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Abstract. Reaction centers from the photosynthetic bac-RCs are membrane-bound protein complexes that ac-
terium Rhodobacter sphaeroidegere oriented in phos- commodate a number of cofactors associated with the
pholipid interfacial layers adsorbed to a Teflon film conversion process. IRhodobacter sphaeroides BRC
separating two electrolyte-filled compartments of a Tef-there are four bacteriochlorophylls, two bacteriophe-
lon cell. Light-induced voltage changes were measuredphytins, one nonheme iron (& and two ubiquinones
as a function of time across electrodes immersed in th§reviewed by Feher et al., 1989].
cell compartments. The experimental system is charac- The energy conversion is initiated by a light-induced
terized both experimentally and theoretically to relate thecharge separation in which a photon excites a bacterio-
measured signals to the light-induced displacement curehlorophyll dimer P). Following the excitation an elec-
rents in the reaction centers. Mathematical relations betron is transferred sequentially frof, via an interme-
tween the measured signals and the distances and geoufiate phoephytin, to the primary and secondary quinone
etries of the charge-transfer reactions are derived. At ptacceptorsQ, and Qg, stabilizing the charge-separated
8.0 the reaction centers were found to be oriented withstate for progressively longer times. The oxidized donor
[60% of the population oriented with the donor facingis rereduced by a water-soluble cytochrome, cyt.
the agueous phase. The density of the reaction centers @). After a second charge separati@y becomes dou-
the layer wag110"* cm 2, which is close to that found in  bly reduced and binds two protons from the cytoplasmic
the native system. Reconstitution of the secondary quiside of the membrane [reviewed in Crofts & Wraight,
none, Qg, in 90% of the RCs was achieved with an 1983]. The dihydroquinone dissociates from B and
[1.00-fold excess of ubiquinone in the vesicle preparas replaced by an unprotonated quinone from the quinone
tion. pool in the membrane (Diner et al., 1984; McPherson,
Okamura & Feher, 1990). In intact bacterial photosyn-
Key words: Bacterial photosynthesis — Electrogenic thetic membranes the reoxidation @gH, is coupled to
event — Charge transfer — Electron transfer — Mono-the release of protons to the periplasmic side of the mem-
layer brane.
Since the membrane-bouRCis an insulating me-
, dium, the motion of charges with components perpen-
Introduction dicular to the membrane surface is associated with dis-
) , . placement currents and voltage changes, collectively de-
Reaction centersRCs) from photosynthetic bacteria ineq as electrogenic events. The electrogenic events
convert light energy into electrochemical energy. The,qqciated with some reactions that involve charge trans-
fer have been previously studied monitoring the carot-
S enoid band shifts in chromatophores (Witt, 1971; Jack-
Correspondence taP. Brzezinski son & Dutton, 1973) and by direct electrical measure-
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Fig. 1. Electron-transfer reactions in tfRCs of R. sphaeroidesfol- 24 | B~ 0 | LIGHT
lowing the absorption of a photon, an electron is transferred from the AN
excited donor P*, via an intermediate pheophytin acceptor (omitted for BUFFER \
simplicity), to Q4 and then toQg. Transfer rates are given for room 7, "~ WINDOW
temperature and rounded to the nearest power of 10. Charge recomby ELECTRODE
nation fromQg to the oxidized donoR™, proceeds via the intermediate
state PQAQg. <

ELECTRODE TEFLON FILM TEFLON CHAMBER

INTERFACIAL LAYER RC-LIPID VESICLES

ments of RCs in artificially constructed lipid layers rig 2 schematic representation of the experimental setup. The cham-
(Schnfeld, Montal & Feher, 1979; Packham et al., 1980, ber consists of two compartments, separated by a Teflon filmne
1982; Tiede, Mueller & Dutton, 1982; Trissl, 1983; thick). The interfacial layer was formed by raising the level of the
Apell, Snozzi & Bachofen, 1983; Gopher et al., 1985; vesicle solution in the right-hand side compartment until the exposed

Feher. Arno & Okamura. 1988: H& & Brzezinski Teflon film was completely covered. The interfacial layer was illumi-
' ' y ' nated through a glass window. One of the electrodes was connected to

1994; Brzezinski et al., 1997) and colloidal films the input of the operational amplifier (IC1 or IC2) and the other elec-
(DraCheV etal., 1976; Dracheva et al., 1988)' trode was grounded. The electrodes were shielded from the incident
In the present study we measured the voltages anghht. The values of the resistors a; = 4 k2, R, = 40 k, R, =

currents evoked upon illumination &Cs oriented in a  10° - 1020, R, = 10° Q. The figure is not to scale.
phospholipid interfacial layer adsorbed to a Teflon film,

a technique that was pioneered to study rhodopsin

(Trissl, Darszon & Montal, 1977) and bacteriorhodopsinMaterials and Methods

(Trissl & Montal, 1977; Hong & Montal, 1979). These

gllrect ele_c_trlcal measurements have the advantage of b%-E ACTANTS

ing sensitive not only to electron transfer but also to

processes not generally associated with spectral changeses fromRhodobacter sphaeroidé?-26 were purified as described
such as structural changes involving charge motionFeher & Okamura, 1978) with lauryl dimethylamine N-oxide (LDAO,
(Brzezinski et al., 1992) and proton transfer in fR€s  Onyx Chem, NJ) as a solubilizing detergeRCs with only one qui-
(Brzezinski et al., 1991, 1997). The Teflon-supportednone. i.e.Qa, were prepared using the method of Okamura, Isaacson &

interfacial layer provides a simple, robust (compared tg e"e" (1975). Cytochrome (horse heart type VI, Sigma, MO) was

. . . more than 95% reduced with hydrogen gas, using platinum black (Al-
plan?‘r bllayers) and W,e”'defmed eXpe”memal SyStemdrich, WI) as a catalyst (Rosen & Pecht, 1976). Soybean lecithin
In this paper we describe the electrogenic measuremengigma, Type 1S, MO) was washed as described (Kagawa & Racker,
technique and characterize the systeniR@5 in a phos-  1971).

pholipid interfacial layer using the electrogenic events
associated with the charge separation and recombination

reactions between the primary dorand the quinones | HE EXPERIMENTAL SETUP
QA and.QB (segFlg. 1)' Chgrqcterlzatlon of the. system The experimental setup is shown in Fig. 2. The chamber was made of
makes it pOSSIble to quantltatlvely analyze various elecblack Teflon (Fluorocarbon, CA). It consists of two compartments

trogenic events such as electron transfer, proton uptakesparated by a 6.3m thick Teflon film (Saunders, CA). The area of
and conformational changes. the Teflon film was 0.3 cth The measured signals were found to be
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more reproducible if the Teflon film was coated with a hydrophobic (Nicolet, model 1180, Madison, WI). Capacitance was measured with
agent on the side to receive the layer. We used 6f a 1% hexadec- a capacitance bridge (Electro Scientific Industries, model 7073, Port-
ane solution in heptane. Excess of the solution was evaporated by dand, OR).

intense flow of air.

ANALYSIS

PREPARATION OF THELIPID VESICLES

Signals were averaged and fitted with exponential functions using a
Lipid vesicles containingRCs were prepared as described earlier (Go- Nonlinear least square procedure (PeakFit, Jandel, San Rafael, CA).
pher et al., 1985) by suspending 10 mg of lipids in 1 ml of buffer 1he Standard deviation of the resuits obtained on the same interfacial
composed (in m) of: 10 KCI, 2.5 sodium citrate, 2.5 PIPES, 2.5 layer was considerably smaller (5% for kinetics and 6% for amplitudes)
HEPPS, 2.5 CHES and 2.5 CAPS at pH'8.00 prepareRCs with two than that obtained from different interfacial layers prepared under simi-
quinones peRC, phospholipid and ubiquinone (UQ Sigma, MO) lar conditions (9% for kinetics and 20% for amplitudes). The error
were dried together from a hexane solution prior to dispersion in thef€Ported hereafter is the standard deviation of the mean; typically 8-10
above solution. A quinone-tBC ratio of 100:1 gave at least 90% of interfacial layers were prepared. The charge recombination reactions

Pyl N : I

RGs with an activeQg. The above solution was supplemented with 5 7" Qa — PQa and P'Q.Qs — PQuQs (Fig. 1) were identified by
nmole of RGs (<50 pl) in 0.025% LDAO and sonicated fdrL0 min comparing the time constants of the exponentially decaying currents to

at 22 + 2°C until the solution was optically clear as evidenced from theth0se obtained from optical measurementsRiis in detergent solu-
650 nm absorbance. tions (Okamura et al., 1982) and in vesicle solutions.

PREPARATION OF THERC-LIPID INTERFACIAL LAYER ABBREVIATIONS AND SYMBOLS
) . . ) ) ... CAPS, 3-(cyclohexylamino) propanesulfonic acid; CHES, 2-

The_ vesicle solution was diluted to a flna_tl concentration of 1 mg lipid/ (cyclohexylaminoethanesulfonic acid); HEPPS, 4-(2-hydroxyethyl)-1-

mi in the buffer above, supplemented with 1@rGaCl, and 200 piperazinepropanesulphonic acid; PIPES, 1,4-piperazinediethanesul-

KCI. The solution was added to one of the compartments of the cell upphonic acid; RC, reaction center; P, bacteriochlorophyll dir@gf:Qs,
to a level below that of the Teflon film. The liquid level in the com- ubiquinoneé ' '

partment was raised slowly, allowing the monolayer formed at the D-. D . thickness ] :
) - T+ Dy, C+, C,_ capacitanceA;, A areaeq, g, dielec-
surface to adnere to the Teflon (Fig. 2). The opposing cell compartyic constant of the Teflon film and of the lipid layer, respectively;

ment was filled with an aqueous salt solutidi20 m KCI). 7,, electric relaxation time constantg;(t), i;(t), voltage across and
current through the interfacial layer associated with a charge transfer
from a donorj to an acceptok; V(t), I;(t), measured voltage and
current associated with the same ch§rge trangfgicharge transferred
perRCfrom a donoj to an acceptok; d,, distance traveled by charges
Pulsed illumination of th&kC-lipid interfacial layer was provided by a in a reaction in which is the donor andt is the acceptorgy, dielectric
flashlamp-pumped dye laser (Phase R, Model DL 1200V, NH) usingconstant betweep andk; @, effective orientation of the RCs in the
the dye Rhodamine (Phase R, NH), which had a maximal output energjnterfacial layerNg, Ny, number ofRCs in theSpopulation P faces the
at 590 nm. The pulse had an energytd00 mJ and a width ofD.4  aqueous solution) ariipopulation P faces the Teflon film)i, popu-
psec. Continuous illumination was provided by a tungsten lamplation density of theRGs in the interfacial layersy,, dielectric coeffi-
(maximum 1 W cm?) filtered through 2 cm of water. The duration of cient (Lauger, 1991), which defines the fractional, dielectrically
the illumination was varied using a shutter (Uniblitz, Vincent, NY) weighted distance traveled by the charge.

with a time constant ofll msec.

LIGHT SOURCES

Theoretical Models
ELECTRICAL MEASUREMENTS

Measurements were carried out in a way similar to that describedl HE EQUIVALENT ELECTRICAL CIRCUIT

(Schinfeld et al., 1979; Feher et al., 1988). The light-induced voltage

or current was detected using Calomel (Ingold Electrodes, MA) orTq establish the electrical characteristics of the experi-

Ag/AgCl electrodes, shielded from actinic light. Voltage changes Weremental system (Fig A? we modeled it with an equiva-

measured using an operational amplifier (IC1 in Fig. 2, Burr-Brown ] ) . . . .

OP128) connected as a voltage follower with a shunt resistdRce, lent electrical C'rcwt (Flg. B). The light-inducedRC

(Fig. 2). The shunt resistor prevented current, leaking from the ampli-génerated current is represented by the current generato

fier, from charging the Teflon film. output,i(t). Because th&Cis a transmembrane protein,

Currents were measured with an operational amplifier (IC2 inthe current generator isin parallel with the resistaJRQe

Fig. 2, Burr-Brown OP121) connected as a current to voltage convertegnd capacitancg, of the lipid layer. The capacitance of

with a feedback resistor of 2Q) (R; in Fig. 2). The output signals the Teflon film, Cr, is in series WithR,_ and C.. The

were filtered electronically and averaged using a transient recordelcneasured current(t), is the ac-coupled current through
the Teflon film when the external resistanBgis zero.
The measured voltagd/(t), is the potential produced

1 The buffer composition made it possible to use the same buffer con@Cross the external resistan&g by the ac-coupled

ditions in the pH range 4-11. through the Teflon film. The series resistance of the
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A THE CAPACITANCE OF THE TEFLON FILM AND OF THE
INTERFACIAL LAYER
ELECTRODE 8 204 ELECTRODE . '
k——“\\m—»l je— The measured capacitance of the Teflon film was 95 pF.

"""" This value is consistent with the calculated capacitance
(90 pF) for a parallel plate capacitor with an area of 0.30
cn? and a thickness of 6.8m, using a dielectric con-
RC-LIPID stant of 2.1 relative to vacuum for Teflon (Westman,
INTERFACIAL LAYER 1956). The capacitance per unit area of @ A thick
soybean lecithin bilayer is 0.7gF/cn? (Nelson et al.,

TEFLON
FILM

B 1980) and is essentially unchanged when RCs are incor-

porated into the bilayer (Gopher et al., 1985). Assuming

Co  w(t) Oy that the interfacial layer is half as thick as the bilayer, the

e =T l capacitance per unit area of the interfacial layer should
R, Ry be 1.5uF/cn?. The interfacial layer in the sample cell

1t then hasC, = 0.45 wF, which is much larger tha@,.

m Consequently, the capacitance of the interfacial layer,

©) which is in series wittCy, could not be measured elec-

trically. Note that we here assume that the average
Fig. 3. (A) Schematic representation of the structure of R@lipid mor]_()layer_thICkr_]e_Sjc’ 520 A. Howev_er’ it I_S “kely n
interfacial layer adsorbed on the Teflon fil#.one-quinoneRC from the immediate vicinity of eacRC a bilayer is formed,

the S population (donor facing the aqueous solution) in the chargewhich covers the hydrophobic part of tRCs (see also
separated stat®*Qj is shown in the interfacial layed,p is the dis- legend to Fig. 3).

tance vector fronQ, to P. The unit vector perpendicular to the inter-

facial layer,f, is shown. The interfacial layer is assumed to have an THE ELECTRICAL TIME CONSTANTS

average thickness R0 A. However, it is likely that in the vicinity of

eachRC,which is 75 A long, a bilayer is maintained3)(Equivalent ~ The measured voltage and currevi(t) andl(t), are de-
electrical circuit of the experimental system. The portion within the termined by the electrogenic events occurring in B
dashed line models tHRC ipid interfacial layer adsorbed on the Tef- (as described by(t)) and the electrical relaxation pro-
lon film. The light-induced current produced by tR€s is modeled by fthe el ical ci i h . id
the output of the current generatd(t). R_ is the resistance ang, the cessesofthe e eCtr'Ca circuit (|'.e" c argg m‘?t'on outside
capacitance of the interfacial layei(t) is the capacitively-coupled Of the RC). To reliably determine the kinetics of the
current through the Teflon film capacito€{ (195 pF). The measured ~electrogenic reactions, their time constants must be small
voltage, V(t), is the potential across the external resistafeedue to  compared to the time constants of the electrical circuit.
the current(t). R, was adjusted to make the charging time= RCr The electrical time constants were derived from an
of the Teflon film capacitor long compared to the electrogenic event.analysis of the equivalent electrical circuit (FiQB and

For current measuremerf& is assumed to be Q, and the measured . . .
current,l(t), is assumed to flow to a virtual ground. In reality, the finite Appendlx A)' For CL >> CT' the two electrical time

resistance of the solution and amplifier will limit the time resolution of CONStants in the voltage mode are approximately:
the current measurement. However, the response time of the experi-
mental setup was <<lsec, and therefore this resistance is not reIevantT1 HRC, 7o ReCT (1)

for the present studies. The equivalent circuit treats the resistance of ”\‘R/herefrl is the time constant for the voltage across the
Z(Saﬂzoer:;llm as infinite and that of the buffer solution and the electrodes interfacial Iayer,v(t), to discharge due to Ieakage of ions
' through the interfacial layer. The time constapis as-
sociated with the charging of the capaci@y. Initially,
. . . is uncharged and/(t) = v(t). As charges, the
buffer in each compartment was not included in theCT 9 ® () Cr g

alent circuit b it st : I (3 oltage across it increases with a concomitant decrease
equivalent circuit because its resistance is so sma (jfn V(t) with time constant.

) that the voltage drop across it is negligible compare When making current measuremerfs, = 0 and

to the voltage across the interfacial layer. . the amplifier input is virtually grounded (Figs. 2 anB)3

An alternate equivalent circuit has been discussed i onsequently(t) is equal to the voltage acro€s alone
the literature in which the 5'9”"?" generator is aC'COUpIedEnd there is only a single electrical time constant which
to the output through a “chemical capacitance” (Hong,f '

1980; Trissl, 1981; Okajima & Hong, 1986). The O Ct >~ € 1S

equivalent circuit in Fig. B models the measured signal THE RELATION BETWEEN THE MEASURED SIGNALS AND
without the need of a chemical capacitance because thE CHARGE TRANSFER SPANNING THE INTERFACIAL L AYER
RGCgenerated current(t), is already ac-coupled to the

output through the Teflon-film capacitor (Fahr,uger &  From the equivalent electrical circuit (FigBR the mea-
Bamberg, 1981; Rayfield, 1982). sured voltageV/(t), equals the voltage across the inter-
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facial layer,v(t), minus the voltage acros3;. Fort <<  around theRCs, ij the distance vector froijnto k, andf
T,, C; is essentially uncharged and the measured voltages a unit vector perpendicular to the layer (Fig)3 The
V(t), equalsv(t). For current measurement® = 0, constante is a dielectric coefficient (Lager, 1991),
hencev(t) is equal to the voltage acro€%. Therefore, which defines the fractional, dielectrically weighted dis-
the measured voltagd/(t), and the measured current, tance traveled by the charge.
I(t), are related by: Note that the voltage generated is proportional to the
induced dipole moment (i.e., charge transferred times the
1 i distance vector betwegnand k) and inversely propor-
V(D) Ov() Da f o I(t')dt (2 tional to the dielectric constant betwepandk. Equa-
tion 5 has appeared previously without an exact proof
(Lauger et al., 1981) and is derived in Appendix B. Be-
time t. cause of the simplicity of the plane parallel model of the

For C_>> C; andt << ,, theRG-generated current interfacial layer, Eq. 5 should be taken only as a semi-

it), flows almost exclusively througic, (i.e., ity 0 ~ duantitative approximation.

For charge transfer within th&C, G; in Eqg. 2
t)). Therefore, the voltage generated across the inter-
fg(c)lgl layer, g9 should, in principle, be replaced by the capacitance of the

Teflon film and the portion of the interfacial layer not
spanned by the charges (Fahr et al., 1981). Gor>
v(t) O f i(t)dt’ (3) Cy, this capacitance is negligibly different fro@; so

Eq. 2 still applies. The relative size of the measured and
RC-generated current for a dipole-forming charge trans-

is equal to the charge transferred across the interfacigkr within theRCis obtained by combining Egs. 2 and 5:
layer up to timet (i.e., the time integral of the displace-

ment current) d|V|ded b€, . Equations 2 and 3 show that
the measured curreri(t), is given by (Fahr et al., 1981; (1) = Ot,kljk(t) (6)
see alsaLauger, 1991),

where the time integral dft) gives the charge o at

c, We have assumed in this section that the electrical
() DC— i(t). (4) relaxation processes can be neglected (i.es 7; and
T,). Under these conditions, the measured sigingts
andI(t) have the same kinetics as tR€-generated cur-
rent. In Appendix A, the measured signals are related to
an exponentially decayinBG-generated current, taking
into account the effects of the electrical relaxation pro-
cesses.
At time, t,,,,,, long compared to the time constant of
' the electrogenic processy(in Appendix A) but short
compared to the electrical time constanfsandT,, one
obtains from Eqs. 2 and 6, the maximum measured volt-

THE RELATION BETWEEN THE MEASURED SIGNALS AND
A CHARGE TRANSFER WITHIN THE INTERFACIAL LAYER

TheRG-generated current in the equivalent electrical cir-
cuit (Fig. 3B) flows through the entire interfacial layer
as represented by, andR, . But the transfer of charge
within the RC from a donoj to an acceptok generates
a current,iy(t), which flows through only part of the

interfacial layer. For this case, the voltagg(t), gener- age change,

ated across the interfacial layer qb/(t) is found by re-

placingC, in Eqg. 3 with the capacitance between sites AV, (1) DAY = NG o (7)
andk (Fahr et al., 1981). This capacitance is equalto Co

times the dlelectncally weighted ratio of the thickness of

the interfacial layer to the distance between sitesdk. ~ and the maximum integral of the measured current,
If all the donor and acceptor sites lie within a slab of Cy

dielectric constang;, which is interior and parallel to the fo Jk(t)dt Ue NCiko‘Jk (8)
planar faces of the interfacial layer then, 16y >> C;

andt << T4,

THE EFFECTIVE ORIENTATION OF THE RCs IN THE

1 to &L ajk ‘n INTERFACIAL LAYER

The RGCs in the interfacial layer are composed of two
whereg, is the average dielectric constant of the inter- populations. In one population the donors face the aque-
facial layer,D, is the average thickness of the layer ous solution (theS population,seeFig. 3A) and in the
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other the donors face the Teflon film (tfAepopulation).  lations timesy,p, the charge transferred betwe@p and

A charge transfer in one population produces a signaP in eachRC (one electron charge).

with the opposite sign as the signal produced by the same  To observe only thd population, cytochrome®*

charge transfer in the other population. The observed newas added to the aqueous solution on the interfacial layer

signal originates from processes occurring in both popuside. Cytochromec binds to theRC surface near the

lations simultaneously. The experimental observation oflonor. Cytochrome was found not to penetrate the in-

a net signal indicates that tf8andT populations do not terfacial layer so that the donor was only accessible in the

contribute equally. S population. Thus, following the first illumination cy-
The asymmetry in the contributions from tBeand  tochrome reduced the oxidized dorfft in the S popu-

T populations may be due to differences in the electricalation only, forming the inactivePQ, state. Conse-

properties of the two populations, differences in the num-quently, upon cessation of the illumination only the

ber of RGs in the two populations, or differences in the population recombined to the initi&Q, state, whereas

reactions that occur in the two populations. We definethe S population remained in the photochemically inac-

the effective orientation, tive statePQ, on the time scale of the measurements.
Following asecondillumination, charge separation and
WaNg — W N+ recombination took place only in thiepopulation. Con-
0 WeNg + W, N, ©) sequently, the time integral of the measured current,

I Ap(t), due to charge recombination in the presence of

whereNg andN; are the number oRGs in theSand T cytochromec™” is given by,

populations, respectively, angs andw; are weighting . o

factors that account for other possible differences in thef max|gp(t)dt 0= (-Ny)gap (11)

properties of theS and T populations, respectively. For * ° Co

example,RCs in theS population may be exposed to a

different environment and/or may be electrostatically

shielded differently tharRCs in the T population. For

simplicity we assume that the effective orientation ob-

served is due solely to a difference in the number of RCs Ne— N Ne—N

in each population, i.eNg # Ny andwg = W. == T_ S T
To measure the effective orientation we compare the Ns+ N (Ns=Np) +2N;

signals from both thé& and T populations to that from ftmaxl (Mt

only the T population. Both signals are observed with o AP

one-quinoneRCs. When the interfacial layer is illumi- = ((tmax tmax ' (12)

nated a transient current due to the charge separation fo lAP(t)dt_zfo Ia(tdt

PQ, - P'Q. is observed. When the illumination

ceases, a transient current of opposite sign due to thEhe currentsiags(t) and Ixx(t), associated with charge
charge recombinatioR*Q, — PQ, is observed. recombinationP™Q, — PQ, have an exponential time

Using Eq. 8, the time integral of the measured cur-dépendence and decay with the same time %0’?5‘@@1
rent, | ,p(t), associated with charge recombinatids re- (Eonsequentlyj})maﬂAP(t)dt = | ap(0)7ap andfg=1zp(t)dt =
lated to the net charge transferred in tR€s during 'Ar(0)Tap @nd the above ratio of integrals can be ex-
charge recombination (i.e., the time integral of e Pressed in terms of a ratio of currentstat 0:
generated current):

| ap(0)

" 1ae0) — 2150)

which is proportional to the size of the T population.
Equations 9 (withwg = wy), 10 and 11 combine to
give the effective orientation:

(13)

tmax CT
L0 (00t N, = Naplae (10)
- Note that the effective orientatior), is determined

wherea p is the dielectric coefficient betwee®, andP. solely from observed quantities and does not explicitly
Because the charges are displaced in opposite directior%epend OrCy, Cr, &1, e, Gap OF Qap-
in the two populations, the net charge transferred is equal
to the difference in the number &Cs in the two popu-

%1t is assumed that the charge-recombination time con®&QE —

PQ, is the same in both th& and S populations. This assumption is
_— based on results from studies which show that this time constant is
2 The integrals of the charge separation and recombination currents arssentially insensitive to the reaction-center environmsae €.g.,
the same since charge is conserved. We discuss the charge recomBehmfeld et al. 1980), as well as on the results in Fig. 7, which show
nation here as this process is slower which makes the integral easier that the rate of charge recombination for thand T populations (Fig.
determine precisely. 7A) is the same as that for thiepopulation alone (Fig. B).
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THE DENSITY OF RCs IN THE INTERFACIAL LAYER 1.5 T T T T

A

The RC density in the interfacial layer was determined s
from the charge recombination current. The number of=
RGCs in the layer was obtained by dividing the net charge®
transferred in the layer (calculated from the time integral .
of the current) by the charge transferred in eR&(one
elementary charge) and the effective orientati®n(Eq.
9). Using Eq. 10, one obtains for the density:

Vi

voltage

tma
_Ns*+N;y Ns-N; C 1 fo T ap(t)dt

(o2

AL OAL TCrOA Joug Oap :& —I |
(14 = ope | . l .

whereA, is the area of the interfacial layer. 0.0 0.5 1.0 15 20

Results and Discussion 15 ]
z

BAsIC PHOTORESPONSE < 1.0 i
g)n .

The voltage changes associated with charge separatior‘g

and recombination were studiedRCs with and without > 05
the secondary quinon€)g (Fig. 4A and B). When the
RCs were excited with actinic light, an increase in volt-
age associated with charge separation was observed.
With continuous illumination, under saturating light con-
ditions, the rise time was limited by the opening time of 0.0 0.5 10 15 2.0
the shutter (1 msec) (Fig.A3. Upon cessation of illu- time (s)
mination, a voltage decay associated with charge recom-
bination was observed. The decay time constant was 10089. 4. Voltage changes\(t), in response to steady staté)(and
msec in the absence of exogenous quinone, consistefl\h't“sed B)Ci‘”“mi”"’_‘“on of Ffrch‘”Piqt_inlt‘l?ffstd_a'd'ayeés Wlitth and without

. +\— H : € seconaary quinong. e Inital i -Induced voltage Iincrease IS
with the P'Q, —~ PQu cha.rge recomblnz?mon. In the due to the ch);rqge se[)Qa\E;atiaQA - P*%;. In (A) the ratg of increase
presence Of exogenous quinone (100 quw_lonesRm_Br is limited by the opening time of the shuttéfl(msec). The traces have
the decay time constant was 1 sec, consistent with thgeen scaled so that the voltage increase is equal. The electron transfe
P"QaQs — PQaQg charge recombination. The ampli- p*Q;Q, — P*Q.Q5 was not detected because the transfer occurs in a
tude of the light-induced signal increased with time for 1 direction perpendicular ta. The voltage decay following illumination
hr after the level of the vesicle solution was raised tohas atime constant 600 msec in the interfacial layer containiRgs
cover the Teflon film (a similar observation was reportedi‘gt (')Iaé'(‘:%sd 323 gzﬁse\fezcﬁze 'fg’e;r‘;‘t’iggi”;‘e@gﬁgghcgﬁd(iiz‘; os
by Drachev etal., 1976). The signal growth could be due ™2 -7\ "\ o 10 CanE, 8 v sodiom citrate, 2.5 m
toanincrease in the density or effec_uve orientation of thebpEs 2.5 m HEPPS, 2.5 m CHES and 2.5 m CAPS at pH 8.0T
RGs in the interfacial layer. To obtain a stable signal and—= 22-c.
maximize the signal-to-noise ratio all measurements
were performed at least one hour after the formation of

00}

the interfacial layer. nated, making the decay effectively monophasic (Appen-
dix A).
THE ELECTRICAL TIME CONSTANTS The smaller time constant, as determined from the

kinetics of the voltage decay under continuous illumina-
lllumination of the interfacial layer produced a voltage tion, is shown as a function @&, in Fig. 5. ForR, <<
(Fig. 4) associated with charge separation. Under con10™ ), the smaller time constant was, which is pro-
tinuous illumination, the RCs remained in the chargeportional toR.. In this region, the charging of the Teflon
separatedP” Q, state but the measured voltage decayedilm capacitor was the dominant electrical relaxation pro-
biphasically, with time constants, andr,, due to the cess. The constant of proportionality betwegrandR,
relaxation processes of the electrical circuit. The ampli-is the Teflon-film capacitance which was determined
tude of the phase with the smaller time constant predomifrom the slope to be 142 + 16 pF. The value agrees with
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Eig. 5. The observed e!ectrical time c_onstant of the system as a funcFig. 6. Fraction of the total voltage decageeFig. 4) that proceeds
tion of the external resistand®, (seeFig. 3). The time constant was jth the slow (1L sec) time constant associated with charge recombi-
determined from the voltage relaxation during continuous illumination nation fromQg as a function of the ubiquinone-RE ratio. The qui-

of the interfacial layer feeAppendix A). ForR, << 10"* Q, the ob-  pone-toRCratio is defined as the number of quinones R&added to

served electrical time constantdisg which is proportional tiR, with & gne-quinoneRGs during vesicle preparation. Reaction conditions same
proportionality constant oC; = 142 pF. ForR, >> 10" Q, the a5 in Fig. 4.

observed electrical time constantris(11.3 sec), which is independent
of R.. Reaction conditions same as Fig. 4.

tained. Consequently, a small aqueous compartment is

the 130 pF predicted from the sum of the calculategeXpected to.be associated with emon the side facing
value ofC; (see aboveand 40 pF of cable capacitance the Teflon film. The effect of the ionophore would thus
connected in parallel. As expected, a smaller slope wab® {0 transport ions between this compartment and the
observed whelC; was decreased by using a thicker Tef- 2Jueous phase.

lon film.

For R, >> 10", the smaller electrical circuit ime . Fpacrion oF RCs CONTAINING A FUNCTIONAL
constant was, SECONDARY QUINONE

7, = RC_ =113+1.0sec (15)

The fraction ofRCs containing a functional secondary
which is independent d®.. In this region, the leakage of qguinone was determined from the kinetics of the voltage
ions through the interfacial layer was the dominant elecchanges associated with the recombination reactions fol-
trical relaxation process. The interfacial layer resistancdowing illumination of theRGCs (Okamura et al., 1982).
was predicted to b& = 25 + 2m() from the quotient ~The observed voltage change was decomposed into a fas
of r, and the estimateds¢eTheoretical Models) value of ({100 msec) and slowlll sec) component. The fast
C, 00.45pF. The corresponding interfacial layer resis- component was ascribed to recombination in the fraction
tance per unit area is 83 +MQ cm 2. of RCs lackingQg and the slower component to recom-

To prove that the time constant of the voltage decaypination in the fraction ofRCs with a boundQg. The
at |argeRe was a function OfRL we used ionophoreS, fraction of RCs Containing a fUnCtioan was deter-
which lower the resistance of lipid layers by facilitating Mined from the relative contribution of the slow compo-
ion transport (Lager, 1972). The ionophores valinomy- nent to the total voltage charfge
cin, gramicidin, tetraphenylborate, and tetraphenylarso- ~ Figure 6 shows the fraction of slow recombination
nium all caused a reduction ef, which proves the de- as a function of the amount of ubiquinone (pRC)
pendence of this time constant Bn. We modeled?_as  added to one quinonBCs during vesicle preparation.
an inherent resistance (determined in the absence of0 obtain an activ&g in [90% ofRGCs in the interfacial
ionophores) in parallel with an ionophore-induced leak-layer required a ubiquinonRCratio of =100 in contrast
age resistance. For instance,u valinomycin pro-
duced a leakage resistance of 1.1 +/@(Q1. The leakage
resistance deqreasgd by an c_)rder of magmtuqe for EVeYrhe voltage changes associated with the charge recombination from
order of magnitude increase in the valinomycin concenp+q, . and P*Q;Q are equal. This was shown by observing the

tration. same voltage changes before and after addition of 2@0rerbutryn
Most likely, around eacRC,a lipid bilayer is main-  which inhibits electron transfer frof®, to Qg (Wraight, 1981).
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Fig. 7. The current|(t), in response to illumination of thRClipid interfacial layer. The upper drawings show the electronic state of both RC
populations (denoted b8 and T, respectively). The dotted region symbolizes the Teflon film. The arrows indicate the direction of the electro
transfer in thosdRCs that are photochemically active and the bold arrows indicate the direction of the net electron transfer in the interfacial lay
The RCs in the layer contained <5% functio. Thus the stat®*Q, was formed upon illumination. The illumination sequence is shown at the
bottom. The response time of the experimental setup was limited by the opening and closing times of the[&huoisexc). Reaction conditions
were the same as in Fig. 4A)(The current response for two illumination periods in the absence of cytochuGnighe peak amplitude of the charge
recombination current is smaller than that of the charge separation but the area under all the curves is the same because the total charge tra:
in both reactions is the same. Traces are averages of 16 experin®ritight-induced currents in the presence of 4@ cytochromec®*. During

the first illumination, RCs in th&population are inactivated when cytochron3&reduces*. During the second and subsequent illuminations only
the T population RCs are photochemically active. The right trace (second illumination) is an average of 16 experiments (note the smaller noise
than on the left trace (first illumination)). Note that the current scale is different thafy)in (

to a ratio of 2 in aqueous detergent solution (Okamura etytochromec®* is shown in Fig. A. The current gener-
al., 1982). This difference is not surprising in view of ated when the light is turned on is associated with charge
the hydrophobic nature d#Q,, which partitions prefer- separation and its time integral divided 8y equals the
entially in the lipid of the interfacial layer but prefers the voltage rise shown in Fig. 4 (Eq. 3). The current when
RCin aqueous detergent solution. the light is turned off is associated with tREQ, — PQ,
charge recombination and its time integral divideddyy
equals the fast voltage decay shown in Fig. 4 (Eq. 3).
The light induced current generated by an interfacial
layer containing one-quinone RCs in the presence of cy-
The effective orientation oRGCs in the interfacial layer tochromec®* is shown in Fig. B (note the different scale
was determined by comparing the initial charge-of the ordinate compared to FigAY. Reduction o™ by
recombination current generated by b&8 populations  cytochromec®* produced the inactiveQj, state in theS
to that generated by just the T population. The transienpopulation éeetop frame of Fig. B). Consequently,
current generated by one quinoR€s in an interfacial only theT population recombined following illumination
layer following a series of light flashes in the absence ofwhich generated a current of opposite sign to the recom-

THE EFFECTIVE ORIENTATION OF RCs IN THE LAYER
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bination current in the absence of cytochron%é (Fig. was® = 0.14 + 0.03 at pH 8.0, indicating that i#50%
7A). Subsequent light pulses (one is shown in FiB) 7 of the RCs the surface nearest the donor was facing the
generated currents corresponding to charge separati@gueous solution. The density BiCs in the interfacial
and recombination in only th& population. layer was estimated to be = (1.5 = 0.4)- 10'* RGCs/

The effective orientation of the RCs was calculatedcn?. Nearly complete (90%) binding of the secondary
using Eq. 13 and the measured peak currents associatgdinone QQg) to the RC was achieved by adding 100
with the charge recombination shown in Fig. 7. TheUQ,/RCto the vesicle preparation.

value of ® at pH 8.0 was determined to be: An equivalent electrical circuit for the experimental
system is presented and analyzed. The system can b
0 = 0.14+0.03. (16) used to investigate electrogenic processes that take plac

on a time scale shorter thal0 sec, which is the time
0 > 0 signifies there are mor@Cs in theS population  constant of the electrical circuit corresponding to the
than in theT population. The error i) is due to varia-  |eakage of ions through the interfacial layer. We are us-
tions of the orientation in different interfacial layer ing the system to delineate various electron transfer
preparations (8 interfacial layers were used.). steps, to study proton uptake in native and mufR@s,

to investigate structural changes in tR€,and to eluci-
THE DENSITY OF RCS IN THE INTERFACIAL LAYER date the dielectric properties of the protein.
The density of th&RCs in the layer was determined using We thank G. Feher, M. Montal, and M.Y. Okamura for their guidarjce,
Eq. 14. The integral of the measured current associateac' Abresch for preparing thRCS, R.A. Isaacson and G. Kassabian

9 . e . r helping with construction of the amplifiers, and M. Huber, N.M.

with charge recombinatioR"Q, - PQ, (seeFig. 7A), Kroll, M.L. Paddock, P.H. McPherson, and S. Rongey for helpful dis-
obtained from measurements on 8 interfacial layers, wasiussions. Part of the work was done in the laboratory of G. Feher.
The work was supported by a Swedish Natural Science Research Coun-
cil fellowship to P.B., a National Institutes of Health Hemoglobin and
Blood Protein Training Grant fellowship to A.M., and grants from the
NSF and the National Institutes of Health to G. Feher.

f ™ lt)dt =022+ 0.06 pC (17)

The distance betweeQ, andP (center to center of the
rings) projected onto the two fold symmetry axis, which
is parallel to the normal of the interfacial layer plane,
was determined from thRC structure to belap - NU27  ajien, J.p., Feher, G., Yeates, T.O., Komiya, H., Rees, D.C. 1987.
A (Allen et al., 1987; Yeates et al., 1987). Assuming the  Structure of the reaction center froRhodobacter sphaeroidé®-
dielectric constant betwedhandQ,, ap, to be equal to 26 I. The cofactorsProc. Natl. Acad. Sci. USB4:5730-734

the average dielectric constant of tRE& lipid interfacial ~ Apell, H.-J., Snozzi, M., Bachofen, R. 1983. Kinetic analysis of bac-
layer ,), and the average thickness of the layer around teh“i' r;it";?oz';;%gte;;eco”Stit“‘ed in lipid bilaye@chim. Bio-
theRCs Dy to be[AO A (seeabove and legend to Fig. 3), Brzzzi);\ski, P., Okamura, M.Y., Feher, G. 1992. Structural changes
we find ap| 00.68 (Eq. 5). If we further assume that

. ) - e following the formation of DQ, in bacterial reaction centerba:
the entire area of the Teflon film is covered by the lipid  The pPhotosynthesis Bacterial Reaction Center II: Structure, Spec-
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Fig. B1. Model to calculate the voltage generated
across a lipid interfacial layer by a charge transfer
A B within the interfacial layer (Appendix B). The
interfacial layer is represented as a parallel-plate
§,,=0 p(g('), (])@ Qt:’:q p'(s('), (I)(ia capacitor with one grounded and one ungrounded
N # Creen’s t\ plate.D, is the interfacial layer thickness aridis
= [ Reciprocity a unit vector normal to the interfacial layer. The
Theorem pointj is within the interfacial layerd; is a
AV q _-l é—é &' vector from the grounded conductor jta/A) The
charge distributiorp(x) consists of a chargg in
the RC at the pointf and the charge induced on
the interfacial layer surface. The ungrounded side
of the interfacial layer is assumed to be neutral
(Qot = 0). p(x) produces a potentiab(x ). On
the ungrounded plateh(x) is equal to the
interfacial layer voltageAv. (B) The complicated
charge distributiorp(x) in partA is related via Green’s Reciprocity Theorem to the simple charge distribpt{@r), consisting of chargg on
the ungrounded plat€),, = g) and the induced charge d)-on the grounded platg. (x) produces a potentiab’(x ) with the valued)’(a}) at
the point;.

Expressingv(t) in terms of the currents through each leg of the circuit For current measuremen®, = 0 and Eq. A3 simplifies to give
gives, the measured current,

. 1 o 1 - RLCT gl gtn

=iyt :—flt’dt’=—flt’dt’+lt A2 TlomoR Cr -—

1(OR c Jat) c, S (HRe (A2) I(t) = e (A5)
where we have assumed that the monolayer and Teflon sheet capacitoffich reflects the kinetics of both the charge transfgf,and the
are initially uncharged. electrical time constant,. Fortandr,<<rt,, Eq. A5 simplifies to Eq.

The solution of Eq. Al and A2 for the case of an exponentially 4 with i(t) = ie™.

decayingRC-generated current(t) = i€ ™, where, is the time
constant of the associated electrogenic process, and the lii@jt &
C,, relevant to the present geometry, is:

Appendix B
[ e—l/'ro
(6= i & -
(t) = —igToR Cr (7o = T1)(T0 — T2) VOLTAGE GENERATED BY A CHARGE TRANSFER WITHIN
. e—t/'r]_ . e_t/TZ :| (Ag) THE M ONOLAYER
(ry =711 —12) (12— T)(T2— 1)

To derive the voltage generated across the interfacial layBrdipoles
wheret; = R C_andt, =R.C;. Equation A3 states that the mea- in its interior (Eq. 7) we first consider the effect of a single charge in
sured voltage \((t) = I(t)Ry) is in general triphasic, with the time the interfacial layer. The interfacial layer was modeled as a parallel
constant of the electogenic reactiory, and the two electrical time plate capacitor with one plate grounded (Fig. B1) and one plate un-
constantsy, andr,, all contributing to the measured signal. grounded and neutral.

Fort andt, << 7, andT,, the measured voltage is For any two charge distributiong(X) andp’(X), Green’s Reci-
procity Theorem states,

V(t) D— (1-evmo), (A4)
f (X)®'(R)d fp(x Y( X)X (B1)

V(t) increases with the kinetics of the charge transfer in the reaction
center to a voltage equal to the total charge transfefgat)git = i gro) where the integrals are over all space. The first charge distribution
divided by the capacitance of the layer. Substitution(8f = i, "™ (?) consists of a char_gmgt a_pomt] between the'capacnor pIa_tes and
into Eq. 3 yields Eq. Ad. the induced charge distribution on the capacitor plates (Figd)B1

On the longer time scale, Eq. A3 shows that the voltage increasd Ne charge distributiop(X) produces a potentiab(x). The second
(V(t) = I(t)Ry) will be followed by a decay with the electrical time charge distributionp’(X), consists of charge on the ungrounded
constants, andr,. When one of these time constants is much smaller capacitor plate and the charge duced on the ungrounded plate.
than the other, then, for times short compared to the longer time conp’(X) produces the potentiah’(X) (Fig. B1B).
stant, the measured voltage decays essentially monophasically with the  The integrals in Eq. B1 were broken into integrals over the un-
smaller time constant. These predictions are in agreement with meagrounded plate, the region between the plates, and the grounded plate
surements made during continuous illumination of the monolayerThe integral over the grounded plates vanishes because the potentia
where the voltage was observed to rise with the kinetics of the openinghere is zero. The potentials on the ungrounded platesndAv’, are
time of the shutter (1 msec) and to decay monophasically with the constant and factor out of the integrals over these plates. The remain-
smaller of the two electrical times, or 7, (Fig. 5). ing integrals of the charge distribution over the ungrounded plates yield
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the total charge on these plat€,, andQ',,,, respectively. Thus Eq. The voltage across the interfacial layer is due to dipoles that

B1 reduces to, consist of chargegy, at pointj and —qy at pointk. These dipoles
effectively form a parallel plate capacitor, and the voltage across the

QuAV' +q<b’(aj) —QLAV (B2) interfacial _Iayer due tN such dipoles is arrived at by superposition of
the result in Eq. B4,

where Hj is a vector from the grounded plate to pojnSubstitution

of = 0 for the total charge on the neutral plate = q yields, N N g dy -

Quot 9 plate &g =q y Avlt) = G d, ﬁz_qk<_L ik ) (©5)
SjkAL C. Eik D,
Av = CIJ’(EIJ-) (B3)

where d;, = d; - d, is the distance vector that separates the dipole
charges and is the dielectric constant in a slab, containing all the
dipoles, that is parallel to the plates of the interfacial layer. The first
equality in Eq. B5 shows that the generated voltage does not depend on
For a parallel plate capacitob,’(aj) is given by the negative line  the thickness of the interfacial layer, the position of the dipoles, or the
integral of the electric field from the grounded plate to the pgint dielectric constant outside of the slab. The voltage is independent of
these quantities because the entire voltage drop occurs across the slal
containing the dipoles. The generated voltage is expressed, in the sec:
ond equality of Eq. B5 (Eqg. 7), in terms of the parallel plate capacitance
of the interfacial layerC, = ¢ A /D, whereg, is the average dielectric
where €) is the electric field as determined from Gauss’ Layis the constant of the interfacial layer arg} is the thickness of the layer.
dielectric constant gt A_ is the area of the interfacial layer, afds The term in parenthesis is"uger’s dielectric coefficienty, (Lauger,
a unit vector normal to the interfacial layer. 1991).

which states that the voltage across a capacitor due to a clgarge
located at point between the capacitor plates is equal to the potential
atj when the charge is on the ungrounded plate.

q

<I)’(aj)=—f(j)E-dT=8j—AL

d,-n (B4)



