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The DMPC lipid phase transition influences differently the first and
the second electron transfer reactions in bacterial reaction centers
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Abstract Photosynthetic reaction centers (RCs) from Rhodo-
bacter sphaeroides were incorporated in dimyristoylphosphati-
dylcholine (DMPC) liposomes. The first and second electron
transfer rates (kap(1) and kap(2), respectively) between the first
and the second quinone electron acceptors have been measured
as a function of temperature, across the phase transition of
DMPC (23°C). The Eyring plots of ksp(1) display straight
lines. In contrast, the Eyring plots for k45(2) in proteoliposomes
show a break at about 23.5°C. This physical discrimination
between the two electron transfer reactions demonstrates that
the stiffness of the lipid environment of the RCs and/or the
protein—protein interactions influence the parameters governing
kaB(2), but not the gating process limiting kap(1).

© 2002 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

In photosynthetic bacteria, reaction center (RC) proteins
convert light energy into chemical free energy. This is accom-
plished through a series of electron transfer reactions which
leads to a transmembrane charge separation between a dimer
of bacteriochlorophylls (‘P’) and a system of two quinones
(Qa and Qp, respectively, both ubiquinone 10), bound to
the cytoplasmic side of the protein [1,2]. The three-dimension-
al structure of this protein is known at 2.2 A resolution for
the native Rhodobacter (Rb.) sphaeroides [3].

Following the fast (~200 ps) creation of the PTOj state
[4,5], the first electron transfer from Q) to Qp occurs with a
rate (kap(1)) of about (80 ps)~! in the native RCs [2,6-11].
This process has been proposed to be ‘gated’ by protein dy-
namics and/or protonation events [2,12-25]. The protonation
of L212Glu has been suggested to be one of these steps [26—
30]. In isolated RCs, the formation of either semiquinone is
accompanied by substoichiometric proton uptake by residues
interacting with Q, and/or Qg [12-16,20,31-33]. In contrast,
in the native chromatophore membranes, below pH 6.8, pro-
ton uptake results into the direct protonation of Qg [34].
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Abbreviations: RC, reaction center; DMPC, dimyristoylphosphati-
dylcholine; P, primary electron donor (bacteriochlorophyll dimer);
Qa, primary quinone; Qg, secondary quinone

The second electron transfer, from Q, to Qg is associated
with the net transfer of two protons to Qp. This process,
which occurs in isolated RCs with a rate (kag(2)) of about
(300 ps)~! at neutral pH, was demonstrated to require the
direct participation of L213Asp [35,36]. It has recently been
shown that this process depends on the free energy gap be-
tween Q, and Qp, therefore suggesting that the electron
transfer is likely to be the rate-limiting process [21,22]. Indeed,
a fast and reversible proton transfer was suggested to precede
the slower electron transfer. Accordingly, it has been pro-
posed that kap(2) depends on both the proportion of proton-
ated Qp (f{QgH)) and the electron transfer rate (k.) [22]:

kap(2) = f(QpH) X ke )

The first and second electron transfer reactions have mainly
been studied in RCs isolated in detergent. However, the first
[7] and the second [34,37] electron transfer processes have
been shown to be significantly faster in native membranes
than in isolated RC.

In order to investigate the influences of the protein—protein
interactions and of the rigidity of the lipid environment on
both electron transfer reactions, we have measured the tem-
perature dependencies of these processes in RCs reconstituted
in dimyristoylphosphatidylcholine (DMPC) vesicles (the fluid
to crystalline phase transition temperature of this lipid is
about 23°C [38]) and compared them to RCs isolated in de-
tergent or in native membranes.

We show that the phase transition of DMPC modifies the
thermodynamic parameters associated with the second elec-
tron transfer process but not with the first one.

2. Materials and methods

2.1. Bacterial culture

Rb. sphaeroides (strain 2.4.1) cells were grown in Erlenmeyer flasks
filled to 50% of the total volume with malate yeast medium. The
cultures were grown in semi-aerobic conditions in the dark, at 30°C
on a gyratory shaker (100 rpm). Since neither the spectroscopic results
obtained in chromatophores nor in RCs reconstituted in liposomes
show any difference between photosynthetic or semi-aerobic growth
conditions, we chose the latter conditions because of their conven-
ience.

2.2. Protein purification

Cells from Rb. sphaeroides strains were disrupted by sonication in
20 mM Tris (pH 8) buffer in the presence of DNAse and phenylmeth-
ylsulfonyl fluoride (I mM). The intra-cytoplasmic membranes were
purified as described in [39]. For the kap(2) experiments the super-
natant was collected in order to keep the cyt. as endogenous electron
donors to P*. The membrane solubilization was done first by addition
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of LDAO (Fluka Chemie) to a final concentration of 0.35% in the
presence of 100 mM NaCl. The RCs were extracted by a second
addition of LDAO to a final concentration of 0.8% in similar con-
ditions. The solubilized RCs were subsequently purified on a DEAE
Sepharose CL-6B (Pharmacia) column and eluted at an ionic strength
equivalent to 250 mM NaCl. The ratio of absorbance at 280/802 nm
was in the range 1.4-1.5. The RC isolation and purification were
achieved according to the procedure described in [39]. The occupancy
of the Qp site was commonly reconstituted (80% * 10%) by adding 50
UM of ubiquinones (Sigma).

2.3. Proteoliposome preparation

DMPC (14:0/14:0; phase transition at 23°C in water) was obtained
from Sigma. The liposomes reconstituted RCs were prepared as in
[40].

The orientation of the RC proteins in the liposomes was estimated
by comparing the total amount of RCs present in the liposomes (esti-
mated from the extent of P* formation measured at 430 nm after a
saturating laser flash) to the amount of RCs oriented with P outside
the vesicles (estimated from cyt c¢ accessibility). 80+ 10% of the RC
population was found to be oriented with P* towards the outside of
the liposomes.

The proteoliposomes of the same preparation were used to measure
kap(1) and kap(2).

2.4. Freeze-fracture electron microscopy
Experiments of freeze-fracture electron microscopy were performed
as in [40].

2.5. Spectroscopic measurements

2.5.1. Flash induced absorbance changes. The home-made flash
(pulsed YAG laser at 532 nm) spectrophotometer has been described
in [41].

2.5.2. Charge recombination kinetics. The rate constant of the
P*Q, —»PQa (kap) and P*Qp —PQp (kgp) charge recombinations
were measured at 430 nm, at a wavelength reflecting mainly the
PP absorbance changes.

2.5.3. Electron transfer kinetics. The kinetics of the first electron
transfer from Q, to Qp were measured at 750 nm, in the electro-
chromic band shift of the bacteriopheophytins, in the presence of 25
um UQg and ~1 uM RCs.

The kinetics of the second electron transfer were measured in RCs
at 450 nm, at a wavelength where Q, and Qy slightly differ in their
respective extinction coefficients. These kinetics were obtained in the
presence of 20 uM reduced cyt ¢, 500 uM sodium ascorbate, 25 uM
UQg and ~ 1 uM RC. For proteoliposomes, cyt ¢ was pre-reduced by
1 mM sodium ascorbate which was removed on a PDI0 column
(Sigma). For experiments on chromatophores, 10 uM valinomycin
was added to remove transmembranous electric field. Temperature
was monitored with a precision of 0.5°C.
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2.6. Activation parameters for kqp(1) and kap(2)

In order to determine the thermodynamic parameters associated
with kap(l) and kap(2), the temperature dependencies of the rates
were fitted using the Eyring model [42]:

k = (knT/h)el5C"/RT) )

where kg is the Boltzmann constant, 7, the absolute temperature, #,
Planck’s constant and AG*, the activation free energy.

The activation energy (AH*) and the entropy (AS*) contribution
were respectively determined from the slope of the lines and from
their intercept with the y-axis.

The temperature titration curves of kap(l) and kap(2) were fitted
using a Newton algorithm.

3. Results

3.1. Free-fracture electron microscopy

The free-fracture electron micrographs obtained from freez-
ing the samples from 30°C and 4°C, respectively, are pre-
sented in Fig. 1. At 30°C, the RCs are randomly arranged
in the DMPC liposomes. In contrast, at 4°C, strong segrega-
tion of the proteins occurs.

3.2. The first electron transfer reaction

The Eyring plots of kap(1) (pH 7.8) for the RCs isolated in
detergent and for DMPC proteoliposomes are presented in
Fig. 2. The kinetic values obtained for the RCs embedded
in the lipid membranes are notably higher than in RCs in
detergent (Table 1). Indeed, kap(l) at 13°C measured in
RCs in detergent and in DMPC vesicles are 2600+ 10% s~
and 7050 £ 10% s~ !, respectively. At 30°C, these rates increase
to 4450+10% s~! and 8700+ 10% s~ !, respectively. The
kag(l) increase observed here in the lipid environment
compared to the RCs isolated in detergent is consistent
with previous works which have shown that the first elec-
tron transfer notably accelerates in chromatophores
[34,37,43]. For both samples, the data were well fitted
with a straight line assuming Eq. 2. The enthalpy contri-
butions resulting from this fit are AH*=0.40%0.01 eV
and 0.26+0.01 eV in isolated RCs and in DMPC proteo-
liposomes, respectively (Table 2). The differences in the en-
thalpy values are compensated by the entropic contributions,
leading to very similar AG* values in both environments

Fig. 1. Freeze-fracture electron micrographs of Rb. sphaeroides RC-DMPC vesicles. A: Frozen from 7=30°C. B: Frozen from 7=4°C.
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Fig. 2. Eyring plots of the first electron transfer rate measured at
750 nm and pH 7.8 in the RCs (~1 uM) isolated in detergent (tri-
angles) and reconstituted in DMPC vesicles (squares). Conditions:
isolated RCs: 0.05% LDAO, 10 mM Tris, 100 mM NaCl, 50 uM
UQg; in DMPC proteoliposomes: ratio lipid/protein 4, 10 mM Tris,
100 mM NaCl, 50 uM UQS. Each data point represents the average
of 128 traces. The displayed curve relates to one sample prepara-
tion. The titration curves measured in the samples from three differ-
ent preparations could be well fitted with a straight line. The bars
represent the plus and minus standard error on each point.

(0.520+0.005 eV in RCs and 0.510+0.005 eV in proteolipo-
somes).

In both cases, the kinetics showed bi-exponential decays
with rates differing by a factor of 3-4. This heterogeneity
has previously been reported [7,10,11,44]. However, in
DMPC proteoliposomes, due to a lower signal/noise ratio,
the absorption decays were better analyzed with a single ex-
ponential. Therefore, for comparison of the data in both en-
vironments, we have fitted the decay curves with a single ex-
ponential for both samples (Table 1). However, this does not
change our conclusions since both rates in a double exponen-
tial peeling show a linear Eyring plot for both samples.

Table 1

93

3.3. The second electron transfer reaction

Similarly to kag(1), the DMPC environment induces higher
kap(2) values than the detergent micelle environment (Table
2). Compared to RCs isolated in detergent micelles, the ki-
netics are approximately three and nine times faster in DMPC
and in chromatophores, respectively.

The Eyring plots of kag(2) (pH 7.8) in the RCs isolated in
detergent, in DMPC proteoliposomes and in chromatophores
are presented in Fig. 3. The temperature dependence of kap(2)
for isolated RCs is well fitted by a straight line, leading to
AH* and AG* values of 0.36+£0.01 eV and 0.555%0.005 eV,
respectively. For chromatophores a straight line is also found
and leads to AH¥ and AG* values of 0.29+0.01 eV and
0.550+0.005 eV, respectively.

Interestingly, the figure is different in DMPC proteolipo-
somes. Indeed, a break is observed in the Eyring plot for
kap(2). The experiments presented were done in three different
samples and yielded the same results (the same three have
shown straight lines in the Eyring plots of kap(1)). For tem-
peratures above the break point, AH* for kap(2) equals
0.27£0.01 eV and AG* 0.555+0.005 eV. For temperatures
below the break point, AH* =0.64 £ 0.01 eV, but AG* remains
the same (0.550£0.005 eV) due to a substantial increase of
the entropic term.

3.4. Determination of the temperature of the break point of the
Eyring plot of kag(2) in DMPC proteoliposomes

In order to determine the temperature corresponding to the
break point, we have split the points into two parts, those
below 15°C and those above 27°C. The lines corresponding
to the best fit for each series of points cross at a temperature
of 23.5°C. To evaluate the error bar on this value, we have
drawn for each series of points (below 15°C and above 27°C)
the lines corresponding to the envelopes allowed by the max-
imum error bars on the points. Taking the lowest and the
highest possible cross points of the envelope lines leads to
1000/T extreme values of 3.395 and 3.345 (i.e. 21.5°C and
26°C). Therefore, the break point can be estimated to be
T=23.5+2.5°C. This is close to the transition temperature
of DMPC in solution.

4. Discussion

The present study shows a discrimination between the effect
of the DMPC phase transition on the first and on the second
electron transfers between the two quinones in RCs from Rb.
sphaeroides.

The main structural effect of the fluid to crystalline transi-
tion of the DMPC proteoliposomes is to segregate the pro-
teins. This is shown in Fig. 1 and has previously been reported

Kinetics of the first and second electron transfers at 13°C and 30°C as a function of the surrounding environment

Electron transfer step Condition Kinetics at 13°C (s™') £ 10%? Kinetics at 30°C (s™') + 10%*
First Isolated RC 2600 7050

DMPC 4450 8700
Second Isolated RC 213 1180

DMPC 455 2280

Chromatophores 620 2860

2Experimental error.
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for bacteriorhodopsin [45,46], rhodopsin [47] and for RCs
from Rhodopseudomonas viridis [40]. In these studies it was
proposed that below the phase transition temperature, the
protein—protein contacts become the dominant process. How-
ever, the rigidity of the lipid environment below this temper-
ature may also play an important role. Since both effects are
likely to be present at the same time, we analyze below their
respective possible consequences on the first and second elec-
tron transfer processes.

In the case of increased protein—protein interactions due to
the protein segregation below the phase transition, it is likely
that the electrostatic environment of the RCs may be modified
because of the change from a low dielectric constant value in
the DMPC liquid state environment to a higher value due to
the close contacts between RCs. In contrast, the stiffness of
the environment is expected to affect mainly protein rear-
rangements associated with the electron transfer process.

4.1. Effect of the DMPC phase transition on the first electron
transfer

The first electron transfer is known to be kinetically gated
by conformational rearrangements of the protein [2,12-25].
The findings that the Eyring plots of kap(l) can be fitted
with a straight line in DMPC proteoliposomes shows that
the increased packing of the RC proteins below the phase
transition or/and the more rigid lipid environment do not
influence the thermodynamics of the gating process. In addi-
tion, the protonation state of L212Glu, which has been pro-
posed to be coupled to this process [26-30], is also not affected
by any of these two phenomena. Therefore, neither does the
rigidity of the lipids modify the conformational rearrange-
ments associated with the gating process, nor do the possible
changes in the electrostatic environment influence the pK, of
L212Glu. In both cases this is rather surprising. This therefore
highlights even more the different effect observed on the sec-
ond electron transfer process.

4.2. Effect of the DMPC phase transition on the second
electron transfer

At variance to what is observed for kag(1), the DMPC lipid
phase transition significantly modifies the thermodynamics as-
sociated with kap(2) (Fig. 3, Table 1). Indeed, a break is
observed at 23.5°C in the Eyring plots.

The second electron transfer process has been shown to be
limited by slow electron transfer preceded by a fast and re-
versible proton transfer step [21,22]. As described in Eq. 1,
kag(2) depends on both the proportion of protonated Qp,
f(QpH), and the electron transfer rate, k.. Both f{QgH) and
k. may be affected by the DMPC phase transition.

Table 2
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Fig. 3. Eyring plots of the second electron transfer rate measured at
450 nm and pH 7.8 in the RCs isolated in detergent (triangles), re-
constituted in DMPC vesicles (squares) and embedded in the native
membrane (diamonds). Conditions: isolated RCs: ~1 uM RC,
0.05% LDAO, 10 mM Tris, 100 mM NaCl, 50 uM UQg, 20 uM
cyt ¢, 500 uM ascorbate; DMPC proteoliposomes: ~1 uM RC, ra-
tio lipid/protein 4, 10 mM Tris, 100 mM NaCl, 50 uM UQg, 20
UM reduced cyt c; native membranes: 100 mM NaCl, 10 uM vali-
nomycin, 20 uM cyt ¢, 500 uM ascorbate. The displayed curve re-
lates to one sample preparation (the same as that presented in Fig.
2 for the Eyring plot of the first electron transfer rate). The titration
curves measured in the samples from three different preparations
have shown the same break at ~23.5°C. The bars represent the
plus and minus standard error on each point.

3.7

4.3. Effect on f(QpH)

The value of f{QgH) depends both on the pK of Qp and on
the integrity of the proton transfer pathway to this ultimate
proton acceptor.

The pK of Qy when Q, is oxidized (pKqp-(ga)). has been
shown to be notably different in RCs isolated in detergent and
in chromatophores [34]. It is likely that the pK of Qp, when

Energetics of the first and second electron transfers as a function of the surrounding environment

Electron transfer step Condition AH (eV)£0.01% AG (eV)+0.005%
First Isolated RC 0.40 0.520
DMPC 0.26 0.510
Second Isolated RC 0.36 0.555
DMPC, T<23°C 0.64 0.550
DMPC, T>23°C 0.27 0.555
Chromatophores 0.29 0.550

The thermodynamic parameters are calculated from the data presented in Figs. 2 and 3.

2Experimental error.
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Qa is reduced (pKog-(Qa-)) also depends on the environment
of the RC. According to Eq. 1, a change of pKqp-(qa-) due to
the modification of the electrostatic environment would affect
kap(2) through the f{QgH) factor of Eq. 1. That would ex-
plain in part the observed effect. However, no information is
available yet on pKqgp-(ga-) in DMPC liposomes.

Alternatively, if the rigidity of the lipids below the phase
transition is involved, it may affect f{QgH) through a modifi-
cation of the proton pathway to L213Asp, which has been
demonstrated to be of crucial importance for the delivery of
the first proton to Qp [36,48]. This may happen through a
disorganization of the hydrogen bond chains which have
been suggested to be involved in this process [49].

4.4. Effect on k,

The DMPC phase transition may also influence kap(2) via a
modification of the parameters controlling k. [50]. This may
occur via changing the reorganization energy (1) or/and the
free energy barrier (AG®) associated with this electron transfer
process. It is likely that a change in A associated with k.
should also take place in the A value associated with kag(1).
Since A and the gating process are related parameters, we
should also observe a slope break in the temperature depen-
dence of kap(1). That is not the case.

We therefore favor the hypothesis that the DMPC phase
transition may modify the AG® value associated with k.. This
is more likely to occur via an electrostatic effect due to the
segregation of the RC proteins. Previous measurements of the
temperature dependence of the P* Q) charge recombination in
RCs from R. viridis reconstituted in DMPC proteoliposomes
have shown the same behavior as that observed here for
kag(2) [40]. In that case, the electrostatic influence of the lipid
transition was more likely to be involved.

5. Conclusion

The first and second electron transfer processes in RCs
reconstituted in DMPC liposomes do not experience similarly
the phase transition of the lipids. Indeed, neither the electro-
static changes nor the stiffness of the lipids modifies the ther-
modynamics associated with kap(l), at variance to what is
observed for kag(2). This observation confirms the different
nature of the two electron transfer processes. Thus, playing
with the phase transition of the surrounding lipids may be
useful to discriminate between the respective events associated
with the transfers of the first and the second electron between
both quinones.

Acknowledgements: Dr. T. Gulik-Krzywicki is thanked for his help in
electron microscopy analysis of the RC-DMPC vesicles. Drs. F.
Reiss-Husson and T. Bizouarn are thanked for helpful discussions
and careful reading of the manuscript. This work was supported by
the CNRS.

References

[1] Sebban, P., Maroéti, P. and Hanson, D.K. (1995) Biochimie 77,
677-694.

[2] Okamura, M.Y., Paddock, M.L., Graige, M.S. and Feher, G.
(2000) Biochim. Biophys. Acta 1458, 148-163.

[3] Stowell, M.H., McPhillips, T.M., Rees, D.C., Soltis, S.M.,
Abresch, E. and Feher, G. (1997) Science 276, 812-816.

[4] Parson, W.W., Clayton, R.K. and Cogdell, R.J. (1975) Biochim.
Biophys. Acta 387, 265-278.

95

[5] Rockley, M.G., Windsor, M.W., Cogdell, R.J. and Parson, W.W.
(1975) Proc. Natl. Acad. Sci. USA 72, 2251-2255.

[6] Takahashi, E. and Wraight, C.A. (1992) Biochemistry 31, 855-
866.

[7] Tiede, D.M., Vazquez, J., Cordova, J. and Marone, P.A. (1996)
Biochemistry 35, 10763-10775.

[8] Xu, Q. and Gunner, M.R. (2002) Biochemistry 41, 2694-2701.
[9] Xu, Q. and Gunner, M.R. (2001) Biochemistry 40, 3232-3241.
[10] Li, J., Gilroy, D., Tiede, D.M. and Gunner, M.R. (1998) Bio-

chemistry 37, 2818-2829.

[11] Li, J., Takahashi, E. and Gunner, M.R. (2000) Biochemistry 39,
7445-7454.

[12] Alexov, E.G. and Gunner, M.R. (1999) Biochemistry 38, 8253—
8270.

[13] Alexov, E., Miksovska, J., Baciou, L., Schiffer, M., Hanson,
D.K., Sebban, P. and Gunner, M.R. (2000) Biochemistry 39,
5940-5952.

[14] Rabenstein, B., Ullmann, G.M. and Knapp, E.-W. (1998) Bio-
chemistry 37, 2488-2495.

[15] Rabenstein, B., Ullmann, G.M. and Knapp, E.-W. (2000) Bio-
chemistry 39, 10487-10496.

[16] Lancaster, C.R., Michel, H., Honig, B. and Gunner, M.R. (1996)
Biophys. J. 70, 2469-2492.

[17] Kalman, L. and Maroéti, P. (1997) Biochemistry 36, 15269-15276.

[18] Maroti, P. and Wraight, C.A. (1997) Biophys. J. 73, 367-381.

[19] Tandori, J., Baciou, L., Alexov, E., Maréti, P., Schiffer, M.,
Hanson, D.K. and Sebban, P. (2001) J. Biol. Chem. 276,
45513-45515.

[20] Tandori, J., Maroéti, P., Alexov, E., Sebban, P. and Baciou, L.
(2002) Proc. Natl. Acad. Sci. USA 99, 6702-6706.

[21] Graige, M.S., Paddock, M.L., Bruce, J.M., Feher, G. and Oka-
mura, M.Y. (1996) J. Am. Chem. Soc. 118, 9005-9016.

[22] Graige, M.S., Paddock, M.L., Feher, G. and Okamura, M.Y.
(1999) Biochemistry 38, 11465-11473.

[23] Graige, M.S., Feher, G. and Okamura, M.Y. (1998) Proc. Natl.
Acad. Sci. USA 95, 11679-11684.

[24] Kuglstatter, A., Ermler, U., Michel, H., Baciou, L. and Fritzsch,
G. (2001) Biochemistry 40, 4253-4260.

[25] Nabedryk, E., Breton, J., Joshi, H.M. and Hanson, D.K. (2000)
Biochemistry 39, 14654-14663.

[26] Hienerwadel, R. et al. (1995) Biochemistry 34, 2832-2843.

[27] Nabedryk, E., Breton, J., Hienerwadel, R., Fogel, C., Méntele,
W., Paddock, M.L. and Okamura, M.Y. (1995) Biochemistry 34,
14722-14732.

[28] Adelroth, P., Paddock, M.L., Sagle, L.B., Feher, G. and Oka-
mura, M.Y. (2000) Proc. Natl. Acad. Sci. USA 97, 13086-13091.

[29] Adelroth, P., Paddock, M.L., Tehrani, A., Beatty, J.T., Feher, G.
and Okamura, M.Y. (2001) Biochemistry 40, 14538-14546.

[30] Mezzetti, A., Nabedryk, E., Breton, J., Okamura, M.Y., Pad-
dock, M.L., Giacometti, G. and Leibl, W. (2002) Biochim. Bio-
phys. Acta 1553, 320-330.

[31] Maroéti, P. and Wraight, C.A. (1988) Biochim. Biophys. Acta
934, 329-347.

[32] Kalman, L. and Maréti, P. (1994) Biochemistry 33, 9237-9244.

[33] McPherson, P.H., Okamura, M.Y. and Feher, G. (1988) Bio-
chim. Biophys. Acta 934, 348-368.

[34] Lavergne, J., Matthews, C. and Ginet, N. (1999) Biochemistry
38, 4542-4552.

[35] Rongey, S.H., Paddock, M.L., Feher, G. and Okamura, M.Y.
(1993) Proc. Natl. Acad. Sci. USA 90, 1325-1329.

[36] Takahashi, E. and Wraight, C.A. (1990) Biochim. Biophys. Acta
31, 855-866.

[37] Vermeglio, A. (1982) in: Function of Quinones in Energy Con-
serving Systems (Trumpower, B.L., Ed.), pp. 169-180, Academic
Press, New York.

[38] Small, D.M. (1988) in: Handbook of Lipid Research (Hanahan,
D.J., Ed.), Vol. 4, Plenum Press, London.

[39] Baciou, L. and Michel, H. (1995) Biochemistry 34, 7967-7972.

[40] Baciou, L., Gulik-Krzywicki, T. and Sebban, P. (1991) Biochem-
istry 30, 1298-1302.

[41] Miksovska, J., Kalman, L., Schiffer, M., Maroéti, P., Sebban, P.
and Hanson, D.K. (1997) Biochemistry 36, 12216-12226.

[42] Glasstone, S., Laidler, K.J. and Eyring, H., The Theory of Rate
Process, McGraw-Hill Book Company, Inc., NY and London,
1941



96

[43] Hanson, D.K., Baciou, L., Tiede, D.M., Nance, S.L., Schiffer,
M. and Sebban, P. (1992) Biochim. Biophys. Acta 1102, 260—

265.

[44] Utschig, L.M., Poluektov, O., Tiede, D.M. and Thurnauer, M.C.
(2000) Biochemistry 39, 2961-2969.

[45] Dencher, N.A., Khol, K.D. and Heyn, M.P. (1983) Biochemistry
22, 1323-1334.

[46] Cherry, R.J. and Muller, U. (1978) J. Mol. Biol. 121, 283-298.

A. Taly et al.IFEBS Letters 532 (2002) 91-96

[47] Davoust, J., Bienvenue, A., Fellmann, P. and Devaux, P. (1980)
Biochim. Biophys. Acta 596, 28-42.

[48] Paddock, M.L., Rongey, S.H., McPherson, P.H., Juth, A., Feher,
G. and Okamura, M.Y. (1994) Biochemistry 33, 734-745.

[49] Paddock, M.L., Adelroth, P., Chang, C., Abresch, E.C., Feher,
G. and Okamura, M.Y. (2001) Biochemistry 40, 6893-6902.

[50] Marcus, R.A. and Suttin, N. (1985) Biochim. Biophys. Acta 811,
265-322.



	The DMPC lipid phase transition influences differently the first and the second electron transfer reactions in bacterial r...
	Introduction
	Materials and methods
	Bacterial culture
	Protein purification
	Proteoliposome preparation
	Freeze-fracture electron microscopy
	Spectroscopic measurements
	Flash induced absorbance changes
	Charge recombination kinetics
	Electron transfer kinetics

	Activation parameters for kAB(1) and kAB(2)

	Results
	Free-fracture electron microscopy
	The first electron transfer reaction
	The second electron transfer reaction
	Determination of the temperature of the break point of the Eyring plot of kAB(2) in DMPC proteoliposomes

	Discussion
	Effect of the DMPC phase transition on the first electron transfer
	Effect of the DMPC phase transition on the second electron transfer
	Effect on f(QBH)
	Effect on ke

	Conclusion
	Acknowledgements
	References


