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The proton uptake associated with the light-induced transfer of an electron to the acceptor quinones QA and 
Qn was investigated in reaction centers from Rhodobacter splmeroides R-26. The proton uptake was found 
to be pH dependent with maximum values of approx. 0.5 H + / e -  at pH 9 for DQ A and approx. 0.8 
H ÷ / e -  at pH 10 for DQAQ ~ . The quinones are not protonated directly. The observed proton uptake is due 
to shifts in the pK values of amino acid residues that interact with the quinones. The pH-dependences of the 
proton uptake were fitted with a phenomenological model in which the protons are taken up by four amino 
acid residues. The deduced pK shifts associated with the reductions of the quinones ranged from 0.4 to 0.8 
for QA and from 0.4 to 1.3 for Qe. The proton uptake by D +QA and D +QAQB was less than that by DQA 
and DQAQ ~ , respectively, indicating a release of protons associated with the formation of D +. To calculate 
the pH-dependence of the redox midpoint potentials of QA (Em<QA)) and Qe (Em<Q,)) from the proton 
uptake, we used a thermodynamic (model-independent) relation. Em(QA ) decreased approx. 20 m V / p H  at 
6.0 < pH < 10.5, while Em(Q, ) decreased approx. 20 m V / p H  at 6.0 < pH < 8.5 and approx. 40 m V / p H  at 
pH < 6.0 and pH > 9.0. The pH dependence of Em(QA ) in isolated reaction centers is significantly weaker 
than that determined from redox titrations of QA in chromatophores of Rb. splmeroides (see for example 
Prince, R.C. and Dutton, P.L. (1976) Arch. Biocbem. Biophys. 172, 329-334). The pH-dependence of the 
free energy between QAQn and QAQB obtained from the difference of Em(QA ) and Em(Qs ) is in good 
agreement with that determined from the measurement of electron-transfer kinetics in isolated RCs from 
Rb. sphaeroides (Kleinfeld, D., Okamura, M.Y., and Feber, G. (1984) Biochim. Binphys. Acta 766, 
126-140). The stronger average interaction of the protons with Q~ provides the driving force for the 
forward electron transfer. A simplified model was used to calculate the pK shifts from the electrostatic 
energy between QA or Q~ and the charges of the protonatable amino acid residues whose positions were 
obtained from the three-dimensional structure (Allen, J.P., Feher, G., Yeates, T.O., Komiya, H. and Rees, 
D.C. (1987) Proc. Natl. Acad. Sci. USA 84, 6162-6166). 
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Introduction 

The primary process of photosynthesis, i.e., the 
conversion of fight into electrochemical energy, is 
mediated by an integral membrane protein-pig- 
ment complex called the reaction center (RC). 
Reaction centers isolated from the bacterium 
Rhodobacter sphaeroides R-26 consist of three pro- 
tein subunits (L, M and H) and several cofactors: 
four bacteriochlorophylls, two bacteriopheophy- 
tins, one non-heme iron (Fe 2÷) and two 
ubiquinones (UQ-10) (for reviews, see Refs. 1-3). 
The amino acid sequence [4-6] and three-dimen- 
sional structure [7,8] of this RC have been de- 
termined. 

The absorption of a photon by the RC pro- 
duces a charge separation that is temporally stabi- 
lized by the serial transfer of the electron through 
an acceptor complex *" 

hi,  
DQ^Qa ~ D ÷  Q~. Qa "-* D+ Q^Qa (1) 

where D is the primary donor (BChl dimer) and 
QA and Qa are the primary and secondary accep- 
tors (UQ-10 molecules), respectively (for reviews, 
see Refs. 9 and 10). The subsequent reduction of 
D + by a secondary, exogenous, donor (cyto- 
chrome c~ +) produces the species DQAQ~, which 
can absorb a second photon, thereby generating 
DQAQ~-. In vivo, the two electrons are trans- 
ferred out of the reaction center to a ubiquinone 
pool (see, e.g., Ref. 11). This process provides the 
driving force for proton transport across the mem- 
brane, forming a chemiosmotic gradient that drives 
ATP synthesis (for reviews, see Refs. 12 and 13). 

In this work we are concerned with the proton 
uptake that accompanies the transfer of the first 
electron to QA and QB (i.e., Eqn. 1). In a forth- 
coming paper (No. II in this series), we will ex- 
amine the proton uptake associated with the two- 
electron state DQ^QZa -. 

The importance of the protonation of the one- 
electron states is two-fold: (i) it is related to the 

* An intermediate state, D + I -  QA.QB, where I is 
Bacteriopheophytin, has been omitted for simplicity in Eqn. 
1. 
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free-energy difference between Q~QB and QAQ~ 
[14,15] and therefore affects the direction and 
kinetics of electron transfer; (ii) it may play a role 
in the formation of the cherniosmotic potential. 

The proton uptake associated with the one-elec- 
tron states in RCs from Rb. sphaeroides has been 
investigated by several authors using a variety of 
approaches, but so far no consensus on the 
stoichiometry has been reached. These approaches 
include: (i) Direct measurement in isolated RCs 
[14,16-20]. The reported values for the proton 
uptake at pH 7.5 by DQ A range from 0.3 to 0.6 
protons per electron (H+/e -) and by DQAQ~ 
from approx. 0 to 0.8 H+/e  -. (ii) Determination 
of the pH dependence of the redox midpoint 
potentials of Q^ and QB by redox titration [21-25]. 
The proton uptake was deduced from the pH-de- 
pendence of the midpoint potential of QA in chro- 
matophores [21-23] or RCs incorporated into 
liposomes [24]. The deduced value of proton up- 
take of 1 H +/e-  at pH ~ 10 is a factor of approx. 
2-3 larger than measured in isolated RCs. The pH 
dependence of the midpoint potential of QB has 
not been determined in sufficient detail to reach a 
conclusion about the protonation of QB [25]. (iii) 
Determination of the pH dependence of the free 
energy between the states QAQB and QAQa from 
the electron-transfer kinetics in isolated RCs [15]. 
The proton uptake was deduced from a model 
fitted to the kinetics data. An uptake of 1 H+/e  - 
at pH ~ 10 was deduced for the reduction of QA, 

consistent with the redox titrations. An uptake of 
1 H÷/e  - at pH _< 11 was deduced for the reduc- 
tion of QR as well. 

In view of the disagreement between the results 
obtained by the different methods, we reexamined 
the proton uptake by a direct measurement of the 
pH changes (with a glass electrode) accompanying 
the formation of the one-electron states: D+QA, 
DQ A, D+QAQ~ and DQAQ ~. We obtained the 
pH dependence of the proton uptake by all four 
states and deduced the separate contributions of 
D+, QA and Q{3. Using a thermodynamic, i.e., 
model-independent, relation we determined from 
the proton uptakes the pH dependences of the 
free-energy changes that accompany the reduction 
of the quinones. The pH dependence of the energy 
difference between QAQa and QAQB is in good 
agreement with that obtained by Kleinfeld et al. 
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[15]. The results of the proton uptake are in fair 
agreement with those obtained with isolated RCs 
by other workers [14,16,18-20]. The discrepancy 
between the values of proton uptake determined 
by us and Kleinfeld et al. [15] is attributed to an 
improperly chosen model in Ref. 15. 

The large difference between the pH depen- 
dence of the midpoint potential of QA in isolated 
RCs and chromatophores and liposomes remains. 
Although a possible explanation for this difference 
has been advanced, this point warrants further 
investigation. 

The optical absorption [26-28] and EPR [29] 
spectra in RCs from Rb. sphaeroides are indicative 
of the semiquinone anion; i.e., protons do not 
bind directly to either QA or Q~. The observed 
proton uptake is believed to be due to a shift in 
the pK values of protonatable amino acid residues 
that interact with Q~, and Q~ [14]. We developed 
a phenomenological model to fit the observed pH 
dependence of the proton uptake. We have also 
attempted to identify the residues involved in pro- 
ton uptake by calculating the electrostatic interac- 
tions (and associated pK shifts) between Q~ or 
Q~ and the charges of the protonatable amino 
acid residues whose positions were obtained from 
the three-dimensional structure [7,8]. We used a 
simplified model neglecting interactions between 
charged residues and screening by counterions. 
Consequently, the calculated values were over- 
estimated. 

A preliminary account of this work has been 
presented [30]. 

Materials and Methods 

Reagents and buffers. Solutions of potassium 
ferricyanide (K3Fe(CN)6) and potassium ferro- 
cyanide (K4Fe(CN)6) (Fisher) were prepared in 
double-distilled water prior to use. Solutions of 
hydrochloric acid (HCI) were prepared from a 
0.01000 + 0.00005 M stock solution (Fisher). Cy- 
tochrome c (Cyt c; horse heart grade VI, Sigma) 
was reduced (more than 98%) by hydrogen gas in 
the presence of platinum black (Aldrich) and 
purified by filtration (cellulose acetate; Milli-pore). 
The concentration of cytochrome c 2+ (in 5 mM 
dipotassium phosphate/45 mM potassium chlo- 
ride, pH 7.0) was determined from the extinction 
coefficient _sso _sso ~ = 18.5 mM -1 • cm -I  ~ C y t c 2 +  - -  E C y t c  + 

[31] and the change in absorption at 550 nm by 
oxidation with K3Fe(CN)6. The following pH 
buffers were used: 1,4-piperazinediethanesulfonic 
acid (Pipes; Calbiochem-Behring), 6.0 < pH < 7.5; 
2-amino-2-hydroxymethylpropane-l,3-diol (Tris- 
HC1; Schwarz /Mann) ,  7.5 < pH < 8.5; and 
cyc lohexy laminoe thanesu l fon ic  acid (Ches;  
Calbiochem-Behring), 8.5 < pH < 10.5. 

Reaction centers. Reaction centers were isolated 
from Rb. sphaeroides R-26 as described [1]. The 
concentration of RCs was determined from the 
absorption at 802 nm and the extinction coeffi- 
cient e s°2= 288 mM -1 .  cm -1 [32]. The reaction 
centers contained 1.92 + 0.06 quinones as de- 
termined by averaging the results of a Cyt c 
photooxidation and a donor recovery (D ÷--) D) 
assay (see, e.g., Ref. 33). The fraction (8 = 0.08) 
with less than 2 quinones had lost QB during 
isolation. For some experiments, reaction centers 
(designated 'QB-depleted') were prepared without 
QB as described [34]. Different preparations con- 
tained 0.59 + 0.01, 0.78 + 0.02 or 0.96 + 0.02 
quinones. RCs were typically solubilized in the 
detergent lauryldimethylamine N-oxide (LDAO, 
Onyx), but in some experiments dodecyl-fl-D- 
maltoside (Calbiochem-Behring) was substituted 
by extensive dialysis against a solution containing 
0.040% dodecyl-fl-D-maltoside, 10 mM Tris-HCl 
and 0.1 mM EDTA at pH 8.0. 

Optical measurements. Absorption spectra were 
recorded on a Cary 17D spectrophotometer 
(Varian). The kinetics of absorption changes were 
determined using a single-beam spectrophotome- 
ter of local design [15,35]. Optical measurements 
were made in 10 mM Tris-HCl and 0.025% (w/v)  
LDAO at pH 8.0 and 23 + 1 ° C, unless otherwise 
indicated. 

Light source. Continuous illumination was pro- 
vided by a projector (Leitz; 500 watt tungsten 
bulb) whose beam passed through water (3 cm), a 
color filter (Coming c 2-64; transmission at least 
50% at ~ > 650 nm), and an interference filter 
(Corion BB850; band width, 50 nm). The intensity 
of the light was varied by adding neutral density 
filters (optical density, 0.3-2.0; Oriel) and was 
measured with a radiometer (YSI industries). 
Light-flashes were provided by a pulsed-dye laser 
(Phase R DL 2100; 0.4 its flash width, 0.2 J per 
flash, X 0 = 590 nm). 



Measurement of proton uptake. Proton uptake 
was determined from changes in pH by measuring 
the potential across a glass/calomel combination 
electrode (Coming No. 476223) with an oper- 
ational amplifier (Burr-Brown 3528; input imped- 
ance: 10 TM 12). Data were filtered with a time 
constant of 100 ms, amplified by a factor of 10, 
and recorded on a digital oscilloscope (Nicolet 
Instr. Corp. model 201). The concentration of the 
reference electrolyte in the calomel electrode was 
reduced to 50 mM KCI to improve the signal-to- 
noise ratio. The sensitivity and response time of 
the apparatus were 3 -10  -a pH units and 2 s, 
respectively. 

The low concentration of the reference electro- 
lyte made the calomel electrode sensitive to the 
difference between the ionic compositions of the 
pH buffers and the RC solution (see, e.g., Ref. 36). 
Absolute values of pH were, therefore, determined 
by calibrating the electrode against a second com- 
bination electrode (Radiometer GK2401B; refer- 
ence electrolyte: 3 M KCI), which was calibrated 
with pH buffers (Fisher) at integral values in the 
range 5-11 * 

The changes in potential were calibrated in 
terms of proton uptake by injecting known 
amounts of HCI with a Hamilton syringe (model 
8001; 10 ~tl capacity). In order to ensure that the 
change in potential was proportional to the num- 
ber of added protons, at least four injections of 
the same volume (either 5 or 10 ixl) but with 
different normalities of HCI ([1.00-8.00+ 1%]. 
10 -a M) were performed. 

The solution of reaction centers or cytochrome 
c (2 ml) was contained in a cylindrical quartz cell 
(diameter, 1 cm) and stirred with a magnetic bar. 
Absorption of carbon dioxide was prevented by a 
flow of wet nitrogen gas over the surface. The cell 
and electrode were shielded from stray light and 
electrical interference by a grounded metal box 
with a hole to pass the incident light. 

Theoretical models  and data analysis 

Model for the pH-dependence of proton uptake 
As discussed in the introduction, spectroscopic 

* The electrode showed a difference of approx. 0.2 pH units 
between the RC solution and pH buffer that was at the same 
pH (as determined with the second combination electrode). 
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evidence indicates that the quinones are not proto- 
nated directly [26-29]. Furthermore, the uptake of 
a fractional proton as well as the shape of the 
proton uptake curves as a function of pH led to 
the suggestion that the proton is associated with 
nearby amino acid residues whose pK values are 
affected by the redox state of the quinone [14]. 

We start with a discussion of a single residue in 
the vicinity of the quinone that can be protonated. 
The results can easily be extended to a set of non 
interacting residues whose contributions are com- 
puted independently. The reactions are modeled 
by the basic four-state equilibrium scheme: 

ac o 
R Q ,r . f  . Q -  R -  

H + H + 
pKQ pKQ 

RH + Q . -  ac, ° -  Q -  R 

(2) 

where H ÷ is schematically shown to be associated 
with a residue R of the reaction center protein 
(shown cross-hatched); AG O with their respective 
subscripts are the standard free energies between 
the states and pK o and PKo- are the acid dissoci- 
ation constants of the residue interacting with Q 
and Q- ,  respectively. 

The proton uptake of the system described by 
Eqn. 2 is shown in Fig. 1. Panel (a) shows the pH 
dependence of the mole fraction of bound protons 
for the two states Q and Q -  for an arbitrarily 
chosen difference pKQ- - pgQ = 1. The mole frac- 
tion is given by the relations: 

1 
[H + ]Q = (3a) 

1 + 10 pH -pXQ 

1 
[ H÷ ]o (3b) 

1 + 10 pH-pxo-  

The net proton uptake, AH~_, Q-, is given by the 
difference between Eqn. 3b and Eqn. 3a and is 
shown in Fig. lb. It exhibits a peak at the pH 
equal to the average of pKQ and pKQ-. The value 
of the proton uptake at the peak depends on the 
difference between pKq and pKQ-. Only for large 
difference in pK will one proton per electron be 
taken up. This situation is expected to prevail if 
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Fig. 1. Proton uptake and free-energy change associated with the electron-transfer reaction Q --- Q -  for a single protonatable group. 
Two cases, pKQ- - p K o  = 1 (left panels) and P K o -  - pKQ ~ 1 (right panels), are shown. (a) Mole fraction of bound protons for the 
two states Q and Q - .  The difference between pKQ and pKQ- is expected to be small if Q is not protonated directly but  instead the 
proton associates with a residue (R )  of the reaction-center protein (shown cross-hatched). (b) Proton uptake given by the difference 
between the two curves in (a); its value at the peak (at pH - (pKQ + p K Q -  ) /2)  is determined by the difference A p K  = pKQ- - pKQ. 
(c) Free-energy change AG~ ~ Q-. The difference between the asymptotic values AG ° and AG ° • is the stabilization energy of Q - by 
the proton. (d- f )  Same as (a-c) ,  except that pKQ ~ 4 and ApK ~ 1, as expected if the proton were to bind directly to the quinone. 
In this case, the free-energy change in the region pKQ .¢: pH ,,~ pKQ- exhibits a slope of 60 m e V / p H  at T = 300 K, corresponding to 

an uptake of one proton per electron. In isolated RCs the situation shown in (a-c)  prevails. 

the quinone were protonated directly, and is de- 
picted in Fig. ld and le. 

The above analysis can be generalized to several 
protonatable non-interacting residues, each being 
associated with different acid dissociation con- 
stants pKiQ and pK, Q-. The observed proton up- 
take is given by the sum of the individual contri- 
butions: 

A H Q . Q -  - 1 + 10PH_p£,o_ 1 + 10PH_pK, ° 
(4 )  

pH-dependence of the free energy change associated 
with the electron transfer reaction Q --, Q - 

We start again by considering the case of one 
protonatable residue as shown in Eqn. 2. The 
free-energy change includes contributions from 

both the protonated and unprotonated states of Q 
and Q- and is given by the Nernst equation: 

A G ~  o-  = - k r  In [Q-  1-* + IQ-  l (5) 
[QIH + + [QI 

where [Q]n ÷ and [Q-]H, are the concentrations of 
the protonated and [Q] and [Q-] the unproto- 
nated species. When the concentrations of the four 
species are written in terms of their respective pK 
values, Eqn. 5 becomes: 

1 + 10 P r o -  - pH 
A G O _  o -  = A G  ° - k T  I n  (6 )  

l + 1 0  p K O -  pH 

where AG ° is given by the expression 
- k T  ln([Q-]/[Q]) and is independent of pH. Eqn. 
6 describes an S-shaped curve with turning points 



at pH values equal to pKQ and pK o- (see Fig. lc). 
The asymptotic values of Eqn. 6 for high and low 
pH are given by: 

p H : ~ p K Q ,  pKQ ; A G ~  O - = A G  ° (7) 

pH .a¢ pKQ, p K o - ;  

o o A G  ° - k T  (In 10) (pKQ- - pKQ) AGQ~Q • = AGH. = 
(8) 

The difference between Eqns. 7 and 8 (i.e., AG ° - 
AG°+) represents the stabilization energy of Q -  
by the proton. 

A special situation that is often encountered 
arises when PKo << pK O . In this case, Eqn. 6 
takes on the limiting form in the region pKQ << 

pH << PKo-: 

A G ~ _  O -  = A G  ° - k r  (In 10) (pK O- - p H )  (9) 

Eqn. 9 describes a line with a slope of 60 m e V / p H  
(for T = 300 K) that intersects the horizontal line 
of AG ° at pH = pKQ- (Fig. l f). The line also 
intersects the horizontal line of AGO+ at pH = 
pKQ. However, since pKQ << 4, this is not shown 
in Fig. l f. The 60 m e V / p H  corresponds to an 
uptake of one proton per electron. 

The above analysis can be extended to several 
protonatable non-interacting residues by summing 
the individual contributions from each residue as 
was done for the proton uptake model (Eqn. 4). 
However, for this case it is advantageous to use an 
alternate relation between proton uptake and the 
free-energy change given by (see Appendix A): 

AG~_Q-  = kT(In 1 0 ) f p H [ A H ~  Q- ] d (pH)  + AG O (10) 

where AG O is the integration constant correspond- 
ing to the energy at which the integration is started. 
The advantage of Eqn. 10 is that it is model-inde- 
pendent, i.e., it does not depend on the number of 
protonatable residues, their acid dissociation con- 
stants or whether they interact or not. 

Analysis of the proton uptake data 
The electron-transfer reactions that we investi- 

gated are shown in Table I (numbered 1-6). Un- 
der each reaction is the expression for the ob- 
served proton uptake, AHo+bs, from which the pro- 
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ton uptake for a particular state (shown in bold 
face) was derived. 

In several reactions cytochrome c 2+ was used 
as an electron donor to D +. When cytochrome 
c 2+ is oxidized protons are released that have to 
be taken into account. Reaction 1 (Table I) was 
used to quantitate this proton release. 

The proton uptake by D+Q~ in RCs from 
which the secondary acceptor QB had been re- 
moved was observed directly (reaction 2, Table I). 
The proton uptake by DQA was determined by 
adding cytochrome c 2+ to reduce D + (reaction 3, 
Table I). It is given by: 

A Ht~O; = A Ho+bs -- AH~.ytc,. (11) 

where AHT:stc,- is the cytochrome contribution 
that was determined independently in reaction 1 
(Table I). An alternative method of determining 
the proton uptake AH~Q~ in which the cyto- 
chrome remains reduced due to the presence of 
ferrocyanide is shown in reaction 4 (Table I). 

The proton uptake by D+QAQ~ was obtained 
from the observed proton uptake of reaction 5 
(Table I) and the relation: 

A H o + b s - ( a -  aS + $ ) A H D - o ,  ~ 
AH~).Q^Q;  = (1 - a)(1 - 8) (12) 

where 8 is the fraction of reaction centers that 
lack QB (see the Materials and Methods section) 
and a is the pH-dependent partition coefficient 
between the species QAQB and QAQB, i.e., a = 
[Q;,QB]/([QAQB] + [QAQ~])- The value of a had 
been determined in an independent set of experi- 
ments by Kleinfeld et al. [15]. Eqn. 12 was ob- 
tained by re-arranging the expression for A Ho+bs in 
Table I (reaction 5) and assuming that the proton 
uptake by D+Q,~QB is the same as that by D+QA . 
The proton uptake by DQAQ~ (reaction 6, Table 
I) observed in the presence of cytochrome c 2+ was 
obtained from an expression similar to Eqn. 12: 

AHo+b,- ( c t -  a8 + 8)aH~x:~,~ - AH~:ytc,÷ 
AH~<~,,Qg = (1 - a)(1 - 8) 

(13) 

where the additional t e r m  -AH~-ytc3. accounts 
for the proton release from the oxidized cyto- 
chrome. 
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Error bars shown for the data of AHo+b~ (see the 
Results section) represent the estimated experi- 
mental uncertainty (one S.D.). They were calcu- 
lated from the estimated uncertainties associated 
with the measurement of the electrode-potential 
and the calibration of the potential in terms of 
proton uptake (see Materials and Methods). Error 
bars shown for the derived proton uptakes 
( A H ~ o ; ,  , AH~-Q^Q~ and AH~Q^O ~) were ob- 
tained by propagating the estimated experimental 
uncertainties of AHob ~. 

Experimental results 

Proton release from cytochrome c 3 + 

Cytochrome c 2+ was used as a donor in several 
reactions (3 and 6, Table I). The proton release 
associated with the oxidation of cytochrome c 2+ 
had, therefore, to be determined. 

Cytochrome c 2÷ was oxidized with ferricyanide 
(reaction 1, Table I) and the concomitant proton 
release was determined by measuring the voltage 
across the pH electrode (Fig. 2a). Subsequent ad- 
dition of ferricyanide (not shown) caused no 
change in pH, showing that the oxidation was 
complete and that no artifacts were associated 
with the injection. The kinetics of proton release 
were biphasic: the characteristic time of one phase 
was shorter than the response time of the appara- 
tus (~'t/~< 2 s); the time constant of the other 
phase was longer and pH-dependent (e.g., pH 8.1: 
r ~ / ~ =  30 s; pH 9.1: ,q/~= 15 s). The extent of 
oxidation of the cytochrome c 2÷ by ferricyanide 
was checked optically at 550 nm; it was found to 
be greater than 99%. 

The pH-dependence of the proton release is 
shown in Fig. 2b. The data were fitted with the 
model of Eqn. 4, with the parameters A H ~ Q - ,  

p K , Q  , and pK, Q replaced by A H c y  t c 3-, p g i c y  t c~+, 

and p g , c y t  ,.2 *, respectively. A good fit was ob- 
tained with three protonatable residues ( n = 3 )  
with values of p g i c y t , . 2 -  and p K ,  cy tc  J- given in 
figure caption 2b. The data of Fig. 2b are in 
agreement with those determined in a more limited 
pH range by Czerlinski and Dar [37]. 

Proton uptake by DQ~ 
Two methods were used to determine the pro- 

ton uptake by DQ~ (reactions 3 and 4, Table I). 
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Fig. 2. Proton release associated with the oxidation of cyto- 
chrome c 2+. (a) Change in potential across the pH electrode 
following injection of ferricyanide. The change in potential was 
calibrated in terms of proton uptake by injecting a known 
amount  of HCI. The concentration of cytochrome c 2+ was 
determined from the change in absorption at 550 nm and the 

, 550 550 extinction coefficient t e(-yt c 2, - eCyt ,.~* ) = 18.5 mM -- i. c m -  1. 
The transient spike was caused by the injection. The value of 
the proton release from cytochrome c 34 is given by I A H,,+b~ I 
(reaction 1, Table I). Conditions: 6 R.M cytochrome c 2+ in 0.5 
mM H 2 K P O  4, 0.5 m M  Tris-HCl, 0.5 mM Ches, 50 mM KCI 
(total volume = 2.0 ml) (pH 9.1); T =  23°C.  Injection: 4.0 rtl 
6.0 mM solution of K3Fe(CN) 6. (b) pH-dependence of proton 
release• Dots ( I )  represent average of two or more measure- 
ments. Statistical errors (standard deviation of mean) < radius 
of  dot. Solid line represents best fit with Eqn. 4 for three 
protonatable residues (n = 3) having the following pK values 
(pKicytc ~-. pg,(.ytc2~ ): i = l, (6.10. 6.30); i = 2, (9.10, >> 12); 
i = 3, (10.70, ~ 12). Conditions were the same as in (a), except 
at pH < 8 the concentration of the buffer was reduced by a 

factor of 2 while keeping the KCI concentration the same. 

In both, cytochrome c 2+ reduced D ~. In method I 
(reaction 3, Table I), the release of protons from 
cytochrome c 3+ had to be taken into account. In 
method II (reaction 4, Table I), ferrocyanide re- 
reduced cytochrome c a 4, eliminating the necessity 
of correcting for this proton release. Although 
method I is less accurate than method II, it is 
applicable over a larger pH range (5 < pH < 10.5 
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Fig. 3. Determination of observed light-induced proton uptake 
by DQ~ in the presence of cytochrome c 2+ as donor (reaction 
3, Table 1). The change in potential was calibrated in terms of 
proton uptake by injecting a known amount of HCI. The 
concentration of RCs was determined from the absorption at 
802 nm and the extinction coefficient ea02 = 288 m M -  ]. c m -  ~. 
The quinone content of RCs was determined as described in 
Materials and Methods. AHo+~ was used to determine the 
proton uptake by DQ;, (see Fig. 4). Conditions: 3.5 ~M RCs 
(0.78 UQ/RC) ,  50 p.M cytochrome c 2+ in 0.025% LDAO 

(w/v),  50 mM KCI (pH 9.0); T = 23 + 1 ° C. 

as compared to 6 < pH < 10.5) and can be used to 
determine the proton uptake by DQAQ ~ . Method 
II, in contrast to method I, requires the use of 
continuous illumination (as discussed below) and 
is therefore not applicable to the proton uptake by 
DQAQ ~ *. The results of methods I and II were 
compared as shown below; they were found to be 
in satisfactory agreement. 

Method I 
DQ A was generated by illuminating Qa- 

depleted RCs in the presence of cytochrome c 2÷ 
with either continuous light or light-flashes. The 
proton uptake was determined from the potential 
across the pH electrode as shown in Fig. 3. The 
magnitude of the observed initial uptake (0.2 
H + / e -  at pH 9.0) corresponds to the sum of the 
proton uptake by DQA and the fast, unresolved, 
phase of the proton release by cytochrome c 3÷ 
(see Fig. 2a). The slower release of protons follow- 
ing the light-flash had a time constant characteris- 
tic of the s lower phase  of  the p r o t o n  release from 
cy toch rome  c 3÷ (e.g., p H  8.0: z~/~ = 27 + 5 s; p H  
9.0: r~/~ = 14 _+ 2 s). The observed  p ro ton  up take  
was determined after steady state was reached 
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Fig. 4. Proton uptake by DQ;, (method 1). (a) pH dependence 
of the observed proton uptake, AH~b ~, determined as in Fig. 3. 
Conditions same as in Fig. 3, except at pH < 7.2 the concentra- 
tion of LDAO was increased to 0.075% (w/v).  Illumination: 
either continuous light (e) (h 0 = 850 nm, AX = 50 nm, 1 = 34 
m W / c m  2) or light-flash (A) (X 0 = 590 nm, 0.4 ~s in duration, 
0.2 J per flash). (b) pH dependence of proton uptake by DQ~,. 
determined from the data in (a) and Eqn. 11 with AH~y~ ~, 
given by the data (solid line) in Fig. 2b. Solid line is best fit 
with Eqn. 4 for four protonatable residues (n = 4) having the 
following pK values (pK,Q^, PK,o;, ): i = 1, (5.45, 6.05); i = 2, 
(6.90, 7.35); i = 3. (8.30, 9.10); i = 4, (9.50, 9.90)§. Dashed 
lines are individual contributions of residues. Error bars repre- 
sent estimated statistical errors; where absent, error bars are 

not greater than the size of • or A. 

(t > 60 s). A second flash (not shown) caused no 
change in pH, showing: (i) the absence of artifacts 
associated with the flash; (ii) the completion of 
the reaction; and (iii) the absence of a back-reac- 

* Continuous illumination of DQ^Q a in the presence of cy- 
tochrome c 2+ would cause two electrons to be transferred 

to Qn. 

§ One can view each residue in our model as a class of 
protonatable residues each having approx the same pKiQ 

and pKiQ-. 
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t ion (i.e., ox ida t ion  of  QA by  cy toch rome  c 3+) 

dur ing  the measurement .  
The  p H - d e p e n d e n c e  of  the observed  p ro ton  

up take  (AHo+bs) is shown in Fig. 4a. Measure -  
ments  were l imi ted  to p H  < 10.5 because  of  the 
slow reduct ion  of  D ÷ by  cy toch rome  c 2÷ at  h igher  
p H  [15]. F o r  p H  > 9, the p ro ton  release f rom 
cy tochrome  c 3÷ is larger  than  the p ro ton  up take  
by  D Q ~ ,  resul t ing in negat ive values of  AHo~ ,. 

The  p ro ton  up take  by  D Q  A (Fig.  4b) was de-  
t e rmined  f rom AHo~.~ (Fig.  4a) and  Eqn. 11; the 
values of + AHcytc~- were ob ta ined  f rom the da t a  in 
Fig. 2b (solid line). The  p ro ton  up take  da ta  (Fig.  
4b) were f i t ted with the model  of  Eqn. 4. A good  
fit was ob ta ined  for four  p r o t o n a t a b l e  res idues  

(n  = 4) with values of  PK~o A and  pKiQT, given in 
f igure cap t ion  4b * 

Two cont ro ls  were done  to check if the de ter -  
gent used to solubil ize the reac t ion  centers  af- 
fected the p ro ton  uptake.  In one the concen t ra t ion  
of  L D A O  was var ied  f rom 0.025% to 0.075% 
( w / v )  at p H  7.0 and 9.0, and  in the o ther  L D A O  
was replaced with 0.040% dodecyl - f l -D-mal tos ide  
(see Mater ia l s  and  Methods)  at p H  6.2. Ne i the r  
change  affected the p ro ton  uptake.  

M e t h o d  I I  

In this method ,  DQA was genera ted  by  il- 
lumina t ing  QB-deple ted reac t ion  centers  in the 
presence of  cy tochrome c 2+ with con t inuous  light. 
The  redox poten t ia l  was buffered  with fer- 
r i c y a n i d e / f e r r o c y a n i d e  which kep t  the cyto-  
ch rome c 2÷ reduced,  p revent ing  it f rom re leas ing 
pro tons .  Since L D A O  reacts with fer r icyanide ,  it  
had  to be replaced  by  ano ther  detergent .  Dodecy l -  
/3-D-maltoside was chosen because  it does  not  
affect  the p ro ton  up take  (see previous  paragraph) .  

The  de te rmina t ion  of  p ro ton  up take  is shown 
in Fig. 5a. The po ten t ia l  across  the e lec t rode  fol- 
lowing i l lumina t ion  shows a slow decay  due  to 
heat ing of  the solut ion (see discuss ion at the end 
of  this section). The  value of  AHo~ ~ was ob ta ined  
by  ex t rapo la t ing  the poten t ia l  to the t ime when 
the light was turned  on (see Fig. 5a). The  decay  of  
the potent ia l  when the light was turned  off  is due 
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Fig. 5. Proton uptake by DQ~ (method 11). (a) Change in 
electrode-potential following illumination. The oxidation of 
cytochrome and its concomitant release of protons was pre- 
vented by buffeting the redox potential with ferricyanide/ 
ferrocyanide at 330 mV (vs. the standard hydrogen electrode) 
(reaction 4, Table 1). The decay after turning off the light was 
caused by oxidation of Q~ by ferricyanide. Calibration of the 
change in potential in terms of proton uptake same as in Fig. 
3. AH,~s is equal to the proton uptake by DQ~. Conditions 
(at redox-equilibrium): 3.5 #M RCs (0.78 UQ/RC), 1 pM 
cytochrome c 2+, 22 p.M cytochrome c 3+, 1 mM KaFe(CN) 6, 

30 #M K3Fe(CN)6 in 0.040% (w/v) Dodecyl-/3-D-Maltoside, 
50 mM KCI (pH 9.1) T=23+1°C.  Illumination: X o=850 
nm, AX = 50 nm, 1 = 10 mW/cm 2. (b) pH dependence of the 
proton uptake by DQ£. Solid line is best fit with Eqn. 4 for 
four protonatable residues (n = 4) having the following pK 
values (pK,o A, pKsQT, ): i = 1, (5.45, 6.05); i = 2, (7.00, 7.40); 
i = 3 (8.40, 9.05); i = 4, (9.80, 10.30) ~. Dashed lines are indi- 
vidual contributions of residues. Error bars represent estimated 
statistical errors; where absent, error bars are not greater than 
radius of dot (e). Conditions: same as in (a) except that the 
pH-dependent midpoint potential of cytochrome c required 
that the total concentration of cytochrome c (i.e., [Cyt c 2 + ] + 
[Cyt c 3+ ]) be varied from 10 ~M (pH 6) to 110 p.M (pH 10) in 

order to maintain [Cyt c 2" ] at 1 rtM. 

* One can view each residue in our model as a class of 
protonatable residues each having approx, the s a m e  pK,Q 
and pK,Q-. 

§ One can view each residue in our model as a class of 
protonatable residues each having approx, the s a m e  pKiQ 
and pK, Q-. 
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to the oxidation of  Q£ by ferricyanide [20] and 
the concomitant  release of  protons  from DQA. 
The rate of  oxidation increased with decreasing 
pH at pH < 8; this limited the measurements  to 
pH > 6. The reaction was completely reversible; 
i.e., a second illumination caused a change in 
potential of  the same magni tude as the first. 

The proton uptake by DQA was obtained di- 
rectly from AHo+b~ (reaction 4, Table I). Its pH  
dependence,  shown in Fig. 5b, agrees with that 
determined by method I (Fig. 4b) to within 0.1 
H ' / e - .  For  further compar ison of the two meth-  
ods, the data were fitted with Eqn. 4. Four  re- 
sidues (n = 4) were again necessary to obtain a 
good fit *. The values of  three sets of  pK values 
(listed in caption of  Fig. 5b) are in satisfactory 
agreement with those obtained by method I (see 
Fig. 4b). The values of  one set ( pK ~ o , ,  and pKIQ;~ ) 
could not be determined because of the lack of 
data  at pH < 6; they were assumed to be the same 
as obtained by method I. 

In the analysis of  the data we assumed that: (i) 
D was fully reduced prior to illumination; (ii) 
cy tochrome c 2+ was kept fully reduced at equi- 
librium; and (iii) QA was not oxidized by ferri- 
cyanide during illumination. To determine the 
validity of these assumptions the following con-  
trois were performed under condit ions as de- 
scribed in Fig. 5a except for the addit ion of  10 
mM buffer (Pipes, Tris-HC1 or Ches depending on 
pH):  (i) The extent of  reduction of  D was assayed 
optically at 865 nm and was found to be more 
than 99% at 6.2 < pH < 10.2. (ii) The reduction of 
cy tochrome c 2+ at equilibrium was measured 
optically at 550 nm. A net oxidation of  up to 0.02 
cy tochrome c 2+ per electron transferred to QA 
occurred at 6.2 < pH < 10.2. Note  that if cyto- 
chrome c 2+ had been oxidized, Fig. 5a would have 
shown a decay in the potential after the light was 
turned on as observed in Fig. 3. (iii) The rate of 
formation of DQA,  k f, was determined from the 
kinetics of transient absorpt ion changes at 550 
nm. These changes are caused by the formation 
and subsequent decay of  D + and therefore moni-  
tor the reaction DQA --, D +QA ~ DQA. The de- 

* One can view each residue in our model as a class of 
protonatable residues each having the same pK,Q and pK,Q . 

cay rate of DQ A, k d, was obtained f rom the 
decay of the proton uptake when the light was 
turned off. The ratio k f / k  d was more  than 100 at 
6.2 < pH < 10.2, indicating more than 99% forma- 
tion of D Q  A at equilibrium. The decay time 1 / k  d 

was faster than could be measured at pH  < 6.2 
(* t / ,  < 2 s). The kinetics of the absorpt ion changes 
also showed that under  these condit ions the char- 
acteristic time of  reduct ion of  D ÷ by cy tochrome 
c 2+ varied from ~'~/e = 25 ms at pH  6.2 to ~l/e = 
200 ms at pH 10.0. These times are too long 
compared  to the characteristic time of  charge re- 
combinat ion D+Q~, ~ DQA in the dark [15] (r~/~ 
= 100 ms at 6 < pH < 10.5) to obtain charge sep- 
aration in all the RCs with a light-flash *. We 
therefore used only cont inuous i l lumination in 
method II. The reduction of D + is also too slow to 
obtain complete charge separation in RCs with 
approx, two quinones with a light-flash because 
these RCs form a significant amoun t  of QA (see 
reaction 6, Table I). 

As mentioned above, the slow decay of  the 
electrode potential when the light was turned on is 
believed to be due to heating of  the solution. This 
was shown by the following controls.  (i) I l lumina- 
tion under  the same condit ions as in Fig. 5a, 
except for the absence of RCs caused no change in 
potential. Heat ing was absent in this case because 
the solution did not absorb light at 850 nm. (ii) 
I l lumination at approx. 2500 nm (Corning 5-59 
and 7-56 filters; other condit ions same as in Fig. 
9), where RCs are not excited but light is absorbed 
by the water causing heating, caused a slow decay 
similar to that observed in Figs. 5a and 7. (iii) The 
value of  the slope of  the slow decay in time was 
directly proport ional  to the intensity, I, of  the 
incident light at 1 m W / c m  2 < I < 40 m W / c m  2 
(other condit ions same as in Fig. 5a). In contrast ,  
AHo+b., and therefore the extent of  charge sep- 
aration DQA did not vary with I. The amount  of 
heating was observed to be proport ional  to 1 as 
expected. 

* The reduction of D ÷ was fast enough in method I to obtain 
complete charge separation with a light-flash because a 
higher concentration of cytochrome c 2 + was used. A lower 
concentration had to be used in method II in order to 
prevent a significant amount of cytochrome c 2 * from being 
oxidized. 
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Fig. 6. Proton uptake by DQAQ ~. (a) pH dependence of the 
observed proton uptake, A Ho+bs, with cytochrome c 2 + as donor 
(reaction 6, Table I). AH,,+bs was determined from the change 
in potential as shown in Fig. 3 for DQ~ .  Conditions: 3.5 IsM 
RCs (1.92 U Q / R C ) ,  50 p.M cytochrome c 2+ in 50 mM  KC1, 
0.025% (w/v)  LDAO (pH > 7.2) or 0.075% LDAO (pH < 7.2); 
T =  23+ 1°C.  Illumination: light-flash (X 0 = 590 nm). (b) pH 
dependence of proton uptake by DQAQ~ , obtained from data 
of (a) and Eqn. 13 as described in text. Solid line is best fit 
with Eqn. 4 for four protonatable residues (n = 4) having the 
following p K  values (pKiQB, pKiQ ~ ): i = 1, (5.20, 6.20); i = 2, 
(7.05, 7.50); i = 3, (8.65, 9.95); i = 4, (10.20, 11.35) ~. Dashed 
lines are individual contributions of residues. Error bars repre- 
sent estimated statistical errors; where absent, error bars are 

not larger than radius of dot (O). 

Proton uptake by DQAQ~ 
The procedure for observing proton uptake by 

DQAQ ~ was the same as shown in Fig. 3 for DQ~ 
(method I) except that RCs with approx, two 

quinones were used (reaction 6, Table I). The pH 
dependence of AHo+bs is shown in Fig. 6a. The 
proton release from cytochrome c 3+ exceeds the 
proton uptake by DQAQ~ for pH > 9, resulting in 
negative values of AHo+b~. The proton uptake by 
DQAQ ~ was obtained from AH,~b~ and Eqn. 13. 
Values of + and AHDQ ̂  A H ( - y t  c~÷ + were obtained 
from the data (solid lines) in Figs. 2b and 4b, and 
6 was determined to be 0.08 (see Materials and 
Methods). Values of a were obtained from the 
relation [151: 

1 
O t ~  

1 + e x p ( -  AG°/kT) 

AG O = - 6 7  m e V -  kT In 
1 + 1 0  p H  - 1 1 . 3  

1 + 10 pH -9.~ 
(14) 

The proton uptake by DQAQ~ was fitted (solid 
line, Fig. 6b) with Eqn. 4 assuming four protona- 
table residues (n = 4) with values of pKiQ B and 
pK, Q~ given in figure caption 6b *. Note that the 
dominant terms in Eqn. 13 are AHo+b~ and 

+ 

AHcytc~+, if a and 8 are set to zero, the derived 
proton uptake differs from that in Fig. 6b by only 
5% at pH < 9.0 and 23% at pH = 10.4. 

The following controls were performed. (i) To 
check whether the flash resulted in complete charge 
separation, two flashes were given to QB-depleted 
RCs in the presence of cytochrome c 2+. The ab- 
sence of a measurable change in pH following the 
second flash showed that more than 97% of the 
RCs were excited. (ii) Whether or not cytochrome 
c 3÷ re-oxidized Q~ or Q~ during the measure- 
ment was checked optically at 550 nm (at pH -= 8.0 
and 10.0); no re-oxidation was detected (limit of 
detection = 3%). (iii) Possible effects of the de- 
tergent LDAO were checked by varying its con- 
centration from 0.075% to 0.15% (w/v;  pH 6.0) 
and from 0.025% to 0.075% (pH 7.5 and 9.2); the 
observed proton uptake was unchanged. (iv) Possi- 
ble irreversible changes in the reaction centers at 
extreme pH were checked by adjusting the pH to 
either 5.0 or 11.0 for 5 min then returning it to 7.5 
and measuring the proton uptake. Complete re- 
versibility was observed. 

0 One can view each residue in our model as a class of 
protonatable residues each having the same pK,Q and PK,o.. 

* One can view each residue in our model as a class of 
protonatable residues each having the same pK,Q and pK,Q . 



360 

. ;  
<= , - : : ,  

2-  

? 
.~ ,-;, i 

• DQ, -o~-~ 
pH 8.8 

! i .C2. ,  
I 

,. ~I' C ~ L~g ~" 0 ~ 

5 0 Ib 20 ?5 ic 
~. ; i',':..,[sec} 

Fig. 7. Determination of proton uptake by D + QA (reaction 2, 
Table I). The change in potential was calibrated in terms of 
proton uptake as described in Fig. 3, except that the degree of 
light-saturation of the state D ÷ QA (94%) had to be taken into 
account (see text). AHo~ ~ is equal to the proton uptake by 
D ÷ Q~. Conditions: 3.5 txM RCs (0.96 U Q / R C )  in 0.025% 
(w/v)  LDAO, 50 mM KCI (pH 8.8); T =  2 3 + 1 ° C .  lllurmna- 

tion: X0 = 850 nm, AA = 50 nm, I = 65 m W / c m  :. 

Proton uptake by D ~ Q~ and D * QAQB 
The proton uptake by D*QA was determined 

by illuminating QB-depleted reaction centers with 
continuous light (reaction 2, Table I). Data at pH 
8.8 are shown in Fig. 7. When the light was turned 
off, D+QA decayed via charge recombination re- 
sulting in the release of protons. The slope during 
illumination and the resulting offset were caused 
by heating as discussed previously. A second il- 
lumination (not shown) caused a change in poten- 
tial of the same magnitude as the first, showing 
that the reaction centers were not damaged by 
light. The proton uptake (right ordinate in Fig. 7) 
includes a correction (few percent) due to the lack 
of complete charge separation D+Q~,, as dis- 
cussed below. 

The pH dependence of the proton uptake is 
shown in Fig. 8. There is a striking difference 

£ ~ -  . . . . . . . . . . . . . . . . . . . . . . .  

~ "4: ,, 0~9 o~,,% DQA --> D+Q~ . 
E~- • 0 76 UQ,/RC 
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Fig. 8. pH  dependence of proton uptake by D *  Q~., de- 
termined as shown in Fig. 7. Error bars represent estimated 
statistical errors; where absent, error bars are not larger than 
size of • or II. Conditions are the same as in Fig. 7, except the 
concentration of LDAO was increased to 0.075% (w/v)  at 
pH < 7.2 and some RCs contained 0.59 or 0.78 quinones as 

indicated. UQ, ubiquinone. 
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Fig. 9. pH dependence of the proton uptake by D ÷ QAQB, 
+ 

determined from the observed proton uptake, A H o y ,  of reac- 
tion 5 (Table I) and Eqn. 12 as described in text. AHo+bs (not 
shown) was determined as shown in Fig. 7 for D ÷ QA. Error 
bars represent estimated statistical errors; where absent, error 
bars are not larger than radius of dot (o). Conditions are the 
same as in Fig. 7, except that the reaction centers contained 
1.92 U Q / R C  and the concentration of LDAO was 0.075% 

(w/v)  at pH < 7.2. 

between these data and those for DQA (Figs. 4b 
and 5b), particularly at low pH where the value of 
the proton uptake by DQ A is as much as 0.4 
H+/e  - larger than that by D+QA . This is due to 
proton release from D ÷ as discussed in the next 
section. 

The procedure for observing proton uptake by 
D+QAQ~ (reaction 5, Table I) was the same as 
shown in Fig. 7 for D÷QA except that RCs with 
approx, two quinones were used. The proton up- 
take by D+QAQB was determined from AHo+~ 
and Eqn. 12. Values of AH~,Q;, were obtained 
from the dashed curve drawn through the data of 
Fig. 8, 8 was determined to be 0.08 (see Materials 
and Methods), and a was obtained from Eqn. 14. 
The proton uptake by D+QAQB (Fig. 9) is less 
than that by DQAQ ~ (Fig. 6b) due to proton 
release from D +. 

Continuous illumination was necessary because 
the charge recombination of D ÷ QA and D ÷ QAQB 
is faster than the response time of the electrode, 
precluding detection of flash-induced protonation 
(at pH 8, ~'1/~ = 1/kd = 0.1 and 1 s for D+QA and 
D+QAQg, respectively [15]). The formation rate, 
kf, of the state D+QA or D÷QAQ~ is propor- 
tional to the intensity of the illumination [35]. In 



order to obtain charge separation in all RCs 
(light-saturation), the intensity of the light must be 
sufficiently high to ensure that k t >> k d. However, 
at high light intensities heating of the sample 
occurred. We chose a light intensity 1 =  65 
mW/cm 2, which represented a compromise be- 
tween lightsaturation and heating. The degree of 
saturation was determined as described by Mc- 
Elroy et al. [35]. At I = 65 mW/cm 2 and pH 8.0 it 
was 0.94 and 0.99 for the states D+Q;, and 
D+QAQ~, respectively. The degree of saturation 
was extrapolated to other pH from the known pH 
dependence of ka [15]. It varied less than 0.02 and 
0.05 for D+QA and D+QAQ~, respectively, at 
6 < p H < l l .  

Proton release from D + 

The proton uptake by D+QA and D+QAQ~ 
(Figs. 8 and 9) is less than that by DQ A and 
DQAQ~ (Figs. 4b, 5b and 6b). This decrease in 
net proton uptake has been ascribed to a release 
of protons from D + [19,20]. The difference 
A H D , Q i  - - A H ~ ) Q ; ,  obtained from the average of 
the data of Figs. 4b and 5b (dots) and the data of 
Fig. 8 (dashed line), gives the proton release asso- 
ciated with the reaction DQA---, D+QA and is 
plotted in Fig. 10 (o). The d i f f e r e n c e  AH~).QAQ~ 
- -AH~Q^Q~i ,  obtained from the data of Figs. 6b 
(dots) and 9 (dashed line), gives the proton release 
associated with the reaction DQ~,Q~ ---, D+QAQ~ 
and is also plotted in Fig. 10 (zx). The two curves 
(o and A) agree within the experimental uncer- 
tainty at 7 < pH < 9 but differ by approx. 0.1 
H+/e  - at pH < 7 and pH > 9. It is not clear at 

0 2  : • - • i . ; • i , 

01!  o DQA~D°QA 

%=: -C' ,1, ~¢ 
_ ~ \~*  O$& ¢A .*_**~'X" ~ 

t ,,o; 
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Fig. 10. Proton release from D +. The difference AH~.Q7 ~ -- 
A H~)QZ ~ (o)  was obtained from the average of the data of Figs. 
4b and 5b (dots) and the data of Fig. 8 (dashed line). The 
difference AH~).Q^Q~ -- AH~)Q^Qi (zx) was obtained from the 

data of Figs. 6b (dots) and 9 (dashed line). 
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present whether this relatively small difference of 
approx. 0.1 H+/e  - is real or is due to an unknown 
systematic error. A real difference would mean 
that the proton release from D ÷ is affected by the 
redox state of the quinones. This possibility is 
discussed in a later section. 

Free-energy changes associated with the reduction of 
QA and Qs 

The pH dependence of the free-energy changes, 
AG~ ~ O-, accompanying the reduction of QA and 
QB was determined by integrating the proton up- 
take by DQA (Fig. 5b) and DQAQ~ (Fig. 6b), 
respectively (see Eqn. 10). The integration was 
performed by summing the areas under the line 
segments connecting consecutive data points. The 
integration constants were chosen to make the 
difference AG(%-~ QB --AG(~A ~Q;, at pH 7.0 equal 

. . . .  ~_I~_ ' I~Z 

" I (a), QA ~ O-A ~ ' 

o : :  

* ' , ~  ', . . . .  " 60 rneV/pH .. ~ 

L,~  

oi o DQ~Q QB B~DQA +~. 

>-c" >~e 2,:: ~ D+QAQB.~__D÷QAQB A,+,+ 

~'~-4:,t= + Kleinfeld, etol ~ #  J 
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I' ~°i / "  i 
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Fig. 11. Free-energy differences between quinone states. (a) 
Free-energy differences (redox midpoint potentials) between 
the states QA and QA and between the states Qa and Q~, 
calculated by integrating the proton uptake by DQ A (Fig. 5b) 
and DQ^Q~ (Fig. 6b) as described in text. Absolute values of 
free energy differences were not determined. (b) Free energy 
differences between the states D + Q~, Qa and D + QAQB (A) 
obtained by integrating the data of Figs. 8 and 9 and between 
the states DQ~ Qa and DQ^Q~ (o)  obtained from (a) and 
Eqn. 15. The data of Kleinfeld et al. [15] for the free energy 
between D+QAQB and D*QAQ~ ( + )  are shown for com- 

parison. 
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to the value measured by Kleinfeld et al. [15] as 
discussed below. The results are shown in Fig. 
11a. The absolute values of the free-energy changes 
are not indicated because only the difference be- 
tween the integration constants was determined. 
The redox midpoint potential, E m (the negative of 
the free-energy change), of QA decreases with in- 
creasing pH by approx. 20 mV/pH at 6 < pH < 
10. For Qa a decrease of approx. 20 mV/pH at 
6 < pH < 9 and approx. 40 mV/pH at pH > 9 
and pH < 6 was obtained. 

The free energy, AG(~,_Qg, between the states 
DQAQa and DQAQ~ was calculated from the 
difference in the free energies; i.e., 

(15) 

The pH dependence is shown in Fig. l l b  (o). The 
free energy between the states D+QAQn and 
D÷QAQ~ was obtained in a similar way (from 
Figs. 8 and 9) and is also plotted in Fig. 11b (A). 
There is no difference, within experimental error, 
between the two curves (o and zx), in agreement 
with the results of Kleinfeld et al. [15]. For com- 
parison, the data of Kleinfeld et al. [15] are also 
plotted in Fig. 11b (+). The integration constant 
in Eqn. 10 was chosen to set the three sets of data 
equal to each other at pH 7. The pH dependences 
of the three curves are in good agreement, differ- 
ing at most by 5 meV throughout the pH range. 

Conclusions and Discussion 

Proton uptake by DQA and DQaQ{~ 
We have investigated the proton uptake associ- 

ated with the reduction of QA and Q~ in RCs 
from Rb. sphaeroides R-26. We found the proton 
uptake by DQ~ (Figs. 4b and 5b) to be pH-de- 
pendent with a maximum value of approx. 0.5 
H+/e  -, at pH 9. The proton uptake by DQAQ ~ 
(Fig. 6b) is also pH dependent with a maximum 
value of approx. 0.8 H+/e  -, at pH 9.5-10.5. 

Cogdeli et al. [16] reported that an uptake of 
0.25-0.30 H+/e - accompanies the formation of 
DQ~, in RCs from Rb sphaeroides at pH 7.5, in 
good agreement with our results §. More recently, 
Maroti and Wraight [19] reported values of ap- 
prox. 0.5 H+/e  - at pH 8-10 and approx. 0.7 

H +/e-  at pH 6-7 for the proton uptake by DQA 
in RCs from Rb. sphaeroides. For DQAQ~, they 
observed an uptake of approx. 0.8 H +/e-  at 5 < 
pH < 10 *. Our data are in agreement with theirs 
at pH > 8, but agree only within a factor of ap- 
prox. 2 at lower pH. The reason for this dis- 
crepancy is not understood at present. 

The optical and EPR spectra of DQ A and 
DQAQB indicate that neither QA nor Q~ is pro- 
tonated directly [26-29] **, suggesting that the 
protons are taken up by protonatable amino acid 
residues of the RC protein [14,19,20]. We fitted 
the pH-dependence of the proton uptake of either 
DQA or DQAQ~ empirically by assuming four 
non-interacting protonatable residues and using 
their pK values (pK,o and pK,Q-) as adjustable 
parameters (Figs. 4b, 5b and 6b). It should be 
emphasized, however, that the assumption of 
non-interacting residues oversimplifies the real 
situation. Furthermore, the fit is not unique; a 
larger number of protonatable residues would im- 
prove the fit. Indeed, as we shall point out in a 
later section, the number of residues contributing 
to the proton uptake is believed to be much larger 
than four * * *. However, we believe that the accu- 
racy of the data at present does not warrant a 
more complicated fitting procedure. It should be 
noted that these protonation schemes are qualita- 
tively similar to that proposed for the Bohr effect 
in hemoglobin, in which protons are taken up by 
several residues whose pKs are shifted when 02 
dissociates (see, e.g., Ref. 39). 

They did not correct their data for the proton release from 
cytochrome c 3+ (approx. 0.05 H + / e -  at pH 7.5; see Fig. 
2b and Eqn. 11). 

Mar6ti and Wraight originally reported a value of 1.0 
H ~/e  [20], but now believe that it is closer to 0.8 H ~ /e -  
(C. Wraight, personal communication). 

** The spectra were taken at pH 7.5-8.0 [26-29]. Ubisemi- 
quinone in i sopropanoi /acetone has a pK of 5.9 and in 
water would be expected to have a p K  of approx. 5 [38]. 
Evidence that neither QA nor QB protonates directly at 
pH > 5 is provided by the data  of Figs. 4b and 6b, which 
correspond to the indirect protonation model of Fig. lb. 

*** One can view each residue in our model as a class of 
protonatable residues each having approx, the same pK,o  
and pKiQ . 
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Proton uptake by D ÷ Q~ and D ÷ QAQB 
The proton uptake by D+Qf~, and D+QAQ{3 is 

less than that by DQA and DQAQ ~. The dif- 
ference, attributed to the release of protons from 
D ÷ [19,20], is shown in Fig. 10. Since we observe 
net proton uptake by D÷QA and D+QAQ~, the 
average interaction of protonatable residues with 
QA or Q~ is stronger than with D ÷ 

The pH dependence of the free-energy dif- 
ference between D+QA and DQA has been ob- 
tained by integrating the proton uptake by D ÷ QA, 
i.e., using Eqn. 10 with AH~_.Q- replaced by 
AH~-Q7 ' [40,41]. These results have been used to 
explain the pH dependence of the charge recombi- 
nation kinetics of D+QA [40,41]. The free energy 
between D÷QA and DQA has been recently ob- 
tained in an elegant way from an analysis of the 
delayed fluorescence yield [42,43]. 

pH dependence of the redox potentials of Q,4 and 
Qs 

Redox titrations of QA in chromatophores of 
Rb. sphaeroides [21-23] and isolated RCs from 
Rb. sphaeroides incorporated into liposomes [24] 
showed a pH-dependent midpoint potential at 
5 < pH < 10, whose slope had a value of - 6 0  mV 
per pH. As discussed in the section on theoretical 
models, this value corresponds to an uptake of 1 
H + / e  - *. This is in conflict with the observed 
proton uptake in isolated RCs (Figs. 4b and 5b) 
and thus warrants a more detailed discussion. 

In this work, we determined the pH depen- 
dence of the midpoint potentials of QA and QB in 
isolated RCs (Fig. l l a )  by integrating the proton 
uptake by DQA and DQAQ~ (see Eqn. 10). This 
procedure is model-independent and is therefore 
not affected by any assumptions about the num- 
ber of protonatable residues or whether they inter- 
act. The midpoint potential of QA (EmtQ^)) was 
found to be proportional to pH with a slope of 
approx. - 2 0  mV per pH. Thus, the value of the 
slope of Era(Q,,) in isolated RCs is a factor of 
approx. 3 less than that determined from redox 

titrations of chromatophores or RCs incorporated 
into liposomes **. Dutton et al. [21] found even a 
weaker pH dependence of Em{Q^ ) in isolated RCs 
from Rb. sphaeroides. Their redox titrations of 
isolated RCs indicate that EmtQ^ ) decreases less 
than 25 mV from pH 5 to 9. A similar difference 
between isolated and membrane-bound RCs (i.e., 
in chromatophores) has been reported for the 
bacterium Erythrobacter species OCH 114 [44,45]. 

The midpoint potential of Qa has been in- 
vestigated to a lesser extent. We found in this 
work a slope for the pH dependence of Em{OR ~ of 
approx. - 2 0  m V / p H  at 6 < pH < 9 and approx. 
- 4 0  m V / p H  at pH < 6 and pH > 9. Rutherford 
and Evans [25] reported a change in EmtQ~ ) in 
chromatophores from Rb. sphaeroides of 90 mV 
between pH 8 and pH 10. We found in isolated 
RCs a change of approx. 70 mV in the same pH 
range, which agrees within approx. 30% with the 
data of Rutherford and Evans [25]. 

The serious discrepancy between the pH depen- 
dence of Em(Q~ ~ in isolated and membrane-bound 
RCs is of concern. Are the differences real or are 
they caused by some artifacts of the measurement? 
It is possible that the results of the redox titrations 
are affected by the poor equilibration between QA 
and the redox dyes that are used [24]. A de- 
termination of the pH dependence of Em{Q~ ) from 
the yield of the delayed fluorescence (see, e.g., 
Refs. 42 and 43) may help to resolve this question. 
The advantage of this method is that it does not 
rely on the equilibration of redox dyes. 

If the differences discussed above should stand 
up to further scrutiny, can one understand the 
strong effect of the membrane on the pH depen- 
dence of Era{Q,,)? The steeper slope of Em(Q^ ) vs. 
pH in membrane-bound RCs indicates a stronger 
interaction between QA and the protonatable re- 
sidues. Such an increase in the interaction energy 
could be caused by a decrease in the effective 
dielectric constant by the membrane. Modeling 
the electrostatic interaction in isolated and mem- 

* Figs. ld-lf  show this relation for the case in which the 
protons are taken up by one group. A slope of -60 
mV/pH is also expected when several groups have a 
combined proton uptake of 1 H÷/e - (see Eqn. 10). 

* * It should be noted that in this work QA was photo-reduced 
whereas in the redox titrations QA was chemically reduced. 
Although the proton uptake is not expected to depend on 
the method of reduction, this point needs to be investi- 
gated further. 
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brane-bound RCs along the lines discussed in a 
later section may shed some light on this question. 

pH-dependence of the free energy between Q~ QB 
and QaQB 

The difference in free energy, AG~;, _Q~, be- 
tween QAQa and QAQB was obtained in isolated 
RCs by two independent methods. In this work, 
we integrated the proton uptake over pH and 
obtained Era(Q^ ) and Em(QB ) (Eqn. 10, Fig. l la). 
AG~;~ ~Q~ was then obtained from the difference 
Era(Q^ ) -- Em(Qa ) (Fig. l lb) .  In the work of Klein- 
feld et al. [15] the difference in free energy was 
obtained from the pH dependence of the kinetics 
of charge recombination in D+Q~, and D+QAQ~. 
The data from the two sets of experiments are in 
good agreement as shown in Fig. l l b  *. We have 
also shown that the pH-dependence of the free-en- 
ergy difference between DQAQa and DQAQ~ is 
the same as between D+QAQa and D+QAQ~ 
(Fig. l lb) .  

In the experiments of Kleinfeld et al. [15], only 
the differences in free energy were measured. 
Therefore, the individual energies EmtQA ~ and 
EmtQ~ ~ could be deduced only with the aid of a 
particular model. Kleinfeld et al. [15] chose for 
their model the results obtained with chromato- 
phores, which, as discussed in the last section, 
differ from those obtained with isolated RCs. 
Consequently, the pH dependences of the individ- 
ual free energies that they reported (Fig. 8 of Ref. 
15) differ from those obtained in this work (Fig. 
11a). This does not affect the other conclusions 
reached in their work [15]. 

The free-energy difference AG~;_Qa is im- 
portant in understanding the electron transfer from 
QA to QB, its sign determines the direction of 
electron flow. For AG~- Q- < 0, transfer to Qa is 

A ~ n 

favored. This corresponds to the situation at phys- 
iological pH (pH < 9) (see Fig. 11b). At higher 
pH, electron transfer to Qa becomes energetically 

A 0 less favorable. This increase in G~,~ _ Qa at pH > 

* Our data and those of Kleinfeld et al. [15] are not com- 
pletely independent, since we used the values of a de- 
termined in Ref. 15 (Eqn. 14). However, as discussed in the 
experimental section, the proton uptake is relatively insensi- 
tive to the values of a. Consequently, one can consider the 
two sets of measurements as being effectively independent. 

9 arises because the slope of Em(Qa ) is steeper 
than that of Era(o^ ) in this pH region (see Fig. l l a  
and Eqn. 15). This steeper slope corresponds to a 
larger proton uptake, or, equivalently, to larger pK 
shifts of the protonatable residues (compare Figs. 
4b or 5b with 6b). It shows that the charges of the 
protonatable residues interact more strongly with 
Q~ than QA. This preferential interaction of 
bound protons with Q~ provides the driving force 
for the forward electron transfer. 

pH-dependence of the redox potential of D 
The average of the pH dependences of the 

midpoint potentials of the D Q A /D +Q A  and 
DQA Q ~ / D + QAQ {3 couples was calculated by in- 
tegrating the data (dashed line) of Fig. 10 (see 
Eqn. 10). The potential was approximately pro- 
portional to pH with a slope of approx. - 1 1  
m V /p H .  This slope is in fair agreement with that 
of approx. - 7 m V / p H  for the DQAQB/D + QAQB 
couple determined by redox titrations of chro- 
matophores of Rb. sphaeroides at 5 < pH < 10 
[46]. An interaction of QA, QB and D ÷ with some 
of the same protonatable residues as discussed in 
a later section would make the potential of D 
dependent on the redox state of QA and QB. This 
may cause a difference between the potentials of 
the D Q A Q B / D + Q A Q B ,  D Q A / D + Q A  and 
DQAQ~ / D + QAQB couples. 

On the identification of the residues involved in 
proton uptake 

The seven amino acids that have protonatable 
side chains are: Glu (4.5); Asp (4.5); His (6.8); 
Cys (8.7); Tyr (9.8); Lys (10.1) and Arg (12.5), 
where the numbers in parenthesis represent their 
typical pK values in proteins [47]. The position of 
the residues in the RC from Rb. sphaeroides is 
known from the primary [4-6] and three-dimen- 
sional structure [7,8]. In order to inquire about the 
contribution of specific residues to the observed 
proton uptake, we need to model their interactions 
with Q~,, Q~ and D +. The interactions can occur 
by two mechanisms: (i) a direct electrostatic inter- 
action between Q~, Q~ or D + and the charge of 
the protonatable residue, (ii) a conformational 
change, associated with the formation of Q;~, Q~ 
or D +, that alters the electrostatic interactions 
between protonatable residues, thereby affecting 



the pKs. We assume mechanism (i) to be the 
dominant cause of proton uptake. We shall focus 
on QA and Q~ although the general discussion 
applies also to D ÷. 

We model the direct electrostatic interaction 
energy (<h) with Coulomb's law as has been done 
for other proteins [48,49]; i.e., 

e 2 
= - -  (16) 

E r  

where e is the electronic charge, r the distance 
between charges, and e the dielectric constant. It 
is difficult to calculate the dielectric constant from 
first principles. We shall use, therefore, the em- 
pirical, distance-dependent expression of Warshel 
et at. [50]: 

e=  1 + 6 0 ( 1 - e  - ° J ' )  (17) 

where r is in ~ngstr~Sms. Expression 17 is based on 
the experimental determination of ~ vs. r (ex- 
trapolated to zero ionic strength) for several pro- 
teins in the range of 5 ,~, < r  < 20 ,~ *. Thus e 
varies from 25 at r = 5 ,~ to 53 at r = 20 ,~. The 
normalized interaction energy, ep/2.3kT, between 
QA or Qa and a charged residue at a distance r is 
plotted in Fig. 12. This energy would correspond 
to the shift in pK (i.e., pK, Q - - P K ,  o) of the 
residue if we neglect its interaction with all other 
residues **. We shall neglect these interactions 
and use the simplified model to estimate the con- 
tributions of the different residues. The limitations 
and consequences of this assumption will be dis- 
cussed later. 

We start with the residues closest to QB. The 
distances quoted were measured from the center 
of the ring of the quinone to the protonatable 
atoms using the coordinates of the crystal struc- 
ture [7,8]. Three carboxyl groups, on residues Glu 
L212, Glu M232, and Asp L213, are approx. 7 ,~ 
from Qa (approx. 19 A from QA)- These groups 
would normally be expected to take up protons at 

* Warshel et at. [50] indicated that the expression of Eqn. 17 
had a relative uncertainty of 50% when applied to an 
arbitrary protein. 

** Each of the non-interacting residues stabilizes Q -  by an 
amount equal to the difference between Eqns. 7 and 8; i.e., 
,~ = 2.3 kT  [pKiQ- - pK,Q]. 
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Fig. 12. Theoretical electrostatic interaction energy between 
two charges in the reaction center, e.g., Q -  and H +. The 
dielectric constant e(r) was obtained from Eqn. 17. Solid part 
of curve represents region of r for which Eqns. 16 and 17 have 

been experimentally verified in other proteins [50]. 

p H - - 5  but would be unprotonated at pH > 7. 
However, a theoretical analysis of the effect of 
protein charges on the redox potentials of QA and 
QB led to the suggestion that these carboxyl groups 
must be protonated at physiological pH (pH 7-8) 
in order for an electron to transfer to QB [51]. It is 
interesting that the proposed protonation of these 
residues to facilitate electron transfer is consistent 
with the stabilization of Q~ by protonation dis- 
cussed in this work. The model (Fig. o12) predicts 
pK shifts of approx. 1 unit ( r =  7 A) for these 
residues. This is similar to the values of three of 
the pK shifts determined empirically from the 
proton uptake data in Fig. 6b. However, an analy- 
sis presented below indicates that other, more 
distant, residues may also be involved. Site-specific 
mutagenesis of these residues (i.e., to their non- 
protonatable analogs Asn and Gln) as well as 
calculation of their intrinsic pK values [52] should 
help to quantitate their contributions. 

The remaining amino acids with protonatable 
side chains that are near QA or QB (less than 10 ,~, 
away) are the Fe 2÷ ligands, His M219, His M266, 
His L190, His L230 and Glu M234, and Tyr H40, 
which is approx. 6 ,~, from QA (approx. 20 ,~, from 
QB)- The ligands are not expected to be proto- 
nated while coordinated to Fe 2÷. Tyr H40 is pre- 
dicted by the modelo(Fig. 12) to have a pK shift of 
approx. 1.4 ( r  = 6 A). The value of the pK shift 
determined empirically (Figs. 4b and 5b) for the 
residue that contributes to the observed proton 
uptake by DQA at p H - - 1 0  is 0.5. The poor 
agreement between the predicted and observed 
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Fig. 13. Number of protonatable residues at distance r from 
QA (striped histograms) and Qe (stippled histograms). Only 
residues whose protonatable atoms have accessible surface 
areas are included. Separate histograms are presented for re- 
sidues that normally titrate at low pH (a), neutral pH (b), and 
high pH (c). Distances, obtained from the coordinates of the 
crystal structure [7,8], are between the center of the ring of the 

quinone and the protonatable atoms. 

values suggests that the pK value of Tyr H40 is 
larger than its usual value. 

Eqns. 16 and 17 predict significant interactions 
between QA or Q~ and more distant residues 
( r - 2 0 - 3 0  ,~). The distributions of residues 
around the quinones have been obtained from the 
crystal structure [7,8] and are shown in Fig. 13. 
Separate histograms of the number of residues vs. 
the distance, r, from QA (striped histogram) and 
QB (stippled histogram) are presented for each of 
the following classes of residues: those that typi- 
cally titrate at low pH (Fig. 13a), neutral pH (Fig. 
13b), and high pH (Fig. 13c). Residues that have 
zero accessible surface area, i.e., those that are 
buried in the interior of the protein (e.g., the Fe 2 + 
ligands [51]) have been excluded *. From the 
histograms (Fig. 13) and the interaction energy 
(Fig. 12) one can calculate the expected shifts in 

pK and the concomitant proton uptake. One sees 
that the protonation associated with the reduction 
of QA or QB can be due to the effect of many 
far-away residues rather than due to a few nearby 
ones. For example, the model predicts that the 
four His /Cys  residues that are 18-24 A from QB 
(Fig. 13b) each have an interaction with Q~ equiv- 
alent to approx. 0.2 pK, Their combined interac- 
tion of approx. 0.8 pK is twice that predicted for 
the nearest His /Cys  that is 12-14 ~, away. 

Since D is approx. 25 ,~ from QA and QB 
(measured between the centers of the cofactors 
[7]), the model suggests that some residues inter- 
acting with QA and QB might also interact with 
D +. Some of the same residues could, therefore, 
be involved in the proton release from D ~ and the 
proton uptake by QA and Qn.  An interaction of 
QA, QB and D" with the same residues would 
make the proton release from D + dependent on 
whether QA or QB is reduced. This could account 
for the small difference between the two sets of 
data in Fig. 10. 

A calculation of the proton uptake of all the 
residues as a function of pH (assuming typical pK 
values) gave proton uptake values that were several 
times larger than the measured ones (McPherson, 
P.H., Okamura, M.Y. and Feher, G., unpublished 
data). We believe that this discrepancy is due to 
the neglect of interactions between charged re- 
sidues and screening by counterions (K + and Cl-) .  
Note that a protonated residue will inhibit the 
protonation of a nearby interacting residue, 
thereby reducing the observed proton uptake (for 
a discussion of interacting vs. non-interacting re- 
sidues see for example Ref. 53). The effect of ionic 
screening on the interaction energy between two 
charges in a protein approx. 15 ,~ apart has been 
investigated experimentally by Russel et al. [49]. 
Their results indicate that an increase in the ionic 
strength from 0 mM (assumed in our calculation) 
to 50 mM (used in our measurements) causes a 
decrease of approx. 35% in the interaction energy. 

* The total number of residues with a protonatable side chain 
is 166, of which 31 were excluded from Fig. 13. Some of 
these buried residues could protonate if they are accessible 
to solution via a proton network, or 'bucket brigade', as 
discussed in a later section. Excluding them from Fig. 13 
does not basically affect our conclusions. 



Relation of the proton uptake by the semiquinone 
Q~ to the direct protonation of the doubly reduced 
quinone Qg- 

The free energy associated with the charge sep- 
aration in the RC drives the translocation of pro- 
tons across the membrane, thereby forming a 
chemi-osmotic potential (for reviews, see Refs. 12 
and 13). The mechanism of this process has not 
been worked out in detail. It is believed that the 
doubly reduced quinone Qg- accepts two protons 
from the solvent forming the quinol QBH2, which 
dissociates from the RC. As we discussed in this 
work, QB is not protonated directly after receiving 
the first electron; the direct protonation is thought 
to take place only after the transfer of the second 
electron [11]. Do the residues that take up protons 
during the transfer of the first electron play a role 
in this direct proton uptake? One possibility is 
that some of them form a 'bucket brigade' that 
shuttles protons from solution during the direct 
uptake [54]. This hypothesis is being investigated 
using information obtained from the three-dimen- 
sional structure [54] and site-specific mutation of 
amino acid residues of the RC (Paddock, M.L., 
Rongey, S.H., Feher, G. and Okamura, M.Y., 
Work in progress). An alternate mechanism for 
the direct protonation of QB would be a solvent 
channel connecting QB to the surface of the RC. 
An examination of the RC structure revealed no 
such channel [54]. It is possible, however, that 
structural changes occur when QB is doubly re- 
duced. 

Appendix A. Derivation of the relation between 
proton uptake and free energy change (Eqn. 10) 

We used Eqn. 10 to calculate the pH depen- 
dence of the standard free-energy change, 
A G ~ o - ,  from the proton uptake, A H ~ _  O . Eqn. 
10 can be obtained from the following general 
expression derived by Wyman [55] (Eqn. 7.4 in 
Ref. 55): 

0AG 
OP'x ] - ,  . . . . . . .  = - AX (A-I)  

where AG is the free-energy change and A X the 
amount (mole fraction) of uptake of an arbitrary 
ligand, X, for a macromolecular reaction; #x  is 
the chemical potential of X. The subscripts nl, n2, 
etc. refer to the concentrations of the product and 
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reactant species. Note that if AG is taken to be a 
standard free-energy change, i.e., AG~_o- ,  the 
condition of constant ha, n 2, etc. is satisfied be- 
cause the standard states of products and re- 
actants are defined for constant concentrations of 
1 molar. As pointed out by Wyman [55], Eqn. A-1 
is completely general; it does not depend on the 
number of binding sites of X or whether they 
interact. In our case, the ligand is H ÷ and its 
uptake denoted by A H ~ _  Q-. The chemical poten- 
tial #H- of H + is defined as: 

i.tH * = # 0 ÷  + k T  In(yH~ [H + ]) (A-2) 

where "rH* and [H +] are the activity coefficient 
and concentration of H +, respectively, and # o .  is 
a constant. Since pH is defined by pH = 
-1°1og(7 H .[H+]) (see, e.g., Ref. 36), Eqn. A-2 can 
be written: 

#H ÷ = #t~. _ (In 10). k T .  pH (A-3) 

From Eqn. A-3, one obtains for the partial deriva- 
tive in Eqn. A-l: 

0 0pH O 1 i~ 
0p~+ 0#H. 0pH ( I n l 0 ) . k T 0 p H  (A-4) 

Rewriting Eqns. A-1 and A-4 in terms of AG~_ Q , 
A H ~ Q _ ,  and pH one obtains: 

0AG~ _ q - 
~pH ~ (In 1 0 ) . k T . A H 6 _  Q- (A-5) 

Eqn. 10 is obtained by integrating Eqn. (A-5) * 
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