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Abstract Photosynthetic reaction center (RC) pigment
protein complex converts the free energy of light into
chemical potential of charge pairs with extremely high
efficiency. A transient phase in the absorption spectrum in
the sub-millisecond time scale is expected to be especially
important to examine the conformational gating model of
the QAQg to QAQg (here Q4 and Qg are the primary and
secondary quinone type electron acceptors, respectively)
electron transport. Essential kinetic components at few tens
of microseconds scale and at around 200 ps have been
suggested. We investigated the conformation change of
RCs using heterodyne detection of the laser-induced tran-
sient grating method. An about 25 ps dynamics was
observed, which coincides with the one described by the
conformational gating model and possibly related to the
nonadiabatic intrinsic QAQp to QAQg electron transport.
The relative intensity of this component decreased with
increasing quinone concentration indicating an initial
(P*Qu); or a relaxed (P*Qjx), conformational substate. We
did not find the decay component at few hundreds of
microseconds time scale indicating that there is no large
displacement in the RC structure if Qg is present. The
diffusion coefficient of the RC/LDAO detergent micelles
calculated from the kinetic component was D = 3.8 x 107!
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m?/s that agrees fairly well with the number estimated from
the Einstein—Stokes relationship, and relates to a hydro-
dynamic diameter of 11.4 nm of the RC in LDAO micellar
solution.
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Reaction centers

Introduction

Photosynthetic reaction center (RC) is a pigment protein
complex, which converts the free energy of light into
chemical potential of charge pairs with extremely high
efficiency. The quantum yield of the primary charge sep-
aration is almost 100% (Wraight and Clayton 1974), which
could not be reproduced by humans up to now. This very
efficient charge separation is assured by specific structural
and functional requirements. Although, there are several
types of RCs in living beings (PS-I and PS-II of plants and
cyanobacteria, RCs of purple and green bacteria; Allen and
Williams 1998) possibly developed from the ancient
monomer protein, the basic processes they all perform are
the same. These include (a) electron excitation by light, (b)
charge separation and stabilization, (c) rearrangement of
the dielectric medium and hydrogen bond interactions
(including protonation and deprotonation of specific amino
acids), and (d) conformational movements within the pro-
tein [including transition of (sub)states between dark and
light adapted forms, and relaxation processes, Fig. 1].
Large numbers of homologies between the different
types of proteins assure the main functions; however, there
are substantial differences between the different RC types.
Since the pioneering works of Arata and Parson (1981) and
Kleinfeld et al. (1984), we know that RCs are in different
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Fig. 1 Schematic
representation of structural
changes in reaction centers
accompanying redox reactions.
Here, P is the primary donor
bacteriochlorophyll dimer,

BC is the bacteriochlorophyll
monomer, BP is the
bacteriopheophityn, Q4 and Qp
are the quinone type primary
and secondary quinone
acceptors, respectively

‘dark state”

P

A

conformational states during the charge relaxed dark to
charge separated light transition. Kinetic and thermody-
namic studies led to the conclusion that one of the electron
transfer steps (namely the Q4aQg — QaQg reaction, here
Qa and Qg are the primary and secondary quinone type
electron acceptors, respectively) might be gated by con-
formational requirements (Graige et al. 1998). This theory
seemed to be confirmed by resolving the structure of RCs
adapted to dark and light conditions by atomic resolution
(Stowell et al. 1997). This conformational gating process
became one of the best studied processes in the last decade
in many laboratories by using sophisticated, elegant
methods including, for example, time resolved absorption
spectroscopy (Tiede et al. 1996), photoacoustics (Mauzer-
all et al. 1995; Nagy et al. 2001), molecular simulations
(Walden and Wheeler 2002; Alexov and Gunner 1999;
Grafton and Wehler 1999), (time resolved) crystallographic
studies (Baxter et al. 2004; Lancester 1998; McAulay et al.
2000; Pokkuluri et al. 2002; Fritzsch et al. 2002) and large
numbers of FTIR spectroscopy (Remy and Klaus 2003;
Breton 2004, 2007; Hermes et al. 2006).

Thanks to this huge effort of the researches, we have
quite solid knowledge about the coupling of conforma-
tional changes to the electron transfer in the protein. It can
be stated that (1) the quinone at the Qg site can be situated
in two distinct positions, the dark and light adapted states,
that is, the distal and proximal positions, respectively
(Stowell et al. 1997). (2) Only the proximal state is pho-
tochemically active (Graige et al. 1998). (3) The single
reduced semiquinone, Qg, is tightly bound to the proximal
site. Nevertheless, different methods applied on different
species resulted in substantial contradictory information.
For example: (1) Although the distal-proximal transition
seemed to be proved in Rhodobacter sphaeroides, the
“Stowell structures” do not provide information about the
kinetics of these structural movements. (2) Freeze-trapping
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crystallography found Qg only in the proximal site in
another species, Rhodopseudomonas viridis (Baxter et al.
2004). (3) No large-scale displacement in the Qg site was
found by time resolved FTIR experiments even in R. sph-
aeroides (Breton 2004; Remy and Klaus 2003). (4) By
using site-specific mutagenesis, it seems that the position of
the secondary quinone does not depend on the redox state
of this molecule (Fritsch et al. 2002).

One reason for the contradictory information is that
different methods were applied on different species under
different conditions. The other reason can be that, although
these methods are very sensitive, elegant, and accurate,
none of them is suitable to give a detailed description of
coupling kinetic, thermodynamic, and structural processes
in a single experiment.

Here, we offer that optical heterodyne detection of the
laser-induced transient grating signal (OHD-TG) fulfils
these requirements appropriately. The time window of the
observation is wide (from nanoseconds to seconds); the
structural changes of the entire molecule (not only that of
around the chromophore) can be measured; spectrally
“silent” (no absorption change in the visible range) inter-
mediates can also be detected; not only the equilibrium
states, but also the transient intermediates, and irreversible
reaction steps can be investigated. This method was suc-
cessfully used for many applications including the kinetics
and energetics of CO binding of myoglobine (Sakakura
et al. 2001; Nishihara et al. 2004), the photocycle of the
photoactive yellow protein (PYP, Kahn et al. 2006),
determining diffusion coefficient of proteins and DNA
(Baden and Terazima 2004), conformational changes of
photosensor proteins (Inoue et al. 2004; Hazra et al. 2006;
Eitoku et al. 2006; Nakasone et al. 2007).

The transient grating experiments are aimed to deter-
mine the structural changes accompanying electron transfer
processes within the reaction center protein. The new



Eur Biophys J (2008) 37:1167-1174

challenge of the research work would be to find the cou-
pling between the kinetics and structural changes during
the charge separation and stabilization and the subsequent
electron and proton transfer accompanying conformation
movements in the reaction center protein. In this work, we
show that measuring OHD-TG signal is a unique and
promising technique to solve this problem.

Principle

In the OHD-TG method, the TG signal intensity is
enhanced by the interference between the signal field
[Es(t)] and a local oscillator (LO) field [E; o] (Terazima
1999a, b; Rogers et al. 1997; Goodno et al. 1998). The
principle has been described previously. Briefly, the
detected light intensity under this heterodyne condition
(Itg) may be given by

It (t) = a|Ero + Es(t))?
= a{|Evol’ + (EroEs(1) + EvoEs()") + |Es()] |
(1)

where o is a constant. |E; ol* gives a constant background of
I 0 = olE; o>, Under the present experimental conditions,
Es(t) is very weak so that our observed time-dependent Itg
is given by only the cross term between Ejo and Eg(t).
Es(t) is proportional to the refractive index change Jn(t)
under the present experimental conditions. Two main fac-
tors contribute to the refractive index change: the thermal
effect [thermal grating, dny,(t)] and a change in chemical
species by the reaction [species grating, Omg,(t)]. The
species’ grating component consists of the population and
volume terms. Hence, we can monitor the temporal chan-
ges of the energy, absorption change, and molecular
volume by using the OHD-TG signal.

When the energy relaxation is faster than the observa-
tion time range, the temporal profile of OJng(t) is
determined by the thermal diffusion process, and is given
by

Sng(t) = onl} exp (—Dthqzt) (2)

The species grating signal intensity is given by the
difference of the refractive index changes due to the
reactant (on,) and product (dn,). The time development of
this component is determined by the reaction Kkinetics
(absorption change and volume change). If the back
reaction from the product to the reactant is comparable to
the diffusion process;

R™p LR

the temporal profile is given by
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where D, and D, are diffusion coefficients of the reactant
and the product, respectively. Furthermore, on.(>0) and
5np(>0) are, respectively, the initial refractive index
changes due to the presence of the reactant and the product.

Materials and methods
Sample preparations

R. sphaeroides R-26 cells were grown photoheterotrophi-
cally under anaerobic conditions. RCs were prepared by
detergent (LDAO, N,N-dimethyldodecylamine-N-oxide)
solubilization followed by ammonium sulphate precipita-
tion and DEAE Sephacell anion exchange chromatography
(Tandori et al. 1995). Both the primary (Q4) and the sec-
ondary (Qg) quinones were extracted out according to
Okamura et al. (1975). RCs having different quantity
of quinones were prepared by adding calculated amounts
of ubiquinone-10 (UQ-10). The quinone/RC ratio was
checked by kinetic absorption change measurement.

Transient grating measurements

An excitation laser beam (from the second harmonics of a
Nd:YAG laser, A = 532 nm, t~ 10 ns) and a cw IR beam
(YAG, 1,064 nm) were split by a transmission grating
(optical mask) and the first order diffracted beams were
combined again on the sample using a concave mirror. One
of the cw IR beams was used for the probe beam of the TG
signal. The other beam intensity was attenuated about 1/
100 by a neutral density filter for the use of the local LO
light. The filter was slightly tilted and used for a fine
adjustment of the phase of the LO field to the probe field by
changing the optical path length inside the filter. The LO
light intensity was detected by a photo-diode. The LO light
intensity could be varied not only by the interference
between the signal and the LO light (the OHD-TG signal),
but also by other contributions, such as the transient lens
signal created by the pump beam (Terazima 1998). The
OHD-TG signal was obtained by subtracting the LO light
intensity without the probe beam from that with the probe
beam.

The spacing of the grating fringe, equivalently, the
grating wavenumber, was measured by the decay rate
constant of the thermal grating signal from a calorimetric
standard sample [bromocresol purple (BCP)]. The signal
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was averaged and stored by a digital oscilloscope (Tek-
tronics, TDS-520, Nishihara et al. 2004). For checking the
sample conditions, the probe beam was blocked and the
thermal lens component was measured. In some experi-
ments, absorption change was monitored by a He—Ne laser
(590 nm) after the flash excitation. The block diagram of
the experimental set up is seen in Fig. 2.

Results and discussion

In order to examine the sample conditions, we routinely
measured the temporal profile of the LO light intensity
without the probe beam. Since this signal mostly originated
from the transient lens component, the temporal profile
represented the reaction dynamics of the RC. In particular,
the decay of the signal reflected the relaxation kinetics of
the redox components i.e., P*Q, and P*Q,Qg charge pairs,
which are fairly well known in the literature from kinetic
absorption measurements. In our samples, the signal decays
with about 100 ms for the Q4 and 1 s for the Qg sample
(Fig. 3). Independently, we also measured the lifetime of
the redox components by the flash photolysis method using
another cw probe laser at 590 nm. The lifetime from the
laser induced absorption signal agreed quite well with
those from the transient lens signal, which confirmed that

Fig. 2 The block diagram of
the setup for measuring OHD-
TG signal. The main parts are as
follows: FI optical filter for
changing the intensity of the
actinic laser beam, F2 optical
filter for adjusting the phase of
the measuring beam, DL/
photodiode for detecting TG
signal, DL2 photodiode for
detecting transient absorption
signal

Probe beam

excitation
beam

Local oscillator
(LO)

Purap

the transient lens signal represented the refractive index
change due to the absorption change (population lens).

The OHD-TG signal was obtained by subtracting the LO
intensity without the probe beam from that with the probe
beam. Figure 4 shows the OHD-TG signals measured by
using Q4 (no quinone at the Qg site) and Qg (the Qg site is
reconstituted by UQ-10) samples. The temporal profiles of
both signals were reproduced well by a bi-exponential
function. The determined rate constants are listed in
Table 1.

The time constant of the initial decaying components of
the signals was around 25 ps (Table 1). Under the same
conditions, the decay time constant of the thermal grating
signal from the calorimetric reference sample was 15 ps,
which was different from this value. Furthermore, the
thermal grating signal from the calorimetric reference
sample with the same absorbance as that of the RC sample
was negligibly weak under the same conditions. Therefore,
the decay component observed for the RC sample was not
the thermal grating signal, but it represented reaction
dynamics of RC.

The time constants of the later decay component
depended on the g*-value. This g>-dependence indicates
that protein diffusion process contributed to this decay rate.
In general, the decay of the OHD-TG signal is expressed by
a bi-exponential function as described in the principle

(590 nra) oscilloscope

IR
Sample cell

Nd:YAG Laser
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Fig. 3 The population lens component of the light-induced TG signal
of photosynthetic reaction centers isolated from R. sphaeroides R-26.
Measurement was done by the experimental setup outlined in Fig. 2
by blocking the probe light beam. Solid black line indicates the best fit
of curve by the fitting parameters of 7; = 1.028 s and 7, = 0.108 s.
The amplitudes of these components varied with the sample
conditions (i.e., the yield of reconstitution of the Qg site). RCs were
suspended in 10 mM Tris, pH 8.0, 0.01% LDAO, 100 mM NaCl. The
optical density of the sample was 1 at the excitation wavelength of
532 nm
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Fig. 4 The TG signal of one quinone/RC (Q,) and two quinones/RC
(Qp, containing both the primary and the secondary quinones)
samples as a function of time. The measuring conditions are same as
described in Fig. 3, except that the probe beam was applied again to
obtain the OHD-TG signal. Solid black line indicates the best fit of
curves according to the data summarized in Table 1

section (Eq. 3). However, the later decay part of the signal
was fitted well by a single exponential function. This fact
indicates that Dy, is almost the same as D; so that the second
term of Eq. 3 is very small. The negligible change in the
diffusion coefficient by the photoreaction of RC is a
striking contrast to the cases of photosensor proteins such
as PYP, phototropins, YcgF (Inoue et al. 2004; Hazra et al.
20006; Eitoku et al. 2006; Nakasone et al. 2007). In these
cases, D of photoproducts was generally smaller than that
of the reactants. The reduction of D has been explained by
conformation changes and/or dimerization/dissociation
reactions of these sensor proteins. The very similar D, to

Table 1 Summary of kinetic parameters of the thermal grating signal
measured on isolated RCs containing only the primary (Q,) and fully
reconstituted secondary (Qg) quinone acceptor site, presented in
Fig. 4

A (%) ky (71 Ay (%) ka (s
Qa 50.0 18.4% 50.0 3.5 x 10*
9.20)° (2.8 x 107%)
Qs 94.1 13.9% 5.9 43 x 10*
0.97)° (23 x 1079)

A (%) and k (s represent the amplitude and rate constant of the
kinetic components, respectively. The rate constants of the corre-
sponding (P*Q™ — PQ) chemical reactions are also indicated in
brackets

% ki = kops: Observed rate constant of the transient grating signal

b ki = kg: rate constant of the chemical reaction (P*Q™ — PQ charge
recombination), calculated by using kops = Dq> + ks

D, of RC indicates that a conformation change of RC
is rather minor, and a change in the hydrogen bonding
network is not significant to change the RC/solvent envi-
ronment interaction (i.e., friction for the translational
diffusion).

Under a condition of D, ~ D, the decay rate constant of
the OHD-TG signal is given by D.g* + k, where k is the
rate constant of the charge recombination. Indeed, we
found that the decay rate constant was proportional to ¢>
and intercept at ¢° = 0 was about 100 ms for the Q5 and
about 1 s for the Qg sample, which agreed well with the
observed rate constant from the population lens or transient
absorption signal. From the slope of the plot, we deter-
mined the diffusion coefficient D = 3.8 x 107" m?s.
The hydrodynamic diameter of the RC/LDAO micelles
calculated from this value was 11.4 nm, which agrees
fairly well with the particle size estimated from the crystal
structure or AFM experiments (Dorogi et al. 2006).

Table 1 shows the decay parameters and related kinetic
parameters for the Q, and the fully reconstituted Qg
sample. The transient phase in the sub-millisecond time
scale expected to be especially important because the
conformational gating of the QAQp to QAQp electron
transport suggests essential kinetic components at few tens
of s scale and at around 200 ps. To our surprise, we did
not find decay component at few hundreds of microseconds
time scale. The absence of this component implies that
there is no such conformation change with this time con-
stant or the volume change due to this change is very small
(<ca. 1 cm’/mol, cf. the molar volume of water is 18 cm?/
mol). However, interestingly, we did observe an about
25 us (4 x 10* s™") dynamics for each samples and the
relative intensity of this component is largest for the Qa
sample and decreased with increasing the concentration of
quinone. When we added quinone, so that we got fully

@ Springer



1172

Eur Biophys J (2008) 37:1167-1174

reconstituted Qg sample, this 25 ps component became
very weak (ca. 5%). We propose that in the absence of
secondary quinone, the P*Qj charge separated state can be
in the initial (P*Qx...); or in the relaxed conformation
substate (P*Qx...)», where (...) indicates the empty Qg
site.

In the presence of Qg, the formation of the (P*Qx...)»
population is not favored. Because (...) is occupied by Qg,
the Qa to Qg electron transport occurs if the secondary
quinone is in the active proximal position, so that the 25 ps
dynamics become weaker with increasing quinone con-
centration. This does not accompany with larger
conformational TG signal indicating possibly a less flexible
protein structure if the Qg site is occupied. Similarly, larger
molecular volume change and entropy contribution to the
free energy was measured for RC if the Q, site was
reconstituted (AV: 14.4 cm’/mol, TAS: 26%) compared to
the RCs with fully reconstituted Qg site (AV: 7.4 cm’/mol,
TAS: 4%) by photoacoustic technique (Nagy et al. 2001). It
must be noted that these later values are not related to the
same process than the 25 ps dynamics exactly, because
these appear very quickly after the excitation. They most
probably related to the P*Qj charge pair formation, at least
within the lifetime of the laser pulse (few tens of ns; Nagy
et al. 2001; Mauzerall et al. 1995; Edens et al. 2000).

Although transient absorption spectroscopy clearly
shows electrochromic shift of the bacteriopheophytin
absorption in the near infrared, possibly due to the reor-
ganization of charges (Nagy et al. 2004; Tiede et al. 1996),
this effect cannot be so large, or it can induce consecutive,
compensating structural movements so that no overall
volume change can be observed at few hundreds of
microseconds. The structural rearrangement does not nec-
essarily mean overall volume change along the reaction
coordinate.

It must be noted that the lifetime we measured for the
fast decaying component, 25 ps, is in the range of the
lifetime of reaction paths to triplet formation [>(P*I") and
3P, for reference see Shuvalov and Parson 1981; Volk et al.
1995; Arellano et al. 2007] so that parallel mechanisms to
charge pair formation or to charge recombination processes
should not be ruled out. However, it does not look very
reasonable that the low concentration of the triplet states,
which are probably formed (Angerhofer et al. 1998;
Marchanka et al. 2007; Turz6 et al. 2000), contribute
considerably to the transient grating signal. Note that the
quantum Yyield of the competing prompt and delayed fluo-
rescence of the primary donor in isolated bacterial reaction
centers is about 10~* and 1077, respectively (Zankel et al.
1968; Arata and Parson 1981; Woodbury et al. 1985; Turzé
et al. 2000). Furthermore, the triplet lifetime under the air
saturation condition should be shorter than microseconds
due to the oxygen quenching and it cannot be 25 ps.
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Therefore, the observed dynamics cannot be due to the
triplet state formation. Nevertheless, although the proba-
bility of triplet formation in our conditions is small (no
secondary donor is present, primary qionone is oxidized,
low probability for double excitation, oxygen is present),
the discussion of the contribution of the triplet states to the
transient grating would be important, but it needs more
careful investigations and cannot be the scope of this
conference paper.

Summary

In summary, we can state that optical heterodyne detection
of the laser-induced transient grating signal is a very sen-
sitive way to show kinetic components in photoreactions of
photosynthetic reaction centers. Our results confirm that
there is a kinetic component in the Q4 Qg to QAQz electron
transport at around 25 ps, which coincides with the one
already described by the conformational gating model.
Transient absorption change measurements indicate that
there should be definite charge movements in this time
scale (Tiede et al. 1996; Li et al. 1998; Nagy et al. 2004),
which is possibly a consequence of the nonadiabatic
intrinsic QAQp to QAQp electron transport (Cherepanov
et al. 2001). Our results indicate that a structural re-
arrangement [possibly change in protonation states of
specific amino acids (Li et al. 1998; Cherepanov et al.
2001; Breton 2007)] accompanies this charge movement
only if the Qg site is occupied. If the Qg site is not occu-
pied by quinone, the P*Qj, charge separated state can be in
the initial (P*Qx...); or in the relaxed conformation sub-
state (P*Qj...),. Further investigations of the specific
conditions of these components are in progress.
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