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Abstract. Rapid-scan FTIR difference spectroscopy was used to investigate light-induced reduction of the ubiquinone QB, and
the oxidation kinetics of QB

− and QH2 by external mediators in isolated reaction centers (RCs) from R. sphaeroides. As redox
mediators, a Ferrocyanide/N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) mixture and an Ascorbate/2,3,5,6-tetramethyl-
p-phenylenediamine (DAD) mixture are compared.

Results show that TMPDred rapidly reduces the photoproduced P870
+ primary donor. The process is fast enough to record

rapid-scan FTIR spectra devoid of P870
+ bands down to 260 K. Results show also that TMPDox oxidises both QB

− and QH2
faster than DADox. In particular, QB

− is oxidised faster than QH2 at all temperatures studied.
Results are discussed in the framework of time-resolved infrared studies on R. sphaeroides RCs, showing advan-

tages/drawbacks of the proposed experimental approach.
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1. Introduction

The photosynthetic reaction center (RC) from R. sphaeroides is one of the most-studied membrane
enzymes [16,17,28,36].

The structure of the R. sphaeroides RC has been determined with up to 1.87 Å resolution [18] leading
to a detailed knowledge of the position of pigments, cofactors, amino acids, as well as on their relative
orientation and distance. Furthermore, for R. sphaeroides site-directed mutagenesis is well established,
making it possible to change specific amino acids in the RC: most of the recent data on its molecular
mechanism come from site-directed mutants [26,29,36].

In the R. sphaeroides RC, absorption of a photon entails an ultrafast charge separation between the
primary donor P870 (a special pair of bacteriochlorophyll-a molecules) and the primary acceptor QA,
a ubiquinone molecule strongly bound to the protein. A second ubiquinone molecule, called QB, accepts
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two electrons from QA in two consecutive photochemical events, together with two protons from the
cytoplasm. Protons are transferred towards the QB site through a pathway formed by protonable amino
acid side chains and water molecules [11,28,29,36]. The ubiquinol QBH2 formed leaves the RC to diffuse
in the membrane and is replaced by a new ubiquinone coming from the membrane. The ubiquinol is then
reoxidised by the cytochrome bc1 complex (another enzyme present in the membrane); the overall effect
of this series of reactions is to move H+ from the cytoplasm to the periplasm. The formed H+ gradient
is used to synthesize ATP.

Proton and electron transfer reactions play a key role in bioenergetics [2,31,37]. Unlike most other
enzymes, the reactions in photosynthetic RCs can be triggered by short laser pulses. This makes photo-
synthetic RCs ideal systems to investigate proton and electron transfer reactions.

Infrared (IR) difference spectroscopy has been widely used in photosynthesis [3,6,12,25–27].
R. sphaeroides RC is one of the most studied photosynthetic systems ([8,25,26] and references therein).
Most investigations have been done using static FTIR difference spectroscopy, leading to the identifica-
tion of marker bands for cofactors, protein rearrangements and amino acid side chains [8,25,26].

Several time-resolved IR investigations have been performed, with the aim of following directly the
mechanism of the photoreaction. Single-wavelength ([14] and references therein), rapid-scan FTIR ([13,
21,35] and references therein) or step-scan FTIR ([13] and references therein) techniques have been
used.

Data analysis has proven to be a difficult and controversial task; different approaches have been pro-
posed, such as single wavelength analysis [14,20,22], global fit analysis [32] or multivariate curve reso-
lution [4,5]. Part of the difficulties of data analysis come from the intrinsic limitations of time-resolved
(FT)IR techniques.1 In fact, apart from technical requirements [19,23,33], other aspects have to be taken
into account. First, to achieve a reasonable signal-to-noise ratio (SNR), experiments must be repeated
hundredths or even thousands of times, i.e. samples have to withstand a large number of flashes. This
aspect may become critical as prolonged light exposure leads to sample degradation [4].

A second point comes from the quality of the sample, especially the level of occupancy of the QB site.
It is very difficult to achieve a ∼100% occupancy of the site in isolated RCs [1,34]; normally, even using
an excess of exogenous ubiquinone, QB is present in its binding pocket in only ∼80–90% of the centers.
This means that after a laser flash a QB

− state is formed in the majority – but not the totality – of the
RCs [20]. The situation can become even more confused after two flashes [20].

A third point concerns the experimental scheme to apply; one can choose to investigate the electron
transfer between the quinones while the RC is in a charge-separated (P870

+–Q−) state (produced after
the flash) or, instead, try to mimic the situation taking place in integral bacteria i.e. to quickly reduce
P870

+ by an external electron donor.
Time-resolved differential FTIR experiments performed while the RC is in the (P870

+–Q−) charge-
separated state have the advantage of simplicity (the recombination reaction is internal at the RC).
Furthermore, the recovery time being relatively fast, photoreactions can be triggered at a quite high
frequency (up to 0.05 Hz [10]). This approach has been used for rapid-scan and step-scan FTIR experi-
ments [10,13,32].

An alternative approach is to ensure fast reduction of P870
+ by external chemical mediators. These

must be capable of reducing P870
+ in the shortest time possible (some milliseconds) so that its reduction

1In the following, we will focus our attention mainly on laser flash-induced techniques. It is important to note that time-
resolved FTIR experiments under and after continuous illumination by a lamp have also been carried out, leading to important
results [4,5,20,22]. Such experiments are mentioned in the text when necessary but not described in details.
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is completed before the beginning of the first scan after the flash. This approach has so far been reported
only for rapid-scan FTIR ([13,21] and references therein). Apart from the more complicated mechanism
of recovery of the initial state (resulting from several redox reactions), an additional drawback comes
from the possible presence in the spectra of contributions coming from the mediators used. On the other
hand, such approach allows the very large bands associated with P870

+ formation [25] to be eliminated,
making easier to visualize the smaller bands associated with the QA

−QB → QAQB
− reaction.

The external mediator approach becomes mandatory when the second electron transfer between
quinones is under study; in fact, in order to have, after a first actinic event, a second photo-induced
electron transfer reaction, it is necessary to reduce P870

+ to P870 so that the latter species can induce a
second charge-separation event.

In this paper, this experimental approach has been applied to flash-induced, rapid-scan differential
FTIR experiments on the two-photon reduction of QB. Attention is focused on the advantages/drawbacks
of the two proposed mixtures of redox mediator used in the literature [13,20,21,23].

2. Materials and methods

RCs from R. sphaeroides were isolated in 15 mM Tris-HCl, pH 8, 0.0025% lauryl dimethylamide-
N-oxide (LDAO) as described [15]. Samples for FTIR measurements were prepared as described [23].
Brielfly, RCs were deposited on a CaF2 window and dried under argon. Before complete dryness, the
RC film was rehydrated with Tris buffer (pH 7).

To maximise the occupancy of the QB site, a fivefold excess of ubiquinone-6 (Sigma) was added to
the RC suspension.

To ensure fast reduction of P870
+ two different mixtures were used, following published procedures

[20,21]: (i) ferrocyanide (250 mM) and N,N,N′,N′-tetramethyl-p-phenylendiamine (TMPD; 50 mM);
(ii) Na ascorbate (10 mM) and 2,3,5,6-tetramethyl-p-phenylenediamine (DAD; 20 mM). A second CaF2

window was used to squeeze the sample, to obtain an absorbance in the amide I region of 0.6–0.9 a.u.
Rapid-scan FTIR measurements were performed as in [20]. A Bruker IFS 88 FTIR spectrometer

equipped with a photoconductive MCT-A detector and a temperature-controlled N2 cryostat was used.
Photoreactions were triggered by a saturating flash from a frequency-doubled Nd:YAG laser (7 ns,
∼20 mJ, Quantel, France). The synchronization between laser firing and interferogram acquisition was
checked by an oscilloscope. The distance between the 1st and the 2nd flash was set to 73 ms; this exper-
imental scheme not only allowed complete reduction of P870

+ before the 2nd flash, but also permitted a
spectrum between the two flashes to be recorded.

Depending on redox mediators, different waiting times (30 s–4 min) between cycles were applied to
allow a complete relaxation of the system (oxidation of QB

− and QH2 by redox mediators).
Results from 2000 to 3000 cycles (depending on the experiment) were averaged to improve the SNR.
Difference spectra at various times were calculated as described in [23].

3. Results

Time-resolved FTIR difference spectra at 268 K after two consecutive flashes are shown in Fig. 1.
In these experiments ferrocyanide and TMPD were used as external electron donors to reduce P870

+

[20,21]. Compared to the DAD/ascorbate mixture used in several rapid-scan FTIR studies [13,22,23] the
ferrocyanide/TMPD mix provides a series of advantages: (i) faster P870

+ reduction; (ii) shorter relaxation
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Fig. 1. Time-resolved rapid-scan FTIR difference spectra recorded after two saturating flashes. T = 268 K, pH = 7. Redox
mediators: Ferrocyanide/TMPD, see the text for details.

time between measuring cycles; (iii) the possibility of performing measures at lower temperature (down
to 260 K [21]). The main drawback comes from the presence in the spectra of strong contributions from
TMPD redox changes (the main positive bands are at 1545 and 1382 cm−1 due to TMPDox; a strong
negative band at 1520 cm−1 is due to TMPDred) [9].

The first trace in Fig. 1 corresponds to a spectrum recorded between 2 and 27 ms after the 1st flash,
but before the 2nd flash. The second trace is recorded between 2 and 27 ms after the 2nd flash. The
subsequent spectra were recorded at longer delays (see Fig. 1).

Complete and fast reduction of P870
+ soon after the 1st and the 2nd flashes can be assessed by the

absence of the characteristic 1751 (+) cm−1 band [25] in the corresponding spectra (see traces a, b).
Further evidence of P870

+ reduction is the absence of the characteristic broad electronic transition at
∼2500 cm−1 ([25]; not shown).

In the spectra several characteristic bands appear. At 1728 cm−1 a positive band (attributed to the
protonated side chain of the Glu-L212 residue and associated to the QB

− state [26]) is observed after the
1st flash. It is also visible after the 2nd flash but with a weaker and progressively decreasing intensity.
In ∼1580–1370 cm−1 range spectral contributions from TMPDox/TMPDred superpose to bands from
cofactors and the protein, making difficult a complete and correct spectral interpretation. Nevertheless,
some signals in this region remain clearly visible.

A strong positive peak at 1479 cm−1 (due to a C–O stretching of QB
− [8]) is observed in the spectrum

recorded after the 1st flash. In spectra recorded at early times after the 2nd flash such band is still present,
albeit weaker in intensity. Such behaviour was observed also in two-flash rapid-scan FTIR experiments
at pH 8, 281 K using DAD/ascorbate as redox mediators [20]. Another interesting feature is a positive
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band at ∼1470 cm−1 (assigned to QH2, tentatively attributed to an aromatic ring vibration [22]) that
becomes clearly visible only at later times after the 2nd flash. At lower wavenumbers, a negative band is
visible at 1264 cm−1 (present in all spectra and due to a C–O–CH3 mode of the disappearing ubiquinone
[20]).

3.1. Kinetic analysis

Two-flash rapid-scan FTIR difference spectra (and their possible molecular interpretation) have al-
ready been described [20]. Briefly, whereas after the 1st flash an almost pure QB

− state is produced, after
the 2nd flash the difference spectra reflect the formation of QH2 in the majority of RCs, but the formation
of a QB

− state in a significant fraction of RCs (see markers bands for the QB
− state at 1479 (+) and

1728 (+) cm−1[20]).
A previous investigation [20] has shown that this effect can be explained in term of Q (and QH2)

exchange equilibrium between pure LDAO micelles and RC-containing LDAO micelles [34]. Detailed
mathematical models [34] have shown that one of the consequences of this equilibrium is the extreme
difficulty to obtain a 100% occupancy at the QB site so that after the 1st flash QB

− is formed only in RCs
with a ubiquinone molecule in the binding pocket. After the 2nd flash, QH2 is formed in all the RCs that
already have QB

− whereas in the remaining centers QB
− is formed [20]. In the present results also the

fast oxidation of QB
− by TMPDox soon after the 1st flash can have a significant effect by producing in

a small fraction of RCs a QB state immediately before the 2nd flash (and therefore a QB
− state after the

2nd flash). Such effect can in principle be reduced with a shorter distance between the flash.
One interesting aspect is the temporal spectral evolution after the 2nd flash. It has already been pointed

out that the spectrum recorded between 2–27 ms after the 2nd flash (see Fig. 1) shows some spectral
features from an intermediate state (probably partially reflecting QH− formation) [20].

Here we focus our attention on the temporal evolution at longer times, which is caused by oxidation
of QB

− and QH2 by TMPDox. This evolution is clearly visible when comparing spectra at early and long
times after the 2nd flash. In spectra recorded some seconds after the 2nd flash, the 1479 (+) cm−1 band
is no longer present whereas a 1470 (+) cm−1 band appears (see Fig. 1).

A more precise kinetic analysis can be performed using marker bands: we can easily follow QB
−

disappearance (1479 (+) cm−1 band) and Q recovery (the amplitude of the 1264 (−) cm−1 band indicates
the amount of quinones that have been reduced compared to time zero, i.e. system in the dark, before the
flashes. The decrease of the amplitude of this band corresponds therefore to oxidation of QB

− and QH2

to Q).
If we fit the decay of the 1479 (+) cm−1 band (QB

− state) with a single decaying exponential (although
the kinetic behaviour could be more complicated, such a fitting is – at a first approximation – feasible)
we obtain a τ = 1319 ± 158 ms.2

A kinetic analysis can be performed for Q recovery (1264 (−) cm−1 band). In this case the kinetic
behaviour is likely to be more complex, i.e. at least a biexponential, Q recovery being the result of two
different reactions, QB

− → Q and QH2 → Q. In fact, an exhaustive kinetic model for Q recovery can be
in principle much more complicated, as pointed out in [20]. Nevertheless, the relatively small number of
experimental points and the existence in rapid-scan FTIR difference spectra of several sources of error
(baseline drift, noise, partial overlap with other spectral contributions, etc.) makes unfeasible a detailed

2An almost equal value (τ = 1310 ± 130 ms) is found when fitting – with a single exponential decay kinetic model – QB
−

oxidation by TMPDox (using the 1479 cm−1 band) after one single saturating flash (data not shown).
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Table 1

Kinetics of marker bands at different T using ferrocyanide and TMPD as redox mediators

1479 (+) cm−1 1264 (−) cm−1 1544 (+) cm−1

(QB
−) (Q) (TMPDox)

285 K τ = 607 ± 92 ms τ = 1176 ± 251 ms τ = 1226 ± 251 ms
268 K τ = 1319 ± 158 ms τ = 2361 ± 344 ms τ = 2693 ± 413 ms
260 K τ = 3907 ± 382 ms τ = 6568 ± 809 ms τ = 4757 ± 710 ms

Note: Experiments were carried out at pH = 7. Band decays have been fitted as a first-order exponential (see text); the calculated
τ should therefore be taken as a rough estimate of their decay rate.

analysis. A mono-exponential fitting can nevertheless be performed as a first estimate of the kinetics of
the process. The τ obtained is 2361 ± 344 ms. A simple comparison between the values found for QB

−

decay and Q recovery shows that the two processes are not concomitant. This is reasonable, as Q recov-
ery is given by the two independent chemical reactions QB

− → Q and QH2 → Q. Unfortunately marker
bands for QH2 are not clearly visible in all spectra (they are hidden by QB

−, protein, TMPDox/TMPDred

bands) and this does not allow a full detailed kinetic characterization of the global set of redox reac-
tions.3

Nevertheless, in the present analysis, the difference between the kinetics of QB
− disappearance and Q

recovery, along with the qualitative comparison between spectra at early and late times after the 2nd flash
(see Fig. 1), shows that QB

− oxidation is faster than QH2 oxidation. A fast QB
− oxidation by TMPDox

is indeed reported in the literature [24].
Another interesting piece of information comes from the kinetics of TMPDox reduction, which can

be followed through the 1545 (+) cm−1 band; using a monoexponential decay, τ = 2693 ± 413 ms is
obtained, which is very similar to the value found for Q recovery. It is worth mentioning that no signifi-
cant kinetic evolution is observed for the Ferricyanide/Ferrocyanide couple, which has two characteristic
bands at 2213 and 2037 cm−1 [7] (data not shown).

The same kinetic scheme (QB
− oxidation faster than QH2 oxidation) seems to apply also at other

temperatures (285 K; 260 K,4 see Table 1). In addition, preliminary results (not shown) suggest that the
kinetic scheme is pH-independent in the pH 7–10 range.

An opposite situation was observed in RCs after continuous illumination [20] using DAD/ascorbate
as mediators. In this case the oxidising species (DADox) was found to oxidise QH2 faster than QB

−

(with approximate τ of 7 and 29 s respectively [20]). Under the considered experimental conditions Em

for TMPDox/TMPDred and DADox/DADred is very similar [30]; therefore the differences in oxidation
kinetics may be related to different lipophilicity of TMPDox and DADox and/or to their different capac-
ity to access the QB

− site and/or to the higher global TMPD concentration compared to global DAD
concentration in the sample (50 mM vs. 20 mM).

Comparison with data in [20] show that also for QH2 oxidation TMPDox acts faster that DADox

(roughly 4–5 times faster; the lack of a clear QH2 marker band when TMPD is used hampers an exact
calculation). The effect is however less pronounced than for QB

− (its oxidation by TMPDox is ∼20 times
faster than oxidation by DADox).

3A more detailed analysis through multivariate curve resolution techniques (in progress) as in [4,5] is in principle capable
of overcoming problems arising from overlapping bands, allowing thereby to follow the kinetic evolution of all the involved
species.

4Time-resolved FTIR spectra recorded in the first scan after the 1st and 2nd flash at 250 K showed strong P870
+(+)/P870 (−)

bands implying that P870
+ reduction is too slow at this temperature.
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3.2. Identification of QH2 bands

From the description of spectra exposed above it is clear that it is impossible to directly record a
FTIR difference spectrum reflecting only QH2 formation, because of contributions, after the 2nd flash,
arising from the QB

− state and from TMPDox/ TMPDred. It is nevertheless possible to calculate an
approximate spectrum devoid of bands from the QB

− state using the strategy proposed in [20]. Indeed,
by subtracting (with an appropriate coefficient) a FTIR difference spectrum recorded after a single flash
from the averaged spectrum recorded after 2 flashes it is possible to eliminate the spectral features
associated with the QB

− state (see Fig. 2 caption for details).
The result of the subtraction (along with the used experimental spectra) is shown in Fig. 2, trace c.

Characteristic bands from QH2 vibrations become visible at 1490 (+) and 1470 (+) cm−1.
For completeness, spectra recorded after one (trace d) and two flashes (trace e) using DAD/ascorbate

are also shown, together with the spectrum devoid of QB
− state bands calculated with the same approach

as described above (trace f).

Fig. 2. Identification of QH2 bands in FTIR difference spectra. Trace a: average of spectra recorded between 75 and 976 ms
after the 2nd flash using the ferrocyanide/TMPD mix, T = 268 K. Trace b: average of spectra recorded between 2 and 452 ms
after a single flash, using the ferrocyanide/TMPD mix; T = 268 K. Trace c: reconstructed “QH2 minus Q” spectrum obtained
as trace a − 0.32 (trace b). Trace d: average of spectra recorded between 75 and 949 ms after the 2nd flash. Redox mediators:
DAD/ascorbate. T = 281 K. Trace e: average of spectra recorded between 2 and 876 ms after a single flash. Redox mediators:
DAD/ascorbate. T = 281 K. Trace f: reconstructed “QH2 minus Q” spectrum obtained as trace d − 0.36 (trace e). Trace g:
average of spectra recorded between 4984 and 5301 ms after the 2nd flash. Redox mediators: ferrocyanide/TMPD. T = 268 K.
Trace h: average of spectra recorded between 8850 and 9166 ms after the 2nd flash. Redox mediators: ferrocyanide/TMPD.
T = 260 K. In all experiments pH = 7.



86 A. Mezzetti / Role of redox mediators

A final remark comes from the kinetic analysis of spectra obtained using Ferrocyanide/ TMPD de-
scribed above. Indeed, spectra recorded some seconds after the 2nd flash should reflect mainly QH2

formation, because QB
− decays faster than QH2. The last two traces in Fig. 2 are the average of spectra

recorded between 4984 and 5301 ms at 268 K (trace g) and the average of spectra recorded between
8850 and 9166 ms at 260 K (trace h). Both spectra show characteristic QH2 bands at 1490 (+) and
1470 (+) cm−1. Therefore, by using Ferrocyanide and TMPD, it is possible to obtain experimentally
(without any spectral subtraction) a QH2/Q difference spectrum devoid of spectral contributions from
the QB

− state.

4. Conclusions

The rapid-scan FTIR data on R. sphaeroides RCs presented here, compared with previous works [20],
show that:

(1) TMPDox oxidises QB
− faster than QH2; such behaviour is observed down to 260 K and it allows

to record FTIR difference spectra reflecting QH2 formation devoid of spectral contributions from
QB

− state.
(2) TMPDox oxidises QH2 faster than DADox (by a factor of ∼4–5) and QB

− much faster than DADox

(by a factor of ∼20).
(3) The presence in the time-resolved FTIR data of TMPDox/TMPDred marker bands hampers correct

visualization of difference spectra reflecting pure RC photochemistry but allows the kinetics of
TMPDox reduction to be followed. This aspect can be an asset in kinetic analysis; furthermore, as
shown recently [7], the presence of redox mediators marker bands can be extremely useful in the
comparison of spectra from different samples.

(4) From a methodological viewpoint, fast QB
− oxidation implies that it is possible to perform 1-flash

experiments with high repetition rate (from ∼0.02 Hz at 260 K to ∼0.1 Hz at 285 K). Rapid-scan
FTIR difference spectra with a high SNR (comparable to the one of static difference spectra) can
therefore be recorded in short measuring times.
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