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The contributions of headgroup and side-chain in the binding and function of the primary (QA) and secondary (Qa) 
quinones of isolated reaction centers (RCs) from Rhodobacter spimeroides were investigated. Various ubiquinones and 
structurally similar quinones were reconstituted into RCs depleted of one (IQ-RCs) or both (0Q-RCs) quinones. The 
influence of partition coefficients on the apparent binding affinities was minimized by expressing dissociation constants 
in terms of the mole fraction of quinone partitioned into the detergent. It was then apparent that the size of the 
isoprenyl side-chain was of little consequence in determining the binding affinity or the functional competence of either 
QA or QB, although an alkyl chain of equivalent size was a poor substitute. The degree of substitution of the headgroup, 
however, was a sensitive determinant of binding. For both quinone sites, the trisubstituted plastoquinones bound more 
weakly than the fully substituted ubiquinones. Similarly, for binding to the QA site, duroqninone (tetramethylhenzo- 
quinone) bound much more strongly than trimethylhenzoquinone. The affinity of the QA site for ubiquinones was about 
20-times stronger than the QB site, but the Qa site is probably not more specific than the QA site. However, QB 
function depends on a suitable redox free-energy drop from QA as well as binding, and of all the quinones tested only 
the ubiquinones simultaneously supported full QA and QB activity. Even plastoquinone-A, which fills both roles in 
Photosystem II, was unable to do so in bacterial RCs, although it did bind. The unique ability of ubiquinones to both 
bind and provide the appropriate redox span is discussed. The temperature dependence of binding of the isoprenyl 
ubiquinones at the QA site changed markedly with chain length. For Q-10-Q-7, the binding enthalpy was positive and 
net binding was entirely driven by entropic factors. For the shorter-chain ubiquinones, Q-6-Q-I,  both entropy and 
enthaipy of binding were favorable. This strong entropy-enthalpy compensation is suggested to arise from antagonistic 
interactions (anticooperativity) between headgronp and tail binding. For Qa function by hydrophobic quinoues, the 
temperature dependence of the micelle properties prevented easy access to thermodynamic parameters. However, for 
water-soluble Q-0, binding to the QB site was determined to he enthalpically driven. In the isoprenyi ubiquinone series, 
the electron transfer equilibrium for QAQa ~ QAQB declined gradually as the side-chain was shortened from 7 to 1 
isoprene unit, in both 0Q and 1Q-RCs, implying that the in situ redox midpoint potential in the QB site decreased with 
decreasing side-chain length. 

Introduction 

Reaction centers from purple photosynthetic bacteria, 
and from Photosystem II of oxygenic organisms, pro- 
vide reducing equivalents to a membrane pool of 
quinones which serves to reduce many secondary elec- 
tron transport complexes [1]. The communication be- 
tween the inherently one-electron events of the primary 
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photochemistry and the two electron redox chemistry of 
quinones is achieved within the reaction center (RC) by 
means of a charge accumulating mechanism that in- 
cludes a pair of specialized quinones, QA and QB [1,2]. 
From the recent X-ray structural analyses of the RCs 
from Rhodopseudomonas viridis [3,4] and Rhodobacter 
sphaeroides [5,6], it is known that the protein and cofac- 
tor arrangements display a strong two-fold rotational 
symmetry. QA and QB are bound, respectively, to the 
closely homologous M and L subunits, and are associ- 
ated with an iron atom (high spin Fell). This structure 
constitutes the acceptor quinone complex which func- 
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tions as a two-electron gate. In a series of flashes, the 
acceptor quinones are stepped through their functional 
redox states by electrons transferred from the excited 
singlet state of the primary donor, P, a dimer of bac- 
teriochlorophyll [1]: 

First Flash: 

h v  K 2 

QAQB r QAQB ~ QAQa(H+) 

Second Flash: 

QAQB (H + ) 

(stable semiquinone) 

hv 
:, QAQ~(H +) 

Q QH2 
K3 

" ~ QAQBH2 .* ~ ? ;  ( 
(H +) 

Q~QB 

(The oxidized primary donor, P+, is presumed to be 
rereduced after each flash by secondary donors, and 
turnover of P/P+ is omitted in this scheme.) 

This scheme clearly reveals the distinct properties of 
the primary and secondary quinones: QA acts exclu- 
sively as a one-electron component, whereas QB func- 
tions overall as a two-electron redox couple, with a 
stable one-electron intermediate state, the semiquinone. 
A further distinction between the two is that QA is 
tightly bound and does not normally exchange, while 
rapid binding and unbinding of quinone and quinol 
forms is an intrinsic part of the normal functioning of 
QB [2]. The redox properties that underlie these very 
different behaviors can be generally ascribed to the 
influence of the protein environment on the quinones, 
in their respective binding sites. This is most evident in 
those cases where QA and Qa roles are filled by the 
same chemical species, such as ubiquinone-10 (Q-10), 
which is the only electron-transport-active quinone in 
Rb. sphaeroides. 

The interactions that give rise to the specific proper- 
ties of QA and QB are, of course, mutual between 
protein and quinone, and an understanding of the two- 
electron gate requires examination of the structural and 
electronic attributes of both. The recent advances in our 
knowledge of the protein have tended to overshadow 
the importance of the quinones themselves. However, 
major steps have been taken towards establishing the 
ground rules of quinone electrochemistry [7,8] and their 
contributions towards the specificity of binding and 
redox function in the QA site of RCs from Rb. 
sphaeroides [9,10]. In this work we have examined the 
ubiquinone isoprene homologues ('prenylogues', Q-1 
through Q-10), and some closely related analogue struc- 
tures, to address the question of specificity of quinone 
function in both the QA and QB sites of RCs from Rb. 
sphaeroides. Our findings indicate that the specificity of 
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either site is not great but, of all the quinones tested, 
only the ubiquinones (2,3-dimethoxy-5-methylbenzo- 
quinones) were able to simultaneously satisfy both roles. 
This attribute is discussed in terms of site-selective 
tuning of the ubiquinone redox midpoint potentials, 
through the disposition of the methoxy groups [7,11]. 

Materials and Methods 

Reaction centers were isolated from chromatophore 
membranes of Rb. sphaeroides, strain R-26, by 
fractionation of the membranes with 0.45% lauryldi- 
methylamine N-oxide (LDAO or Ammonyx LO; Onyx 
Corporation, N J) in 100 mM NaC1/10 mM Tris (pH 
8.0), essentially as described elsewhere [12]. The RCs 
were purified by column chromatography on DEAE- 
Sephacel (Pharmacia) and eluted in 160 mM NaC1/0.1% 
LDAO/10 mM Tris (pH 8.0). 

Reaction center quinones (QA and/or  QB) were ex- 
tracted essentially as described by Okamura et al. [13], 
by washing with selected levels of o-phenanthroline and 
LDAO, on a DEAE column. RCs were prepared con- 
taining 0.8-1.05 Q-10/RC ('IQ-RCs') or 0.0-0.15 Q- 
10/RC ('0Q-RC's'). The extractant solution was kept 
anaerobic ( N  2 purge) and dithiothreitol (2 mg/1) was 
added as a protein stabilizing agent and mild reductant. 
After washing to remove the o-phenanthroline and ex- 
cess LDAO, the extracted RCs were eluted with 0.25 M 
NaC1/0.1% LDAO/10 mM Tris (pH 8.0). RCs were 
concentrated by ultrafiltration (Amicon XM-100 mem- 
brane) and repeatedly diluted with aliquots of 10 mM 
Tris, 0.1% LDAO (pH 8.0), to remove the salt. 

Ubiquinones-10, -9 and -7 were obtained from Sigma 
(St. Louis, MO). Synthetic ubiquinones-6 through 1 
were a generous gift of the Esai Corporation, Japan. 
2,3-Dimethoxy-5-methylbenzoquinone (Q-0) and 2,3-di- 
methoxy-5,6-dimethylbenzoquinone (methyl-Q-0) were 
obtained from Spectrum Chemical Mfg. Corp., Gardena, 
CA. 2,3-Dimethoxy-5-methyl-6-decylbenzoquinone 
(decy-Q-0) was a generous gift from Dr. C.A. Yu (Still- 
water, OK). All ubiquinones from these sources were 
used without further purification. Ubiquinone-8 (Q-8) 
and menaquinone-8 (MK-8) were isolated from 
Escherichia coli, and purified by column chromatog- 
raphy [14]. Plastoquinones A, B and C were isolated 
from spinach chloroplasts as described by Burr and 
Crane [15]. Phylloquinone (vitamin K-l, 2-methyl-3- 
phytyl-l,4-naphthoquinone, phytyl-MK-0) and O-~- 
tocopherolquinone were obtained from Calbiochem, La 
Jolla, CA. All other commercially available quinones 
were further purified by recrystallization from ethanol 
and/or  by sublimation in vacuo. 

All ubiquinone stocks were assayed, after dilution 
into ethanol, from their ultraviolet difference spectrum: 
oxidized-minus-reduced (borohydride) Ae275 = 12.2 
mM-  1. cm- 1 [16]. Menaquinone-8 and phylloquinone 
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Fig. 1. The apparent binding affinity for duroquinone at the QA site, 
as a function of detergent (LDAO) concentration. Conditions: 0.5 pM 
RCs, 10 mM Tris (pH 8.0). The critical miceUe concentration for 
LDAO (CMC = 2.1 raM) is indicated by the arrow on the abscissa. 
The curve drawn indicates the expected behaviour for an aqueous 
dissociation constant (at zero detergent) K~ q = 0.5 ~tM, and partition 
of duroquinone into the detergent micelles according to log P = 2.7. 

The line represents the asymptote at high detergent concentration. 

were assayed similarly, using Ae265_289 = 14.7 mM -1. 
cm -1 [17]. The RC concentration of samples was 
routinely determined by flash induced absorption 
changes in the presence of an excess of Q-10 (Ae602 = 26 
mM -1 . cm-1). 

Buffers used over various ranges of pH were as 
follows: pH 6.5-8.0, Hepes; pH 8.0-9.0, Tris; pH 
9.0-10.2, glycine; and above pH 10.2, 3-(cyclohexyl- 
amino)propanesulfonic acid (Caps) (all from Sigma). 

Optical measurement were performed on an un- 
chapped, dual-beam spectrophotometer of local design. 
Flash saturation was routinely checked in a series of 
closely spaced flashes and was always above 95%. An 
LSI-11/73 minicomputer (Digital Equipment Corp., 
Cambridge, MA) was used to control data acquisition 
and to reduce data. Data was gathered via a 135 kHz, 
12 bit (0.002%) resolution, 8 channel, differential input, 
A / D  converter (DT2782, Data Translation, MA). The 
computer was used to signal average, perform linear 
least-squares analysis, and to run a modified Marquardt 
non-linear least-squares regression on multicomponent 
exponential decay curves [18]. 

Determination of Q A binding and function 

Quinone binding to the QA and Qa sites of RCs was 
determined by functional assays. QA w a s  assayed by the 
ability to generate a long-lived (> 10 /~s) charge sep- 
aration state, P+QA. The quantum yield (~) for charge 
separation in native RCs is very close to 1.0 [19], and 
previous work has shown that substitution of QA by a 
wide variety of quinones does not significantly alter this 
value, providing the redox midpoint potential of the 
quinone is not very low [9,10,22]. In fact the forward 
electron transfer leading to the charge separation is 
sufficiently fast, compared to any unproductive back-re- 
actions from P+I-,  that considerable changes in the 

forward rate can be accommodated without measurably 
affecting the quantum yield of P+QA formation. Using 
the facilities of the Laser Laboratory (Department of 
Chemistry, University of Illinois), we have measured 
directly the electron transfer from P+I-  to P+QA in 
RCs reconstituted with duroquinone as QA and find 
that the forward electron transfer rate for duroquinone 
is slower than for Q-10 (~f= 565 ps vs. 215 ps) (not 
shown). However, the unproductive back-reaction, ap- 
parent in fully extracted, unreconstituted RCs, is much 
slower still ( % =  12 nm; see Ref. 20 for review of 
primary kinetics), giving an expected quantum yield of 
0.96 for P+QA formation with duroquinone as QA 
( ~  = T b / [ ' / ' f  + "/'b])" This is in agreement with the assess- 
ment of Pocinki and Blankenship [21], who found the 
quantum yield for duroquinone-reconstituted RCs to be 
indistinguishable from that of native RCs. For all of the 
quinones used in this work, which does not include any 
low-potential varieties, we have taken ff = 1.0 and have 
used the amplitude of the flash-induced P+ signal as a 
measure of quinone binding in the QA site * 

For the more hydrophobic ubiquinones, stock solu- 
tions were prepared by suspension in concentrated de- 
tergent (30%, v/v) by sonication followed by repeated 
freezing and thawing until a translucent mixture was 
obtained. Less elaborate procedures, or use of ethanolic 
stocks, resulted in substantial losses of effective con- 
centration for all the long-chain ubiquinones (Q-10-Q- 
7). We presume that this is due to the persistence of 
microcrystalline or colloidal forms of the quinones. 
Samples containing the long-chain prenylogues were 
prepared by progressive dilution with buffer, keeping 
the detergent at or above the final concentration to be 
used, and then adding RCs from another concentrated 
stock solution. Smaller benzoquinone derivatives, in- 
cluding Q-1 and Q-2, were routinely added from 
ethanolic stocks. 

Because of the strong affinity of the ubiquinones for 
the QA site, the QA titrations were very sensitive to 
errors in determining the concentration of free quinone, 
i.e., by subtracting out the amount bound from the total 
added. To minimize this source of error, and at the 
same time to enhance the quantitative dissolution of the 
long-chain prenylogues in the sample, we determined 

* Our routine experimental set up utilizes a xenon flash lamp rather 
than a laser. This adds the potential difficulty that for quinones of 
low e~ the unproductive decay of P+ I -  to the ground state is fast 
compared to the flash duration (half width approx. 10 ps), allowing 
the possibility of re, excitation during the flash. The result is 'pump- 
ing' into the P+ Q~ state with high apparent yield. This effect is 
partially mitigated by the fact that decay of a significant portion of 
the intermediate state, at ambient temperatures, involves formation 
of the molecular triplet (317), which then decays with a lifetime of 
several microseconds under anaerobic conditions, thereby prevent- 
ing pumping. In any case, this problem does not arise if q~ is high. 



the overall QA binding affinity (KQA) in the presence of 
relatively high detergent levels - 0.3% LDAO. The very 
hydrophobic nature of most of the quinones used means 
that they are almost exclusively partitioned into the 
detergent micelle phase, and the effective concentration 
is best described by the mole fraction in the detergent, 
X d e t =  Nq/ / (Nq + Ndet) , where Nq and Nde t a re  the total 
number of moles of quinone and detergent, respectively. 
One might suppose that this should be expressed in 
terms of micelle detergent, i.e., Nq/(Nq + Nde t - Ncmc), 
where Nero c in the number of moles of monomeric 
detergent corresponding to the critical micelle con- 
centration (cmc). However, in the presence of a mem- 
brane protein like the RC, protein-detergent mixed 
micelles are likely to form at all concentrations. 

We have established in this work (see below) that all 
hydrophobic quinones, including the isoprenyl ubiquin- 
ones (but not Q-0 and methyl-Q-0), function in the 
manner expected for complete partition into the deter- 
gent phase. Diner showed that the solubility of Q-1 in 
water is about 1 mM, but that it can dissolve to at least 
50 mM in 3.0% (136 mM) LDAO [23]. From this, one 
can calculate a minimum partition coefficient for Q-1 
between the detergent micelle phase and water: log 
P = 3.2. This value is somewhat higher than estimates of 
the partition coefficient in cyclohexane (log P = 2.7) 
taken from the work of Dutton and co-workers, who 
have correlated mobility in reverse-phase HPLC with 
partition coefficients determined by the shake-flask 
method [24,25]. Similarly, in crude estimates of the 
partition of Q-0 into LDAO, we have found values of 
log P 0.4-0.7 units higher than literature values for 
partition into cyclohexane. These values of log P for 
ubiquinone derivatives are more in line with literature 
determinations in octanol, which are about 0.4 units 
higher than cyclohexane values for a wide range of 
quinones [24,25]. Knowledge of the partition of quinone 
into the detergent phase is essential for understanding 
the behaviour of quinones of intermediate hydrophobic- 
ity, which partition incompletely into the micelles. For 
this purpose we have taken log P for ubiquinone de- 
rivatives (Q-0, methyl-Q-0 and Q-l) either from octanol 
data or by adding 0.4 to the more numerous cyclohex- 
ane data. 

Even small molecules such as duroquinone (2,3,5,6- 
tetramethylbenzoquinone) can be sufficiently hydro- 
phobic as to partition readily into the detergent phase. 
This is as expected from the partition coefficient of 
duroquinone (log P = 2.6 in octanol [24,25]). Fig. 1 
shows the effective dissociation constant for 
duroquinone, reconstituting QA activity, as a function 
of the concentration of LDAO -as detergent. At low 
levels the quinone affinity is constant and reflects the 
binding equilibrium for quinone from the aqueous bulk 
phase, in which duroquinone is barely soluble. The 
values we obtain fall between those reported earlier in 
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low detergent, by Gunner et al. (KQA =0.1-0.3 /~M 
below the CMC of LDAO, (Ref. 25, and M. Gunner, 
personal communication), and that in high detergent, 
by Pocinki and Blankenship (KQ^ = 18 /~M in 1.0% 
LDAO [21]), and can be taken to reconcile these dis- 
crepant values. However, in contrast to our findings, the 
latter workers concluded that the binding affinity of 
duroquinone was not sensitive to detergent concentra- 
tion. Fig. 1 clearly shows that at high detergent con- 
centrations, the apparent affinity for duroquinone de- 
creases as it partitions into the detergent micelles, with 
log P = 2.7. At high detergent levels the apparent affin- 
ity tends towards a linear function of the detergent 
concentration, as expected from this description. Al- 
most identical results were obtained in Triton X-100 
(not shown). 

Determination of QR binding and function 

QB binding and function were assayed by a variety of 
techniques, with varied applicability. 

Assays of charge recombination 
With only QA active, the state P+Q;, recombines in 

a characteristic time of 70-100 ms, with ubiquinone as 
QA. If electron transfer to QB occurs, the reappearance 
of P occurs with a half-time of about 1.0 s. This 
retardation arises because the back-reaction occurs only 
from the P+Q;, state and electron transfer to QB 
(P+QAQB** P+QAQa) diminishes the time averaged 
population of QA [27,28]. Thus, the kinetics of P+ 
rereduction are modified according to the electron 
transfer equilibrium, K2, which is rapid compared to 
the recombination of P+QA. The activity of QB is also 
determined by a binding equilibrium with free quinone 
that is established on a timescale that can be relevant to 
the recombination kinetics, and the binding must be 
included explicitly [29,30]: 

PQA, hv > P+QA 

K ~ . ~ Q  kQA Q ~ K ~ .  

K2 
PQAQa , /~v ~ P+QAQB ' ' P+QAQB 

kQ^ 

If the binding equilibrium is established rapidly com- 
pared to the recombination process from P+QA, the 
overall recombination from P+Q~ occurs with an ap- 
parent rate constant, koB , given by [29]: 

kQB= kQ,,/[1 + K~ pp ] (1A) 

where 

K~ pp = [Q]/K~.  
Kz 1 + [QI/K~B (1B) 
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Fig. 2. Time dependence of Qa activity in detergent suspensions. (A) Kinetics of charge recombination at various times after mixing RCs (approx. 
1.3 Q/RC) with excess Q-10. Equal volumes of RCs and Q-10 in 10 mM Tris (pH 8.0)/0.1% LDAO, were rapidly mixed to yield final 
concentrations of 5 #M RCs and 33 #M Q-10. A single flash was given at various times after mixing, and the recombination kinetics recorded at 
430 nm. The beginning of the trace was synchronized to the flash. (B) Plot of the data from part A. To account for the QB activity at t = 0, due to 
residual quinone in the unmixed RCs, the data are expressed as: 

F= [ A F ( t ) - A F ( t = O ) ]  
[ A F ( t = ~ ) - - A F ( t = O ) ]  

where a F is the amplitude of the fast phase of the recombination kinetics, characteristic of RCs lacking Qa. (C) Evolution of Qa activity in Triton 
X-100, using a double flash assay of cytochrome c turnover. The relative amplitude of cytochrome c oxidation on the second of two flashes 
(A2/A1) is plotted against the dark time between flashes. Conditions: 0.8/~M RCs, 1.6 ttM Q-10, 45 ttM cytochrome c, 0.03% Triton X-100, 10 

mM Tris (pH 8.0 at 23 ° C). The line is drawn for a half time of 90 ms for the increase in second flash activity 

The dissociation constant, K~B, describes the binding of 
quinone with RCs in the state P+QA, i.e., the post-flash 
equilibrium. The characteristic feature of this situation 
is that the rereduction of P+ should be monophasic and 
exhibit a quinone concentration-dependent rate con- 
stant. Quinone titration of the rate of the recombination 
reaction will yield K ~  and K 2 directly, e.g., f rom the x 
and y intercepts when plotted as 1 / ( k Q A / k o ,  - 1) vs. 
1/[Q]. This approach works well for the most water- 
soluble quinones, 2,3-dimethoxy-5-methylbenzoquinone 
(Q-0) and 2,3-dimethoxy-5,6-dimethylbenzoquinone 
(methyl-Q-0), as demonstrated previously for Q-0 [29]. 

On the other hand, if the binding equilibrium is slow 
compared to the net P+QB recombination process, a 
mixed population of Qa-containing and QB-lacking RCs 
will give rise to biphasic kinetics of P+ rereduction. The 
two phases will exhibit quinone concentration-indepen- 
dent rate constants equal to kQA and k °Q~, the recom- 
bination rate when quinone is fully bound as QB, viz., 
Eqn. 1A when the binding equilibrium is saturated 
(k~ ,  = kQA/[1 + K2] ). The amplitudes of the two phases 
were determined by the degree of binding of quinone 
with RCs in the state PQA, according to K~B, i.e., the 
dark (or pre-flash) equilibrium. Thus, K D QB can be ob- 
tained from a titration of the amplitude of the slow 
phase, AS, vs. [Q] [18,29]. 

In the general case, when the quinone binding equi- 
librium is on the same time-scale as the recombination 
events, the kinetics will also be biphasic, but with 
apparent  rate constants that are quinone concentration- 
dependent and do not correspond exactly to kQA and 
k ~ .  The amplitudes of the phases will also not truly 
reflect the preflash quinone binding equilibrium. Titra- 

tion of the recombination kinetics with quinone is then 
only a rough guide to the quinone binding properties, 
although quantitative data can be extracted by simula- 
tion of the complex, mixed order kinetics [18,31]. 

The effect of Q8 on the back reaction also provides 
an experimental assay of the electron transfer between 
QA and QB [27,28,32]. Thus, the recombination rate 
when the QB site is saturated reflects the intrinsic 
electron transfer equilibrium. By rearrangement of Eqn. 
1A we obtain: 

K 2 = ( k Q A / k ~ . ) - 1  (2) 

For different degrees of mobility of the quinone, how- 
ever, knowing whether a measured  kQB is really at the 

k ° limit ( o B ) ,  or not, can be problematical,  and this is 
returned to later. 

Direct assay o f  Qf4 to QB electron transfer 
In an earlier study, we showed that the amplitude of 

the slow phase of P+ rereduction, in isolated RCs with 
Q-10 as Qa, corresponded well with the amplitude of a 
submillisecond absorbance transient at about 400 nm 
(typically 397 nm) that indicates the electron transfer 
from QA to Qa [29]. This correspondence shows that 
the slow recombination phase reflects Qa that is bound 
or rapidly available at the time of the flash, and that 
equilibration of quinone binding involving transfer be- 
tween micelles is slow for isolated RCs suspended in 
detergent. This was generally true for RCs reconstituted 
with long chain prenyl ubiquinones in LDAO suspen- 
sions, and was also true for RCs suspended in Triton 
provided the temperature was not much above 21 ° C. At 



161 

"~ 1 .Oi  

~ , 

~ 0 . 6  

~ 0 . 4  
,-Z 
cl 

-- 0 .2  

'~ 0 

, 

0 . 1  1 I 0  100 

1 .0  

0.8 

0.6 

0 . 4  

0.2 

0 
0.1 

, . . ~ - . , , , , , 

I I 0  I00  

A S  

| . 0  " 

0 . 6  

0 . 4  

0 . 2  

0 . 0  . . . . . .  
2 3 4 5 

I Q - 2  

2 3 4 

[ Q ] / I I I 1  - l o g  (Xq det) 

Fig. 3. Dependence of Qa activity on quinone and detergent concentration. (A) Comparison of different assays: (1~) cytochrome c double flash 
assay (A2/A1), I d = 1 s; (O) relative amplitude of the slow component of the recombination kinetics (AS); (11) amplitude of the millisecond 
transient at 397 nm (AA397), indicative of electron transfer from Q~ to QB, relative to the instantaneous change (P+ Q~ ). Conditions: 0.5 #M 
RCs, 10 mM Tris (pH 8.0) and 0.06% Triton X-100, 23 ° C; (El) plus 24/~M cytochrome c. Lines are drawn according to binding isotherms with 
maximum values of: 1.0 (El), 0.9 (@) and 0.66 (B). (B) Comparison of detergents and detergent concentration; Qa assayed by the slow component 
of recombination (AS). Left: Q-10 in Triton X-100 (O) and LDAO ( , ) ;  detergent concentration was varied at two, constant quinone 
concentrations (3 and 13 #M). Approx. 1 #M RCs, 10 mM Tris (pH 8.2, 17 o C). Right: Q-2 in LDAO; quinone concentration was varied at three 
different detergent levels (El, 0.025%; O, 0.1%; ~1,, 0.3%). Approx. 0.5 ttM RCs, 10 mM Tris (pH 8.0, 23 ° C). Lines are drawn for binding isotherms 
with: left, ASma x = 0.94, log X ~  = 3.35 (the Triton and LDAO data are best fit separately with log X ~  = 3.25 and 3.45, respectively); fight, 

A Sma ~ = 0.9, log X ~  ~ 3.7. 

higher temperatures, in Triton, the two measures (AS 
and AA397) showed some divergence, indicating that the 
rate of quinone binding and exchange became signifi- 
cant on the back reaction timescale, It was suggested 
that the slowness of the quinone binding equilibrium 
was a reflection of the rate limiting transfer of quinone 
from a quinone-detergent micelle to a reaction center- 
detergent micelle. This was studied by measuring the 
rate of appearance of a slow recombination phase after 
rapid mixing of excess quinone (Q-10) with RCs lacking 
QB (Fig. 2A,B). The recombination kinetics were re- 
corded following a flash given at various times after 
mixing in an Aminco-Morrow W-2 Stopped Flow 
Accessory attached to the kinetic spectrophotometer. In 
LDAO, the ability to exhibit a slow phase appeared in 
0.3-0.7 s, whereas in Triton the slow-phase behavior 
appeared in less than 100 ms [18]. 

Since the submillisecond electron transfer from Q2 
to QB is much faster than any intermicelle quinone 
transfer, the amplitude of the transient at 397 nm 
(AA397)  is a good measure of the pre-flash quinone 
binding equilibrium, K~B, except when the quinone is 
rapidly mobile in the aqueous phase. This method is 
especially useful for fairly hydrophobic quinones such 
as Q-I, Q-2 and decyl-Q-0 (2,3-dimethoxy-5-methyl-6- 
decylbenzoquinone). For these, the mobility is signifi- 
cant compared to the back reaction, so that AS is not 
an accurate reflection of the pre-flash binding equi- 
librium, but it is not so fast that the slow recombination 
rate, kQa , is a good measure of the post-flash equi- 
librium. 

For quinones that are very rapidly mobile through 
the water phase, e.g., Q-0 and methyl-Q-0, the ampli- 
tude of Q2 to QB electron transfer ( ~ A 3 9 7 )  includes a 
significant contribution from quinone that is bound as 
QB after the flash. Even if the QB binding affinity is the 

same for PQA and P+Q2 (K~B = K~,), the effective 
binding affinity after the flash will be greater than 
before, because the electron transfer from Qi, to QB will 
pull the equilibrium over [18,29]: 

K~PP Kz] (3) Q~ = K ~ B / [ I  + 

In such cases, K 2 and KQB must be obtained from 
titrations of QB activity, as described above, using 
Eqns. 1. 

Assay of reaction center turnover 
Another assay of quinone binding to the Qa site is 

the ability of the RC to oxidize exogenous donors in a 
series of flashes (turnover). Rereduction of P+ following 
a flash traps the RC in the states PQi, or PQAQB; only 
the latter is capable of further turnovers and, thus, the 
second flash activity is an assay of QB function. Since 
the states PQA and PQAQ~ are long-lived, the second 
flash can be delivered at quite long times after the first, 
allowing time for even quite slow quinone binding 
events to come to equilibrium. By varying the time 
between flashes (t d) one can assay the dark (at short t d) 
or light (at long td) binding equilibria, or the evolution 
from one to the other, i.e., the rate of arrival of quinones 
after the flash. This method is illustrated in Fig. 2C, 
which shows the evolution of QB activity for Q-10 in 
RCs in Triton. The significant mobility of Q-10 in this 
detergent is apparent in the increase in turnover 
observed for dark times in the range of 30-200 ms 
(tl/2 =90 ms). At longer times, a second phase of 
enhancement is seen, corresponding to net reoxidation 
of Qi, formed on the first flash. 

Applicability of QB assay methods 
The various assays for QB activity were tested with 

Q-l, Q-2, Q-6 and Q-10 in both LDAO and Triton, and 
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the apparent dissociation constants, when distinguisha- 
ble, were always in the order expected: K ~ P a P ( A A 3 9 7 )  ___ 

K~PP(AS) > K~PP(A2/A1) (Fig. 3A). It should be noted, 
however, that for mobile species AS is not a suitable 
observable, as the kinetics should tend towards mono- 
phasic. Similarly, A A 3 9 7  will reflect quinone arriving 
rapidly after the flash and will, therefore, titrate as 
K~B/(1 + K2). This was shown previously for Q-0 [29]. 

The availability of quinone as a result of inter-micelle 
exchange is quite temperature dependent and is very 
variable from one detergent to another. We have found, 
for example, that Brij 58, a large, alkyl polyoxyethylene 
detergent, essentially seals the RC against further loss 
or gain of secondary quinone activity, at room tempera- 
ture with Q-10. The smaller Brij 36, on the other hand, 
behaves quite similarly to Triton X-100, to which it is 
an alkyl equivalent. 

The generally weaker binding of quinones to the QB 
site permitted us to determine the dissociation constants 
in lower detergent levels than those employed for QA 
reconstitution, and 0.1% LDAO was used routinely. 
Some comparisons were made with other detergent con- 
centrations and types, and the effective parameter for 
hydrophobic quinones was found always to be the mole 
fraction in detergent, X "d~t (Fig. 3). --q 
R e s u l t s  

Binding affinities for the QA site 
Typical titrations of QA activity are shown in Fig. 4. 

The dissociation constants for the binding of various 

t.o ! 

/XP+0'80.6 + *** 

0 . 4  

0.2 *+. 

0.0 -7 -6 -5 -4 -3 
log (X det) 

~1 , t , 
-2 - I  0 

Fig. 4. Recons t i tu t ion  of QA act iv i ty  by  var ious  ub iqu inones  and  
analogues .  Cond i t ions :  10 M Tris  ( pH  8.0); ub iqu inones  - Q-10 ( + ) ,  
Q-9 ( ~ ) ,  Q-6 ( ~ )  and  decyl-Q-0 (n)  - and  p l a s t o q u i n o n e  A (zx) in 

0.3% L D A O ;  t r i m e t h y l b e n z o q u i n o n e  (A) in 0.1% L D A O .  L ines  are 

d rawn  for comple te  recons t i tu t ion  wi th  a p p a r e n t  b i n d i n g  aff in i t ies  

( - log X ~  ), f rom left  to fight,  of 4.7, 3.8, 2.5 and  1.5. 

ubiquinones to the QA site are summarized in Table I, 
both in terms of bulk phase concentrations ( K Q A )  a n d  

on a mole fraction basis ( - l o g  det X~A ). It is apparent 
from these data that the binding affinities of the 
ubiquinones are not detectably sensitive to the length of 
the isoprene side-chain, providing it is at least two 
isoprene units long (Q-2). In 0.3% LDAO, the dissoci- 
ation constants for all ubiquinones from Q-10 through 
Q-2 were Ko, = 0.26 + 0.02/,M, or - l o g  X, detoA = 4.71 _+ 
0.05. Even Q-1 bound with an affinity barely different 
from the longer chain forms (Ko =0.48 ~tM; - l og  
X, det= 4.4). This seems to suggest a minimal influence QA 
of the isoprenyl side-chain in determining the binding 
properties of ubiquinones to the QA site. 

T A B L E  I 

Dissociation constants and van "t H o f f  enthalpies and entropies o f  binding for  ubiquinone species (Q-n) at the QA site in reaction centers a 

Q-n KQ^ - l o g  X ~  b log P c z~G o A H o _ T A S  o 

(p.M) ( k J / m o l )  d 

Q-10 0.19 4.8 >> 5 - 27.6 15.4 - 42.9 
Q-9 0.34 4.6 >> 5 - 26.1 14.1 - 38.7 

Q-8 0.29 4.7 >> 5 - 26.5 - 
Q-7 0.20 4.8 >> 5 - 27.5 7.5 - 35.2 
Q-6 0.33 4.6 >> 5 - 26.3 - 9.2 - 17.3 

Q-5 0.24 4.7 >> 5 - 27.0 - 11.8 - 15.2 
Q-4 0.27 4.7 >> 5 - 26.7 - 10.5 - 16.4 

Q-3 0.27 4.7 >> 5 - 26.7 - 
Q-2 0.18 4.9 >> 5 - 27.7 - 11.8 - 15.8 

Q-1 0.48 4.4 3.1 - 25.3 - 18.5 - 6.9 
(4.5) c ( - 25.9) e 

Q-0 40 * (4.1) 0.9 ( - 23.4) 

methy l -Q-0  6.5 * (4.3) 1.5 ( - 24.6) 

decyl-Q-0 2.1 3.8 > 5 - 21.6 
0.8 * 3.7 - 21.3 

a Condi t ions :  10 m M  Tris  (pH 8.0) /0 .3% L D A O ,  298 K, except  * de t e rmined  in 0.1% L D A O .  
b X ~  is the mole  f ract ion equiva len t  of KO^, ca lcu la ted  as K Q A / [ L D A O ] ,  wi th  the de tergent  concen t r a t ion  in mo la r  uni ts :  0.3% = 13.1 raM, 

0.1% = 4.36 mM. 
c Coeff ic ients  for pa r t i t ion  be tween  oc tanol  and  wa te r  t aken  or  e s t ima ted  from d a t a  col lected in Ref. 25; see text.  

d The  t h e r m o d y n a m i c  pa rame te r s  are ob t a ined  f rom the b i n d i n g  da ta  in mole  f rac t ion  units .  
e Values  in paren theses  are mole  f ract ion equiva len ts  of  KQ^, ca lcu la ted  for the de tergent  phase  a lone  by  t ak ing  accoun t  of the pa r t i t i on  

coefficients ,  as descr ibed in the text.  



TABLE II 

Electron acceptor functions for various quinones reconstituted into OQ reaction centers a 

Quinone b KQ^ -- log X ~  c log P d 

(/zM) 

kQ^ A 2/A1 e 

(s-') 
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Q-lO (0.03) f 4.7 * >> 5 9.0 0.88 
Q-0 40 (4.1) 0.9 8,8 0.84 
PQ-A 30/43 * 2.2/2.5 * >> 5 8.9 0.01 
PQ-B 6 2.8 >> 5 7.9 < 0.1 
PQ-C 20 2.3 >> 5 7.7 < 0.1 
MK-8 (0.08) f 4.9 * >> 5 15.7 0.04 
Phytyl-MK-0 0.4 4.1 >> 5 14.1 0.12 
MK-0  5.7 (3.8) 2.1 8.7 0.19 
D-a-TQ 8.5 - - 7.5 0.24 

mBQ 2 670 (2.7) 0.45 - 
2,5-di-mBQ 1 250 (2.4) 1.1 - - 
2,6-di-mBQ 770 (2.6) 1 .l - 
Tr i -mBQ 140 (2.8) 1.7 2.7 0.15 
Tetra-mBQ (DQ) 0.7 (4.2) 2.7 1.7 0.09 

a Conditions: 10 m M  Tris (pH 8.0)/0.1% LDAO, 298 K, except * determined in 0.3% LDAO. 
b Q, ubiquinone; PQ, plastoquinone; MK, menaquinone;  TQ, tocopherolquinone; mBQ, methyibenzoquinone; DQ, duroquinone.  
c Mole fraction equivalents of  KQ^ ( X ~  = KQ^/[LDAO], with the detergent concentration in molar units); values in parentheses are calculated 

for the detergent phase alone, taking account of  the partition coefficients, as described in the text. 
d Partition coefficients from water into cyclohexane (or octanol for Q-0, see text), are taken or estimated from data collected in Ref. 25. 

Ratio of  cytoehrome c oxidation after the second (A2) and first (A1) of two flashes given 50 ms apart, in the presence of excess quinone: 40 # M  
for Q-10, MK-8, and phytyl-MK-0, 2 m M  for Q-0, 200 txM for PQ-A, B and C, 500 # M  for D-a-TQ, and saturated solutions for tri- and 
tetramethylbenzoquinones. 

f KQA values for Q-10 and MK-8 are only approximate due to their very high affinities in 0.1% LDAO. The corresponding mole fraction values 
were determined in 0.3% LDAO. 

The constancy of the affinity as the side-chain is 
shortened from 50 carbon atoms (Q-10) to 5 (Q-l) is in 
marked contrast to the effect of removal of the last 
isoprene unit. The affinity for Q-0, on a molar basis, is 
apparently much weaker than for Q-1 and, even in 0.1% 
LDAO, KQA w a s  40 #M. Representation of the dissoci- 
ation constant in mole fraction terms, by simply divid- 
ing by the detergent concentration, is misleading for 
Q-0 because it is sufficiently water-soluble as to be 
almost insensitive to detergent concentration, in the 
experimental range (0-1%). This will be developed fur- 
ther, below. 

For 2,3-dimethoxy-5,6-dimethylbenzoquinone (meth- 
yl-Q-0), KO~ was 6.5/~M in 0.1% LDAO and was also 
not very sensitive to the detergent concentration. This is 
consistent with its significant water solubility (log P = 
1.6, estimated in octanol). Decyl-Q-0, on the other 
hand, responded almost ideally to the detergent con- 
centration, with KQ~ = 2.1 /~M in 0.3% LDAO and 0.8 
/~M in 0.1% LDAO ( - l o g  X, d~t = 3.75). It is noteworthy Q  ̂
that the affinity for decyl-Q-0 is an order of magnitude 
weaker than that for Q-2, which has the same number 
of carbon atoms in the side-chain. Although the parti- 
tion coefficients of these two ubiquinone derivatives 
may not be identical, the binding affinity is evidently 
not very sensitive to this parameter once the quinone is 
substantially partitioned into the detergent phase. Thus, 

a degree of structural specificity is indicated by this 
result. 

Further structural specificities were revealed by the 
relative inability of plastoquinones (PQ, 2,3-dimethyl- 
5-isoprenylbenzoquinone) to reconstitute QA activity. 
Binding affinities for these and some ,closely related 
quinones are shown in Table II. Of the plastoquinones, 
PQ-A bound especially weakly (KQA = 43 #M in 0.3% 
LDAO, and 30 /~M in 0.1% LDAO; - log  X det 

QA 
2,5-2.2). The greatest affinity was displayed by PQ-B 
(KQA = 6/xM in 0.1% LDAO; - log  xdet=oA 2.8), a mix- 
ture of derivatives in which the first or second isoprene 
unit is hydroxylated and esterified to an aliphatic 
carboxylic acid of varying length. Plastoquinone C is 
the unesterified form. Considering the length of the 
isoprene side-chain in these naturally occurring plasto- 
quinones (n = 9), these binding affinities further sup- 
port the relative unimportance of this feature. Indeed, 
they are surprisingly weak and suggest a structural 
requirement for full substitution of the quinone ring. 

A small selection of naphthoquinones was also as- 
sayed for QA-site binding, and revealed generally strong 
affinities, as previously reported by Gunner and Dutton 
[10,26]. Menaquinone-8 (MK-8, vitamin K-2, 2-methyl- 
3-octaisoprenyl- l ,4-naphthoquinone)  and phyl- 
loquinone (methyl-MK-0, vitamin K-l, 2-methyl-3- 
phytyl-l,4-naphthoquinone) both bound comparably 
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Fig. 5. Temperature dependence and thermodynamic parameters for 
QA reconstitution by prenyl ubiquinones. Van 't Hoff plot for Q-10 
(~), Q-4 (40 and Q-1 (+). Approx. 0.5 ~M RCs, 0.3% LDAO, 10 mM 
Tris (pH 8.0). The derived thermodynamic parameters (z~G °, z~H ° 

and - TA S °) for these and other prenylogues are given in Table I. 

with the prenyl ubiquinones.  Menadione  (MK-0,  vita- 
min K-3, 2-methyl- l ,4-naphthoquinone) ,  which lacks 
the isoprene chain altogether, bound  with an apparent  
affinity similar to that of  methyl-Q-0 and more  tightly 
than Q-0, the tail-less headgroup of  the ubiquinone 
series. 

Temperature dependence of binding to the QA site 
Although the binding affinity at room temperature 

changed very little in the ubiquinone isoprenoid series, 
the temperature  dependence of  binding varied markedly 
with isoprene chain length. Fig. 5A shows the tempera- 
ture dependence of  KQA, in 0.3% L D A O ,  for three 
ubiquinones,  and it is clear that  the long- and short-chain 
derivatives differ significantly in their responses. The 
derived data  for all ubiquinone prenylogues are sum- 
marized in Table I. For  the long-chain derivatives, the 
enthalpic contr ibut ion is actually unfavorable  ( a  H 0 > 0) 
and net binding is driven entirely by a large entropic 
term. However,  the relative contr ibut ions of  the en- 
thalpic and entropic terms change as the side-chain is 
shortened. At  n = 6, the enthalpy of  binding changes 
sign and it becomes progressively more  negative as 
further isoprene units are removed. Since the net free 
energy of  b inding remains constant  throughout  the 
ubiquinone series, this seems to represent a clear case of  
e n t h a l p y / e n t r o p y  compensa t ion  [33-35]. 

Binding affinities for the Qn site 
Table  I I I  shows values of  KQB and - l o g  X'detq, for all 

ubiquinones,  determined predominant ly  by measuring 
AS, the ampli tude of  the slow phase of  the recombina-  
tion kinetics. The general trends are similar to those 
seen for QA reconsti tut ion and there is no  marked 
influence of  the side cha in  length beyond  one isoprene 
unit. The three assays described in Materials and Meth-  

ods - the ampli tude of the Q A Q a  ~ QAQa electron 
transfer (e.g., AA397) , AS, and cy tochrome turnover 
(A2 /A1)  - p robe  the functional  b inding of QB at 
progressively longer times after the flash. For  Q-10, in 
LDAO,  all three methods  agreed well, with - l o g  X~ det Qa 
= 3.4 + 0.1. However,  for the shorter  chain ubiquinones,  
even upto  Q-6, the longer time assays showed stronger 
binding. We interpret this to indicate that  these binding 
assays are variously affected by  post-f lash uptake  of 
quinone, driven by the electron transfer equilibrium, so 
as to partially reflect the binding affinity for the semi- 
quinone state (Eqn. 3) [18,29,31]. In L D A O ,  Q-10 is 
almost immobile  on the time scale of all these assays 
and is adequately described by  the pre-flash equi- 
librium, K D in all cases. The  shorter chain species are QB' 

more mobile, however, and the AS and cy tochrome 
turnover assays are displaced in the direction of  K ~ /  
(1 + K2). For  unified compar ison  of  the various 
ubiquinone prenylogues,  therefore, it may  be better  to 
take the shorter time assay (AA397) , indicative of  K ~ .  
This shows a more  marked drop in binding affinity for 
the shorter-chain quinones,  Q-2 and Q-1. 

The binding of  Q-0 is also consistent with this trend. 
The assay for this species was different again, however, 

TABLE III 

Dissociation constants for the binding of ubiquinone species (Q-n) at the 
QB site in reaction centers a 

Q-n KQa -- log xdCtQB c 
(#M) ~ 

Q-10 1.7±0.4 d 3.4+0.1 d 
Q-9 2 3.3 
Q-7 3.5 3.1 
Q-6 4 3.0 
Q-5 4.5 3.0 
Q-4 3 3.2 
Q-3 3 3.2 
Q-2 2.2 ± 1.4 3.3 ± 0.3 

9 e 2.7 
Q-1 10 2.6 (2.9) 

70 e 1.9 (2.1) 
Q-0 600 f (2.8) 
methyl-Q-0 135 f (3.0) 
decyl-Q-0 9 2.7 + 0,5 

a Conditions: 10 mM Tris (pH 8.0)/0.1% LDAO, 298 K. 
b KQ B were determined by titration of AS, except as described in 

Notes d, e and f. 
c X~t is the mole fraction equivalent of KQB, calculated as KQB / 

[LDAO], with the detergent concentration in molar units: 0.1% = 
4.36 raM. Values in parentheses are calculated mole fraction data, 
for the detergent phase alone, taking account of the partition 
coefficients in octanol (see Table I), as described in the text. 

d Values for Q-10 are the average of determinations using three assay 
methods: AS, AA397 and A2/A1 - see Methods. 

e KQ B determined by titration of the amplitude of the millisecond 
phase of AA397. 

r KQ B determined by titration of kQa, the rate of the slow recombina- 
tion phase, yielding k o by extrapolation to [Q]- 1 = 0. Qa 



as it is substantially soluble in the aqueous phase, is 
rapidly mobile after the flash and can equilibrate fully 
to give further binding, driven by the electron transfer 
from QA to QB [29]. The dissociation constant was 
obtained from the quinone concentration dependence of 
the rate of the recombination reaction [29], yielding 
K ~  = 360-660 #M, at 298 K. The equivalence of K~B 
and K ~  is uncertain. We have suggested that the redox 
state of QA/QA can affect the properties of QB and the 
QB binding site, and the influence that inhibitors of QB 
binding have on the redox midpoint potential (Em) of 
QA is consistent with this [36]. However, the interpreta- 
tion of this data is complex and it may be that only 
quinol binding is affected. Direct measurement of the 
binding of terburyn did not reveal an effect of the redox 
state of QA [23]. For present purposes, it is reasonable 
to compare K ~ ,  for Q-0, with Kff~ obtained for the 
other ubiquinones, and note the continued trend to- 
wards weaker binding as the isoprene chain is removed. 
Methyl-Q-0 behaved similarly to Q-0, with K~B = 135 
#M. 

Temperature dependence of Q a function 
The effect of temperature on QB binding and proper- 

ties was investigated with Q-0 as QB because the nature 
of the experimentally accessible parameters is well de- 
fined for this quinone and does not vary with temper- 
ature. In contrast, the mobility of the larger quinones 
increases substantially with temperature, so that the 
major influence on QB function changes from K ~  to 
K~, (and K 2) as the temperature is raised (unpublished 
observations). Fig. 6 shows the temperature dependence 
of K ~  and K 2 for Q-0, obtained from the kinetics of 
the recombination reaction as a function of quinone 
concentration. The data include one point at 17°C, 
from an earlier study done in 0.1% Triton X-100 [29], 
and the general agreement with the present work em- 
phasizes the independence of Q-0 form the detergent 
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Fig. 6. Temperature dependence of Qa activity by Q-0. K2, the 
electron transfer equilibrium between QAQa and QAQa (1~), and 
K~B, the dissociation constant for quinone after the flash (Ill), were 
determined from the quinone (Q-0) concentration dependence of the 
rate of recombination (kQR), at various temperatures. Conditions: 
approx. 1/~M RCs, 10 mM Tris (pH 8.0), 0.1~ LDAO (except <9 and 

o,  taken from Ref. 29:10 mM Tris (pH 8.2), 0.06% LDAO). 
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milieu. In spite of a substantial margin of error, the 
trend in the data is quite clear. The dissociation con- 
stant is strongly temperature-dependent, with a binding 
enthalpy (AH~oB) of --36 __+ 7 kJ/mol. At 298 K, the 
standard free energy of binding, AG~QB, is -18.5 
kJ/mol, yielding - TA S~QB = 27 kJ/mol. The standard 
enthalpy for the electron transfer equilibrium (AH~2) is 
about - 3 1 _  6 kJ/mol. At 298 K, AGff2 is -7.5 
kJ/mol, so - TASte 2 ~ 23 kJ/mol. 

Electron transfer from Q f  to Qa 
At a fixed concentration of quinone (100 #M), the 

rate of electron transfer from QA to QB shows little 
dependence on the length of the ubiquinone side-chain, 
except for Q-1 (tl/2 = 115 _+ 5/ts for Q-10 through Q-2, 
and tt/2 = 175 #s for Q-l, in 0.1% LDAO; not shown). 
However, for Q-0, the rate of transfer was previously 
shown to be largely second-order, saturating at high 
concentrations as the binding site becomes fully oc- 
cupied at the time of the flash [29]. In view of the 
relatively weak binding (KQ%) of Q-l, we consider it 
likely that the slower kinetics for this prenylogue arise, 
in part, from lack of saturation of the QB site, together 
with significant reequilibration of quinone after the 
flash, from within the same micelle * 

The one-electron equilibrium constant (K 2) between 
QAQB and QAQa is an important parameter for the 
continuous turnover of the acceptor quinone complex, 
as residence of the electron on QA will contribute to 
failures in the photochemical conversion (closed RCs). 
The efficacy of various ubiquinones in reconstituting 
QA to QB electron transfer in extracted RCs is shown in 
Fig. 7. K 2 was determined from the ratio of  kQA and 
the slow recombination rate constant determined at 
high quinone concentrations (ideally k~B, as described 
in the Materials and Methods section). The value of K 2 
falls off as the side chain is shortened below about six 
isoprene units. In view of the relative insensitivity of 
other parameters, such as binding affinity, to chain 
lengths in excess of three isoprene units, this is a little 
surprising, but it does correlate with the changing con- 
tributions of enthalpic and entropic terms of the bind- 
ing free energy for QA (Table I). The possibility that the 
value of  kQa determined was not maximal, i.e., yielding 
K~ °p rather than K 2, was investigated by repeating the 
measurements at very low detergent (0.001% LDAO) or 
at low temperature (8-13°C), when quinone mobility 
between micelles is negligible. These measurements re- 
suited in small increases in the relative values of K 2 for 

* The cmc for LDAO is approx. 0.048% (2.1 mM) and the aggrega- 
tion number is 75. Thus, in 0.1% LDAO (4.4 mM) the concentra- 
tion of micelles is roughly 30 #M and, with 100 #M quinone, 
almost every micelle should have at least one Q-1 (Poisson distribu- 
tion). 
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Q-1 and Q-2, but did not alter the general trend in the 
data. 

In 11 different preparations of each type (0Q- and 
1Q-RCs, in 0.1% LDAO), full reconstitution with Q-10 
in 0Q RCs gave a slow recombination time that was 8% 
faster than for 1Q RCs (799 + 9 vs. 862 + 17 ms). The 
difference was statistically significant, but the corre- 
sponding change in K2 is barely detectable in most 
functional assays. Apart from this small systematic dif- 
ference, the effect of ubiquinone substitution on K2 
was essentially the same for 0Q- (Q-n as QA and QB) 
and 1Q-RCs (Q-10 as QA in all cases), indicating that 
the effect of chain length is exerted through the redox 
potential of the QB/QB couple alone. 

In contrast to the short-chain isoprenyl ubiquinones, 
Fig. 7 shows Q-0 and methyl-Q-0 to elicit substantial 
increases in K 2, in 1Q-RCs. This apparently paradoxi- 
cal behavior is fully consistent with the intrinsic redox 
properties of these species, which have higher in vitro 
midpoint potentials than any of the isoprenyl forms [7]. 
This is discussed further, below. 

Although reconstitution of QA is observed with a 
wide variety of quinone species, it has generally been 
held that Q8 function is much more specific [44]. This 
appears to be true for reconstitution of 0Q-RCs, where 
the non-native quinone must function as both QA and 
QB (Table II). In assays of turnover of the acceptor 
quinones by the ability to oxidize cytochrome on the 
second flash of a pair given 50 ms apart (A2/A1), Q-10 
and Q-0 reconstituted into 0Q-RCs both gave more 
than 80% turnover on the second flash. This level of 
activity is typical of fully extracted, reconstituted reac- 
tion centers (0Q-RCs). When reconstituted with 
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Fig. 7. Variation of the electron transfer equilibrium between Q~ QB 
and QAQa (K2) with isoprene chain length. K 2 was determined from 
the ratio of the fast and slow recombination rates for various prenyl 
ubiquinones (Q-n, where n indicates the number of isoprene units in 
the side chain). The fast recombination rate was determined in the 
absence of added ubiquinone (1Q-RCs) or in the presence of sub- 
stoichiometric amountQ-RCs); the slow rate was determined in the 
presence of 100/~M prenyl ubiquinone. Conditions: all measurements 
in 10 mM Tris (pH 8.0); ©, 0Q-RCs in 0.1% LDAO, 2 5 ° C ; . ,  
1Q-RCs in 0.1% LDAO, 25°C;  t3, 1Q-RCs in 0.001% LDAO, 25°C;  
I ,  IQ-RCs in 0.1% LDAO, 13°C. Averages of 11 separate prepara- 
tions and extractions, reconstituted with Q-10 (in 0.1% LDAO, 25 o C) 

are shown for 0Q-RCs (®) and 1Q-RCs (o).  
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Fig. 8. Competitive inhibition by plastoquinone at the QB site. The 
amplitude of the slow phase of recombination, with Q-10 as Qa, is 
shown as a function of PQ-A concentration. 0.5 ~M RCs in 10 mM 
Tris (pH 8.0), 0.1% LDAO, plus 6 ~M (D) or 40 ~.M ( I )  Q-10. Curves 
are drawn according to: Z~Sm~ = 0.98, K%(Q-10)=  0.8 ~M ( - l o g  

X ~  t = 3.7), KQa(PQ-A ) = 30 #M ( - l o g  X ~  = 2.2). 

quinones other than ubiquinones, the second flash activ- 
ity was small in all cases, but especially for 
menaquinone-8 and the plastoquinones, all of which 
should at least partition favorably into the detergent 
phase. On the other hand, we have previously shown 
[37] that menaquinone-8 as QA can readily transfer 
electrons to Q-10 as Qa, with an enhanced equilibrium 
constant (K 2) consistent with the expected lower redox 
potential of menaquinone [7]. This was not tested for 
the plastoquinones because their weak binding as QA 
(Table II) renders then susceptible to displacement by 
any ubiquinone. 

The failure of the plastoquinones to reconstitute the 
two-electron gate in bacterial RCs, is particularly 
surprising in view of the fact that PQ-A fulfills both QA 
and QB roles in RCs of Photosystem II in higher plants, 
algae and cyanobacteria. They also failed to function as 
Qa in 1Q-RCs, with Q-10 as QA- Since the plasto- 
quinones bind weakly as QA, we considered that their 
binding as QB might be so weak as to be essentially 
absent. This was tested by titration of fully active RCs 
(with Q-10 as QA and Qa) with PQ-A, to see if the 
plastoquinone was a competitive inhibitor of the QB 
activity of Q-10. Fig. 8 shows that, indeed, Q8 activity 
was inhibited by PQ-A, with an inhibitor dissociation 
constant of 30 /~M in 0.1% LDAO ( - l o g  X det= 2.2), 

QB 
compared with 0.8/zM for Q-10 ( -  log X, det ~-- 3.7). It is QB 
noteworthy that the affinity of PQ-A for the Q8 site is 
very similar to that observed for binding to the QA site 
(Table II). A similar inhibition of QB function was also 
seen for duroquinone (not shown). 

Discussion 

The work described here provides a view of the 
binding and functional properties of the acceptor 
quinones of bacterial reaction centers, focusing on the 
relative roles of the headgroup and isoprene side-chain 
as determinants of function. 



Establishing a comparative basis for Q A binding 
A quantitative description of the relative importance 

of headgroup features for binding of natural isoprene- 
substituted quinones, is confounded by the significant, 
but differential, water solubilities of the smaller 
quinones. In the case of the methylbenzoquinones, in- 
cluding plastoquinone, duroquinone provides a link be- 
tween the water-soluble species and the very hydro- 
phobic, long-chain forms. For the di- and trimethyl 
benzoquinones, which are quite water-soluble ( > 1 mM), 
with relatively small partition coefficients (log P < 2), 
the measured (net) binding affinities in 0.1% LDAO 
closely reflect the affinities based on the aqueous con- 
centrations. These may be compared directly with the 
low detergent limit for duroquinone (KQ^ = 0 . 5  /~M) 
(Fig. 1). The plastoquinones, on the other hand, are 
solubilized exclusively in the detergent phase and their 
binding affinities ( - l o g  X d*t= 2.2 to 2.8) must be Q^ 
compared with the detergent phase value for 
duroquinone, which may be obtained by extrapolation 
of the data of Fig. 1 to high detergent, or by calculation 
using a partition coefficient, log P, of 2.7. Both ap- 
proaches yield - l og  X, det ~, 4.2 * The binding affinities QA 
for 2,5- and 2,6-dimethyl- and trimethylbenzoquinone 
can also be estimated for the detergent phase, using 
partition coefficients (log P) of 1.1 and 1.7, for the di- 
and trimethylbenzoquinones, respectively [25]. The 
calculated values are - l og  X, det = 2.4, 2.6 and 2.8, very Q^ 
similar to the range of values for the plastoquinones. 
The significantly higher value for duroquinone, com- 
pared to trimethylbenzoquinone and the plasto- 
quinones, dramatically reveals the stronger binding of 
the fully ring-substituted quinone, and the relative inef- 
fectiveness of a large, hydrophobic tail structure. This 
indicates that a major contribution comes from contact 
interactions, such as van der Waals forces, in the 
headgroup region, as clearly shown by the work of 
Gunner and Dutton [9,10,26]. The trend in the di-, tri- 
and tetramethylbenzoquinones is clearly towards tighter 
binding as the degree of ring substitution increases, 
although the values for the dimethylbenzoquinones are, 
perhaps, not as small as expected. Similarly, the deter- 
gent phase binding affinity for methylbenzoquinone 
( - l o g  X. de t=  2.6, log P = 0.6) is unexpectedly high. Q^ 

* From an apparent dissociation constant, KQ^ (/tM), measured in 
x% detergent (molecular weight, MWdct) , the binding affinity in 
terms of the detergent phase can be determined as follows: 

s det -- KQA" MWdct 
O^- (x%)+lOO/P "10-7 

where P is the partition coefficient of the quinone between the 
water and detergent phases - here approximated by partition into 
cyclohexane or octanoi. This expression makes the approximation 
that the volume of the aqueous phase is equal to the total volume. 
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These discrepancies may arise from the relatively larger 
errors in small values for the partition coefficients of 
these compounds. 

D-a-Tocopherolquinone (2,3,5-trimethyl-6-(3'-hy- 
droxy)tetraisoprenylbenzoquinone), a fully substituted 
benzoquinone, appears to bind quite weakly (Table II), 
but it is possible that the hydroxylated nature of its 
rather short and saturated side-chain gives it a signifi- 
cantly smaller partition coefficient than the equivalent 
isoprenyl quinones. This is certainly consistent with its 
very low chromatographic mobility in apolar solvents 
[15]. 

Examination of dimethoxybenzoquinones - Q-0, 
methyl-Q-0 and the ubiquinone series - also indicates 
only a weak contribution of the side-chain to the net 
binding strength. Q-0 and methyl-Q-0 are much more 
water-soluble than their methyl counterparts, tri- and 
tetramethylbenzoquinone, and neither Q-0 nor methyl- 
Q-0 exhibits sufficient detergent dependence to obtain a 
- log  X d~t value, directly, for comparison with very QA 
hydrophobic quinones. The best we can do with the 
available data is assume proper equilibrium between the 
aqueous and detergent phases for these smaller 
ubiquinones, and estimate detergent phase binding af- 
finities to compare with the measured affinities of the 
isoprene-substituted ubiquinones. With log P values of 
about 0.9 and 1.5 for Q-0 and methyl-Q-0, respectively 
(Ref. 25, and see discussion above), we can calculate 
- log  X, det values of 4.1 and 4.3, compared to 4.5 for QA 
Q-1 (log P = 3.1) and 4.7 for the higher prenylogues 
(Q-10 through Q-2, log P > 5). The small partition 
coefficients for Q-0 and methyl-Q-0 render these esti- 
mates rather crude, but the similarity between all the 
values emphasizes the lack of a strong influence of the 
tail when binding equilibrium is established between the 
protein and a hydrophobic phase. The affinity for Q-0 
may appear unexpectedly high compared, for example, 
to trimethylbenzoquinone, but it presumably reflects 
the greater size. This is supported by the similar affinity 
(on a mole fraction basis, see Table II) exhibited by 
MK-0 (2-methylnaphthoquinone: - l og  X, d~t= 3.8, log QA 
P --- 2.1), a molecule of very similar size to Q-0. It also 
supports a lack of any great chemical specificity for the 
methoxy groups, a conclusion that has been forcefully 
made by Gunner and Dutton [10] on the basis of 
extensive comparisons with many small quinones. 

An alternative basis for a unified comparison of the 
ubiquinones is to estimate a low detergent (i.e., aqueous 
phase) limit for Q-1 binding, since this quinone is 
sufficiently amphipathic that both phases can be taken 
as in equilibrium *. For Q-l, with log P = 3.1, we 
calculate from - log  X, d~tQ̂ = 4.4 (Table I) that KQ^ -- 0.1 
~M in the water phase. The values for all these parame- 

* See footnote, p. 168 left-hand column. 
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ters are quite similar to those described above for 
duroquinone. 

Headgroup and tail contributions to quinone binding and 
function 

Our analysis in terms of equilibrium from the deter- 
gent phase reveals novel aspects of the binding specific- 
ity and specifically deemphasizes the contributions of 
the tail. For both QA and QB, it seems that only the 
first two (QA) or three (QB) isoprene units make net 
contributions to the binding affinity. This is also suffi- 
cient to ensure that the quinone is entirely (>> 99%) 
partitioned into the detergent phase, and we suppose 
that the function of the tail, in vivo, is at least partly 
along similar lines. The much longer tails encountered 
in vivo may arise for reasons of stability - the short 
chain ubiquinones, Q-4 and smaller, are notably more 
susceptible to oxidative cyclization of the first isoprene 
unit to the headgroup ring - or to localize the quinones 
within the lipid bilayer, for example in the mid-plane 
[38]. 

However, the side-chain may not be irrelevant to 
function, and the lack of a major contribution of the tail 
to the overall energetics of binding does not preclude 
significant interaction in this region. The detergent- 
phase binding affinity of decyl-Q-0 ( -  log X, det = 3.7) is QA 
about 10-times weaker than for Q-2, suggesting that a 
hydrophobic tail can be a liability if it is not of the right 
structural form. This provides some support for specific 
side-chain interactions, especially in the first two or 
three isoprene subunits. Indeed, studies on short alkyl 
chain-substituted ubiquinones have shown surprising 
details of specificity in the first few carbon-carbon 
bonds [39]. Furthermore, the progressive change in ther- 
modynamic contributions to the binding free energy of 
QA, as the tail is shortened (Table I) indicates com- 
pensating shifts in the nature of the binding, with a 
significant jump in behavior between Q-7 and Q-6 *. 
We have suggested that the enthalpic contribution, 
which is dominant in the short-chain ubiquinones, is 
indicative of headgroup interactions, while the entropic 
term reflects binding of the hydrophobic tail [35]. Since 
the net affinity is almost unchanged throughout the 
ubiquinone series, the increased hydrophobic interac- 

* For  the very hydrophobic,  long chain quinones the partition coeffi- 
cients are so large that binding equilibrium from the water phase 
cannot  be assumed on laboratory time scales. For Q-5, for example, 
log P - - 1 3  [25] and for a net concentration of 100 stM quinone in 
0.1% LDAO the actual concentration in the water phase will be no 
greater than 10 -14 M. If equilibration between the RC and aque- 
ous quinone is taken to occur via collisional encounters at the 
diffusion limit (k  ~109  M - l . s  -1)  the on rate will be of  the order 
of 10 -5  s -1 .  The necessary time for equilibration quickly becomes 
astronomical for even longer chain prenyiogues, for which log P 
increases by approximately 3 - a factor of  1000 in P - per isoprene 
unit [25]. 

tions of the longer tails would seem to be at the expense 
of interactions in the headgroup region. This may sug- 
gest that the tail tends to pull the head away, which 
could cause energetic or structural perturbations of QA 
function. The latter is supported by the fact that the 
P+QA recombination reaction, at low temperatures, is 
distinctly slower for Q-0 (10 s -1 at 110 K) than for 
Q-10 (35 s -1) (not shown). At room temperature, how- 
ever, we found all ubiquinones (Q-10-Q-0) to exhibit 
similar recombination rates (8-9.5 s-l). Q-0 is unusual 
in not exhibiting any significant acceleration of the 
recombination rate at low temperatures. Acceleration is 
typical for RCs from Rb. sphaeroides with all but the 
most low-potential quinones as QA [9]. Possibly the 
small size of Q-0 may allow some structural rearrange- 
ments as the temperature is lowered, thereby masking 
the expected acceleration with a secondary effect. 

An antagonistic effect of the headgroup and tail is 
also suggested in Qa function by the observation that 
the presence of 2 mM farnesol, as an analogue of a 
short isoprenyl chain, caused a 6-fold decrease in the 
apparent binding affinity of Q-0, as QB, and a 1.7-fold 
decrease for methyl-Q-0 (not shown). In view of the 
hydrophilic nature of these quinones and the significant 
level of detergent already present (4.3 mM), it is un- 
likely that this effect is simply due to dilution of the 
quinone in the additional hydrophobic phase. 

Small changes in the energetics of QA are likely to 
have little effect on the primary kinetic behavior of the 
RC, since the rates of I-  t o  Q A  electron transfer and the 
direct P+QA recombination are almost insensitive to 
the E m of QA/QA in the potential range provided by 
the quinones used in this study [9,40]. However, the 
activated recombination route, via P+I-,  may detect 
some energetic shifts in Q A  [22,40,41] and the direct, 
tunnelling route is likely to be sensitive to structural 
perturbations [9,42]. Of the various benzoquinones 
tested, all the ubiquinones and plastoquinones gave 
similar recombination rates at room temperature ( k Q A  

-- 8-9 s-l),  but duroquinone gave a significantly slower 
rate (1.7 s-l),  as reported previously [21]. This cannot 
be a simple reflection of intrinsic redox energetics as the 
in vitro half-wave potential of the duroquinone Q / Q -  
redox couple (E1/2), in dimethylformamide (DMF), is 
about -405 mV, which is more negative than the 
ubiquinones (Et/2 ~ -365 mV) [7]. However, the ex- 
tensive studies of Gunner and Dutton suggest that the 
in situ potential of duroquinone is unexpectedly higher 

* Proper assessment of enthalpic vs. entropic behavior would require 
analysis in terms of the detergent phase binding affinity, but  the 
necessary temperature dependences of the partition coefficients and 
detergent mieelle properties are not  known in detail. However, 
available data on partition coefficients for small molecules between 
water and organic phases indicate only weak temperature depen- 
dences [24]. 



than that of ubiquinone [9,10,22]. 
The naphthoquinone isoprenoid derivatives, mena- 

quinone-8 (MK-8) [37,41] and phylloquinone (phytyl- 
MK-0) gave significantly faster rates than the 
ubiquinones, while the rate for menadione (MK-0) was 
similar. These differences could possibly be of energetic 
origin. El l  2 for both MK-8 and phytyl-MK-0 is -465 
mV, but it is only -405 mV for MK-0 [7]. If the 
relatively lower potentials of MK-8 and phytyl-MK-0 
are maintained in situ, they may be sufficiently negative 
to slightly enhance the thermal accessibility of the 
activated recombination route via P+I-  [22,40,41]. This 
gains some support from the fact that, at low tempera- 
ture, the recombination rate with MK-8 as QA becomes 
indistinguishable from that with Q-10 [9,41]. 

It should be noted that entropic contributions to 
binding, associated with hydrophobic interactions of the 
tail, are likely to be less significant in vivo, where the 
binding equilibrium is established between the protein 
site and the extensive hydrophobic solvent phase of the 
membrane. If this is so, then the QA headgroup interac- 
tions will be relatively more influential in vivo, even for 
the native, long-chain ubiquinones (Q-10, in Rb. 
sphaeroides). This may be a contributing factor to the 
observation that the P+QA recombination rate in chro- 
matophores is faster than in isolated RCs (tl/2 = 45 vs. 
80 ms [43]). 

Qs binding and function 
A very similar picture emerges for QB binding when 

the detergent phase is considered. For Q-0, methyl-Q-0, 
Q-1 and Q-2, taking the relevant partition coefficients 
into account, as above, - log  X det is estimated to be QB 
2.1-3.3. The variation is not obviously systematic with 
side-chain length - the range of values for Q-1 being 2.1 
(from AA397) to 2.9 (from AS) - and it is as likely to 
arise from inadequacies in the estimations as from a real 
structural source. Our values for Q-1 agree well with the 
data of Diner and co-workers [23], which yield - l og  
X ,  d e t =  2.8 in 1.0% LDAO, and 2.2 in 0.025% LDAO, QB 

determined from the slow phase of the recombination 
kinetics. Thus, the binding affinities of these smaller 
ubiquinones are no more than an order of magnitude 
less than those measured here for the most hydro- 
phobic, long-chain ubiquinones, e.g., for Q-10, - l og  
X. det = 3.4 + 0.1" similarly, from Ref. 23, - l og  X, °~t - Q a  - -  ' QB - -  

3.55 for Q-10, and 3.5 for Q-9. These comparisons 
imply, again, only a minor role for the side-chain in 
determining the overall affinity of the "Qa site for the 
ubiquinone structure. 

The temperature-dependence of Q-0 activity as QB 
shows the binding to be enthalpically driven and sub- 
stantially opposed by entropic contributions. This is 
consistent with the trend seen for binding of short-chain 
ubiquinones to the QA site. The diverse thermal proper- 
ties of the two contributing processes of binding and 
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electron transfer can lead to inscrutable behavior of the 
observed electron transfer equilibrium when QB binding 
is not saturated at all temperatures. With Q-10 as QB, at 
apparently saturating concentrations of quinone in 0.1% 
LDAO, we have measured AHK2 to be -8.5 kJ/mol 
(not shown). Other reports in the literature indicate a 
rather large spread of values, viz., - 2 2  kJ/mol in 
0.025% LDAO [28], and -14.5 kJ/mol in 0.1% LDAO 
[44]. We have not been able to separate unambiguously 
the binding and electron transfer contributions for Q-10 
because of changes in mobility of the quinone over a 
significant range of temperature, as described above. 
However, the range of reported values for A Hx~ could 
be consistent with a 'positive' binding enthalpy (A HKQ B) 
for Q-10 as QB, as observed for QA (Fig. 5 and Table I). 
The two smaller values for AHK2 might then indicate 
some compensating effects of binding (positive AHxQB) 
and electron transfer (negative AHx~ ), and it is note- 
worthy that they were obtained in higher detergent than 
the largest value, which is also the most similar to our 
value of AHr: for Q-0 as QB ( - 3 1  kJ/mol). Our 
analysis of Q-0 activity properly separates the parame- 
ters of binding and electron transfer for this analogue. 

Reconstitution of QA and Q8 function 
Of all the quinone species tested, only the ubiquinones 

were able to properly reconstitute both QA and Qa 
function. However, it would be misleading to conclude 
that QB function was more specific or the QB binding 
site more discriminating than the QA site. The average 
affinity of the QB site is only 10-20-times weaker than 
that of the QA site. This is not an overwhelming distinc- 
tion and is consistent with the general observation that 
partially extracted RCs exhibit some Qs activity even 
when the QA site is not fully occupied. In the case of 
the plastoquinones, the binding affinity for PQ-A at the 
QB site was found to be very similar to that at the QA 
site, and quite sufficient to support substantial QB 
activity. Thus, the failure of the plastoquinones to ex- 
hibit Qa function must lie elsewhere, probably with 
their in situ redox potential. This also provides a likely 
source of explanation for the peculiar abilities of the 
ubiquinones, which are uniquely flexible in their redox 
properties as has been well documented by studies on 
the polarographic halfwave potentials (E1/2) of many 
quinones in DMF [7]. 

The methoxy groups characteristic of ubiquinones 
exhibit both the electron withdrawing properties of the 
oxygen, via the inductive effect, and electron donating 
properties, via the mesomeric effect [7,11,24]. The latter 
arises from delocalization of the unpaired p-orbital 
electrons of the oxygen over the enone and aromatic 
nucleus of the quinone/quinol structures. Effective de- 
localization requires afignment of the methoxy group in 
the plane of the ring. From the data of Prince at al. [7], 
it is evident that a single methoxy group is significantly 
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electron donating, as expected, resulting in a lower El~ 2 
for the Q / Q -  couple of methoxy-l,4-benzoquinone 
( -265  mV vs. NHE) than for the unsubstituted species 
(E1/2 = -157 mV). Two methoxy groups placed on 
opposite sides of the quinone ring are essentially ad- 
ditive (El l  2 -- -426 mV for 2,5-dimethoxy and -384 
mV for 2,6-dimethoxy), but when positioned in the 
vicinal configuration they have less effect than one 
methoxy ( E ~ / 2 = - 2 1 4  mV for 2,3-dimethoxy). Evi- 
dently the presence of the second disrupts the effect of 
the first. Molecular models show that the methoxy 
groups cannot both lie in the ring plane, due to steric 
hindrance with each other and with the carbonyl 
oxygens. This is confirmed by X-ray studies on crystals 
of Q-0 which show one methoxy in-plane and one 
almost at right angles to it [45]. Thus, the second 
methoxy group can only be electron-withdrawing. The 
energetic effects of this interaction have been qualita- 
tively described to show a continuous variation of the 
redox potential as the methoxy groups are twisted [7,11], 
and this has been quantitatively simulated by molecular 
orbital calculations (Robinson, H.H. and Kahn, S., per- 
sonal communication). A related effect on the partition 
coefficients of methoxy-substituted ring systems is also 
known [25]. 

With this in mind, it is easy to see how the 
ubiquinones could be uniquely suited to simultaneously 
filling the roles of QA and Qa. The failure of PQ-A to 
function as QB with Q-10 as  QA could be understood in 
terms of their respective in vitro El l  2 v a l u e s  ( - 375 mV 
for PQ-A and - 358 mV for Q-10 [7]), but the failure of 
PQ-A to function as both QA and Qs clearly implies 
that the 'solvent-like' nature of the two binding do- 
mains is not sufficient to produce the redox potential 
difference needed to effect electron transfer from QA to 
QB. This is particularly striking, because from the X-ray 
structure it is apparent that Qa is approx. 0.2 nm closer 
to the iron atom (1 net positive charge) than QA [5,46], 
which should make Qs more electropositive than QA" 

Furthermore, studies on the pH dependence of the 
QAQB ~ QAQa electron transfer in native RCs show 
that the electron transfer equilibrium is not favorable 
unless H ÷ ion binding occurs. This suggests that the 
inherent solvent properties of the Qa pocket render the 
Q/Q-  couple more reducing, perhaps because of its 
more polar [46], and possibly more hydrated, nature. 

In contrast to most quinones, the redox potential of 
ubiquinones can be further tuned by adjustments of the 
methoxy group orientations in the binding sites. It is 
not easy to assess the precise disposition of the methoxy 
substituents for QA and QB in RCs from Rb. sphaeroides 
from the published crystallographic data [5,46,47], but it 
is clear that they are very different. This fine-tuning 
option is not available to any of the other quinones 
tested, and we suggest that it is this which limits the 
function of, e.g., the plastoquinones in bacterial reac- 

tion centers. This raises the question of how PQ-A 
functions in Photosystem II, where it fills both QA and 
QB roles. Presumably the solvent-like environments of 
the two binding sites in Photosystem II are suffiicently 
different as to imprint the necessary redox potential 
span and it will be of interest to compare the bacterial 
and plant structures on this basis. 
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