crystals of Pro-L209→Tyr RCs at 5 °C, only one site is
described for the location of QB which is the proximal one [86].
Moreover, the first ET to QB in this mutant is not significantly changed
relative to that of native RCs [89,90], which is not expected if the
movement of QB represents the dominant contribution to the rate-
limiting step controlling the first ET to QB. In crystals of the Pro-
L209→Phe mutant RCs, the best fit for QB was obtained for an
intermediate position of QB between the distal and proximal binding
sites [86]. The isotope-edited double-difference spectra of the Tyr-
L209 mutant RC [68] are shown in Fig. 3b and f. For the neutral QB,
these spectra together with those of the Phe-L209 mutant RC [71]
were essentially the same as those for wild type RCs (Fig. 3a and e), i.e.,
showing a unique C

____O band at 1641 cm−1, and thus demonstrating
an identical bonding pattern of the neutral ubiquinone to the protein
in these two mutant RCs at L209 [68,71]. In contrast, large
perturbations of the semiquinone modes (1500–1400 cm−1 spectral
range) were observed in the QB

−/QB spectra of the PF-L209 and PY-L209
mutant RCs, notably at 1489 and 1473 cm−1 upon 13C1 labeling (Fig. 3b)
and at 1492 and 1473 cm−1 upon 13C4 labeling (Fig. 3f).

The first mutant RC from Rb. sphaeroides that has provided clear
evidence from X-ray studies for QB being bound in the proximal site
with high occupancy contains themutation Ala-M260 to Trp, resulting
in the absence of QA in the RC and thus the A-branch ET to QA (Fig. 1A),
and a fortiori to QB was abolished [85,91]. However, B-branch (Fig. 1A)
active mutant RCs with additional mutation(s) to the one at Ala-M260
have been subsequently constructed (e.g., the double mutant Ala-
M260→Trp/Leu-M214→His and the quadruple mutant, denoted
WAAH, containing the additional mutations Glu-L212→Ala and Asp-
L213→Ala) and characterized by spectroscopic techniques [92],
including FTIR spectroscopy of the QB reduction [69,93]. Although
the high resolution structures of the double and quadruple mutants
quoted above have not yet been resolved, X-ray diffraction studies of
the double Glu-L212→Ala/Asp-L213→Ala (denoted AA, see Table 1)
mutant RC [87] show that QB is bound mostly in the proximal site, as
seen previously in the structures of the Ala-M260→Trp [85] and Pro-
L209→Tyr [86] mutant RCs. Note that in the AA RC, reduction of QB

beyond the semiquinone state is prevented [94]. Isotope-edited
double-difference spectra have been obtained for the AA (A-branch
active RC) and WAAH (B-branch active RC) mutants. The IR
fingerprints for the C

____O and C
____C modes of QB in the AA (Fig. 3c

and g) and WAAH mutants [69] were essentially the same as those
previously reported for native RCs (Fig. 3a and e), thus demonstrating
identical bonding interactions between QB and the protein in all these
RCs. These IR results also demonstrate that QB occupies the same
binding position proximal to the non-heme iron prior to reduction by
either A- or B-branch ET [69].

The position of neutral QB in the crystals of the above described
mutants [85–87] was thus found to be similar to the one found for
native RCs after light-adaptation at low temperature [36,38]. When
QB was found in the proximal site in dark-adapted crystals of native or
mutant RCs, the secondary quinone was presumed to be in the
neutral state since no special illumination of the crystals was
performed. However, the possibility that QB is reduced in the crystal
during the collection of X-ray data, at least at room temperature, has
been questionned [36,85,95,96]. On the other hand, when the
quinone is found in the distal site [30,36,87,97] it is not excluded
that the ubiquinone is present as quinol [30]. Therefore, the redox
state of the quinone observed in the distal and proximal sites of RC
crystals still presents some ambiguity. Another example is found in
frozen crystals of the Asp-L213→Asn mutant RC where the position
of the quinone was found to be proximal but QB

− is likely to be the
prevalent state due to its enhanced stability over the neutral state in
this mutant [98].

With FTIR spectroscopy, it should be emphasized that a control of
the functionality of the quinone at the QB site can be performed in the
conditions of the FTIR experiments by measuring the characteristic
oscillation pattern with a period of two when the quinone evolves
between the states QB, QB

−, and QBH2 upon excitation of RCs with a
sequence of flashes [99,100]. Notably, it has been demonstrated that
upon sequential flash excitation of RCs, the shape of the light-induced
FTIR difference spectra exhibits a clear fingerprint for QB

− formation on
odd-numbered flashes and distinct features on even-numbered
flashes [101,102]. Although the one-electron reduction of the
secondary quinone has been monitored in RC crystals [36,103], the
oscillatory behavior of the formation and destruction of the
semiquinone state on a sequence of successive flashes has not been
reported so far for the secondary quinone in RCs crystals. Another
advantage of using FTIR spectroscopy is that IR samples do not contain
additives such as the crystallizing agents needed to generate crystals
or cryoprotectants when freezing the sample for optical studies [90].

To summarize the FTIR data on mutant RCs, the same isotope-
edited IR fingerprints for the two carbonyls of neutral QB have been
observed for native Rb. sphaeroides RCs and mutant RCs at the Pro-
L209 [68,71], Ala-M260 [69], and Glu-L212/Asp-L213 [69] sites for
which X-ray crystallography has found the quinone in the proximal
position. In contrast, large perturbations of the semiquinone modes
have been observed in the QB

−/QB spectra of all these mutant RCs
(Fig. 3b, c, f and g). The symmetrical hydrogen-bonding pattern
indicated by the unique 1641 cm−1 C=O band for the unlabeled
neutral QB in native and mutant RCs fits the description of the
proximal site, with both carbonyls of QB engaged in equivalent
hydrogen-bond interactions with the surrounding protein. Therefore,
there is a good correlation between the results of FTIR spectroscopy
and X-ray crystallography for these mutant RCs. Consequently, our
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FTIR data strongly favor the proximal position for neutral QB in native
functional RCs from Rb. sphaeroides and B. vridis in contrast with the
distal QB structure found in dark-adapted crystals of native Rb.
sphaeroides RCs [30,87,97,98]. Moreover, our FTIR results on B. viridis
RCs are in full agreement with the earlier refinement of a dark
structure showing ubiquinone-2 to occupy only the proximal site [35]
and time-resolved crystallographic studies of B. viridis RC crystals at
room temperature [104] showing a single proximal binding site for the
quinone for both the light-and dark-adapted states. A more recent
structure of the B. viridis RC at 2.2 Å resolution has been determined at
100 K on flash-freezed crystals and it also supports predominant
binding of QB in the proximal position in both the neutral and charge-
separated states [96]. As emphasized by Baxter et al., [96,104] these X-
ray data do not support a large-scale motion of the quinone between
the QB and QB

− states in B. viridis.

2.2. Vibrational FTIR spectroscopy of Rb. sphaeroides RCs shows that QB

does not move upon reduction

Isotope-edited FTIR difference spectroscopy was further used to
compare in native Rb. sphaeroides RCs the hydrogen-bonding states of
QB and QB

− at room temperature, where QB is free to move upon
photoreduction, and at 85 K, where such amotion cannot occur [70]. If
it is assumed that the displacement of QB between the distal and
proximal position takes place as proposed in the conformational
gating mechanism of Stowell et al., [9,35,36,59], then P+QB

−/PQB FTIR
difference spectra measured at 290 K will probe the bonding
interactions of neutral QB located in the distal site and of QB

− in the
proximal site. Cooling RCs under illumination should lead to the
trapping of QB

− in the proximal position.When left at 85 K in the dark, a
large fraction of the P+QB

− state will return to the PQB ground state
without any possibility of movement of the quinone to the distal
position, due to the cryogenic temperature. Specific experimental
conditions are described in [70]. The IR frequency of the two carbonyls
of neutral QB should, therefore, be noticeably different in measure-
ments performed at the two temperatures. However, a unique C=O
frequency at 1641 cm−1 was found for the two carbonyls of QB at both
85 K and 290 K [70]. Moreover, the similarity of the isotope-edited IR
fingerprints for the interactions of QB and QB

− with the protein
measured at 85 K and 290 K makes it unlikely that the quinone moves
appreciably upon photoreduction at room temperature1. It is therefore
concluded that at room temperature both QB and QB

− occupy a single
and unique binding site that fits well the description of the proximal
site derived from X-ray crystallography. The role of the distal site
however remains not clear [105].

2.3. Possible alternative gating mechanisms of the first electron transfer
to QB

Although the distal to proximal change of position of the quinone
has been given important functional relevance for the gating process
of the QA

− to QB ET, it should be recognized that recently, several
1 After completion of this review, we became aware of the conclusion derived from
the EPR work of Heinen et al., [174] on the charge-separated state P+QA

− that upon
reduction of QA, the quinone ring rotates by 60° within its plane. The authors propose
that this large rotation indeed represents the conformational change that gates the QA

–

to QB ET step. This conclusion is totally incompatible with the result of a previous study
dealing with the investigation of a possible motion of QA upon photoreduction using
isotope-edited FTIR difference spectroscopy [82]. In this study, it was demonstrated
that the frequency of the C1=O and C4=O carbonyls of QA and of QA

− were essentially
the same when the photoreduction was performed either at 5 °C, when the quinone
could move, or at 100 K, when such motion cannot occur. The frequency of the two
carbonyl vibrations which reflects their specific bonding interactions with the RC
protein in the state QA (highly asymmetrical interactions) and QA

− (less asymmetrical),
provides a set of highly sensitive fingerprints for these interactions. Therefore we had
previously concluded that QA does not move appreciably upon reduction [82].
approaches other than FTIR [68–71] have also emphasized that the
movement of QB is unlikely to be the dominant contribution to the
conformational gate that controls the first ET to QB in native RCs.
Notably, the slow phase of the ET rate from QA

− to QB in Rb. sphaeroides
RCs has been found to be independent of the isoprene chain length of
QB [7,90,106,107], which is unexpected if QB needs to undergo rotation
and displacement in the rate-limiting step. In agreement with these
experiments, FTIR studies of wild type RCs from Rb. sphaeroides have
shown that the IR fingerprint of QB does not change upon varying the
isoprene chain length from 1 to 10 isoprene units [65,66]. These FTIR
results therefore do not indicate an influence of the tail length on the
interactions of QB with the protein, and thus on its positionwithin the
RC. Moreover, the absence of a significant change in the first ET rate in
the Pro-L209→Tyr mutant (where QB occupies the proximal position)
relative to native RCs is not consistent with the movement of QB

representing the rate-limiting step [89,90].
Alternative sources of protein conformational change, proton and/

or water molecule movements (water exclusion), charge relaxation,
protonation events, [6,106] might contribute to the gatingmechanism,
such as the observed protonation of Glu-L212 coupled with ET from QA

−

to QB [44,45,48]. However, the slow phase of the first ET rate in the
Glu-L212→Gln mutant RCs at pH b 8.5 is the same as in native RCs
[51,53,108], which does not favor the protonation of Glu-L212 to be
involved in the gating mechanism. Recent electrostatic calculations
have suggested that the orientation of the hydroxyl Ser-L223 (Fig. 2)
which could alternatively form a hydrogen bond to either Asp-L213 or
QB/QB

− could play a role in conformational gating for the first ET
reaction [27,39]. It has been proposed that the orientation of the Ser-
OH group changes upon QB reduction and when QB is reduced, Ser-
L223 becomes a hydrogen-bond donor to the anionic semiquinone
[41]. The rotation of the Ser OH proton from Asp-L213 to QB

− is
expected to be an important step in the proton transfer to the reduced
quinone. To investigate possible hydrogen-bonding interactions
between Ser-L223 and QB and/or QB

−, we thus applied the technique
of isotope-edited FTIR difference spectroscopy to the Ser-L223→Ala
mutant RC [40], as described in the next section.

2.4. Vibrational FTIR spectroscopy shows that Ser-L223 is not a ligand of
QB or QB

−

In the RC from Rb. sphaeroides, when the quinone lies in the
proximal site, the hydroxyl side chain of Ser-L223 is in the vicinity
(∼3 Å) of the C1 carbonyl of QB/QB

− (Fig. 2) and therefore may form a
hydrogen bond [34,36] which has been experimentally proposed from
ENDOR spectroscopy of QB

− at 77 K [41]. Early studies have shown that
mutation of Ser-L223 inhibits the turnover of QB [109,110] as well as
the binding of competitive inhibitors [111,112]. The functional
importance of Ser-L223 can be explained by fast proton transfer
through a transiently-formed hydrogen bond between Ser-L223 and
QB
−. This model would explain the decreased rate of proton-coupled

electron transfer in RCs with Ser-L223 replaced with Ala in Rb.
sphaeroides and B. viridis [109,110,112,113].

On the other hand, electrostatic calculations [27,39] have shown
that the Ser hydroxyl orientation depends on the charge of Asp-L213. If
Asp-L213 is ionized when QB is neutral, the side chain of Ser-L223 is
found to point towards the Asp side chain, away from QB. When Asp-
L213 is protonated, Ser-L223 donates a proton to QB with 80%
probability. In both cases, Ser-L223 is a hydrogen-bond donor to the
semiquinone QB

−. In addition, molecular dynamics simulations of the
QA
− to QB ET indicate a faster time constant for the reaction when a

hydrogen bond is present between Ser-L223 and QB
− [39]. However,

comparable simulations for the Ser-L223→Ala mutant RC emphasize
that a hydrogen bond is not necessary for the ET process fromQA

− to QB

to occur but may play a crucial role in the reaction kinetics [39].
Upon removing the potential hydrogen bond, perturbations of the

carbonyl vibration frequencies of QB/QB
− should reflect the magnitude
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of the hydrogen-bonding interactions. The Ser-L223→Ala mutant RC
(Table 1) was reconstituted with site-specific 13C-labeled ubiquinone.
The isotope-edited IR fingerprint spectra for the C

____O and C
____C

modes of QB and the C· · · O and C· · · C modes of the semiquinone in the
mutant (Fig. 3d and h) are essentially the same as those of the native
RC (Fig. 3a and e). These findings indicate that highly equivalent
interactions of QB and QB

− with the protein occur in both native and
mutant RCs. The FTIR study of the SA-L223 mutant thus demonstrates
that the removal of the hydroxyl side chain in the SA-L223 mutant has
essentially no effect on the quinone and semiquinone modes of QB

[40]. Assuming that in native RCs the C1 carbonyl of the quinone
interacts with the hydroxyl of Ser-L223 in the QB and/or QB

− states, as
proposed from some X-ray data [28,29,31,36], electrostatic calcula-
tions [19,27,39] as well as from recent ENDOR experiments at 77 K
[41], we would have expected to observe changes in the IR fingerprint
pattern of the quinone/semiquinone modes of the Ser-L223→Ala
mutant RC. A possible explanation for the apparent discrepancy between
FTIR [40] and ENDOR [41] results would be that hydrogen bonding
between Ser-L223 and QB or QB

− might be temperature dependent.
The FTIR results therefore demonstrate that Ser-L223 does not have

a significant interaction with either QB or QB
− in the native RC at 15 °C.

The simplest model to explain the FTIR data is that the Ser-L223
hydroxyl group forms amore stable hydrogen bondwith another group
than with the C1 carbonyl group of the quinone. The most likely
candidate would be Asp-L213, which is located within hydrogen-
bonding proximity (see e.g. [36]) and has been calculated to form a
stable hydrogen bond when Asp-L213 is ionized [19,27,39]. These
results imply that Asp-L213 retains some ionized character in the QB

−

state as it has been previously proposed from FTIR results which do not
show changes of protonated carboxylic bands associatedwith Asp-L213
upon QB

− formation [44,114] (see Section 4.4). The FTIR model cannot
exclude that a small fraction (b5%) of the Ser OH groups may be
hydrogen bonded to QB

− [40]. However, if a hydrogen bond is transiently
formed in the proton transfer to the reduced quinone, it cannot be a
major factor in determining the energy of the conformational gate
associated with the first ET to QB [9] since the observed first ET rates in
the native and the SA-L223 RCs remains similar [109,110]. Other
interactions of larger magnitude are likely involved in the conforma-
tional gate. Paddock et al., [105] have recently proposed that the large
difference in the lifetimes of the unrelaxed and relaxed P+QB

− states
demonstrates that energetically significant conformational changes are
involved in stabilizing P+QB

− state, and they have suggested that the
unrelaxed and relaxed states can be considered to be the initial andfinal
states along the reaction coordinate for conformationallygatedET [105].

3. Experimental results and theoretical calculations of proton
uptake in the bacterial RC upon QB reduction

3.1. Proton uptake stoichiometry by the QB
− state in Rb. sphaeroides and

Rb. capsulatus RCs

The pH dependence of the proton uptake upon formation of QB
−

(and QA
−) has been measured by using pH-sensitive dyes and/or glass

pH electrodes for Rb. sphaeroides and Rb. capsulatus RCs [10,11] and
electric conductimetry [115,116]. The titration curves (H+/QB

−) for Rb.
sphaeroides and Rb. capsulatus RCs show two distinct maxima at pH
∼6 and ∼10–11 that have been fitted to 4 or 5 protonable groups with
distinct pKas [11,12,56]. The group with the highest pKa (pKa ∼9.5–
10.5) has been for a long time associated with Glu-L212 [12,56] by
comparisonwith data obtained from the pH dependence of kinetic ET
rates in native and mutant RCs [51,53], as described below. Moreover,
it has been further shown that the high pH maximum of the H+/QB

−

titration curve disappeared in the Glu-L212→Gln mutant [55,57],
which has corroborated the suggested proposal.

The pKa of Glu-L212 and Asp-L213were first estimated from the pH
dependence of kinetic ET rates which are sensitive to the charges near
QB, i.e., to the ionization state of all charged species near QB, including
Glu-L212 andAsp-L213. In native RCs, both the forward ET rate QA

− to QB

(kAB) and the recombination reaction rate P+QB
− to PQB (kBD) are pH-

dependent above pH∼9 and below pH∼7 [12,51–55,94]. These kinetic
results indicate interaction ofQBwith amino acid side chainswith a pKa

near 9.5 and 4–5, respectively. On the basis of the comparison of the pH
dependence of the ET rates in native and mutant RCs, it was initially
proposed by Paddock et al., [51] that in Rb. sphaeroides, Glu-L212 has an
unusually high pKa of 9.5. It has been observed that in the Glu-
L212→Gln mutant kAB and kBD are essentially pH independent in the
pH range from 7 to 11. The straightforward interpretation of these data
was that the high pH variation of ET kinetics in the native RC is due to
Glu-L212, which thus has an anomalously high pKa value of 9.5+0.3.
Such a high pKa value for Glu-L212 was also suggested by Takahashi
and Wraight [53]. In contrast, for mutant RCs at Asp-L213, kBD was
found to be essentially independent of pH below pH 6 and Asp-L213
was estimated to have an apparent pKa of ∼4–4.5 [52–54]. The
protonation state of Asp-L213 was inferred from the much slower
recombination rate kBD observed in the Asp-L213→Asn mutant
compared to that of native RCs and it was proposed that Asp-L213 is
ionized in both QB and QB

− states [52–54].
Therefore, proton uptake measurements in native RCs and kinetic

ET data on native and mutant RCs have supported the idea of the
involvement of Glu-L212 as a carboxylic acid residue near QB having a
pKa near 9.5 in the QB state that is shifted to N10.5 in the QB

− state
[10,12,53,55–57]. Thus, Glu-L212 would contribute to proton uptake
essentially at high pH. Also, light-induced photovoltage changes upon
formation of QB

− measured in native Rb. sphaeroides and the Gln-L212
mutant led to assign a pKa value of about 9.5 to Glu-L212 [58]. On the
other hand, FTIR data on Rb. sphaeroides [40,44–48] and Rb. capsulatus
[49,50] show that Glu-L212 already contributes to proton uptake at pH
7 (and even at pH 4 for Rb. sphaeroides, see Section 5.1).

In 1994, the proton uptake upon QB
− formationwas for the first time

reported for the Glu-L212→Glnmutant and, surprisingly, at pH b7.5 it
was essentially the same as in native RCs but at pH 8.5 it was smaller in
the mutant than in the native RC [55]. These observations apparently
confirm that Glu-L212 has a significant contribution to the proton
uptake at pH N7.5, in agreement with the conclusions reached from
the pH dependence of the charge recombination kinetics kBD[51].
However, it was already emphasized [55] that because Glu-L212
interacts strongly with other residues (e.g., Asp-L213, Asp-L210), the
effect on proton uptake due to replacements at the L212 position was
difficult to predict. Furthermore, it was shown that when Glu-L212
and/or Asp-L213were changed to the non protonable residues Gln and
Asn, respectively, proton binding kinetics were severely impeded [52–
54,108]. In particular, kineticmeasurements of proton uptake at pH 8.5
after a single laser flash in native and Glu-L212→Gln mutant RCs
show that the mutant displays greatly reduced amplitude of proton
uptake (decreased 8 fold) [108]. It was thus suggested that the pKa of
Glu-L212 was around 8.5 [55,108,117].

In Rb. capsulatus RCs, the absence of pH dependence of kBD in RCs
of the double Ala mutant at L212 and L213 (AA in Table 1) apparently
confirmed that Asp-L213 and Glu-L212 are responsible for the
variations of kAB in the pH range 4–7 and above pH 9.5, respectively,
in the native RCs [94]. However, the recovery of RC function in a
photocompetent suppressor mutant of the AA mutant which carried a
third compensating mutation (Arg-M231 to Leu), i.e., the observation
in this triple mutant of a pH dependency of kBD that resembles that of
native RCs, clearly indicates that the residue with a high pKa cannot be
Glu-L212 [94]. Thus, early in 1992, Hanson and coll., concluded that in
Rb. capsulatus RCs, Glu-L212 and Asp-L213 are not obligatory residues
in the pathways for proton donation to reduced QB and that in mutant
RCs, protons can diffuse to reduced QB by alternative pathways. Those
pathways could involve water molecules [94]. For both Rb. sphaeroides
and Rb. capsulatus RCs, it was further reported that in RCs lacking Glu-
L212 and/or Asp-L213, second-site mutations (for example the Asn-
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M44→Asp substitution) can restore electron and proton transfer
[13,57,118–120]. Also, the stoichiometry of the H+/QB

− proton uptake in
native RCs from Rb. capsulatus, in the mutant Glu-L212→Gln, and in a
revertant of Gln-L212 with Arg-M231→Cys were measured to be
essentially equivalent below pH 7.5 [57]. However, above pH 7.5–8, the
single Glu-L212→Glnmutant and the revertant fail to take up protons,
i.e., the high pH band was not present. These observations were thus
again interpreted in terms of Glu-L212 being already protonated at
neutral pH in native RCs [57]. Further studies of revertants in Rb.
capsulatus [13] agreed with the hypothesis that Glu-L212 is essentially
protonated at neutral pH. Therefore, all these observations were in
striking contrast with the earlier proposal from FTIR and kinetic IR
experiments that Glu-L212 at pH 7 is at least partially ionized in the QB

state and becomes more protonated in the QB
− state [44,45].

A major change to this dogma, outside the conclusions from the
FTIR studies, was brought by the study in Rb. capsulatus of a mutant at
Ala-M247, the structural equivalent of Asp-L213 on the M-subunit of
the RC. It was shown that the pH dependence of the H+/QB

− proton
uptake characteristic of native RCs was fully restored in the double Ala
mutant at L212 and L213 (Table 1) when in addition Ala-M247 was
replaced with a Tyr [13,121]. Moreover, the H+/QB

− proton uptake was
intensified in the Ala-M247→Tyr single mutant, as also observed in
mutants at Pro-L209 [122]. The restoration of a native-like high pH
band in the triple mutant (AA+ Tyr-M247) therefore indicates that the
proton uptake detected at high pH is not specifically associated with
Glu-L212. Moreover, a recent analysis of RC mutants at His-M266 (a
ligand of the non-heme iron) also shows that the high pH peak
observed in the native RC in the pH dependence of H+/QB

− is no longer
detected in the mutants with Leu or Ala at M266 [64]. Because of the
putative strong interactions between several carboxylic acids close to
QB, i.e., Glu-L212, Asp-L213, and Asp-L210, it was then suggested that
the high pH band is not the signature of a particular group, but it
reflects the response as a whole of such a strongly interacting acidic
cluster to the formation of QB

− (andQA
−) [64,121,122]. Indeed, Cheap et al.

[64] have recently modeled proton uptake by a cluster of four strongly
interacting acid groups in response to semiquinone formation. The
model shows that the deletion of any group results in the suppression
of the high pH band [64]. On the basis of this strongly anticooperative
model, the observation of the unspecific disappearance of the high pH
band in all themutantsmentionned above as well as the restoration of
this high pHband in revertants of the double Alamutations at L212 and
L213 could be explained [13,57,64,94,118,120,121].

3.2. Electrostatic calculations of proton uptake by carboxylic acids by the
QB
− state in Rb. sphaeroides and B. viridis RCs

Electrostatic calculations have been conducted to explore the role
of individual amino acids in modulating the free energy of the first ET
from QA

− to QB and in determining proton uptake on the formation of
QA
− or QB

−. The idea of a strongly interacting acidic cluster near QB has
first emerged from electrostatic calculations [14–19] and X-ray
structures [36,37]. A cluster of acids (Glu-L212, Asp-L313, and Asp-
L210) and Ser-L223 near QB (Fig. 1B) was proposed to play important
roles in the ET fromQA

− to QB. According to the Henderson-Hasselbalch
equation, an isolated acid groupwith a pKa of 9.5 should be protonated
at pH 7 and thus could not be further protonated upon QB

− formation.
However, a cluster of acid residues near QB can have complex titration
behavior due to electrostatic interactions within the cluster. Electro-
static calculations have been performed for RCs whose X-ray crystal-
lographic structures have been resolved, i.e., for Rb. sphaeroides and B.
viridis. Early calculations in Rb. sphaeroides [14,15] show that several
titrating acid groups, including Glu-L212, Asp-L213, and Asp-L210, had
a significant fractional ionization over a wide pH range (N5 pH units),
contrary to the classical Henderson–Hasselbalch equation. The
calculations of Gunner and Honig [14] and Beroza et al., [15] both
predicted that the major contribution to proton uptake upon QB

−

formation was the protonation of Glu-L212 due to the strong
electrostatic coupling between the ionized Glu-L212 and QB

−, although
differences in the detailed titration behavior were obtained. Both
calculations also predicted that the proton uptake by Asp-L213 is low
but for different reasons (see ref. [44] for details).

Subsequent calculations have suggested that upon QB reduction,
both Glu-L212 and Asp-L213 should protonate (at least partially), the
exact amount of proton uptake was quite variable and depends on the
details of the structure and theoretical treatment [19,21,22–
25,27,39,123]. Alexov and Gunner [19] used a multiconformation
continuum electrostatic method to calculate the free energy of ET
from QA

− to QB from pH 5 to pH 11 as well as the proton uptake that
occurs on the formation of different redox states of the RC. They
calculated that between pH 7 and pH 9 the cluster of interacting
residues L210, L213, and L212 has a single negative charge (on Asp-
L213) in the ground state, Glu-L212 being protonated at physiological
pH in the neutral QB state. Both Asp-L213 and Glu-L212 would be
protonated in the QB

− state. In the QB
− state, the cluster still has one

negative charge, now on themore distant Asp-L210, i.e., there is a shift
of a proton from Asp-L210 to Asp-L213. The calculated proton binding
agreed reasonably well with experiment (proton uptake measure-
ments) but disagreed with steady-state FTIR results (no observation of
proton uptake by Asp-L213 and of deprotonation of Asp-L210, but
identification of protonation of Glu-L212, see Section 4). The
discrepancy could be caused by a protein rearrangement that was
not included in the model [19]. Furthermore, it became difficult to
rationalize the calculated protonation changes with the early inter-
pretation of kinetic results [51–53]. However, the conclusions of the
calculations on the wild type RC were partially confirmed by
computational analysis of mutant RCs from Rb. sphaeroides and Rb.
capsulatus at L212 and L213 positions [20]. Good agreement was found
at neutral pH but the calculations on mutants fail to reproduce the pH
independence of the free energy in the high pH region of the Gln- and
Ala-L212mutant RCs. It should be also noticed that the authors use the
coordinates of the Rb. sphaeroides RC for calculations on Rb. capsulatus
mutant RCs as no structure is available for the Rb. capsulatus RC.

Molecular dynamics simulations of QB binding in native Rb.
sphaeroides RCs also suggest changes of the Glu-L212/Asp-L213
protonation states upon ET. Both residues will be protonated in the
QB
− state while in the QB neutral state these calculations are more

consistent with either both residues being ionized or Glu-L212 being
protonated and Asp-L213 being ionized [22,23]. In 2000, Knapp and
coll., [21] calculated the protonation pattern of the titrable groups of
the Rb. sphaeroides RC in the dark-adapted and light-exposed X-ray
structures [36]. They obtained a protonation change of Glu-L212 of
0.2–0.7 H+ depending whether the conformational transition between
the ET inactive conformation (dark-adapted) and ET active conforma-
tion (light-adapted) was included (0.7 H+) or not (0.2 H+). In contrast
to the data from Alexov and Gunner [19], Asp-L210 was found to be
always unprotonated. Asp-L213 takes up 0.5 H+ when Glu-L212 is
mostly protonated in both QB and QB

− states. Asp-L213 is mostly
protonated in both states when Glu-L212 takes up 0.7 H+, i.e., when
the conformational transition is included in the comparison. In a
subsequent calculation [24], the values of the one-electron redox
potentials for QA and QB were calculated as a function of the charge
states of Asp-L213 and Glu-L212 at pH 7, and reciprocally the
protonation states of these two residues was studied as a function of
the charge state of the quinones. The redox potential of QB exhibits a
strong dependence on the charge states of Glu-L212 and Asp-L213. To
obtain agreement with the measured value of Em(QB), Asp-L213 has to
be nearly protonated (0.75–1.0) before and after ET from QA

− to QB,
while Glu-L212 changes its protonation state from 0.15 H+ to fully
protonated. The most recent calculations from Knapp and coll., imply
full protonation of Glu-L212 upon QB

− formation [25,123].
Electrostatic calculations of the pKa of ionizable groups have been

also carried out for the RC of B. viridis [16–18,124]. It should be
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noticed that measurement of proton uptake in response to QA/QB

reduction is difficult in the RC of B. viridis because the flash-induced
proton binding by the quinone is overlapped by concomitant proton
release due to the oxidation of the tightly bound cytochrome. To our
knowledge, only the pH dependence of the proton binding pattern
on flash-induced cytochrome+ QA

− formation has been reported [116].
In B. viridis RC, Lancaster et al., [16] identified three acids (Glu-L212,
Glu-H177, and Glu-M234) which forms a strongly interacting cluster
that is thus different from that of Rb. sphaeroides (Glu-L212, Asp-
L213, and Asp-L210). A possible reason for the different composition
of the cluster is the difference at positions L213 (Asn in B. viridis) and
M43 (Asp in B. viridis and Asn-M44 in Rb. sphaeroides). Note,
however, that the suppressor mutation Asn-M44→Asp in Rb.
sphaeroides restores proton transfer in the Asp-L213→Asn mutant
RC [119]. Note also that Asp-L210 in Rb. sphaeroides is changed to Glu
in B. viridis. In addition, Glu-L212 was calculated to be more
protonated at high pH than at low pH values in B. viridis. The net
proton uptake coupled to the reduction of QB by the Glu cluster is
∼0.5 H+ at pH 7, which is approximately divided among the three
residues [16]. In Rabenstein et al., [17,18], Glu-H177 has the largest
contribution to the proton uptake (∼0.6 H+) and Glu-L212 does not
contribute significantly at pH 7.5 since it is almost completely
protonated for all redox states of QA and QB. Thus, all calculations
show that there is little proton uptake by Glu-L212 in B. viridis.
However, these calculations were not in agreement with FTIR
spectroscopy which shows no proton uptake by carboxylic acid
residues in the 1770–1700 cm−1 domain of the QB

−/QB spectrum of B.
viridis [125]. Early FTIR investigations of QB reduction in B. viridis RCs
were interpreted in terms of a small proton release of at most ∼0.1 H
+/QB

− by a carboxylic group [125,126]. Later, it has been proposed that
the small signals observed in the 1770–1700 cm−1 domain of the QB

−/
QB spectrum of B. viridis are largely dominated by contributions from
the electrostatic response of the 10a-ester C=O of HA and HB [127].
Therefore, although Glu-L212 is present in the QB environment of
both B. viridis and Rb. sphaeroides RCs, it is worth noting that this
residue appears to protonate upon QB reduction only in Rb.
sphaeroides.

4. FTIR difference spectroscopy of QB reduction in native and
mutant RCs

A direct experimental method for probing changes of protonation
states and/or environment of Asp and Glu residues upon photo- or
redox-induced reactions is provided by IR difference spectroscopy.
Light-induced FTIR absorption changes associated with the photo-
reduction of QB in native and mutant RCs have been monitored in
order to investigate the protonation state of a number of carboxylic
acid residues near QB. In contrast to the different approaches
described in the previous sections the results of which have led to
conclusions that have vastly varied over the last 15 years, FTIR studies
of native and mutant RCs have consistently given the same set of
results, i.e., in the native RC from Rb. sphaeroides and Rb. capsulatus (i)
there is a fraction δ of RCs having Glu-L212 ionized [δ(COO−)] in the QB

ground state, (ii) Glu-L212 participates directly to proton uptake upon
QB photoreduction, and (iii) no signal from any other carboxylic acid
was observed:

Q−
AQB ��Glu¯L212¯δðCOO−Þ þ δHþ→QAQ−

B ��Glu¯L212¯COOH ð1Þ

4.1. The C_O stretching IR region of carboxylic amino acids

The C_O stretching mode from the COOH side chain group of
protonated carboxylic acid residues (Asp and Glu) is found in the
1770–1700 cm−1 spectral domain [42,43]. Its IR frequency depends on
the hydrogen-bonding strength of the C_O · · · H bond [128] and the
local environment of this group such as solvent polarity and other
electrostatic interactions [129]. On the other hand, the carboxylate
(COO−) modes are expected in the 1580–1555 cm−1 (νas) and
∼1400 cm−1 (νs) spectral ranges [128] where, however, other
protein/cofactor modes also contribute and overlap.

Carboxylic acid residues can undergo several types of changes upon
photoactivation/redox changes, and each type has a typical FTIR
difference spectrum. Protonation (deprotonation) gives rise to a single
positive (negative) band. A change of environment or of the hydrogen
bonding of a protonated carboxylic group would appear as a
differential (S-shaped) signal. An internal proton transfer between
two residues would result in a positive and a negative signal provided
that the carboxylic groups involved exhibit well-separated COOH
modes. Furthermore, the C_O IR stretchingmode is sensitive to 1H/2H
isotopic exchange and the major effect is the downshift in solution of
the deuterated carboxylic band by up to 10–15 cm−1 [130]. The shift is
caused by the uncoupling of the O–2Hmode from the C–Omode in the
COO2H group [45].

Changes of carboxylic acid bands in IR difference spectra have been
first observed in the bacteriorhodopsin/rhodopsinmembrane proteins
upon their photochemical cycle [42,43,130–133]. In 1985, we initiated
in our laboratory at Saclay the study of ET reactions in the bacterial RC
by light-induced FTIR difference spectroscopy in collaboration with
Werner Mäntele [134–137]. Electrochemically-induced FTIR spectro-
scopy has been further applied to analyze the redox changes of the
cytochrome c [138] and of isolated cofactors, e.g., bacteriochlorophylls
[135] and quinones [139,140]. These two different approaches have
been extensively used for the past years to study a wide range of
membrane and soluble proteins.

The assignment of an IR band to the protonation/deprotonation of
a specific carboxylic acid residue is based on changes in the FTIR
difference spectrum upon 1H/2H isotopic exchange and on the effects
of site-directed mutations. However, the sensitivity of a carboxylic
C_O mode to 1H/2H isotopic exchange implies that the residue is
accessible to the solvent.

4.2. The QB
−/QB FTIR spectra of the native bacterial RC in 1H2O and 2H2O

Fig. 4 shows the QB
−/QB spectra of native RCs from Rb. sphaeroides

obtained at neutral pH after a saturating laser flash under steady-state
conditions in 1H2O (a) and 2H2O (b). In 1H2O, the QB

− minus QB FTIR
difference spectrum displays a main positive band at 1728 cm−1 lying
in the typical absorption region of COOH groups from Asp and Glu
amino acids, as well as small signals at 1740 cm−1 (negative) and
1706 cm−1 (positive) (Fig. 4a) [44,45]. The increase of absorption at
1728 cm−1 (without a negative counterpart) is indicative of an increase
of protonation of an Asp or Glu side chain concomitant with the
reduction of QB. From IR studies of model compounds in 1H2O and in
2H2O [130,141–143], aspartic and glutamic acids exhibit a band in
1H2O at ∼1717 and 1712 cm−1, respectively, and in 2H2O at ∼1712 and
1706 cm−1, respectively.

The positive peak at 1728 cm−1 (Fig. 4a) has its amplitude reduced
in 2H2O and a new signal appears at 1717 cm−1 (Fig. 4b). The 1740 cm−1

and 1706 cm−1 signals are not significantly affected in 2H2O. The
changes in 2H2O are best seen in the double-difference spectra
calculated between QB

−/QB spectra obtained in 1H2O and 2H2O (1H2O
minus 2H2O). In these double-difference spectra, only the residues
affected by the photoreduction of QB and sensitive to 1H/2H exchange
will give rise to differential and/or shifted bands. Fig. 4c displays the
corresponding double-difference spectra in the 1770–1700 cm−1

region. In particular, it shows a positive peak at 1728 cm−1 and a
negative peak at 1717 cm−1 [44]. This ∼10 cm−1 downshift is typical of
a protonated Asp or Glu carboxylic group exchangeable with the
solvent. The smaller amplitude of the peak in 2H2O relative to that in
1H2O could be explained by a slightly larger distribution of hydrogen
bonds in 2H2O compared to1H2O, thus leading to a broader apparent



Fig. 4. Light-induced QB
−/QB FTIR difference spectra in the 1760–1690 cm−1 range of

native RCs from Rb. sphaeroides at pH 7 in (a) 1H2O and (b) 2H2O. The corresponding
calculated double-difference spectrum 1H2O minus 2H2O is displayed in (c).
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band at 1717 cm−1 than at 1728 cm−1. Similar IR patterns were also
observed in 1H2O and 2H2O for the carboxylic acid region of the QB

−/QB

spectra of Rb. capsulatus RCs [49,50].

4.3. QB
−/QB FTIR spectra of mutant RCs

In order to identify the 1728 cm−1 peak to a specific carboxylic acid
of the QB pocket, we have investigated the photoreduction of QB in a
series of mutant RCs of the L and H subunits where individual
carboxylic acid groups are replaced with non protonable groups.
Owing to the importance of a number of residues near QB for high
efficiency of coupled electron-proton transfer reactions (Fig. 2), we
have studied the photoreduction of QB in a series of single mutant RCs
at Asp-L213 [44,114,144], Asp-L210 [44,46,48,145], Asp-M17 [46,48],
Glu-L212 [44,46,144,146,147], Glu-H173 [47], as well as combinations
of these mutations in double and triple mutant RCs [44,46,
144,146,147]. In native RCs, Asp-L210 was suggested to be involved
in the QB to QB

− reaction by electrostatic computations [19,27] and
time-resolved FTIR measurements [8,148]; Asp-L210 and Asp-M17
had a synergistic effect on net proton flow through the pathways
[149,150]; Glu-H173 had an electrostatic influence on other groups in
the pathway [98,103,123,151], in particular QB

− and Glu-L212. In
general, the carboxylic side chain was changed with the correspond-
ing amide group (Table 1). For the presentation of the data, the
mutants are split into three groups. All the mutants of the first group,
including native RCs, retain Glu-L212. The second group has Glu
replaced with Gln at L212. The third group has Glu and Asp
interchanged at the L212 and L213 positions, respectively, and the
corresponding data will be described in Section 5.
4.3.1. Mutants retaining Glu-L212
Fig. 5A shows the QB

−/QB spectra in the 1760–1690 cm−1 region of
native and several mutant RCs at neutral pH. The main band observed
at 1728 cm−1 in native RCs is also observed at 1728–1727 cm−1 in
mutant RCs with Asn-L213 (mutant DN-L213), Gln-H173 (EQ-H173),
Asn-M17 (DN-M17), and Asn-L210 (DN-L210). Its amplitude is larger in
all these single mutant RCs as well as in the double mutant DN-L210/
DN-M17 (not shown, see [46]). In view of the strong electrostatic
interactions expected among many nearby carboxylic acids forming a
cluster near QB, a remote possibility would be that the 1728 cm−1 peak
corresponds to protonation distributed over several carboxylic groups
in response to QB

− formation. However, the ∼1728 cm−1 band observed
in the QB

−/QB spectra of the first group of mutant RCs is also sensitive to
1H/2H isotopic exchange and the same frequency downshift by
∼10 cm−1 in 2H2O is observed in the 1H2O minus 2H2O spectra of all
these mutants (Fig. 5B). Thus, the remarkable similarity between the
1H2O minus 2H2O double-difference spectra of wild type, DN-L213,
EQ-H173, DN-M17, and DN-L210 RCs in the 1735–1710 cm−1 region
(Fig. 5B) provides compelling evidence that a single residue gives rise
to the 1728 cm−1 signal and is similarly sensitive to 1H/2H isotopic
exchange.

4.3.2. Mutants lacking Glu at L212
In contrast, the QB

−/QB spectra in 1H2O of mutant RCs with Gln at
L212 instead of Glu (referred to the second group of mutants in the
following) are all drastically modified in the 1735–1720 cm−1 region
(Fig. 6a–c, see also Fig. 5) compared to all the other spectra described
above. There is the conspicuous absence of the 1728 cm−1 signal in the
single EQ-L212 (Fig. 6a), the double EQ-L212/DN-L210 (Fig. 6b), and
the triple EQ-L212/DN-L210/DN-M17 (Fig. 6c) mutant RCs [44–46].
Instead, a small differential signal at 1739(−)/1731(+) cm−1 remains
and is not significantly sensitive to 1H/2H isotopic exchange (Fig. 6d–f).
It should be emphasized that the three spectra in Fig. 6a–c are very
similar, thus suggesting that neither Asp-L210 nor Asp-M17 con-
tributes to the EQ-L212 spectrum. The corresponding double-
difference spectra 1H2O minus 2H2O are displayed on Fig. 6d–f. They
are also very similar, showing a very small isotope effect at 1730(+)
and 1724(−) cm−1 with the amplitude of the signals only marginally
larger than the noise level. Consistent with the replacement of Glu-
L212 with Ala, the QB

−/QB spectrum of the double Glu-L212→Ala/Asp-
L213→Ala mutant RC of Rb. sphaeroides in 1H2O lacks the 1728 cm−1

band [69]. This band is also absent in the spectrum of the EQ-L212
mutant from Rb. capsulatus RCs [49,50] where the remaining
differential signal at 1739(−)/1731(+) cm−1 shows an amplitude several
times larger than in the corresponding Rb. sphaeroides mutant.

4.4. Glu-212 is the only carboxylic acid residue that undergoes
protonation changes in response to the formation of QB

− in native RCs
from Rb. sphaeroides

The 1728 cm−1 FTIR band is observed in all mutant (and native) Rb.
sphaeroides and Rb. capsulatus RCs which have Glu at L212 and is
absent in all mutant RCs lacking Glu at L212. The band is shifted to
1717 cm−1 in 2H2O. The similarity of the 1728 cm−1 (1H2O) and 1717 cm−1

(2H2O) bands in the first group of mutants and in the native RCs (Fig. 5)
indicates that the carboxylic acid band at 1728 cm−1 in these mutants
can be attributed to protonation of Glu-L212 [44–47]. Thus, the
positive signal at 1728 cm−1 was attributed to substoichiometric
proton uptake by Glu-L212 upon QB

− formation, based on its absence
when Glu-L212 was replaced with Gln [44–47,114,146]. It was
concluded that at pH 7 Glu-L212 is at least partially ionized in the
QB ground state and becomes more protonated upon QB photoreduc-
tion. This result was not consistent with the assignment of a high pKa

value (9.5) to Glu-L212 [13,51,53,57,58]. In agreement with the steady-
state FTIR data, the P+QA

−QB to P+QAQB
− transition analyzed by kinetic IR

spectroscopy with μs time resolution [152] showed that a transient



Fig. 5. (A) Comparison of the 1760–1690 cm−1 spectral region of the QB
−/QB spectra of native andmutant (DN-L213, EQ-H173, DN-M17, DN-L210, and EQ-L212) RCs from Rb. sphaeroides

in 1H2O at pH 7. (B) Corresponding calculated double-difference spectra 1H2O minus 2H2O.
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signal monitored at 1725 cm−1 in native RCs is absent in EQ-L212
[45,153]. This signal was assigned to the protonation of Glu-L212. A
crude estimation of the proton uptake by Glu-L212 has been
performed on the basis of molar extinction coefficients and half-
widths for COOH [139] and semiquinone [142] bands and has been
detailed in [44,45]. The integrated intensity of the 1728 cm−1 band
would correspond to a proton uptake by Glu-L212 upon QB

− formation
of 0.3–0.4 H+in native RCs. From kinetic IR studies on native RCs, a
value of 0.3–0.6 H+/QB

− has been reported [45]. The main sources of
uncertainty have been discussed in [44].

4.5. Protonation state of Asp-L213, Asp-L210, Asp-M17, and Glu-H173 in
the QB ground state of native RCs from Rb. sphaeroides

In mutant RCs where Asp-L213 is changed to neutral residue (e.g.,
Asn, Leu, Ser, or His) the amplitude of the 1728 cm−1 band was
increased [44, 114] and similarly to native RCs, the band was shifted
down by ∼10 cm−1 in 2H2O. The 1728 cm−1 signal is also seen in
revertants of the Asp-L213→Asn mutant containing second-site
suppressor mutations and is similarly sensitive to 1H/2H isotope
exchange [154]. More generally, QB

−/QB spectra obtained from mutant
RCs substituted with Asn or Gln at either one of the L213 [44,114], L210
[44,46,48], M17 [46,48], or H173 [47] sites show that there is an
increase of the amplitude of the 1728 cm−1 band with respect to that
in native RCs, e.g., ∼60% in DN-L213, ∼50% in EQ-H173, 40% in DN-
M17, and ∼30% in DN-L210 RCs (Fig. 5A). Note that the amplitude of
the 1728 cm−1 signal in the Asp-L213→Glu RC [144] as well as in the
Glu-H173→Asp RC [47] was comparable to the one observed in native
RCs. All these data emphasize the sensitivity of Glu-L212 to the local
electrostatic environment. Moreover, in QB

−/QB spectra of all the
mutants of the first group (see Section 4.3.1), there are no new bands
in the 1770–1700 cm−1 region that could be due to a protonated
carboxylic acid. Thus, it appears that in the QB

−/QB difference spectra of
native RCs at neutral pH there is no significant contribution of either
Asp-L213, Asp-L210, Asp-M17, or Glu-H173 to the 1770–1700 cm−1

carboxylic acid region.
The larger amplitude of the 1728 cm−1 signal in the spectra of the

DN-L213, EQ-H173, DN-M17, and DN-L210 mutants (Fig. 5A) is
attributed to the replacement of a negatively charged Asp or Glu in
native RCs with a neutral Asn or Gln side chain. The removal of a
negatively charged Asp-L213, Asp-L210, Asp-M17, or Glu-H173 would
stabilize the ionized form of Glu-L212. In these mutant RCs, the
equilibrium fraction of RCs having Glu-L212 ionized in the QB ground
state is therefore increased (larger δ in Eq. (1)), leading to an increased
proton uptake by this residue. This implies that, in native RCs at
neutral pH, the residues Asp-L213, Asp-L210, Asp-M17, and Glu-H173
are mostly ionized in both QB and QB

− (in agreement with kinetic ET
results [51–54,149–151]) and do not significantly change their
protonation state upon QB

− formation.
The small negative signal observed at 1740 cm−1 in native RCs is

not seen in DN-L210, DN-M17 (Fig. 5A), and DN-L210/DN-M17 [46]
RCs, but it is present in the mutants containing the single EQ-L212
mutation (Fig. 6a–c), the double mutations EQ-L212/DN-L213 [44],
and EQ-L212/DN-L210 [46] as well as in the triple mutant EQ-L212/
DN-L210/DN-M17 [46]. In all the mutants containing the Gln-L212
mutation (Fig. 6a-c) the small differential signal at ∼1739/1731 cm−1

in 1H2O is not significantly sensitive to 1H/2H exchange. It is therefore
not assigned to a perturbation of carboxylic acid group(s) as discussed
in [44,46] and is more likely to reflect an electrochromic shift of the
10a-ester carbonyl of HA and HB [127,160] which would not occur in



2 It should be emphasized that in kinetic IR data reported in ref. 45, the data point at
pH 6.3 is somewhat anomalous and, without it, the trend in the amplitude of the slow
phase at 1725 cm

^
−1 as a function of pH is not inconsistent with the steady-state FTIR

data obtained at different pH values (Fig. 7).
^

Fig. 6. Comparison of the 1760–1690 cm−1 spectral region of the QB
−/QB spectra of

mutant RCs from Rb. sphaeroides in 1H2O at pH 8. (a) EQ-L212, (b) EQ-L212/DN-L210, (c)
EQ-L212/DN-L210/DN-M17. (d, e, f) Corresponding calculated double-difference spectra
1H2O minus 2H2O.
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the DN-L210, DN-M17, and DN-L210/DN-M17 RCs. It is worth noting
that in the three latter mutants a differential signal at ∼1666(+)/1657
(−) cm−1 assigned to a backbone change takes place [46]. Reciprocally,
no equivalent backbone signal was observed in the double EQ-L212/
DN-L210 and triple EQ-L212/DN-L210/DN-M17 mutant RCs. One
interpretation of these results is that the electrostatic environment
of the 10a-ester carbonyl of HA and HB could be modulated by the
dipole involved in the observed backbone change.

5. New strategies to probe protonation patterns of internal
carboxylic groups in reaction centers

Despite the abundance of carboxylic acids forming a cluster located
structurally in the vicinity of QB and the expected strong electrostatic
interactions between them [14,15,19,36], the FTIR data described in
the previous section show that at neutral pH, no signal from any
carboxylic acid other than Glu-L212 could be identified in the QB

−/QB

steady-state spectra of native or of a number of mutant RCs [40,44–
50,114]. In particular, no signal for Asp-L213 was found despite its
position close to QB and its importance for proton conduction toward
reduced QB in the second ET step [52–54]. Comparison of kinetics
studies of the first ET reaction in native and DN-L213 RCs have
suggested that the pKa of Asp-L213 is less than 5 [52–54].

Therefore, FTIR studies of native RCs at lower pH (e.g., below pH 5)
and higher pH (above pH 9.5) may reveal protonation events upon QB

−

formation assignable to Asp-L213 or any other carboxylic groups. We
have thus studied the effect of pH on the carboxylic IR region of the QB

−/
QB spectrum of native RCs. In a second approach, we have probed new
protonation patterns of internal carboxylic groups in the RC from Rb.
sphaeroides by studying a third group of mutants [155] which have Glu
and Asp interchanged at the L212 and L213 positions and their
corresponding amide analogues [146,147].

5.1. pH dependence of IR carboxylic acid signals upon QB
− formation in

native RCs from Rb. sphaeroides

When individual titrable groups interact with each other, e.g., in a
cluster of polar and acid residues, their pH dependence can be much
more complex than that of an individual group. The relative
contribution of individual groups to the FTIR spectra is weighted by
the intrinsic pKa of the carboxylic acids and the pH of the
measurement. Upon QB

− formation, the change of protonation state
of a given carboxylic acid is determined by its change of pKa between
the state QB and the state QB

−.
The QB

−/QB spectra of native RCs were obtained at various pH values
between 4 and 11. At all pH values, the region of protonated carboxylic
groups is characterized by a main positive band at ∼1728 cm−1 in
1H2O. Since spectra obtained at pH 5.8, 7, 8, and 9.5 (data not shown)
were identical in the carboxylic acid region, Fig. 7A only shows the
1760–1690 cm−1 region of QB

−/QB spectra obtained at pH 4 (a), 7 (b),
and 11 (c) in 1H2O (blue) and 2H2O (red). At pH 7 and 4, the band at
∼1728 cm−1 in 1H2O is shifted to ∼1717 cm−1 in 2H2O. At pH 11, the
band peaks at 1727 cm−1 in 1H2O and at 1715 cm−1 in 2H2O. Moreover,
comparison of the double-difference spectra 1H2O minus 2H2O (Fig.
7B) shows similar qualitative IR patterns at pH 4, 7, and 11 between
1735 and 1700 cm−1. These identical 1H/2H IR patterns observed for
the carboxylic acid(s) in the native RC upon QB

− formation at different
pH values demonstrate the involvement of the same titrating group(s)
over the whole pH range investigated.

Furthermore, an increase in the intensity of the band at 1728 cm−1,
i.e., of the proton uptake by Glu-L212, is observed at both pH 4 (∼40%)
and pH 11 (∼30%). The amplitude of the negative signal at 1740 cm−1 is
also larger at pH 4 than at pH 7whereas this signal is not seen at pH 11
(Fig. 7Ac), as previously observed [156]. We note that the absence of
the 1740 cm−1 signal at pH 11 is correlated with the presence of a
backbone signal at 1666/1657 cm−1 (data not shown), similarly to
what was observed in DN-L210, DN-M17, and DN-L210/DN-M17 [46]
mutant RCs compared to native RCs. As already discussed in this work,
the 1740 cm−1 signal the intensity of which varies under different
conditions (pH, mutations, bacterial species) is not assigned to a
change of a carboxylic acid. Furthermore, kinetic IR studies (μs time
resolution) of the QA

−QB to QAQB
− ET reaction in native RCs [45]

indicated that the amplitude of the slow kinetic component of the
1725 cm−1 signal decreased between pH 5.5 and pH 6.3 and then it
gradually increased up to pH 10, suggesting a gradually increasing
fraction of ionized Glu-L212 ( δ-COO−) between pH 6.3 and pH 10. The
latter set of data are in agreement neither with the steady-state FTIR
results (Fig. 7)2 nor with a pKa of 9.5 for Glu-L212 [13,51,53,57,58].

5.2. What could be the pKa of Glu-L212 in the native reaction center?

In native RCs, it thus appears that the major contribution to proton
uptake at all pH values is the protonation of Glu-L212 due to a strong
electrostatic coupling between the ionized Glu-L212 and QB

−. Onemain
result of the FTIR pH (andmutant) studies is that Glu-L212 serves as an
electrostatic nucleus for proton uptake on the first ET step. Glu-L212
has also an important role on the second proton-coupled ET step
which is to provide rapidly a proton to the doubly reduced QBH−

species to form the quinol that is subsequently released from the QB
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binding site. Another important FTIR result is that no signal from any
other carboxylic acid could be identified in the QB

−/QB spectra obtained
at different pH values in native RCs (Fig. 7) but also in the single EQ-
L212 and DN-L213 mutants [[157], and E. Nabedryk, J. Breton, M.L.
Paddock, M.Y. Okamura, unpublished results], in particular no signal
for Asp-L213 was found at any pH values investigated.

What could be the pKa of Glu-L212 in native RCs? Both steady-state
FTIR data [44,46–48,114] and kinetic IR studies [45] are inconsistent
with a pKa of 9.5 for Glu-L212 [13,51,53,57,58]. The present steady-
state FTIR data show that Glu-L212 becomes protonated upon QB

−

formation at all pH values, with an increase of the protonation state at
low (pH 4) and high (pH 11) pH. A possible interpretation for this very
unusual behavior for a carboxylic acid would be that two populations
of Glu-L212 coexist in the RC: one would have a pKab4 whereas the
other would have a pKaN11. Such amodel has been also proposed from
the study of the electrogenicity of the QA

−QB to QAQB
− transition in Rb.

sphaeroides RCs [61,62].

5.3. Identification of a novel protonation pattern for carboxylic groups
upon QB reduction in the Asp-L212/Glu-L213 swap mutant RC

In an attempt to uncover the reason behind the lack of involvement
of carboxylic signals other than that of Glu-L212 in native RCs upon QB

reduction, a novel strategy was recently developed to probe new
protonation patterns of internal carboxylic groups in the RC from Rb.
sphaeroides. The possibility of changing the microscopic electrostatic
environment near QB without perturbing the overall macroscopic
environment offers a novel way to probe protonation patterns of
internal carboxylic acids. This was accomplished by interchanging Asp
and Glu at L212 and L213 [155]. Previous kinetic measurements of ET
rates in the Asp-L212/Glu-L213 mutant RC suggested that the overall
electrostatic environment near QB was similar to the native RC, but
there was a difference in the microscopic electrostatic environment
attributed to differences in the state of ionization of Asp and Glu at
either L212 or L213 [155]. Recently, this mutant became the basis of a
FTIR study that led to the identificationof a novel protonationpatternof
carboxylic acids near QB [146]. Fig. 8 displays QB

−/QB spectra of the Asp-
L212/Glu-L213 mutant RC (henceforth referred to as the swap mutant)
and its amide analogues in 1H2O (A) and 2H2O (B). The swap mutant
exhibited several previously unobserved features in the 1785–1685 cm
−1 IR region of protonated carboxylic acids [146]. Compared with the
single prominent positive peak observed at 1728 cm−1 in the native RC
(Fig. 8Aa), a broad positive band at 1752–1747 cm−1 was revealed in the
QB
−/QB spectrum of the swap mutant together with positive signals at

1731 and1705 cm−1 anda newbroadnegative feature at 1765 cm−1 (Fig.
8Ab). All these signals were sensitive to 1H/2H isotopic exchange,
although only part of the 1705 cm−1 signal was affected. This indicates
that the reduction of QB in the swap mutant results in the change of
protonation state and/or environment of several (at least four)
individual carboxylic acids [146]. The double-difference spectra 1H2O
minus 2H2O have been reported and discussed in [146].

5.4. Assignment of carboxylic C_O modes of Glu-L213 and Asp-L212 in
the swap mutant

The broad band at 1752–1747 cm−1 was assigned to an increase of
protonation in response to QB reduction of Glu-L213 (at 1752 cm−1)
and Asp-L212 (at 1747 cm−1), based on the effect of replacing these
residues with their amide analogs [146]. The QB

−/QB spectrum in 1H2O
of the Asp-L212/Gln-L213 RC (Fig. 8Ac) shows the absence of the
Fig. 7. (A) Effect of pH on the 1760–1690 cm−1 spectral region of the QB
−/QB spectra of

native RCs from Rb. sphaeroides in 1H2O (blue) and 2H2O (red) at pH 4 (a), pH 7 (b), and
pH 11 (c). (B) Corresponding calculated double-difference spectra 1H2O minus 2H2O at
pH 4 (a), pH 7 (b), and pH 11 (c).



Fig. 9. Effect of pH on the 1780–1700 cm−1 spectral region of the QB
−/QB spectra of the

Asp-L212/Glu-L213 swap mutant RCs in 1H2O at pH 8 (a), pH 5 (b) and pH 4 (c) and in
2H2O at pD 8 (d), pD 5 (e), and pD 4 (f).

Fig. 10. Calculated double-difference spectra 1H2O minus 2H2O for the Asp-L212/Glu-
L213 swap mutant RCs at pH 8 (a), pH 5 (b), and pH 4 (c).

Fig. 8. Comparison of the 1785–1685 cm−1 spectral region at pH 7 of the QB
−/QB spectra in

1H2O (A) and 2H2O (B) for (a) native, (b), Asp-L212/Glu-L213, (c) Asp-L212/Gln-L213, and
(d) Asn-L212/Glu-L213 RCs.
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highest frequency peak at 1752 cm−1 although the lower peak at
1747 cm−1, which is sensitive to 1H/2H exchange (Fig. 8Bc), is still
present. Thus, the 1752 cm−1 peak was assigned to the partial
protonation of Glu-L213 upon QB

− formation. In the QB
−/QB spectrum in

1H2O of the Asn-L212/Glu-L213 RC (Fig. 8Ad), both the 1752 and
1747 cm−1 peaks are absent. The 1747 cm−1 signal, which is observed in
both Asp-L212/Glu-L213 and Asp-L212/Gln-L213 RCs, was therefore
assigned to partial protonation of Asp-L212 upon QB reduction.

These results show that the protonation patterns of carboxylic
acids and hence their resultant FTIR signatures are very sensitive to
the environment and can be strongly affected by what is often
considered fairly conservative amino acid replacements (Asp with Glu
and Glu with Asp). It was concluded that the swap mutations at L212
and L213 influence a cluster of carboxylic acids larger than the L212/
L213 acid pair [146]. In the swap mutant, there is proton sharing
amongst a cluster of carboxylic acids in a system very similar to the
native RC, which differs in the absorption frequency of protonating
carboxylic acids and in the extent of proton sharing. Understanding
this difference between native and swap mutant RCs is probably
essential for elucidating proton-coupled ET reactions within the
bacterial RC.

5.5. pH dependence of IR carboxylic acid signals in the swap mutant
upon QB

− formation

Since several carboxylic acids participate to proton sharing in the
swapmutant, pHwas used to help deconvolute the spectra. In contrast
to native RCs, large pH-dependent changes were observed in the
1780–1700 cm−1 absorption range of the QB

−/QB FTIR difference
spectrum of the Asp-L212/Glu-L213 swapmutant at pH values ranging
from 8 to 4 [147]. Fig. 9 shows the QB

−/QB spectra of the swap mutant
obtained at pH 8, 5, and 4 in 1H2O (a–c) and 2H2O (d–f). The
protonation pattern obtained at pH 10 (E. Nabedryk, unpublished
data) was similar to the one observed at pH 8 and pH 7 indicating pKa

(QB
−)N10. The QB

−/QB spectra (Fig. 9) clearly showed that the two
underlying components of the broad band centered around 1750 cm−1

have different pH sensitivities. This difference resulted in a decrease of
the highest frequency component (at 1752 cm−1) at pH 5 (Fig. 9b)
whereas the lowest frequency component (at 1746 cm−1) remained
present even at pH 4 (Fig. 9c).

The specific effects of pH on the protonation pattern of the
carboxylic acids in the QB

−/QB spectum of the swap mutant are best
visualized in the double-difference spectra calculated from the
individual QB

−/QB spectra recorded at a given pH in 1H2O and in
2H2O. Fig. 10 shows the calculated double-difference spectra 1H2O
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minus 2H2O at pH 8 (a), pH 5 (b), and pH 4 (c). Apart from a common
feature present in all spectra at 1730(+)/∼1723(−) cm−1, the calculated
spectra reveal several distinct features. The main feature of the 1H2O
minus 2H2O spectrum at pH 8 (Fig. 10a) is a positive peak at 1753 cm−1

and a negative band at 1743 cm−1. At pH 5 (Fig. 10b), the double-
difference spectrum shows a broad positive band at 1749 cm−1 and a
broad trough between 1743 and 1737 cm−1. At pH 4 (Fig. 10c), a
negative signal appears at 1753 cm−1 and a positive one at 1743 cm−1.
The shift of the broad band around 1770–1760 cm−1 differs at each pH
displaying a negative component at 1766 cm−1 at pH 8, an almost
featureless pattern at pH 5, and a positive broad feature at 1762 cm–1

at pH 4. These differences demonstrate that at each pH a unique
combination of carboxylic acids contributed to the observed spectra. If
all carboxylic groups involved in the QB to QB

− formation had the same
titration pattern with pH, the 1H2O minus 2H2O spectra obtained at
each pH would be identical in shape (as observed in native RCs).
Hence, the differences in the spectra of the swap mutant at each pH
show that they result from the superposition of peaks from titrating
groups having different titration behaviors.

5.6. Assignment of pH-dependent carboxylic acid modes in the swap
mutant

The 1H2Ominus 2H2O FTIR fingerprint spectra for the swapmutant
(Fig. 10) demonstrate that the pH dependence of proton uptake differs
for the two main components of the broad band centered around
1750 cm−1, i.e., for Glu-L213 and Asp-L212, as well as for the small
signal at ∼1765 cm−1 (Fig. 10). The IR data demonstrate that
protonation of Glu-L213 occurs at pH 8 and pH 5 but not at pH 4
while that of Asp-L212 occurs over the entire pH range from 8 to 4.

Other unanticipated signals appear in the FTIR spectra of the swap
RC, notably at 1730/1723 cm−1 (+), near 1765 cm−1 (−), and at 1705 cm−1

(Figs. 9 and 10). This latter signal does not significantly vary with the
pH (Fig. 9). Approximately one third of the 1730/1723 cm−1 peak
titrated and this signal is likely to originate from changes of a
carboxylic acid upon QB reduction. The remaining two third was
invariant. The negative feature observed at ∼1765 cm−1 at pH 8 (Fig.
9a) and the positive signal appearing at ∼1763 cm−1 at pH 4 (Fig. 9c)
could reflect either a pH-dependent environmental change of a
protonated carboxylic acid or δH+of a carboxylic acid, with δH+

approaching zero at pH 5 (Fig. 9b). These signals are also clearly
identified in 1H2Ominus 2H2O spectra (Fig.10) at pH 8 (negative signal
at 1766 cm−1) and pH 4 (positive signal at 1762 cm−1). Because the
1770–1760 cm−1 region is flat at pH 7 in the FTIR spectrum of the Asn-
L212/Glu-L213 mutant (Fig. 8Ad), the 1765 cm−1 signal observed at pH
8 in the swapmutant could be the proton donor to Asp-L212. Since the
changes observed in 2H2O (at ∼1765 and at 1730/1723 cm−1) are very
small, they could arise from carboxylic acids located further from QB,
and hence less perturbed by its reduction. Possible carboxylic acids
that are located between the surface of the RC protein and the
destination of the protons near L212 and L213 are Asp-L210, Asp-M17,
and Glu-H173 (Fig. 2). Further studies involving additional mutations
at L210, M17, and H173 in the swap mutant RC background will be
necessary to determine the possible contributions of these carboxylic
acid(s) to the remaining unassigned signals.

5.7. Why are the native RC and the swap mutant different?

FTIR spectra at different pH values of the swap mutant are rich in
information on the behavior of internal carboxylic acids. The
observation of several distinct carboxylic bands in the swap mutant
indicated that protonation or proton movement occurred amongst
several carboxylic acids upon QB

− formation. The observation that these
carboxylic bands were differentially sensitive to pH changes showed
that electrostatic interactions occur between these acids and, in
particular, between those at the L212 and L213 sites. Differences in the
electrostatic interactions amongst the acids of the cluster near QB

resulting from the interchange of Glu for Asp at L212 and Asp for Glu at
L213 are likely to cause the changes in the FTIR spectra. In this regard,
electrostatic calculations of the interactions of carboxylic acids near QB

in the swap mutant should help to establish the differences in
interactions and hence the resultant FTIR spectrum; this is a non-
trivial and challenging exercise given the number of titrating groups in
close proximity and the unknown position of many internal water
molecules [36,37]. In addition, an attractive approach would be to use
time-resolved (TR) FTIR spectroscopy [8,148] to follow transient
protonation changes of individual carboxylic groups at different pHs.
Such an approach should provide detailed information on the
molecular mechanism of electron and proton transfer during QB

photoreduction.

6. Time-resolved FTIR investigation of the QA
−QB→QAQB

− electron
transfer in native and mutant reaction centers

As reported in the previous sections, large amounts of data have
been obtained on RCs by static FTIR difference spectroscopy for
specific redox states of the two quinone acceptors. Compared to static
FTIR difference spectroscopy, TR FTIR difference spectroscopy can
monitor transient states of a reaction, revealing for example the
reduction of a cofactor and the concomitant protonation of a nearby
amino acid residue that might not be detectable in static FTIR
difference spectroscopy. Several IR and FTIR kinetic techniques have
been applied to the photoreduction of quinones in native RCs and a
few mutants from Rb. sphaeroides. Light-induced transient spectra
P+QA

−QB/PQAQB and P+QAQB
−/PQAQB in native RCs were first investi-

gated by rapid-scan (RS) FTIR difference spectroscopy (time resolu-
tion ∼25 ms) by virtue of the large differences of the decay time of
the P+QA

−QB (∼100 ms) and P+QAQB
− (several seconds) states at 280 K.

Upon substracting the large IR contributions of P and P+states in these
spectra, a double-difference spectrum QA

−QB/QAQB
− was obtained,

allowing for the first time the only contributions of QA, QA
− , QB, and

QB
− to be revealed [158]. This double-difference spectrum turned out

to be very similar to that calculated from the individual QA
−/QA and

QB
−/QB FTIR difference spectra that were subsequently obtained under

steady-state conditions [101]. Transient signals associated with the
QA
−QB→QAQB

− ET reaction were first characterized using tunable IR
laser diodes [45,152,153] and later by step-scan FTIR spectroscopy
[159]. In the latter case, the reported QA

−QB/QAQB
− double-difference

spectrum between transient spectra measured at 7 μs and 4.2 ms
agreed well with those previously reported for measurements on
slower time scales [158,101].

In specific mutant RCs where the first ET reaction is slowed down
to the ms time domain, a RS FTIR investigation becomes possible.
Mezetti et al., [48] have studied the first ET fromQA

− to QB in native RCs
from Rb. sphaeroides and in the DN-L210, DN-M17 and DN-L210/DN-
M17 mutants. RS spectra show that, within the temporal resolution of
the measurement (∼25 ms), the time evolution of IR marker bands is
the same for oxidation of QA

− , reduction of QB, and protonation of Glu-
L212 in all samples. These findings confirm the model derived from
visible spectroscopy that ET and protonation of Glu-L212 are
kinetically coupled [108]. However, no other carboxylic acid signal
was detected by these RS FTIR studies [48].

In 2003, Rémy and Gerwert [8] proposed a new and unconven-
tional mechanism for the QA

−QB→QAQB
− ET reaction on the basis of

step-scan measurements with high time resolution, from 30 ns to
35 s. They reported that in native RCs QB is not reduced by QA

− but
presumably through a transient intermediary electron carrier X. A
subsequent study of the DN-L210 mutant RC [148] where proton and
electron transport is slowed down corroborated their initial
proposal, i.e., QB

− formation precedes QA
− oxidation and this phenom-

enon is more pronounced in the mutant than in the native RC. They
assign a signal at 1724–1726 cm−1 to protonation of Glu-L212 in the
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spectrum of the 150 μs phase and the band continued to increase in
the 1.1 ms spectrum. In the spectrum of the 12 μs phase, two bands
appeared at 1751 and 1707 cm−1 which were assigned to carboxylic
signals. No specific assignment to a given carboxylic acid was made
for the 1707 cm−1 band. It should be emphasized that the ∼1706–
1707 cm−1 signal was also observed in steady-state FTIR difference
spectra of QB

− formation in native RCs and a number of mutants
[44,46,47,49,50,146,147] but it was not assigned to a protonated
carboxylic acid. First, it is not significantly sensitive to 1H/2H isotope
exchange [44,45]. Secondly, the positive signal at ∼1706 cm−1 and a
small negative signal at 1698 cm−1 are absent in the QB

−/QB spectrum
of the Ala-M149→Trp mutant RC where the cofactor HB is absent
[160]. The differential signal at ∼1706(+)/1698(−) cm−1 was therefore
assigned to an electrostatic influence of QB

− on the vibrational mode
of the 9-keto C=O of HB [160].

The 1751 cm−1 band was tentatively assigned by Gerwert and coll.,
[8,148] to the transient protonation of Asp-L210 since in the wild type
RC, the band increased by 12 and 150 μs whereas in the DN-L210
mutant a decrease was observed [8,148]. According to Hermes et al.,
[148] Asp-L210 will be the proton donor to Glu-L212. However, a
residual signal was present at 1751 cm−1 in the mutant and it was
attributed to P+/P recombination. Indeed, a large contribution from the
10a-ester C=O vibration of P+dominates the absorption changes at
1751 cm−1 in static [134–136] and TR [8,148,158,159] P+QA

−QB/PQAQB

and P+QAQB
−/PQAQB FTIR spectra of native and DN-L210 RCs. Moreover,

a recent analysis of steady-state QA
−/QA and QB

−/QB FTIR spectra of
native and DN-L210 RCs [145] shows that the IR signatures of the X+/X
redox pair previously proposed to act as a transient intermediate in
the first ET reaction in both native and mutant RCs [8,148] exhibit all
the IR fingerprints of the QB

−/QB couple. Thus, the reaction scheme
given in [8,148] as well as the assignment of carboxylic acids at
1751 cm−1 and 1707 cm−1 should be reconsidered3 and will deserve
further TR FTIR investigations.

7. Perspectives: possible role of water molecule(s) in the proton
transfer to reduced QB in the native reaction center

In the bacterial RC from Rb. sphaeroides, chains of ordered water
molecules connecting QB to the cytoplasmic surface were observed in
the structure of the RC [16,30,36,37,161]. These water clusters are also
connected to amino acid residues that are crucial to the protonation of
reduced QB. In particular, there is a region located between three
carboxylic acid groups, i.e., Asp-L210, Asp-L213, and Asp-M17 which
could accommodate one or more water molecule(s) (Fig. 2). An
interesting possible explanation for the differences between the
native and the swapmutant RC is that an internal water molecule may
be a proton acceptor functioning preferentially in the native system
(in addition to Glu-L212). In bacteriorhodopsin, a different type of
photoactive protein that pumps protons across a bacterial membrane,
3 It is important to note that the investigation of the QA
−QB to QAQB

− ET by TR IR
spectroscopy has to cope with several intrinsic limitations that have been overcome in
the generation of the steady-state spectra. The states generated upon excitation of the
RCs contain contributions from P and P+, the IR bands of which are usually of a
magnitude larger than those of the neutral and semiquinone forms of QA and QB. In the
case of sub-ms measurements such as kinetic IR and step-scan FTIR spectroscopy, the
spectra inevitably contain contributions from the IR bands of P and P+. Following
charge separation between P and QA, any relaxation that would occur around P+ on the
time scale of the measurement could therefore be misinterpreted as a change taking
place around QA

− or QB
−. In contrast, the steady-state QA

−/QA and QB
−/QB FTIR difference

spectra have been generated by using various combinations of reducing agents and
mediators, the role of which is to rapidly (compared to the quasi stationary conditions
of the measurements) rereduce P+ after charge separation. The same strategy has been
applied in some of the RS measurements [8,48]. However, one should be aware that
the time evolution of the formation and decay of the oxidized mediators, which exhibit
bands in the mid-IR, might be commensurate with the QA

−QB to QAQB
− ET step. As

previously discussed in [145], stringent controls have therefore to be carefully applied
in both slow and fast TR IR measurements.
protonation of an internal water molecule was indicated based on
electrostatic computations [162] and FTIR measurements [163–165].

The idea that internal water molecules in the vicinity of QB may
protonate was originally derived from earlier FTIR measurements in
themid IR region between 3000 and 2000 cm−1. In native RCs from Rb.
sphaeroides, the observation of a broad positive IR continuum around
2600 cm−1 in 1H2O in the QB

−/QB steady-state FTIR spectrum suggests
the existence of delocalized proton(s) in a highly polarizable
hydrogen-bonded network [126]. This band has also been recently
observed in slow TR FTIR measurements on the DNL210 mutant RC
[148]. Upon 1H/2H isotopic exchange, the maximum of the band is
shifted to ∼2080 cm−1 (Fig. 11a). In RCs from B. viridis, the IR
continuum is seen at ∼2830 cm−1 and ∼2180 cm−1 in 1H2O and 2H2O
(Fig. 11e), respectively [126]. X-ray models of the two RCs suggest
differences in the structural organization of the hydrogen-bonded
network (shorter chains in B. viridis) whereas several residues in the
vicinity of QB are not conserved in B. viridis (Asp-L213, Asp-M17, Pro-
L209, Asn-M44). In addition, FTIR data have shown that protonation of
carboxylic acids, in particular of Glu-L212, does not occur in B. viridis
upon QB

− formation [65,125].
According to Zundel [166,167], hydrogen-bonded networks cause

intense IR continua in the 3000–2000 cm−1 spectral range that are
indicative of large proton polarizability due to proton fluctuations
within the hydrogen bonds. The continua arise because of strong
interactions of these hydrogen bonds with their environment (local
electrostatic fields). Indeed, IR spectra of strong acids in 1H2O and
2H2O display continuous IR absorption extending over more than
1000 cm−1 attributed to the excess of proton in the protonated
(deuterated) water dimer 1H5O2

+ (2H5O2
+) [166,167,126]. The H5O2

+

species [168–172] would participate naturally in hydrogen-bonded
networks enabling proton transfer.
Fig. 11. Comparison of the 2300–1800 cm−1 spectral region of the QB
−/QB spectra in 2H2O

for native RCs from Rb. sphaeroides (a) and B. viridis (e) and for mutant RCs from Rb.
sphaeroides(b–d), pD 7: (b) EQ-L212, (c) DN-L213, (d) ED-L212/DE-L213.
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In the bacterial RC, the possible relation of the IR continuum band
to the acid residues involved in the proton transfer pathway was thus
investigated by testing the robustness of this band to different
mutations of carboxylic acids in the RC from Rb. sphaeroides [173]. Fig.
11 shows the QB

−/QB spectra in 2H2O in the 2300–1800 cm−1 spectral
range of the native RCs from Rb. sphaeroides (a) and B. viridis (e), the
single EQ-L212 (b) and DN-L213 (c) mutant RCs, and the swap mutant
ED-L212/DE-L213 (d). Replacement of an Asp or Glu side chain with
the corresponding amide at L212 (Fig. 11b), L210, M17, or H173 has
little or no effect on the IR frequency of the IR continuum observed
upon QB

− formation (E. Nabedryk, J. Breton, upublished data). However,
changes were observed in the DN-L213 (Fig. 11c) and in the swap
mutant (Fig. 11d) where the broad band is shifted to ∼2110 and
2150 cm−1, respectively. Comparable shifts were similarly observed in
the QB

−/QB spectra (data not shown) of the ED-L212/DQ-L213 amide
analogue from the swap mutant (at ∼2150 cm−1), the DE-L213 (at
∼2170 cm−1 ), and in a revertant of the DN-L213 mutation, i.e., in the
double mutant ND-M44/DN-L213 (at ∼2150 cm−1). Interestingly, in
this latter mutant, the two mutations at L213 and M44 mimic part of
the binding site of QB in B. viridis. For the ED-L212/DE-L213, DE-L213,
and ND-M44/DN-L213 mutants, the band is therefore upshifted to
∼2830 cm−1 in 1H2O and ∼2150–2170 cm−1 in 2H2O, and both its
shape and its frequency are very comparable towhat is observed for B.
viridis (Fig. 11c). The shift of the IR continuum in the mutant spectra
reflects electrostatic effects on the vibrations associated with proton
oscillation due to environmental changes and/or local electrical fields.

Since the IR continuum is abolished in none of the mutants and in
particular in mutants having Glu-L212 replaced with Gln (Fig. 11b), the
presence of the band is not correlatedwith the localization of theproton
on Glu-L212. On the other hand, the band is systematically affected by
mutations at L213. We thus propose that the observed changes imply
rearrangements of the hydrogen-bonding network close to QB. The
changes observed in the mutant RCs with respect to native RCs would
reflect the specific role of bound protonated water molecule(s) located
in the vicinity of Asp-L213, and undergoing hydrogen-bond changes in
the network. The proton may fluctuate within two water molecules or
between a carboxylic acid and a water molecule. In the native RC from
Rb. sphaeroides, the protonation of internalwatermolecule(s) combined
with proton uptake byGlu-L212 uponQB reduction could help reconcile
FTIR data with the large body of contrasting kinetic and proton uptake
data available, as recently discussed in [64].

The protonation of water molecule(s) in the native RC from Rb.
sphaeroides can qualitatively explain the differences observed here
between the native and mutant RCs upon QB reduction as well as the
differences observed between B. viridis and Rb. sphaeroides. Testing
such proposal provides a new challenge for static and TR FTIR
difference spectroscopy. Another promising way would be to detect
changes of internal water molecules by directly monitoring their
localized O_H stretching vibrations in the 3700–2600 cm−1 spectral
range. Such O–H stretching vibrations have been already observed in
the intermediates of the bacteriorhodopsin photocycle and the data
are contributing much to the understanding of the photochemical
mechanism [[175] and references therein].
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