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ABSTRACT: In the reaction center (RC) of the photosynthetic bacteriumRhodobacter sphaeroides, two
ubiquinone molecules, QA and QB, play a pivotal role in the conversion of light energy into chemical free
energy by coupling electron transfer to proton uptake. In native RCs, the transfer of an electron from QA

to QB takes place in the time range of 5-200 µs. On the basis of time-resolved FTIR step-scan
measurements in native RCs, a new and unconventional mechanism has been proposed in which QB

-

formation precedes QA- oxidation [Remy, A., and Gerwert, K. (2003)Nat. Struct. Biol. 10, 637-644].
The IR signature of the proposed transient intermediary electron acceptor (denoted X) operating between
QA and QB has been recently measured by the rapid-scan technique in the DN(L210) mutant RCs, in
which the QA to QB electron transfer is slowed 8-fold compared to that in native RCs. This IR signature
has been reported as a difference spectrum involving states X+, X, QA, and QA

- [Hermes, S., et al. (2006)
Biochemistry 45, 13741-13749]. Here, we report the steady-state FTIR difference spectra of the
photoreduction of either QA or QB measured in both native and DN(L210) mutant RCs in the presence of
potassium ferrocyanide. In these spectra, the CN stretching marker modes of ferrocyanide and ferricyanide
allow the extent of the redox reactions to be quantitatively compared and are used for a precise normalization
of the QA

-/QA and QB
-/QB difference spectra. The calculated QA

-QB/QAQB
- double-difference spectrum

in DN(L210) mutant RCs is closely equivalent to the reported QA
-X+/QAX spectrum in the rapid-scan

measurement. We therefore conclude that species X+ and X are spectrally indistinguishable from QB and
QB

-, respectively. Further comparison of the QA
-QB/QAQB

- double-difference spectra in native and
DN(L210) RCs also allows the possibility that QB

- formation precedes QA- reoxidation to be ruled out
for native RCs.

The function of a number of biologically important energy-
transducing membrane proteins such as cytochrome oxidase,
cytochromebc1 or b6f complexes, and photosynthetic reaction
centers (RCs)1 rests on the coupling between electron and
proton transfer reactions. Because of the availability of
structural data at∼2 Å resolution, and because the electron
transfer (ET) reactions can be initiated with a brief pulse of
light, the RC of purple bacteria provides a paradigm for
studying such reactions. In the RC ofRhodobacter sphaeroi-
des, light excitation initiates fast transmembrane ET from
the primary donor (P) to the primary quinone (QA) in ∼200
ps, and this is followed on a much slower time scale (∼100
µs) by the transfer of the electron to the secondary quinone
(QB). Although quinones QA and QB are chemically identical
molecules of ubiquinone-10, they play very different roles

in the overall coupled electron and proton transfer reactions
(for reviews, see refs1 and2). QA is situated in a relatively
hydrophobic environment, is tightly bound to the M subunit
of the RC, and functions as a one-electron acceptor. In
contrast, QB is situated in a more polar environment and is
only tightly bound to the L subunit in its semiquinone (QB

-)
state, the neutral quinone (QB) and doubly reduced quinol
(QBH2) being more loosely bound. QB undergoes conversion
to the quinol in two successive reduction steps that are
coupled to the uptake of two protons from the cytoplasm.
These protons are delivered through a pathway formed by
polar amino acid side chains and water molecules. The quinol
is then released from the QB site for reoxidation in the
cytochromebc1 complex, and the empty QB binding pocket
is refilled by a quinone from the intramembrane quinone
pool.

The two sequential ET reactions between QA and QB have
been studied extensively by UV-vis and near-IR spectros-
copy (3). It has been reported that the QA

-QB f QAQB
-

reaction is biphasic with a fast phase (5-10 µs) that is
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assigned to pure ET and a slow phase (100-200 µs) for
which the rate is independent of the driving force of the
reaction (4, 5). This slow phase appears to be kinetically
gated by a conformational relaxation of the protein that
occurs in response to reduction of QA. The precise nature of
this relaxation is still unclear but is thought to involve
conformational changes of the protein, charge relaxation, and/
or protonation events (5, 6). An approximately 5 Å move-
ment and rotation of the QB quinone between two discrete
binding sites, which has been proposed to be involved in
the gating mechanism (7), appears to be a less likely
candidate (8-12).

The X-ray structure of the bacterial RC shows QA and QB

arranged in a near-symmetrical manner around an axis of
approximate 2-fold symmetry that relates the L and M
polypeptides (Figure 1). An iron atom sits on this symmetry
axis between the two quinones and is connected to the
C4dO group of QA and QB via the side chains of His M219
and His L190, respectively. Investigations of the role of the
His-Fe-His “bridge” between QA and QB have shown that
the rate of the QA-QB f QAQB

- reaction is essentially
unchanged when the Fe2+ is replaced with other divalent
metals (14) and is slowed by a factor of only 2 in Fe-depleted
RCs (14).

Available X-ray crystal structures of theRb. sphaeroides
RC provide no information about the position of hydrogen
atoms, such as those involved in hydrogen bonds to the
quinone carbonyls for example, and are silent about the
properties of most intermediates during the reaction cycle.
However, complementary techniques such as EPR and
ENDOR (15, 16), as well as infrared (IR) spectroscopy, have
been used to understand how the different properties of QA

and QB can be explained by specific interactions with their
protein environments. Notably, FTIR difference spectroscopy
of the photoreduction of QA and QB (17-26) has been
instrumental in establishing the hydrogen bonding state of
the carbonyl groups of the quinones. The QA quinone shows

a pronounced asymmetry in hydrogen bonding, with a
remarkable downshift of the stretching frequency of its
C4dO carbonyl to 1601 cm-1, indicating a very strong
hydrogen bond with His M219 (22, 23), and an unusually
strong coupling of this 1601 cm-1 mode to a CdC mode
absorbing at 1628 cm-1. The C1dO carbonyl of QA is in a
suitable position to interact with the backbone amide of Ala
M260, but this interaction does not result in a shift of the
stretching frequency of this carbonyl group compared to that
in solution. In contrast, the two carbonyl groups of QB engage
in approximately equivalent moderate-strength hydrogen
bonds with the surrounding protein. The stretching frequency
of both QB carbonyl groups is located at 1641 cm-1,
downshifted by 10-20 cm-1 from their frequency in aprotic
solvent (24, 25). These results are consistent with X-ray
structures of the RC that suggest that the C4dO group of
QB is hydrogen-bonded to His L190, while the C1dO group
is hydrogen-bonded to the backbone amide groups of Ile
L224 and Gly L225 (Figure 1).

The pronounced spectral differences observed between the
vibrational bands of QA and QB, which are also observed
for the bands of the respective semiquinones (19, 20), make
them attractive markers for probing the QA

-QB f QAQB
-

ET reaction, and several IR and FTIR kinetic techniques have
been applied in studying the photoreduction of the quinones
in the Rb. sphaeroidesRC. In particular, light-induced
transient spectra in native RCs were investigated by rapid-
scan FTIR difference spectroscopy, allowing the contribu-
tions of QA, QA

-, QB, and QB
- to be revealed for the first

time as a QA-QB/QAQB
- double-difference spectrum2 (17).

This double-difference spectrum turned out to be very similar
to that calculated from the QA-/QA and QB

-/QB FTIR
difference spectra that were subsequently obtained under
steady-state conditions (20). Transient signals associated with

2 In such spectra, the vibrations of the QA
- and QB states appear as

positive bands while those of QA and QB
- are negative.

FIGURE 1: Interactions of QA and QB with the protein. The carbonyl groups of QA and QB engage in hydrogen bonds with the protein (cyan
dots), and the two quinones are interconnected by a His-Fe-His bridge that straddles the axis of 2-fold symmetry (dashed line). Oxygen
and nitrogen atoms are colored red and blue, respectively, with atoms engaged in bonding interactions shown as spheres. Carbon atoms are
colored yellow for the protein backbone, green for side chains, and beige for the quinones. This figure, derived from PDB entry 2BOZ (13),
has been kindly provided by M. Jones (University of Bristol, Bristol, U.K.).
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the QA
-QB f QAQB

- ET reaction were characterized using
tunable IR laser diodes (27) and later by step-scan FTIR
spectroscopy (28). In the latter case, the reported QA

-QB/
QAQB

- double-difference spectrum between transient spectra
measured at 7µs and at 4.2 ms agreed well with those
previously reported for measurements on slower time scales
(17, 20).

In 2003, Remy and Gerwert proposed a new and uncon-
ventional mechanism for the QA-QB f QAQB

- reaction on
the basis of step-scan measurements with a high time
resolution. They reported the surprising result that the
oxidation of QA

- was delayed with respect to the appearance
of QB

-, implying the presence of a transient intermediary
electron acceptor (denoted X and X+ in the reduced and
oxidized states, respectively) in the ET process (29).
Although the redox state of the non-heme iron remains the
same (Fe2+) in both the QA

-QB and QAQB
- states (30, 31),

the Fe atom and its two bridging His side chains were
considered attractive candidates for the X intermediate (29).
However, a subsequent time-resolved X-ray absorption study
ruled out the possibility of a transient change in the oxidation
state of the non-heme iron on the time scale of the QA

-QB

f QAQB
- ET reaction (32).

Recently, the nature of intermediate X has been investi-
gated by a combination of rapid-scan and step-scan FTIR
measurements on a mutant RC in which the QA

-QB f
QAQB

- reaction is slowed by a factor of 8 compared to that
in native RCs (33). In this mutant, denoted DN(L210), the
Asp L210 residue located close to QB (Figure 1) is replaced
with Asn (1). Because of the slowed kinetics of ET in the
mutant, a QA

-X+/QAX difference spectrum was obtained
with a high signal-to-noise ratio (33). Surprisingly, this
spectrum exhibited striking similarities with QA

-QB/QAQB
-

double-difference spectra previously reported for native RCs
(17, 20, 28). However, some differences were noted in the
amide I and II regions of the protein absorption where the
steady-state spectra of the DN(L210) mutant are known to
differ from those of native RCs for both QB-/QB (34-36)
and QA

-/QA (36; J. Breton, M. L. Paddock, M. Y. Okamura,
and E. Nabedryk, unpublished observations). Furthermore,
the QA

-X+/QAX difference spectrum was reported in the
range of 1900-1000 cm-1, whereas all previously reported
QA

-QB/QAQB
- difference spectra extend to only 1200 cm-1,

thus precluding a comparison in the important region of
absorption of the C5-Nσ mode of His side chains around
1100 cm-1. In this work, we have reexamined the conditions
used to generate the QA

-/QA and QB
-/QB FTIR difference

spectra of native and DN(L210) mutant RCs and have found
a means of normalizing all the difference spectra. The
QA

-QB/QAQB
- double-difference spectra calculated for native

and DN(L210) mutant RCs in the range of 1800-1000 cm-1

are then compared to the QA
-X+/QAX spectrum recently

reported for DN(L210) mutant RCs (33).

MATERIALS AND METHODS

DN(L210) mutant RCs were a kind gift from M. Paddock
and M. Okamura (University of California at San Diego, La
Jolla, CA). The preparation of the RC samples for FTIR
spectroscopy of quinone photoreduction has been described
previously (19-22, 24, 34). Briefly, the same buffer [100
mM Tris-HCl (pH 8.0)] containing potassium ferrocyanide

(100 mM) and sodium ascorbate (10 mM) was used for all
the samples. For QA-/QA spectra, stigmatellin (2 mM) was
added and continuous illumination was provided with
saturating light filtered by a RG715 (Schott) filter and a water
filter for heat removal. For QB-/QB spectra, the RCs were
reconstituted with an∼10-fold excess of ubiquinone-6 and
excited with a saturating single-turnover Nd:YAG laser flash
at 530 nm. Measurements were performed at 290 K. The
spectral resolution was 4 cm-1.

RESULTS AND DISCUSSION

Normalized QA
-/QA and QB

-/QB FTIR Spectra of NatiVe
and DN(L210) Mutant RCs.The light-induced QA-/QA and
QB

-/QB FTIR difference spectra of native RCs in the 2200-
1200 cm-1 spectral range are depicted in traces A and B of
Figure 2, respectively. Those for the DN(L210) mutant RCs
are shown in traces C and D, respectively. For each type of
RC, the two spectra differ only in the presence or absence
of the QB inhibitor stigmatellin or of excess ubiquinone-6
(for QA

-/QA or QB
-/QB, respectively) and in the nature of

the saturating excitation light (continuous illumination and
single-turnover laser flash for QA-/QA and QB

-/QB, respec-
tively). The four spectra (Figure 2) were normalized on the
CN stretching mode of ferricyanide and ferrocyanide re-
sponsible for the bands at 2113(+) and 2037(-) cm-1,
respectively. These marker bands result from the fast
reduction of the photooxidized primary donor in each radical
pair (P+QA

- or P+QB
-) by a ferrocyanide ion, thus generating

a ferricyanide ion, and they disappear upon recombination
of the semiquinone with a ferricyanide ion. The amplitude
of these bands precisely monitors the amount of semiquinone
formed in each RC sample, and as a result, these bands
represent valuable markers for normalizing the Q-/Q FTIR
difference spectra recorded with different samples or under
different conditions. To the best of our knowledge, this is

FIGURE 2: Light-induced steady-state QA
-/QA (A and C) and

QB
-/QB (B and D) FTIR difference spectra for native RCs (A and

B) and for DN(L210) mutant RCs (C and D). The spectra, measured
under the same conditions of temperature, pH, and redox buffer,
have been normalized on the CN stretching mode of ferricyanide
and ferrocyanide responsible for the bands at 2113(+) and
2037(-) cm-1, respectively. For native RCs, the spectra are depicted
in the 1200-1000 and 3200-2200 cm-1 spectral range in insets 1
and 2, respectively. The resolution is 4 cm-1. Tick marks are
separated by 10-3 absorbance unit for trace A and by 2× 10-4

absorbance unit in the insets.
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the first report of such normalization of difference spectra
of this type. Previously, normalization of the difference
spectra was performed on a more arbitrary basis by minimiz-
ing the residuals in the double-difference spectra (e.g.,1H2O
- 2H2O or native- mutant). The CN markers also offer an
opportunity to determine the extinction coefficient of all the
bands in the Q-/Q FTIR difference spectra, taking into
account the value of 1062 M-1 cm-1 for the ferricyanide
band at 2113 cm-1 (37).

The QA
-/QA and QB

-/QB FTIR difference spectra of the
native RC (traces A and B of Figure 2, respectively) were
closely equivalent to those reported previously (19-22, 24,
34). The QB

-/QB FTIR difference spectrum of the DN(L210)
mutant RC (Figure 2D) was also almost indistinguishable
from those reported previously (34-36). The QA

-/QA

spectrum of the DN(L210) mutant RC (Figure 2C) was
similar to one previously reported (36), although the signal-
to-noise ratio of the latter spectrum was rather low because
of the rapid-scan conditions under which it was obtained.
For native RCs, the QA-/QA and QB

-/QB spectra are shown
in the region of absorption of the C5-Nσ mode of His side
chains around 1100 cm-1 (Inset 1) and in the spectral range
of 3200-2200 cm-1 (Inset 2) corresponding to the broad
continuum bands3 previously assigned to excess protons in
hydrogen bond networks (38). For the DN(L210) mutant
RCs, the spectra in the latter two spectral windows (data
not shown) are closely equivalent to those of native RCs.

Double-Difference Spectra of NatiVe and DN(L210)
Mutant RCs.Deviations of the QA-/QA spectrum of the
DN(L210) mutant RC (Figure 2C) from that of native RCs
(Figure 2A) were quite small and mostly limited to the
spectral range of absorption of the amide I and amide II
modes around 1660 and 1540 cm-1, respectively. These small
deviations are best visualized in the native-minus-mutant
double-difference spectrum (Figure 3A). Notably, they give
rise to the two main differential features at∼1666(-)/

1657(+) and ∼1549(+)/1533(-) cm-1. Interestingly, the
corresponding double-difference spectrum for the QB

-/QB

FTIR spectra for native and mutant RCs (Figure 3B) shows
the two main differential features to be also located at the
same position. These differential features correspond to the
difference in the response of the protein backbone between
native and DN(L210) mutant RCs upon semiquinone forma-
tion. The peptide CdO group of the L210 residue is situated
closer to QB (distance of approximately 10 Å4) than to QA

(approximately 24 Å) by a factor of∼2.5. Surprisingly, the
amplitude of the protein response upon QB reduction is only
∼2.5 times greater than that upon QA reduction. This effect
is highly analogous to that previously reported for the
electrostatic response to quinone reduction of vibrations of
the bacteriopheophytin intermediary electron acceptor HA

located between P and QA (39). In this case, it was observed
that upon QA reduction the electrostatic response of the 10a-
ester CdO group of HA was∼2-3 times larger than when
the negative charge was located on QB, despite the fact that
the distance from that group to the center of the quinone
rings4 is roughly 2.5 times longer for QB than for QA (25
and 10.5 Å, respectively). The observation that the amplitude
of the response of a protein or cofactor vibrational mode to
the appearance of a negative charge on either one of the two
quinones scales approximately linearly with the reciprocal
of the distance provides strong evidence of a very high degree
of electrostatic coupling between the QA and QB binding sites.
This delocalized response of the whole medium to semi-
quinone formation must involve the many polar side chains
and the network of ordered water molecules present in the
vicinity of the QA and QB binding sites, as previously
discussed (38-40; see also ref2).

Three additional small differential features centered around
1687, 1623, and 1271 cm-1 are resolved in the native-minus-
mutant QB

-/QB double-difference spectrum (Figure 3B). The
first two features most probably represent the response to
QB reduction of theνCdO andδNH2 vibrations of the Asn
L210 side chain (35). The feature at 1271 cm-1 is likely to
reflect a difference between native and mutant RCs for the
geometry of the methoxy groups of QB, which are known to
absorb in this frequency range (21, 24).

Calculated QA-QB/QAQB
- double-difference spectra for the

native and DN(L210) mutant RC are shown in traces C and
D of Figure 3, respectively. These spectra are remarkably
similar not only in terms of all the main features but also in
terms of the frequency and amplitude of most of the small
signals. The spectra are almost identical in the region of
1500-1430 cm-1 where the C-O and C-C modes of the
QA

- and QB
- semiquinones contribute. The few main

deviations between spectra C and D in Figure 3 are limited
to the range of absorption of the amide I and amide II of the
protein as well as in the region of absorption of the methoxy
groups of QB (∼1270 cm-1).

It should be noted that in the region of 1800-1200 cm-1

the QA
-QB/QAQB

- double-difference spectra (traces C and
D of Figure 3) exhibit many common bands with QA

-QB/
QAQB

- double-difference spectra previously reported for

3 The shape of the continuum band in the QA
-/QA difference spectra

was found not to depend upon the duration of the continuous
illumination used during each cycle of measurement for illumination
times ranging from 1 to 300 s.

4 Distances (center-to-center) are from the center of the quinone ring
of QA or QB to the oxygen of the peptide CdO group of Asp L120, or
from the center of the quinone ring of QA or QB to the oxygen of the
10a-ester carbonyl of HA. Data are taken from PDB entry 2BOZ (13).

FIGURE 3: Double-difference spectra calculated from the steady-
state QA

-/QA and QB
-/QB spectra depicted in Figure 2. Native-

minus-DN(L210) mutant QA-/QA (A) and QB
-/QB (B) double-

difference spectra. QA-QB/QAQB
- double-difference spectra for

native RCs (C) and for DN(L210) mutant RCs (D).
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native RCs using either the difference in the decay rates of
the P+QB

- and P+QA
- states by a rapid-scan measurement

(17), the static QA
-/QA and QB

-/QB FTIR spectra (20), or
time-resolved P+QB

- and P+QA
- spectra obtained by the

step-scan technique (28). Furthermore, the spectrum of a 1.1
ms phase in a step-scan measurement, assigned to the
reduction of the oxidized intermediary acceptor X+ by QA

-

in native RCs (29), also has many features in common with
the spectrum in Figure 3C.

Comparison of QA-X+/QAX and QA
-QB/QAQB

- Spectra of
DN(L210) Mutant RCs.In Figure 4, the calculated QA-QB/
QAQB

- double-difference spectrum of the DN(L210) mutant
RCs (Figure 4A, same as Figure 3D) is compared with the
QA

-X+/QAX difference spectrum (Figure 4B) recently re-
ported from rapid-scan FTIR measurements on the same
mutant (33). The latter spectrum, together with the original
labels of the frequency of peaks, has been taken directly from
the original PDF file in ref33 and is plotted on the same
scale as Figure 4A (an ASCII file of the spectrum in Figure
4A is available as Supporting Information). The matching
of the positions and relative amplitudes not only of the major
bands but also of the smallest details of the spectra is striking.
Because of the(1 cm-1 precision of the frequency given
for the bands, all of the labeled features in Figure 4B match
closely those in Figure 4A with the only exception of the
negative band at 1655 cm-1, for which a 3 cm-1 shift in the
peak position is observed. This frequency corresponds to the
region of maximum absorption of the amide I CdO band,
and of the intense scissoring mode of water.

The close equivalence of the two spectra depicted in Figure
4 provides compelling evidence that they involve chemical
species having the same IR fingerprints. Importantly, this
equivalence is also observed for the spectral features around

1100 cm-1 where the C5-Nσ mode of His side chains absorbs
(41). It was essential to analyze this spectral region as one
of the most likely candidates for a putative species X would
be the His M219 and His L190 side chains bridging from
the Fe2+ ion to the quinones. From the close equivalence of
the two difference spectra depicted in Figure 4, we are
therefore led to the conclusion that the contribution to the
IR spectra of the species described as X+ and X in (33)
cannot be distinguished from those of QB and QB

-, respec-
tively. The QA

-/QA and QB
-/QB FTIR difference spectra used

to calculate the spectrum in Figure 4A correspond to fully
relaxed species. Therefore, we cannot at present exclude the
possibility that the very small differences with the spectrum
in Figure 4B represent contributions from some form of
unrelaxed QB- in the rapid-scan measurements. Assessing
this possibility would require further analysis of rapid-scan
and steady-state measurements performed on the same
samples and with the same instrument.

It is not the purpose of this work to discuss in detail the
analysis of the kinetic data which led the authors of ref33
to propose a new mechanism involving the role of X+ and
X as a transient redox intermediate between QA and QB.
However, it should be noted that complementary rapid-scan
and step-scan measurements on stigmatellin-inhibited RCs,
where the QA-QB f QAQB

- ET reaction is blocked, have
not been reported. This control represents a key experiment
for several reasons. First, the 9 ms kinetic phase derived from
the analysis of the rapid-scan data (33) is close to the time
resolution of the measurement. Second, for the experiments
performed in the presence of the mediator 2,3,5,6-tetra-
methyl-p-phenylenediamine (DAD), it is important to de-
termine the time evolution of the DAD+/DAD redox couple
as these species have IR absorption bands that overlap with
those of the Q-/Q species (J. Breton, unpublished observa-
tions). Finally, transient displacement of charges arising from
electron and/or proton transfer reactions following QA

reduction has been reported to occur in the time range of
100-200µs in such QB-inhibited samples (42). The molec-
ular events that accompany this relaxation following the
formation of QA

- and which are likely to represent at least
part of the gating mechanism for the QA

-QB f QAQB
- ET

reaction are bound to lead to transient IR changes on the
same time scale. Furthermore, one cannot exclude the
possibility that relaxation dynamics around P+ also occur
on time scales commensurate with those determined in the
kinetic FTIR measurements (33).

In conclusion, the analysis of the normalized QA
-/QA and

QB
-/QB light-induced FTIR difference spectra of native and

DN(L210) mutant RCs has provided strong evidence that
the X+/X redox pair previously proposed to act as a transient
electron intermediate in the QA-QB f QAQB

- ET reaction
in both native and mutant RCs (29, 33) exhibits all the IR
fingerprint signatures of the QB/QB

- couple. In addition, the
data provide semiquantitative information about the impor-
tance of the electrostatic cross talk between the environment
of the QA and QB binding sites. Finally, the transient
protonation of Asp L210 discussed in ref33, which was
partly based on rapid-scan and step-scan FTIR measurements
performed at 1751 cm-1 where a large contribution from 10a-
ester CdO vibration(s) of P+ dominates the absorption
changes (17), should probably be reconsidered in view of
these results. However, the idea of protonation of water in a

FIGURE 4: (A) QA
-QB/QAQB

- double-difference spectra for
DN(L210) mutant RCs (same spectrum as trace D of Figure 3).
(B) QA

-X+/QAX spectrum recently reported from rapid-scan FTIR
measurements on DN(L210) mutant RCs (33). The later spectrum,
together with the original labels of the frequency of peaks, has been
taken directly from the original PDF file in ref33 and plotted on
the same scale as trace A using Microsoft Powerpoint. The labels
on spectrum A have been set at the same frequencies as those in
spectrum B. Spectrum B was derived from measurements with the
rapid-scan technique and was proposed to represent a QA

-X+/QAX
FTIR difference spectrum (33).
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continuum of hydrogen bonds in the vicinity of QB
-, as

originally discussed in ref38, remains of interest and
deserves further investigation.
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