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ABSTRACT. The role of characteristic phospholipids of native membranes, phosphatidylcholine (PC),
phosphatidylglycerol (PG), and cardiolipin (CL), was studied in the energetics of the acceptor quinone
side in photosynthetic reaction centersRifodobacter sphaeroide®he rates of the firskag(1), and the
secondkag(2), electron transfer and that of the charge recombinakignthe free energy levels of QQg

and QQg~ states, and the changes of charge compensating protein relaxation were determined in RCs
incorporated into artificial lipid bilayer membranes. In RCs embedded in the PC végig€) andkas(2)
increased (from 3100 to 4100%sand from 740 to 330073, respectively) andgp decreased (from 0.77

to 0.39 s1) compared to those measured in detergent at pH 7. IrkRGl) andkgp decreased (to values

of 710 and 0.26 3, respectively), whilekag(2) increased to 1506 $at pH 7. The free energy between

the Q" Qs and QQs~ states decreased in PC and PAG(q, gs—0.0s- = —76.9 and—88.5 meV,
respectively) compared to that measured in deterge6i (8 meV). The changes of theal@a~ redox
potential measured by delayed luminescence showed (1) a differential effect of lipids whether RC
incorporated in micelles or vesicles, (2) an altered binding interaction between anionic lipids and RC, (3)
a direct influence of PC and PG on the free energy levels of the primary and secondary quinones probably
through the intraprotein hydrogen-bonding network, and (4) a larger increase oft@g (free energy

in PG than in PC both in detergent micelles and in single-component vesicles. On the basis of recent
structural data, implications of the binding properties of phospholipids to RC and possible interactions
between lipids and electron transfer components will be discussed.

The primary processes of photosynthesis take place in athe oxidized primary donor, a specialized bacteriochlorophyll
specialized pigmentprotein system called the photosynthetic dimer, BPheo is the first electron acceptor, a monomer
reaction center (R€embedded in the thylakoid membranes bacteriopheophytin, and Q is the reduced quinone-type
of chloroplast and in the intracytoplasmic membrane systemsprimary electron acceptor. The separated charges are further
(ICM) of cyanobacteria and photosynthetic bacteria. The stabilized in the form of the fQg~ redox state, where
capture of light energy by bacteriochlorophylls in photosyn- s the reduced secondary quinone (for reviews, see, e.g., refs
thetic bacteria is followed by separation of positive and 1-5). Although the quantum efficiency of the primary charge
negative charges as'BPheo and then PQ,~. Here P is separation is close to 1 in the R6)(the physical parameters
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Foundation (OTKA, T034788 and T42680), the MTA/CNR cooperation nvironmental factors. From this point of view, the mem-
program, and Italian government grants Meccanismi Molecolari della brane environment is of special interest, since one of the

Fotosintesi (FIRB-MIUR) and CofinMIUR 2002. main goals of RC studies is to understand its function in
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zUn_iversity of Szeged. The kinetics and thermodynamics of the electron transfer
) {fﬁf\‘fé?sf’tirc}fg;’ﬁ_ess' Chimico-Fisic reactions in RCs are mainly studied in detergent micelles,
" Biological Research Center. because the membrane lipids are replaced by detergent
* Abbreviations: BChl, bacteriochlorophyliBlc., Blastochloris molecules during the purification procedure. The role played

BPheo, bacteriopheophytin; CL, cardiolipin; DGDG, digalactosyldia- by the detergent goes further than solubilization of the
cylglycerol; cytc?, reduced cytochrome; DL, delayed luminescence;
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of the detergents to the RCs is verified by the cocrystalli-
zation of these molecules with the RAH{-14). However,

Nagy et al.

and for normal function of the electron transport system in
PS 11 35). In vivo functional assays demonstrated that the

there are more and more indications that the kinetics andprimary target site of PG wasgQather than Q, and PG
thermodynamics of the electron transfer reactions in RCs should have been an indispensable component of the PS Il
have different features in chromatophores, which resemble complex to maintain the structural integrity of the-Qinding

the conditions in vivo. The firstl) and the secondlg)
electron transfer and the'®,~ — PQx charge recombination
(17) have been found to be significantly faster in the native
membrane than in detergerit8( 19). The free energy gap
associated with the QQs — QaQs~ electron transfer
increases in the sequence of detergentliposome —
chromatophore systeni §).

The phospholipid composition of the chromatophore
membrane oRhodobacter sphaeroidésnot unique. Grown
under phototropic high light conditions, the ICM consists
of four major phospholipid components: phosphatidylcholine
(PC), phosphatidylethanolamine (PE), cardiolipin (CL), and
phosphatidylglycerol (PG)18, 20, 21). Elevated levels of
PG inRhodobacter capsulaty22) and CL inRb. sphaeroi-
des(23) in cells growing under photoheterotrophic conditions
have also been reported. PG is the only lipid common to
Rb. sphaeroideskb. capsulatusRhodopseudomonas palus-
tris, Rhodopseudomonas gelatinpBdodospirillum rubrum
green bacteria, and chloroplasg&l)

The lipid environment provides the structural environment
for the RC and regulates its functiod9q, 24—27). Four

site 37).

Earlier studies implicated that the A\QQs t0 QaQs~
electron transfer was dependent on the orientation of the
partners, more precisely on the position of ®@ithin the
protein (“conformational gating’39). However, this concept
in its simple form became controversial recent0,(41).

The analysis of mutants where the Pro L209 was replaced
by different amino acids, especially by Tyt2), indicated
that the structure of the £site was dependent not only on
the redox state of g but also on the physicochemical
properties of the microenvironment of the; Gite.

In this work we offer direct evidence for the role of
characteristic native phospholipids of the prokaryotic and
eucaryotic membranes, phosphatidylcholine (PC), phosphati-
dylglycerol (PG), and cardiolipin (CL), in charge stabilization
in the RC isolated from purple bacteria. Light-induced
absorption changes and delayed fluorescence measurements
provided several new previously unobserved features due to
different phospholipid environments in liposomes. The new
kinetic and energetic observations are assigned to special
modes of RC-lipid interactions. Implications for the RC in

aspects of the interaction should be stressed. (i) The structurathe native membrane will be discussed.

flexibility of the proteins is larger in the photosynthetic

membrane than in the artificial detergent system, indicating MATERIALS AND METHODS

that the degree of freedom of the movements of amino acid

side chains is larger in the membraid@)( (ii) The response
of biological (also photosynthetic) membranes to various

Cell Cultivation and RC Preparationg€arotenoid-lesRb.
sphaeroidedR-26 cells were grown photoheterotrophically

extra- and intracellular signals leads to changes in the Under anaerobic conditions in medium supplemented with
concentration, structure, and chemical composition of the Potassium succinatet§). Chromatophores and RCs were

proteins and lipids. To achieve this function, the cells have
to keep close to the limit of the bilayer stabilit@8) that

can be controlled by the appropriate incorporation of bilayer-
forming (e.g., DGDG, PC, PG) and nonbilayer-forming (e.g.,
MGDG, PE) lipids. (iii) There are inherent components of

prepared as described earlidd). RCs were solubilized by
LDAO (N,N-dimethyldodecylamineN-oxide; Fluka) and
purified by ammonium sulfate precipitation followed by
DEAE-Sephacel (Sigma) anion-exchange chromatography.
The fractions of ORs/ODggs ratio between 1.27 and 1.50

the photosynthetic membranes that play a regulatory role inWere collected and used for further experiments.

the photochemical energy conversion. Most typical examples Liposome PreparationsUnilamellar RC/phospholipid
are the ubiquinones, which are redox-active cofactors of the vesicles were made by the micelle-to-vesicle transition
electron transport of RC in the purple bacterial membranes method as described recent4g( 46). The required amount
and plastoquinones in thylakoids of oxygen-evolving systems of lipids (PC, 1,2-diacykn-glycero-3-phosphocholine; PG,

(2, 5). (iv) Specific molecules (e.g., lipids) bind to specific

1,2-diacylsn-glycero-3-phospho-(tac-glycerol); CL, diphos-

sites of the RCs; thus they modify the physical parameters phatidylglycerol, sodium salt from bovine heart; all from

of the charge stabilization, but they are not involved

Sigma) and quinone, UR (2,3-dimethoxy-5-methyl-6-

inherently in the transient redox processes. The atomic decaisoprenop-benzoquinone; Sigma), were dissolved in

resolution of RC crystals derived froBlastochlorisviridis
(formerly Rhodopseudomonasdridis) revealed that LDAO
detergent molecules and $Oions were bound to specific
surface groups of the proteir29). It was demonstrated

chloroform and dried on the surface of a conical Eppendorf
tube, and the mixed micelles with phosphate buffer contain-
ing sodium cholate detergent were prepared by sonication.
In some experiments, to block thes Qite, the chloroform

that the detergent molecules in isolated RC determined solution of different lipids was added with inhibitor terbutryn.

the accessibility of quinones to thes @inding site 80).
Association of key phospholipids [CI1{, 31, 32), PC (32),
and PE 10, 33)] to the bacterial RC crystals was also
suggested. Specific binding of PG to the D1 protedd) (
and to the specific functional site of PS Il in vivo was also
shown @5—37).

Various stress conditions, including high light stress, have
been suggested to be in connection with the role of lipids
(38). One example is PG, which is essential for cell growth

After the addition of the RCs, the detergent was removed

by Sephadex G-50 gel filtration.

Kinetic Absorption Spectrophotometifflash-induced ab-
sorption changes were measured routinely by a single-beam
kinetic spectrophotometer of local desight(47, 48). The
P/P" and Q/Q redox changes of the primary bacteriochlo-
rophyll dimer and the quinones at the acceptor compl&x (

44) and the electrochromic response of the absorption of
bacteriopheophytins to the,QQg and Q Qg™ states 15)
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were detected at 603, 450, and 771 nm, respectively. The
apparent one-electron equilibrium constant in the acceptor
quinone complexKas = [QaQs )/[Qa~Qg], was determined 0047
from the rate constants of the fask)(and slow ko) a
components of the ®QaQg)~ — PQ.Qs charge recombina- % 0.03 1
tion in the dark: Kag = kilks — 1. The free energy gap £
between Q Qg and Q Qg™ states iIAG°ag = —kgT In Kag, £ 002 §
wherekg andT are the Boltzmann constant and the absolute 5
temperature, respectively, 50). 001 4
The quinone binding equilibrium constant of the §lte,
Kq=[QaQe)/[Qa...] = [Qa~Qs)/[Qa™...], was obtained from 000

the model of the oscillation pattern of the semiquinone signal
measured at 450 nm upon subsequent flash excitation of the ~ 1E05  LE-04 1E03  LE-02  LE-OL  LEH0  LE+01

RC (18, 47, 51). Here [Q...] and [Q...] denote the Time (s)

concentrations of the RC in oxidized and reduced states of rgure 1: Absorption change of RCs &fb. sphaeroideR-26 after

the primary quinone, respectively. These species are able tosingle saturating laser flash excitation measured at 771 nm. The
bind quinone to the temporar"y emptyB(sn:e RCs were incorporated into LDAO detergent and PC or PG

; e liposomes as indicated. For inhibition of the interquinone electron
Delayed Luminescence Measuremeﬂslayed lumines transfer, 10uM terbutryn was added to the LDAO and PC and
cence was measured by a home-built fluorometer as de-400 M to the PG samples+) and () indicate the presence or

scribed earlier§2). The sample was excited by a Q-switched the absence of the terbutryn, respectively. Thin solid lines are the
Nd:YAG laser (Qantel YG 781-10; 532 nm, 100 mJ, 5 ns). best fits with the parameters in Table 1. Inset: Absorption change
The delayed luminescence was focused onto a photocathodd? the submillisecond to_millisecond time scale. Conditions:
of the red sensitive photomultiplier (Hamamatsu R-3310-03), £xcitation at 597 nm; &M RC, 10 mM Tris, 100 mM NaCl, and

. o 0.01% LDAO, pH 8.0 (LDAO), and 5 mM phosphate and 5 mM
which was thermostated at30 C (Photocool PC 4.1.100E). KCI, pH 6.8 (PC and PG liposomes).
A total of 256 traces (taken with 0.25 Hz repetition rate)
were averaged by a digital oscilloscope (Philips PM 3350A), both the PQs Qs — P*QaQz~ electron transfer and the

then stored, and analyzed by a personal computer. Theaccompanied reactions (fast phase) and th@RQg)~ —

AG°p«.q,~ standard free energy change of the P*/P- PQ.Qs charge recombination (slow phase) can be followed
Qa/Qa~ electron transport was calculated from the ratio of in one plot of the logarithmic time scale. The kinetic
the total energies emitted in the form of the promy#y(t) parameters (amplitudes and rate constants) obtained from
dt, and delayed/F4(t) dt, fluorescence52): multiexponential decomposition are summarized in Table 1.
The time resolution was limited to a few tens of microsec-
k,®s pr(t) dt onds under our conditions.
AG’peq, =kgTIn KD (1) The rates of the fastest phasgg(1).s; for the LDAO,
k®p f Fq(t) at PC, and PG samples were 16 800, 15 500, and 16 790 s

. . respectively, the values of which were comparable to those
wherek; (=8 x 10" s%) is the radiative rate constant for the reported in the literature for samples where the quinones were
RC d|mer,<I>p_|s the quantum yield of the charge separation gt depleted and then reconstitutek®), A slower compo-
[~1.0 @)], ksis the rate constant of the decay of theQR~ nent of a few hundreds of microsecond related to the
charge pair, ané (=4.0 x 107) is the yield of the prompt  jyterquinone electron transfer was also resoNeg([L)siou-
fluorescence of the P*. This phase is characteristic of the charge relaxation within
RESULTS the protein induced by the charge separation and the forward

electron transferl(5, 53) and may reflect the protonation of
Light-induced electron transfer characteristics were mea- the characteristic amino acid residues of the protein. It can
sured and compared in RCs embedded in vesicles constructetimit kinetically the overall electron transport betweepa Q
from different phospholipids to get a closer look at the RC/ and @. Our measurements clearly indicate that both the PC
lipid interaction. The applied assays are suited to follow the and PG lipid environments modify both the size (amplitude)
kinetics of various electron transfer reactions and the changesand the rate of the charge relaxation processes of the protein.

in the energetics of the acceptor quinone system. In PC, the rate of the overall electron transport increased by
Qa Qs — QaQs Electron Transfer The light-induced a factor of 1.3 compared to that of the LDAO (3100 s
difference absorption spectra of R Qa~ and PQ/P Qg™ increased to 41007%). This is in good agreement with the

have characteristic isosbestic points around 745 nm fgor Q value reported by Taly et al19). In PG, however, we
and 752.5 nm for @ and minimum and maximum at lower measured a rate constant of 718,swhich is significantly
and higher wavelengths, respectively [data not shal@. (4.4 times) smaller than that in LDAO.

Figure 1 shows the kinetics of the flash-induced absorption Both the interquinone electron transfer and the charge
change (at 771 nm) of the RCs incorporated into LDAO recombination were sensitive to theg Gite inhibitor,
detergent micelles and PC and PG liposomes. At this terbutryn, and the effect was different in different environ-
wavelength a shift in the electrochromic response of the ments (Figure 1). The electron transfer betweana@d
BPheo absorption due to the electric field perturbation aroundin PC and LDAO was almost completely blocked by 100
the chromophore associated with the charge-compensating:M inhibitor. In contrast, in PG a large fraction (about 40%)
protein relaxation events can be measureg).(The time of the electron transfer was obtained even in the presence
window is very wide (it covers 6 orders of magnitude); thus of a very high concentration (4Q@\M) of terbutryn.



12916 Biochemistry, Vol. 43, No. 40, 2004 Nagy et al.

Table 1: Decomposition of Absorption Change Kinetics at 771 nm Associated to'@e s — P"QaQg~ (First Electron Transfer) and
P"(QaQs)” — P(QQs) Charge Recombination (Figure 1) and at 450 nm (in the Presence of Cytochrome Donor) Attributed @s P&
PQ.Qs?" Second Electron Transfer (Not Shown)

(Qa™Qe —~ QaQe ™1 (Qa™Qe —~ QaQe7): (QaQs™— QaQe*) P"Qa™ — PQa P*(QaQe)” — P(QuQs)

A%)  ks(Lrast(s™h)  A(%)  kas(Dsiow (57 kag(2) (s A(%) k(s A (%) kep (s™)
LDAO 5.7 16 800 8.4 3100 740 11.9 9.3 73.9 0.77
PC 7.6 15500 6.2 4100 3300 1.7 9.3 84.4 0.39
PG 6.0 16 700 3.4 710 1500 41.4 4.9 49.2 0.26

a2 RCs ofRb. sphaeroideR-26 were incorporated into PC or PG vesicles or LDAO detergent micéll¢%) andk are the relative amplitude
(in the percentage of that of the total signal) and the rate constants of the components, respectively. The maximum error of the measurement was
13%.

1.0 4 1.00 —————————=mezao-- .., . ®
S 08+ k an N
£ 0.75 o .
@ o o
on -
g 0.6 o ¢ o kpp u o
= ity o
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£ 044 3 b ?
.§- 2 | E ‘kBP
2 027 i 025 b
< with cytc” PG f A

0.0 -fhblebt .
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o ] ) Ficure 3: Rate constants of the'®a"Qs — PTQaQg ™ interqui-
Ficure 2: Kinetics of the flash-induced absorption change of RCs none electron transfer®, kas(1)sos] and the P(QaQg)~ —

of Rb. sphaeroide®-26 detected at 603 nm in the presence (40 P(Q,Qg) charge recombinatiorc] (PG) andd (CL), kgp] of RCs

uM) or in the absence of reduced cytochrome (inverted direction). reconstituted in PC vesicles as a function of added ®3) or

The RCs were incorporated into PC and PG liposomes. Solid lines CL (0). The observed rate constarks,) were normalized to those

are the best fits with the values listed in Table 2. Conditions are measured in pure P&do) and PG keg) vesicles. Lines for the PG

the same as in Figure 1. samples were calculated from the Michaelidenten equation ks
o o — kpg)/(kpc — keg) = 1 — 1/(1 + Kpd[PG]); see explanation in

P*(QaQe)~ — PQuQs Charge RecombinatiofThe kinetic  the te)xg]. Conditi())ns are the( same as[ in ]Igigure 1. P
traces detected at 603 nm showed clear biphasicity on the

time scale of seconds [see Figure 2 for PC and PG liposomesof the slow phase in LDAO, PC, and PG wedgg = 0.83

and Nagy et al. 18) for detergent]. In detergent and PC s%, ksp = 0.38 s, andkgp = 0.13 s%, respectively. These
liposomes, the rate constant of the fast component (attributedvalues correspond to about62, —77, and—89 meV free

to PrQa~ — PQu) waskap ~ 10 s In PG/RC samples, energy changes in LDAO, PC, and PG, respectively.

the fast component was measured in two different ways. (1) The rate constants of the interquinone electron transfer
The @ site inhibitor, terbutryn, was added to the liposome and the charge recombination can be used to monitor the
during the preparation. (2) The quinone at thg site was affinity of different lipids to the RC. The RC protein was
removed (up to 95% efficiency) by a standard procedbde ( embedded in PC vesicles in which different amounts of PG
Surprisingly, no complete block was observed after addition or CL phospholipids were also incorporated, and the rate
of a large excess (about 4@®/1) of terbutryn in the PG/RC  constants of the electron transfer in the liposome of mixed
samples. The rate constant of the fast phase of the chargdipids were measured (Figure 3). Starting from the pure PC
recombination wasp = 6.3 s* for the terbutryn-treated,  vesicle, the rate of the slow phase of the Qg — QaQs~

but originally @ active sample, and about 3@0% slow electron transfekas(1)s0n, decreased gradually with increas-
phase was still observed. For the-Q@epleted samples (5% ing amount of PG in the vesicle and reached a minimum
Qs was determined after the gQdepletion procedure in  level observed in pure PG (Figure 3). About 80 PG/RC can
detergent) a single exponential component with the rate be determined for the 50% change in the PG/PC/RC vesicles.
constankap = 7.6—7.1 s* was measured in the herbicide- Similarly to the electrochromic shift experimenksp of the
treated sample (in detergek = 10 s'%; data not shown). P"(QaQs)~ — PQuQs charge recombination was also
To our surprise, the fast phase did not disappear in thedetermined in PG/PC/RC mixed liposomes where the PG

presence of a large excess of quinone (JRC = 20:1) content changed monotonically. Starting from pure PC
but remained a fraction of 3040% of the total amplitude  vesicleskgp decreased gradually with increased amount of
with a somewhat smaller rate consta(= 5.0 s'?) (Figure PG until it leveled off to the value measured in the pure PG
2). liposome (Figure 3), whileAG°g,~0.—0,0s~ Changed from

The rate constant of the slow phase is indicative of the —77 to —89 meV (Table 2). Interestingly, the 50% change
apparent electron equilibrium constaki,g, between the  of kep was about 300 PG/RC, significantly larger than that
Qa Qg and Q Qg™ states and can be used for determination of kag.
of the AG°q, 0s—0.05 free energy change of the' @ Qs We carried out the same experiment with CL, a PG
— P'QaQg electron transfer49, 50). The rate constants analogue of the diphosphatidylglycerol molecule, whose
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Table 2: Reduced Cytochrome as Donor to RC Incorporated into
LDAO Micelles and PC and PG Liposomes and Decomposition of
Absorption Change Kinetics after Single-Flash Excitation (Figure

A%sp kep Alpp Kap AG®Q,Q5—QnQs™
%) (sH (%) (Y (meV)
LDAO 93.1 0.83 6.9 10.0 —62
PC 98.0 0.38 2.0 8.3 =77
PC+ cyt 40.3 0.49 1.1 8.3
PG 71.0 0.13 29.0 4.0 —89
PG+ cyt 41.6 0.12 21.0 3.7

a2 A%p and A%p are the relative initial amplitudes of the fast and
slow phase of the absorption change signals, respectikglyandkgp
are the rate constants of the appropriate phas€8q, 00,0~ Was
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-0.30 1

-0.45

Delayed luminescence (rel.)

-0.60

open T

-0.75

calculated as described in Materials and Methods. The maximum error FIGURE 4: Delayed luminescence of the bacteriochlorophyll dimer

is 10.5%.

of RC in Triton X-100 detergent micelles in the presence of PC,
PG, and CL phospholipids. The delayed fluorescence of the samples
was normalized to their prompt fluorescence. Conditions: 532 nm

attachment to the RC was identified in the crystal structure excitation; 920 nm detection; 8M RC, 10 mM Tris, 100 mM

and its specific function in the RC photochemistry was
already discussedl{, 31, 32). The effect of CL upon
incorporation into the PC liposome is more complex than

NaCl, and 0.02% TX-100, pH 8.0, and temperature 298 K.

cantly larger value in the PC environment (3308)gTable

observed with PG (Figure 3). The change of rate constant1).

of the back-reaction seems to follow two distinct titration
phases: the first indicates a very tight association of CL with

Free Energy Change of the P3Q— PTQa~ Electron
Transfer.The larger lifetime (and consequently the larger

the RC, and the second refers to a much looser attachmensgtabilization energy) of the®s™ charge pair in PG than in
between CL and the RC. Unfortunately, no single-component PC is really surprising. It is expected that the free energy
CL vesicles with the RC could be prepared; therefore, the levels (midpoints) of both the £Qg ™ and the Q/Qa™ redox

exact evaluation of the data awaits further investigations.

PQa Qg — PQaQs? Electron Transfer: kg(2). In the
presence of the secondary donor, the RCs are able to perfor
more turnovers upon repetitive flash excitations. In living
cells, cytochromes, either tightly bound to the RCs (e.g., in
Blc. viridis) or solubilized in the extracytoplasmic compart-
ment (e.g., inRb. sphaeroidgs donate electrons to the
oxidized primary donor, P. Using reduced mitochondrial
cytochromec?®t (cyt c?*) as the external electron donor to
P™ in our experiments, we have to keep in mind that

cytochrome does not penetrate across the lipid layer (mem-
brane); therefore, RCs with the periplasmic side faced to the
aqueous (bulk) phase can undergo microsecond time scal

P* rereduction by cyt?". In the RCs of opposite orientation,
P can be rereduced by charge recombination with énd/
or Qg™ only (Figure 2). From the fraction of the slow phase

in the absorption kinetics at 603 nm we can deduce random

orientation of the RCs (close to 50% inside out and right
side out) in the liposome vesicles. The fractions of the slow-

couples shift upon change of the phospholipid environ-
ment. The free energy of thea@a~ redox couple relative

oo the ground state, PfP or the excited state, P*/P

was determined from delayed fluorescence of the primary
donor (bacteriochlorophyll dimer) after light excitatios(

55, 56). We measured the kinetics of the delayed lumines-
cence of RCs incorporated into TX detergent micelles
without and with the addition of PC, PG, and CL lipids
(Figure 4), together with DL emission from RC/lipid vesicles
of single PC and PG components. After addition of PC to
the TX/RC system, th\G°p+—q,~ free energy change of
the P/P* — Qa/Qa~ reaction did not change significantly,
in good agreement with recent results of Rinyu et B5)(

eA(AGOP*ﬂQA_)TX/PC = (AG®p—q, )1x — (AG’p—q, )x+PC=

2.3 meV, which was well within our experimental error of
about+3.3 meV. However, the free energy change was more
pronounced if PG or CL was added to the TX/RC solution:
A(AGop*ﬂQA*)Tx/pG =40 meV anM(AGOP*ﬂQA*)Tx/CL =55
meV. If, however, the RC is incorporated in the vesicle made
of a single phospholipid, the amplitude of the delayed

phase amplitudes were somewhat different in PG and PCyinescence increased relative to that of the TX/PC

liposomes. This can reveal either a tiny asymmetry of the
orientation of the RC in the membrane (in PG vesicles this
distribution favors the RCs with the dimer facing toward the
interior of the liposomes) or a difference of the accessibility
of cyt ¢?' to P'.

The rate constankas(2) of the PQ Qg~ — PQuQs?™

system: A(AG®p+—-q,)rc = 29 meV andA(AG®p+—q, )pc
= 46 meV.

The variation of the @ Qa~ free energy difference of the
RC incorporated in the vesicle of mixed components was
tracked by measurement of the delayed fluorescence. As we
saw above, no major change was observed if PC was added

(second) electron transfer was determined from the kineticsto the TX/RC suspension, but the midpoint potential of the
of the absorption change measured at 450 nm after additionQ,/Qa~ redox couple significantly decreased in the single-
of cyt c2* to the liposome suspension (data not shown). For component PC. An additional and large (20 meV) decrease
the RCs in LDAO and liposomes made from the total lipid was measured upon addition of PG to the PC/RC system, in
extract, the rate constants of the second electron transfer atontrast to CL, which did not modify the free energy level
22.5°C were 740 and 1300 § respectively 18). These of the Q/Qa~ redox couple measured in the PC vesicle. It
values agree fairly well with the data of Taly et al9f is interesting to compare this finding with the change of the
measured at 13 and 3C. We observed, however, a larger free energy gap of the interquinone electron transfer deter-
rate constant in the PG liposome (1503)sand a signifi- mined from the charge recombination kinetics. Here we
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Ficure 5: Oscillation of flash-induced absorption changes at 450 nm due to the formation and disappearance of semiquinones in RCs of
Rb. sphaeroidemcorporated into liposomes prepared from PC, PG, and total lipids extracted from chromatophores and in LDAO detergent
micelles. The electron and quinone equilibrium constafig,andKg, respectively, were determined by best fit from the model described

in refs47 and51. Conditions: same as in Figure 1, except for L0® ferrocene. Flash repetition rate: 1 Hz (LDAO) and 0.2 Hz (total

lipid, PC and PG). The data for the total lipid and LDAO samples were taken from Nagy &8hl. (

learned that the rate constant of the(@.Qg)” — PQaQs parameters of the RCs. In many cases, the difference between
charge recombination; consequently, &8°q,-q, g, free the values obtained in the two systems is substantial. The
energy decreased monotonically upon the addition of CL or lifetime of the P Qg™ charge pair is larger; the occupation
PG to PC/RC vesicles (cf. Figure 3). of the @ site is higher, th& g is larger, theAG%, o, 0~
Multiple Turnaver. After repetitive and saturating single-  for the PPQa Qs — P*QaQg~ electron transfer is more
flash excitation in the presence of the exogenous donor tonegative {8, 60—62), and the free energy level of thexQ
P*, the absorption at 450 nm shows the periodic appearanceqQ, - redox couple is higher in the natural membrane than in
and disappearance of the semiquinone @igure 5). I detergent micelles6@, 64). Although some kinetic and
detergent (LDAO) micelles, PC vesicles, and liposomes madethermodynamic parameters obtained in artificial liposomes
from the total lipid extract of ICM, more than 20 (damped) do not coincide with those in the native membrane, the study
oscillations can be measured. The degree of the damping i) Rc embedded in vesicles can lead us closer to under-

relatively small, and the absorption changes approach thegianding the in vivo situation. This work is one step in this
steady state at about half of the maximum measured aftery; o ction.

the first flash 67—59). Much larger damping of the

oscillation is observed in PG liposomes. Protein Dynamics and Charge Compensating Effects in
By using the simplest model appropriate to our conditions, LiPid MembranesThere are increasing amounts of evidence
the oscillation pattern is controlled by two parameté(ss that after light excitation the formation of the dor@rcceptor

andK,, the one-electron equilibrium constants for/Qs and ~ charge pair, PQa", and the forward electron transfer from
quinone binding constant of the acceptor quinone complex, Qa~ to Qs induce charge compensating relaxation rearrange-
respectively (see Materials and MethpdEhese parameters ~Ments accompanying conformation movements within the
were calculated by the least-squares fitting procedgisg. protein. Different conformation states were identified after
increased significantly in the order LDAO micellestotal crystallization of the RCs under dark and light conditions
lipids > PC > PG. The quinone binding equilibrium (14, 65). The structure of theRb. sphaeroides 209PY
constant,K,, however, did not show this tendency. It was mutant, in which proline at the L209 position was mutated
large in the liposomes made from the total lipid components to tyrosine, showed thatgzould be trapped in the proximal
of the ICM and very small in the PC, or even smaller in position even in the charge-neutral sta#,(65). Photo-
PG, resulting in a larger damping of the oscillation. Since acoustic experiments provided direct proof for conformation
the electron equilibrium constait,g, is large in all samples,  changes of the RCs after the primary charge pair formation
it appears that the oscillation pattern is determined by the (66, 67) and also after the Q Qg — QaQg™ electron transfer
equilibrium constant of the quinone binding/unbinding. The (68). The appearance of long-lived components TQP —
very smallK, in the PG vesicles can be the reason of the PQ recombinational kinetics due to freezing under illumina-
large damping of the oscillation in this sample. This finding tion (50) to continuous illuminationg9) or to mutation 70)
is in good agreement with the relatively large fraction 6f P was interpreted by different conformation states of the RCs.
that survived the first saturating flash excitation. The protein relaxation after flash excitation can cover a large
DISCUSSION time range (up to 100 ms), as revealed recently by delayed
fluorescence measuremenitd); The coupling of the electron
Artificial membranes provide a better approximation than transport and protein dynamics has been the subject of several
the micellar system to determine the structural and functional interesting works §1, 72).
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The optlcal difference spectra_ Of+QA /PQu and/or Table 3: Distances between Some Characteristic Atoms of the
P*Qgs/PQ; reflect the electrochromic response of the BPheo secondary Quinone, U2, Phosphatidylcholine, PC 2, and the
absorption due to the different local electrostatic field around Bacteriopheophytin, BPheo 1, in the Inactive Branch of the
BPheq@ and BPheg (53, 73, 74). The electron transfer ~ Cofactors

induces rearrangements of partial charges and/or hydrogen-  UQ2 BPheo 1
bonding networks within the protein/%) and might be 05 02 PC 2 01D 43 02D 44 NAS
kinetically gated by these conformational rearrangem_énts ( 81 61 0235 89 80 103
15, 39, 53). Probably the second electron transfer is also 7 g 7.7 0336 8.1 6.2 8.0
affected by structural reorganization of the proteis, (19, 7.7 8.8 01137 7.7 6.0 6.2
68). 10.1 6.9 03138 10.1 9.7 12.1
The transient absorption signal of RCs in PC and PG gi 16'2 8%,5 ig ?'25 ?'g g'g’
liposomes at 771 nm fits the biphasic model of the first 153 87  03P41 5.4 5.3 7.0
electron transfer3, 15, 39, 53). This finding is consistent 12.6 10.3 04P 42 5.38 8.45 8.65
with earlier results that transient absorption change at 398 14.5 11.0 N30 34 9.6 10.3 12.3
nm associated with the ' ®,"Qg — PTQaQg~ electron 202 and O5 are the proximal and distal oxygen atomsg©f@iD,

transfer did not show components of-20 us lifetimes if 02D, and NA5 are oxygen and nitrogen atoms attached to the
Qa and @ were reconstituted with UQ(76). The observed tetrapyrrole rings of the BPheo. O2 35 and O3 36 are the ether and

L - 011 37 and 031 38 are the carbonyl oxygen atoms of the ester bond
lifetimes of the fast phase of a few tens of microseconds do | ;i cen the acyl chains and the glycerol. O1 4P oxygen atoms are

not d.iffer significantly in LDAO, PC, 3:nd. PG in our  pound to phosphorus. N30 34 is the quaternary N atom of the PC 2.
experiments (Figure 1 and Table 1). This is not the case The distances were calculated according to the RC structure downloaded
with the slow component that includes the effect of charge from the Protein Data Bank. The PDB ID code of the file is IM3X.

relaxation. Our results indicate that the charge compen-

sation effects are somewhat larger and significantly faster gnionic lipids showed different effects if the RCs were
in the PC than in the PG environment. These processesempedded into PC vesicles. More specifically, no further
include possible rearrangements of the hydrogen-bondingchange was observed by CL in the CL/PC/RC system, but
network, i.e., protonation state (pattern) of amino acid side gyrprisingly, addition of PG increased the free energy of Q
chains including Glu L212 and water molecules, and a by about 20 meV in the PG/PC/RC system. Note that PC
change in the van der Waals contacts within the protein via gnq PG alone increase the midpoint potential of tAéQdR~

accompanying conformational movements. _ redox couple by 29 and 46 meV, respectively, in the
Recently, Remy et al. suggested a possible mechanism of.oresponding single-component vesicle.

the Q. Qs — QaQs~ electron transfer between the primary
and secondary quinoneg{). These authors concluded that
the fast proton uptake by appropriate amino acids in abou
12 and 15Qis and not the conformational movement induces
the fast reduction of @by an alternative transient redox . )
couple, X, followed by slower electron transfer from Q ploser to the @ than to the @ site, _although thg difference
to this intermediate species. Although the crystal structure 'S N0t too large (IM3X entry code in the Protein Data Bank;
from Stowell et al. {4) may include a dramatic movement \WWW.rcsb.org). The shortest distances (oxygen to oxygen)
of the secondary quinone from the distal to the proximal oM CL to Qs and @ are about 17 and 20 A, respectively.
position prior to the @reduction, there is no direct evidence It IS noteworthy to remark that the edge to edge distance
for coupling between the QQs — QaQs~ electron transfer bgtween CL and PC in this structure (about 25 A) does not
and this flip-flop movement of @ Indeed, Remy and co-  differ very much from those of CL to Qand CL to @.
workers and very recently Breton@) and Baxter et al.41) The bo'ndmg interactions between RC and CL are described
provided experimental evidence that the electron transferin detail, for example, by McAuley et all() and Camara-
from Qa~ to Qg is unrelated to the location of £ Either Artigas et al. 82). Similar consideration can be made in the
the single step or the X-mediated mechanism is valid, the RC/PC system, although the PC binds closer to the secondary
change of the electrostatics on the surface of the protein inquinone site than to the primary quinone site of the RC. The
the close vicinity of the quinones and in the surrounding distances and part of the hydrogen-bonding network are
hydrogen-bonding network, may alter thé.s of key amino summarized in Table 3 and demonstrated in Figure 6. Both
acids and the redox midpoint potential 0f/Qs~ and/or Q/ CL and PC bind to specific surface groups of the protein,
Qs essentially. Consequently, the kinetics and the energeticsand there is no indication that their binding sites remain
of the first and second electron transfer may also change.saturated after crystallization. The observed heterogeneity
Energetics of the Quinone Acceptor Compl@r.the basis ~ regarding lipid-containing and lipid-free RCs after purifica-
of DL measurements on the millisecond time range, we tion supports this view24). In addition to the strong binding
experienced a significant shift of the free energy of th¢ Q  interactions between these lipids and RCs, several weaker
Qa~ redox couple by 55 meV upon addition of CL to the binding sites may be in function, which can lose their bound
TX solution to the direction found in the native membrane. lipids during the purification procedure. PC is a zwitterionic
No such effect was seen if PC was added to the TX micellar lipid, and the positive and negative charges, unlike in LDAO,
solution. These results are in good agreement with thoseare far from each other. Therefore, they can interact
obtained by Rinyu et al56). A moderate decrease of 40.3 differently with the RC. Introduction of positive or negative
meV was seen in the TX/PG/RC solution. Despite these charges or both charges can modify the binding interaction
observations in mixed detergent/phospholipid systems, theseof the anionic lipid if PC is present.

To rationalize these observations coming from specific RC/

tphospholipid interactions, we turn to crystal structures that

became recently available. The RC structure reported by
Camara-Artigas et al.3Q) shows that CL binds somewhat
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chains as well as peptide-bonding nitrogen and oxygen atoms,
also in the M subunits close to the amino terminus of this
subunit, is very sensitive to the electrostatics of the protein
surface. Note that the shortest distance between the PC and
the nearby amino acid, Val L220, is 4.12 A only. Camara-
Artigas et al. 82) discussed the possible effect of PC on the
electrostatics of BPheo in the inactive branch of the RC. In
addition to this possible interaction, the effect of PC an Q
through the rearrangement of the hydrogen-bonding network
cannot be excluded.£and @, together with the iron cluster,

. Q4 work as a structural and functional unit, called the “acceptor
T22] M4 Y ArM267 quinone complex” %5, 75). Because of the extended

Ficure 6: Structure of the binding area of PC and CL with the hydrogen bondmg network, Itis engcted that Changes n
primary and secondary quinones (thick lines) and nearby amino the Q ?Ie.CtrOStat'C,S moghfy the function of the,Qide as
acid residues. The redox-active cofactors, Bchl dimer and mono- Well. Similar consideration can be drawn for the other
mers, and the two Bpheo molecules are also indicated (thin lines). phospholipids (CL and PG) used in our experiments.

For better viewing, the polyisoprene tail of the,@nd @ was The rate constants of the observed electron transfer steps

truncated. The plot was drawn from the RC structure downloaded L .
from the Proteir?Data Bank (www.rcsb.org). The PDB ID code of are all sensitive to the environmental factols,(lg)._ Th_e
the file is IM3X. rate constant of the ™~ — PQ; charge recombination

depends on the local electrostatics of thep@cket that can

Figure 7 shows the network of the bonding interactions be modified by the lipid environment. The slow component
of amino acids and water molecules in the RC around the of the first interquinone electron transfer kinetics is attributed
PC and Q@ binding site. Parts of amino acids of the L and to protein relaxation (ionic and protonic rearrangement) and
M subunits in the @ loop and the types of interactions are should be sensitive to the lipids attached (or bound) to the
indicated. The tertiary structure of the photosynthetic RCs protein. The rate constant of the second electron transfer
is stabilized primarily by efficient atomic packing and hefix ~ depends both on the fraction of the protonated semiquinone
dipole interactions®8). The polar interactions, salt bridges, (QsH) and on the intrinsic rate constant of the second
and hydrogen-bonding interactions between the subunits dointerquinone electron transfets: kag(2) = f(QsH)ke (79).
not play a significant role in the intramembrane structure; Both factors (the [ of the semiquinone and the free energy
the coupling between the interhelical connections outside thegap controllingks) can be exposed to changes due to the
membrane -spanning regions, however, can be more impor-modified environment.
tant. PC binds close to one of these regions that interconnects Quinone BindingThe contribution of the electron equi-
the L-D and L-de helices (L-D is a transmembrane helix, librium constantKag, between the @ Qs and Q Qg™ states
and L-de is parallel to the membrane surface). This extendedand the quinone equilibrium constai, between the RC
hydrogen-bonding network involving the amino acid side fractions of bound and unbounds@s tested by the binary

AspL213
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O 4
ValL220 [—| GlyL221 |——

N 0 \
§ D C
.. 276 ;
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Leul219 @ .
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Ficure 7: Bonding interactions of amino acids and water molecules in the RC around the PG datd@g site. Parts of amino acids

of the L and M subunits in the Qloop and the types of interactions are indicated: covalent peptide bonds (solid line) and possible
hydrogen-bonding interactions (the distance is smaller than 3.5 A, dotted lines). Open and filled circles represent the appropriate peptide
and side chain atoms, respectively. The distances were calculated according to the RC structure downloaded from the Protein Data Bank
(www.rcsb.org). The PDB ID code of the file is 1IM3X.
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oscillation of the semiquinone absorption after repetitive flash TX100

excitation. Since the lifetime of the™®s~ state and the oot Pk per-

occupation of the @ site is high, it is expected that the _ 0 N

damping of the oscillation pattern in PC and PG is 2 I‘ L )

comparable to that in the total lipid liposomes and in LDAO :% Kia PG PCPG
micelles (8. However, both the damping and the steady- & ae PC l | pec
state level are high in PG. On the basis of model calculations 9 ke l = l
(Figure 5), we obtained a smak{ = 3.2) quinone binding & G’ Q. —
constant for RC embedded in PG liposome which includes E * ;; v _kAB

that 34.2% of the RCs do not binds@uring the sequence E o Lo mey LT e T
of illumination. This value agrees fairly well with the fraction % Gu i J«kp %

of the fast-phase amplitude of the charge recombination in y T

the PG environment (Figure 2). We can argue for two 438 f f

pOSSIbIe reasons of this behavior. (1) Err_lbedd_ed into the PGFIGURE 8: Schematic representation of the free energy levels of
liposome, the RC may have preferred orientations that makeihe p-Q,- (solid line) and PQg~ (dotted line) redox couples
the accessibility to the bulk phase (and thus to the externalcompared to that of the P* in the photosynthetic RC in different
donor) asymmetric. (2) Due to structural and/or kinetic environments determined from delayed fluorescence of the dimer
reasons, the quinones from the pool become less availablednd from charge recombination kinetics (see Materials and Meth-

L . IO . - 0ds). ki, knr, ke, and ks are the rate constants of fluorescence
to the Q site; i.e., their accessibility is restricted in the PG o ission radiationless transition:IP charge separation, andP

liposome. — P+*Qa~ electron transfer, respectivelytIP is the primary charge-
PG added to PC bilayer vesicles that mimic the in vivo separated radical pair & BPheo). Other symbols are defined in
conditions decreased both the rate constants 0fQR — the text.

QaQs™ electron transfer and®QaQs)™ — P(QuQs) charge ) ) ) .
recombination. The rate constants as a function of relative thetic membrane both in eucaryotic and prokaryotic organ-

PG concentration (Figure 3) followed a Michaelidlenten- ~ isms, probably by binding to specific site(s) in the RC
type mechanism, indicating establishment of equilibrium Protein. Data presented also for CL support the idea that one
between bound and free PG in both cases. CL has somewha®f the effects of PG includes the stabilization of light-induced
different behavior. The titration curve suggests two types of charge(s) in photosynthetic energy conversion. PG increases
binding sites to the RCs. The high-affinity site is close to Significantly the lifetime of the PQg™ state and the free
the stoichiometric ratio, and the other site becomes effective €nergy gap that drives the.Qto Qs electron transfer. The
at a higher concentration range. The strong binding site canrate constant of the Q to Qs electron transfer depends not
be easily saturated and remains saturated even after differen@nly on the redox state ofgbut also on the microenviron-
preparation processes. The low-affinity binding site has a ment of the @ site. It is shown that PG affects both the
few hundredths of CL/RC for half-saturation. It is important Stabilization energy of @ (the free energy of the'®a Qs
to note that care must be taken when liposomes are preparedtate will be higher while that of the'®.Qs ™ state will be
from CL. First, the concentration of CL in the bacterial ower) and the quinone binding/unbinding equilibrium. The
membrane is smaller than that of PC and PG. A higher free energy levels of Q Qg and Q Qg™ redox states of the
concentration of CL can help us to understand the effect of RC under different lipid conditions can be constructed
anionic phospholipids in charge stabilization but has not (Figure 8). The differential effect of anionic lipids on the
much physiological significance. Second, the CL/RC intact Qa/Qa~ energetics in the lipid membrane indicates that
vesicular system cannot be made from pure CL. different components of the ICM interact to regulate the
Anionic lipids (CL and PG) can form contact surfaces Protein function.
between monomers of membrane proteins and contribute to
production of multimers. Although the dimer formation of ACKNOWLEDGMENT
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