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Flash-induced H * binding by bacterial photosynthetic reaction centers:
influences of the redox states of the acceptor quinones and primary donor
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The flash-induced proton-binding behavior of reaction centers from Rhodobacter sphaeroides was examined,
over a wide range of pH, as a function of the one-electron redox states of the acceptor quinones (Q, / Q.
and Qg /Qjy) and the primary donor (P * /P). Below about pH 9, the P *Q ™ states (P *Q, and P *Qy),
generated in the absence of exogenous electron donor to P *, fail to take up protons stoichiometrically, as
established in the previous paper (Maréti, P. and Wraight, C.A. (1988) Biochim. Biophys. Acta 934,
314-328). When P * is rereduced by a dongr, to yield the state PQ ~, proton binding is enhanced in this
lower pH range. In the case of Qg-reconstituted reaction centers, the net proton binding stoichiometry
(H*/P?) for PQyg is about 0.85, between pH 7 and pH 9, approaching the stoichiometric value expected
for a pH-dependent redox midpoint potential of Qg/Qg. The shortfall from H* /P* = 1.0 can be
accounted for by the involvement of four protonatable groups with different pX values depending on the
redox state of Qg. The pK shifts vary from 0.3 to 1.5 pH units, with the lower pKX groups exhibiting the
smaller pX shifts. The enhancement of proton binding, associated with the rereduction of P *, is interpreted
as a response of the same groups to the redox state of P* /P, with the lower pX groups exhibiting the
largest pKX shifts — up to 1.0 pH unit. A similar general behavior is seen for reaction centers lacking Qg, or
in the presence of terbutryn, a competitive inhibitor of Qg-binding. Quantitatively, the rereduction of P *
does not restore such high levels of H* binding for PQ; or PQ, / + terbutryn (H* /P * < 0.5 at all pH
values), but the behavior can be similarly accounted for by four protonatable groups that are somewhat less
responsive to the redox states of Q, and P. The pX values for the three different acceptor configurations
(Qp, Q4 and Q, / + terbutryn) are similar but not identical, and depend on the redox states of the primary
donor and the acceptor quinones, and on the occupancy of the Qg-binding site. The pK values are discussed
in terms of possible structural determinants of the quinone binding sites. The data define protonation
networks for the reaction center states PQ, P*Q ™ and PQ ~, and allow one to deduce the properties of a
fourth state: P * Q. The derived pK values predict the occurrence of H * release from the state P * Q, at low
pH, and this was confirmed by using ferricyanide to reoxidize Q ~ following a flash to generate P * Q. The
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proposed protonation scheme allows the calculation of the pH dependence of the one-electron transfer
equilibrium between P *Q, Q, and P *Q,Qp . This agrees well with the measured value, derived from the
kinetics of charge recombination. However, the pK changes, derived from the enhanced proton binding that
accompanies rereduction of P *, give rise to a substantial discrepancy between the calculated and measured
values for the PQ, Qg < PQ,Qg equilibrium. The pH dependences of the redox midpoint potentials ( E,,)
of Q./Q., Qz/Qp and P* /P are also calculated. Good agreement between calculated and measured
values is obtained for P * /P, and between the calculated value for Qg /Qj; and that expected from studies
on chromatophores. However, the calculated pH dependence of E_(Q,/Q,.) is at variance with that
measured in isolated reaction centers or chromatophores. These discrepancies are discussed but not

resolved.

Introduction

In the preceding paper [1], we described the
flash-induced H* binding by isolated reaction
centers from Rhodobacter sphaeroides, in the ab-
sence of an electron donor to P*. Using two
entirely independent methods, we observed that
the proton uptake at high pH values (pH >9)
follows the behaviour expected from the equi-
librium redox properties of the acceptor quinones,
but is anomalously small at lower pH values (pH
< 9). An earlier study on the pattern of H* bind-
ing in a series of flashes, in the presence of an
electron donor to P*, appeared to be roughly
consistent with these observations in the absence
of donor [2]. Thus, at pH values below 8.5 signifi-
cant oscillations, of period 2, were observed, re-
flecting low uptake on the first flash. Between pH
6.5 and pH 8, proton binding stoichiometries
(H*/P*) of 0.4-0.6 and 1.6-1.4 were observed on
the first and second flashes, respectively. Below
pH 6.5 the oscillations became more marked, ap-
proaching a pattern of 0, 2, 0, 2, etc. At pH values
above 8 the oscillations diminished and, by pH 9,
roughly equal H* binding stoichiometries were
observed on each flash.

The state of the reaction center (RC) after a
single flash in the presence of donor (PQ7) is at
least roughly equivalent to that formed in equi-
librium redox titrations of the acceptor quinones,
which indicate that RCs bind one proton upon
reduction of Q,, or Qp, to the semiquinone state
[3-5]. We, therefore, considered that the failure to
observe stoichiometric proton binding after a
single flash might indicate a kinetic block [6]. In
the case of mitochondrial cytochrome c, oxidation
at high pH is followed by slow proton unbinding,

which is linked to a conformational change requir-
ing many seconds to complete [7-9]. However,
attempts to test this model did not reveal any slow
proton uptake, by RCs, in the seconds-to-minutes
time range. We, therefore, began to reexamine the
H™ binding stoichiometries for RCs in the pres-
ence of donor. Qur current work confirms a com-
plex pH-dependence of the proton binding
stoichiometry, but with some quantitative dif-
ferences compared with earlier results. In this
paper we describe the application of spectrophoto-
metric and conductimetric methods [1] to establish
the proton binding stoichiometries, in a series of
flashes, for RCs in the presence of electron donors
to P*. The observed stoichiometry is sensitive to
pH and to the functional state of the acceptor
quinone complex, i.e., whether secondary quinone
(Qp) is functioning or only the primary quinone
(Q,) is active, and whether inhibitors of Q4 to Qy
electron transport are present. In contrast to our
earlier measurements, we now find that, between
pH 7 and pH 9.5, in the presence of donors, the
proton binding stoichiometry (H*/P*) is in ex-
cess of 0.8, but less than 1.0, when Qg is func-
tional. The pH dependences of the proton binding
stoichiometry are also described for RCs lacking
Qg or in the presence of terbutryn, an inhibitor of
Qj activity. The results are discussed in terms of
multiple protonation equilibria under the in-
fluence of the redox states of the primary donor,
P* /P, and of the acceptor quinones, Q/Q".

Materials and Methods
The preparation of RCs from Rb. sphaeroides,

strains R26 and Ga, was performed as previously
described {1,2]. Measurements of H* binding and



release, by conductimetric and spectrophotometric
methods, were also as described in the preceding
paper [1]. Routinely, samples for spectroscopic
assay contained 0.5-2 pM RCs in 100 mM NaCl,
0.03-0.06% Triton X-100, but some studies were
done at low salt (10 mM) for comparison with the
conductance measurements. The effect of replac-
ing the Triton X-100 by 0.05% LDAO (lauryldi-
methylamine N-oxide/ Ammonyx LO, a gift of
Onyx Chemical Corp., Division of Millimaster,
NJ) was also examined. Conductance samples
contained no salt but were in 10 mM buffer,
0.03-0.06% Triton X-100.

Because of the long lifetime of the semiquinone
states of the RC in the presence of donor, i.e.,
PQ, and PQg, special care was taken, in the
spectrophotometric measurements, to minimize the
integrated light exposure of the samples with
donor. Samples were dark adapted for 15 min
with no measuring beam on, and shutters over the
measuring beam were opened only 2 s before the
actinic flash sequence. Simultaneous measure-
ments at two wavelengths were sometimes re-
corded, but the additional measuring beam inten-
sity was considered a possible source of activation.
The sufficiency of the normal dark-adaptation
procedure was checked by comparison with ‘ab-
solute’ dark adaptation of the samples, achieved
as follows. A large volume of sample, lacking only
buffer, was made up in the dark. One sample was
taken to set the photomultiplier voltages and the
slit widths for two monitoring wavelengths, and to
determine appropriate gains of the amplifier. The
two wavelengths were selected for measurement of
the pH-indicator and semiquinone absorbance
changes. A second aliquot was then taken for
assay of the pH-indicator response, at an ap-
propriate wavelength (often at about 587 nm),
followed by acid calibration. A separate sample,
with buffer added, was used to determine the
background response, followed by acid calibration
to check the extent of buffering. A fourth sample
was used to monitor the semiquinone oscillations,
at 450 nm. This, too, was buffered to eliminate
any H™ responses of the pH-indicator at this
wavelength. All H* binding data reported as ‘net’
are corrected for non-bufferable, background re-
sponses.

In addition to the external H* calibration
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methods, described in Ref. 1, data were frequently
expressed on the basis of internal calibration, using
a steady-state proton binding stoichiometry of 1.0
H™ per RC, which assumes 100% turnover of the
RC on each flash. In fact, the electron sharing
between Q,Qy and Q,Qp leads to a failure of
turnover of a small proportion of RCs, equal to
1/(1 + K,), where K, is the equilibrium constant
for this electron-transfer equilibrium [10). Below
about pH 9, 10 < X, <20, and the error is less
than 10% [2,10-12]. At higher pH, this internal
normalization procedure fails and external
calibration becomes essential.

In some experiments it was desired to resolve
the rise kinetics of the proton binding on the first
flash, but still to be able to record the extent of
binding in a series of flashes for purposes of
internal calibration. In such cases, the amplifier
output was stored in a Biomation 805 transient
recorder with a split time base. The trace could
then be transferred asynchronously to the usual
file format of the LSI 11 /73-based signal averager
[12]. In a similar manner, internal calibration could
also be applied to Qg-depleted RCs, by giving one
flash for assay of the Q,-related H* binding,
followed quickly by addition of excess ubiquinone
and administration of a series of flashes.

Donors to the RC were added from stock solu-
tions, as follows: horse heart cytochrome ¢ (Type
IIT; Sigma Chemicals, St. Louis), 1-3 mM stock
solution in water, reduced by stoichiometric titra-
tion with sodium dithionite, 8-32 pM final con-
centration; ferrocene (Sigma) and acetylferrocene
(Sigma), 50 mM stock solution in ethanol, 5-250
uM final concentration; DAD (diaminodurene,
2,3,5,6-tetramethyl-p-phenylenediamine), 10 mM
stock solution in dilute HCI and then neutralized,
100-500 pM final concentration, TMPD
(N,N,N’,N’-tetramethyl-p-phenylenediamine), 10
mM stock solution in water, 100 pM final con-
centration; hexammineruthenium(III) chloride
(Aldrich Chemicals), 0.1 M stock solution in water,
100-800 pM final concentration: Ru'' was re-
duced to Ru", in the cuvette, by titration to a
suitable redox potential, i.e., £, =130 mV at pH
<7

Redox titrations were performed as described
previously [2-5]. For titrations of Q,/Q,, media-
tors included: 20 pM each of 1,4-naphthoquinone,
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1,2-naphthoquinone, 2-hydroxy-1,4-naphthoqui-
none, 5-hydroxy-1,4-naphthoquinone and duro-
quinone; 1-5 pM pyocyanine and ethylpyocya-
nine; 0.5-1 uM phenazinemethosulfate and phen-
azineethosulfate (PMS and PES). In some experi-
ments, one or other of the following were also
present (20 pM): DAD, TMPD, indigo carmine
(indigo trisulfonate) and ferric EDTA. For titra-
tions of P* /P, the mediators were 20 uM DAD or
TMPD, 20 pM benzoquinone, and potassium fer-
ricyanide added as titrant.

Results

Proton binding by Q g-reconstituted reaction centers:
characterization of ferrocene as a suitable electron
donor

In our earlier studies (2], cytochrome ¢ was
used as the donor to P* because it is known to be
a pure electron redox couple at pH values below a
pK on the oxidized form, at pH 9.1 [9]. However,
this required the rather precise definition of an
isosbestic wavelength for cytochrome oxidation, to
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Fig. 1. Comparison of donors, ionic conditions and assay methods for flash-induced proton uptake by reaction centers (R26). Left
panels: Proton binding in the presence of salt, with ferrocene as donor. Conditions: 1.4 pM reaction centers in 100 mM NaCl, 0.03%
Triton X-100, 20 pM Q-10, 100 pM ferrocene, 0.6 mM potassium ferrocyanide, 40 wM pH indicator. (A) Parallel measurements of
H~" binding and semiquinone absorbance changes in absolutely dark-adapted samples, at pH 5.0, with 40 uM bromocresol green;
(------ Y net proton binding signal measured as the difference between the signal at 586 nm with and without 10 mM malate buffer;
) semiquinone signal measured at 450 nm, with buffer present. (B) Net proton binding signals. Top: pH 7.60 (40 pM
bromothymol blue/+10 mM Hepes buffer). Bottom: pH 9.25 (40 uM thymol blue/+10 mM Bistris propane buffer). Traces
recorded on split time base, as indicated. Actinic flashes were administered at the arrows. Right panels: Proton binding
measurements at pH 6.36, in low salt, with cytochrome ¢ as donor. (C) Net proton binding measured with indicator, at 560 nm, as
described in part A. Conditions: 0.74 pM reaction centers in 10 mM NaCl (pH 6.36), 0.03% Triton X-100, 20 pM Q-10, 16 pM
cytochrome ¢, 10 1M 1,4-naphthoquinone, 40 pM bromocresol purple, +10 mM Mes buffer. (D) Conductance changes in a flash
series. Conditions: 1.3 pM reaction centers, 10 mM buffer (pH 6.36), 0.03% Triton X-100, 20 pM Q-10, 16 uM cytochrome c. 10 pM
1,4-naphthoquinone. Upward trace: Mes buffer, G = (1213 Q)" !; downward trace: Bistris buffer, G = (1042 Q)™ 1, vertical scale
arrows indicate 10 pV for each buffer system, and the direction of the flash-induced change (an upward deflection indicates a
conductance increase). The traces are shown without correction for the flash-related heart artifact, which was quite small. The

H*/P* values (calculated as in Ref. 1) are given in Table 1.




minimize the background signal which must be
subtracted to reveal the net H* binding signal of
the pH indicator dye. We, therefore, screened
several redox agents to find a donor with better
spectral characteristics. The preference for an elec-
tron donor, rather than a hydrogen atom couple,
limited the field considerably, but we found that
ferrocene was particularly well suited. Although of
rather high midpoint potential (£, = 524 mV in
dimethylformamide, 50 mM tetrabutylam-
moniumtetrafluoroborate [13], and 437 mV in
aqueous detergent, pH 7.0 [14]), ferrocene is suffi-
ciently soluble to permit concentrations up to 300
pM, ie., in great excess over that of the RCs.
Potassium ferrocyanide was also routinely added,
in excess (0.5-1 mM), to rereduce the oxidized
ferrocene (ferricinium). The rereduction of P* by
ferrocene was found to be second order, with a
rate constant of (4 +2)-10* M~ '-s™, from pH 6
to pH 10 (not shown). The absorbance and
oxidized-minus-reduced difference spectra of fer-
rocene are negligible in the visible region, includ-
ing the 450 nm region, relevant to semiquinone
measurements, and the 540-600 nm range useful
for most pH indicators.

Fig. 1A and B shows several traces of the net

TABLE 1
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proton binding signal (unbuffered-minus-buffered
dye response), with ferrocene as donor and using
various pH indicator dyes, to cover a range of pH
values. It is clear, simply from visual inspection of
the depth of the oscillations, that the H*/P*
stoichiometry on the first flash is significantly
greater than the value of 0.5 reported earlier [2].
Indeed, both external and internal calibrations
show the stoichiometry to be 0.85 + 0.1 over much
of the pH range, up to pH 9.5. The smaller
oscillations, observed in the present work, could
indicate the existence of some Qg prior to the
flash sequence. However, this was not the case, as
parallel measurement of the oscillating Qg and
H™ binding signals, on fully dark-adapted samples
(e.g., Fig. 1A), showed the amplitude of the 450
nm absorbance change to be as expected from the
extinction coefficient of Qg [15]. Even in the
worst cases, we could account for no more than
12% Qg prior to the flash sequence, and the
amount was generally much less.

In order to examine the discrepancy between
the present measurements and those reported
earlier [2], we returned to the original measuring
conditions, as well as trying many variations of
donor, dye and monitoring techniques. Some of

COMPARISON OF H*-BINDING WITH DIFFERENT DONORS, METHODS AND DYES

Al through A4 are the H* /P stoichiometries on each of the first four flashes, delivered to a dark-adapted sample of reaction centers
in the presence of the donor indicated in column 1. The stoichiometries are normalized to a steady-state yield of 1.0 averaged over six
flashes. Methods: spectrophotometric (Spect.) and conductimetric (Conduct.) assays. pH indicator dyes used: chlorophenol red and

bromeocresol purple.

Donor pH H *-stoichiometry (H*/P™) Method NaCl
Al a2 A3 A4 (mM)
Ferrocene * 6.28 0.77 1.25 0.83 1.16 Spect. 100
Cytochrome 6.45 0.77 1.27 0.76 1.20 Spect. 100
Ru''(NH,)( 6.26 0.81° 1.20 0.85 1.14 Spect. 10
Cytochrome © 6.31 0.79 1.21 0.85 1.07 Spect. 10
Cytochrome ¢ 6.32 0.75 1.22 0.91 1.13 Conduct. -

* Average of two independent measurements.

® Stoichiometries are corrected for H *-release (0.21 H*/P*) associated with oxidation of hexammineruthenium(II) as donor (see

text).
¢ Average of three independent measurements; S.E.M. < 0.05.
4 Average of three independent measurements; S.EM. < 0.03.

¢ No NaCl, but 10 mM Bistris or Mes, in two separate samples (see Materials and Methods).
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these experiences will be detailed here as they may
provide useful guidance for further research in this
area.

Proton binding by Q g-reconstituted reaction centers:
comparison of ferrocene and cytochrome ¢ as elec-
tron donors

Fig. 1C and D and Table I compare the proton
binding pattern observed, in a narrow pH range
(pH 6.2-6.5), with three different donors - ferro-
cene, cytochrome ¢ and hexammineruthenium (II)
- and examine the effect of salt concentration.
The optical and conductimetric methods of detec-
tion are also compared. These results show cyto-
chrome ¢ and ferrocene to be essentially equiv-
alent as donors and, together with data over a
wide range of pH, do not support our previous
measurements with cytochrome ¢, which indicated
a dramatic drop-off of first-flash proton uptake
below about pH 6.3 [2]. No marked dependence
on salt concentration was evident in this pH range.
An advantage of cytochrome ¢ as donor is that
the effective turnover of the RCs can be easily
monitored for each flash, through the amplitude
of the cytochrome oxidation signal at 550 nm.
This allows for correction for any failure in
turnover of the RCs due, e.g., to the presence of
Q~ ., arising from lack of reconstitution of Qg or
from electron sharing between Q;Qp and Q.Qp
[2,11,16]. At pH values below 10, however, the
difference is small (less than 10%). and calculation
of the data of Table 1 as H* /cytochrome ¢* did
not alter the relative stoichiometries. For conveni-
ence of comparison between various donors,
therefore, stoichiometries were routinely based on
internal calibration (see below), or an external
acid calibrations using the total RC content of the
sample to express the ratio H* /P™.

Non-bufferable (electrochromic) responses of pH in-
dicator dyes

In spite of the good agreement between the
data with two donor systems, we were concerned
that the spectrophotometric method is reliant on
subtraction of background signals which are,
themselves, oscillating (Fig. 2). At most wave-
lengths in the region suitable for monitoring the
pH indicators, the electrochromic effect of Qp on
the endogenous chromophores of the RC gives rise
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Fig. 2. Absorbance changes and net proton binding signals.
Conditions: 0.95 pM reaction centers (Ga), 10 mM NaCl, pH
5.84, 0.03% Triton X-100, 20 pM Q-10, 40 pM pH indicator,
donor as given. Left panels: Measurements with hexam-
mineruthenium(Il) as donor (0.8 mM hexammine-
ruthenium(I11/II) chloride, E, =130 mV) and bromocresol
purple as pH indicator. (A) Absorbance changes, at 587 nm, in
the presence (top) and absence (bottom) of buffer (4 mM
succinate /4 mM Mes, pH 5.84). (B) Net proton binding signal
derived from the traces of part A (unbuffered-minus-buffered).
Inset: flash pattern of net proton binding determined by
external calibration (see Materials and Methods) ~ the low
apparent H'/P™ stoichiometry (average, H*/P* = 0.61) arises
from H"* release by exogenous donor (see text). Right panels:
Measurements with cytochrome ¢ (16 pM) as donor and
methyl red as pH indicator. (C) Absorbance changes, at 540
nm, in the presence (top) and absence (bottom) of buffer (as
for part A) - note different vertical scales. The signal in the
presence of buffer includes two components - an oscillating
signal due to electrochromic responses to Qg . and a stepwise
decrease in absorbance due to cytochrome oxidation (the mea-
suring wavelength was not quite isosbestic). (D) Net proton
binding signal derived from the traces of part C (unbuffered-
minus-buffered). Inset: flash pattern of net proton binding
determined by external calibration (average, H” /P = 0.94).

to oscillations in phase with the semiquinone oscil-
lations of the two-electron gate [17]. Furthermore,
almost all pH indicator dyes tested with isolated
RCs exhibited significant oscillating signals in the
presence of sufficient buffer to eliminate any di-
rect response due to proton binding. These signals
presumably arise from an electrochromic influence
of the Qg charge state of the RC on dye molecules
directly adsorbed to the complex. The signal is



hardly affected by the level of detergent present,
but is diminished by sufficiently high ionic
strength. Under our normal conditions of assay
(i.e., 100 mM NaCl), the buffered signal of most
pH indicators is small, but not absent, and care
must still be taken that addition of the buffer does
not significantly alter the amplitude of this signal.
The electrochromic influences of Qg on the native
pigments of the RC are also somewhat ionic-
strength dependent (not shown).

With these precautions in mind, we have not
observed any significant differences in proton bi-
nding stoichiometries in low (10 mM) or high (100
mM) salt, in the presence of donor, at pH values
below about 9 (Table I). The effects of higher
ionic strengths, especially at pH values above 9,
will be described elsewhere, but are consistent
with an ionic screening effect on the highest pX
values governing proton uptake (see below). The
buffered signal of the pH indicator dyes is almost
absent in chromatophores [18], or with RCs incor-
porated into phospholipid vesicles (not shown),
suggesting that the effect in solubilized RCs arises
from a population of dye molecules adsorbed to
the hydrophobic ‘sides’ of the complex. For
bromocresol purple, this is supported by the blue
shift of the center wavelength of the electrochro-
mic response (approx. 575 nm), compared to the
peak wavelength of the absorbance spectrum for
bulk phase indicator (approx. 585 nm) (Fig. 3).

..............................

540 550 560 570 580 590
nm
Fig. 3. Spectra of background absorbance changes associated
with the presence of pH indicator. Conditions: 0.6 pM reac-
tion centers (R26), 10 mM NaCl (pH 6.4), 0.03% Triton X-100,
20 pM Q-10, 100 pM DAD. Absorbance change magnitudes
calculated as: 1/2{A(flash 1)-minus-A(flash 2)}. @, flash-in-
duced absorbance spectrum in the presence of dye (40 uM
bromocresol purple) and buffer (10 mM Mes, 8 mM Bistris);
O, (no dye)-minus-(dye + buffer) difference spectrum.
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Conductance measurements of proton binding with
cytochrome c as donor

The most striking characteristic of proton bind-
ing, during turnover of the acceptor quinones, is
its oscillating nature, and the possibility that this
feature might be artifactually imprinted on the
data by an erroneous subtraction of the back-
ground signal, was hard to rule out. We, therefore,
made some conductimetric measurements of H*
uptake by RCs in the presence of donor. We have
previously demonstrated a good agreement be-
tween the spectrophotometric and conductimetric
methods for H* binding in the absence of donor
[1). Fig. 1D shows the conductance changes in a
flash sequence, in the buffer pair: Mes and Bistris
(pH 6.36), for RCs with cytochrome ¢ as donor.
The excellent signal-to-noise characteristics of the
conductance method are evident in this figure.
From these traces the H* binding can be calcu-
lated, as described [1], and the results are sum-
marized in Table I. The agreement with the pH
indicator measurements (see Fig. 1C) is good, and
the pattern is, again, one of shallow, but distinct,
oscillations with an H* /P ratio of about 0.8 on
the first flash. There are no serious candidates for
an artifactual source of oscillations in the conduc-
tance measurements (but see below), and the mere
existence of the oscillatory pattern essentially dis-
pells the possibility that the true proton
stoichiometry on the first flash is 1.0, with ap-
parent oscillations, in the spectrophotometric as-
say, arising from background subtraction artifacts.

Internal calibration and anomalies of proton release
from hydrogen carriers

It is often a convenience, as well as a source of
greater precision, to be able to use an internal
calibration for measurement of hydrogen ion bin-
ding or release in biological systems, i.e., the flash
stoichiometries are normalized to the value in the
steady state. The requirement is that the steady-
state stoichiometry be well defined, either by ex-
periment or by incontrovertible logic. The latter is
generally assumed in studies on flash-induced pro-
ton movements in chloroplasts [19,20], where the
overall chemistry of water oxidation determines
that the steady state proton release coupled to the
reduction of a pure electron acceptor, such as
ferricyanide or methyl viologen, is H* /e ™ = 1.0.
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Similarly, the redox chemistry of ubiquinone, in
solution, leads us to expect a steady-state uptake
of 1.0 H™ per electron when the donor to P* is an
electron donor. However, when the redox chem-
istry of either the donor or the acceptor system is
uncertain, this procedure can be misleading.

Fig. 4 shows H™ binding data with three differ-
ent donors. With TMPD as donor, at pH 5.6, H*
binding was determined from measurements of
conductance changes in a flash series, using the
buffer pair: piperazine and succinate (see Ref. 1).
The raw data indicated dramatic oscillations in
ionic conductance (not shown) which translate
into deep oscillations of H* binding (Fig. 4A).
However, external calibration of the data clearly
showed that the binding is substoichiometric, and
averages only 0.22 H™ bound per RC (Fig. 4A).
Thus, the depth of the oscillations is only ap-
parent. The shortfall from the expected 1.0 H*
bound per electron is due to proton release from
the oxidation of TMPD, and correction for this
reveals proton binding oscillations similar to those
obtained with other donors. The stoichiometry of

1 2 3 4 5 6 7 8
2 flash no.

proton release observed (0.78 H*/e™) is con-
sistent with a pK of about 6.1 on the reduced
form, i.e., TMPD/TMPDH", in reasonably good
agreement with published values of 6.3-6.6 for the
redox pK, determined under similar, but not iden-
tical, conditions [21]. Below this pK, the reduced
form is largely protonated and oxidation of
TMPDH™* is accompanied by H™ release
(TMPDH* —» TMPD™ + H™). Above the pK on
the reduced form, oxidation results in the net gain
of a positive charge (TMPD — TMPD ™) with no
proton release. The conductance method can de-
tect this net, non-proton, ion production [1] but
the calibration is less accurate because: (1) it is a
secondary calculation that utilizes the H*/P*
ratio, (ii) the buffer-pair method is not applicable,
so the heat artifact must be compensated for
directly, by subtraction; and (i) the conductance
change can be specified only in terms of equiv-
alents of some standard ion for which the specific
conductance, or mobility, is well known. Using
Cl™ for this purpose, we calculate that 0.11 ‘C1~
equivalents’ are produced per flash at pH 5.6.

12 345678
flash no.

12345678
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Fig. 4. Net H* oscillations observed with proton-linked donors. (A) Net proton binding with TMPD as donor, measured by the
conductance method with the buffer pair, piperazine /succinate, as described in Ref. 1. Conditions: 0.86 uM reaction centers (Ga), 10
mM buffer (pH 5.58), 0.03% Triton X-100, 20 pM Q-10, 100 pM TMPD. Top: @, net proton binding oscillations, calculated as
described in Ref. 1; , H* oscillations off-set by 0.78 (arrow) to give an average H*/P* =1.0. Bottom: semiquinone signal
changes, measured at 450 nm, determined simultaneously with the conductance measurement; ----- - , steady-state absorbance
change at 450 nm, due to TMPD oxidation. (B) Net proton binding with hexammineruthenium(II) as donor, measured optically at
588 nm. Conditions: 1.0 pM reaction centers (Ga), 10 mM NaCl, 0.03% Triton X-100, 20 pM Q-10, 40 1M bromocresol purple; O,
0.8 mM hexammineruthenium(I1I /1I) chloride, E}, =130 mV (pH 5.83); @, 0.2 mM hexammineruthenium(IlI /1I) chloride, E, =130
mV (pH 6.69). -----. , average H*/P* stoichiometries determined by external calibration = 0.62 at pH 5.83, and 1.04 at pH 6.69.
(C) Net proton binding with DAD as donor, measured optically at 540 nm. Conditions: as for (B), except with 40 uM methyl red
(pH 5.72); ©, 0.2 mM DAD, as donor; . H* oscillations off-set by 0.8 to give an average H*/P* =1.0.




Considering that the mobility of TMPD™ is cer-
tainly lower than that of Cl7, this small value is
consistent with the calculated proton release that
accompanies the oxidation of TMPDH®, from
which we would expect a net charge gain of 0.22,
per turnover, in the form of TMPD™* generated
from TMPD.

Concomitant H* binding, by the RC, and re-
lease, from the exogenous donor, was also ob-
served with hexammineruthenium(Il) chloride
(Figs. 2A and 4B) and with diaminodurene (DAD)
(Fig. 4C) as donors. The former is expected to be
a pure electron donor at all pH values [22], yield-
ing a net proton binding by the RC of 1H*/P* in
a flash sequence. However, at pH 5.88 the average
proton binding stoichiometry was only 0.61
H*/P”, indicating the existence, at about pH 5.7,
of a pK on the reduced form (Ru"), so that a
proton is released upon oxidation at acid pH.
Since hexammineruthenium is well established as
a non-protonated redox couple [22], this is pre-
sumably a property of a contaminating entity such
as a reductant species derived from the dithionite
or, possibly, pentaammineaquoruthenium
(Ru"/"(NH,)(H,0), which might be formed by
hydrolysis at low pH [23]. Although exhibiting
useful spectroscopic properties, i.e., little ab-
sorbance in the visible range, ruthenium ammines
are limited in utility, even at higher pH values,
due to their rather low redox midpoint potentials
(E,, =100 mV, for hexammineruthenium [22,23]).
The proton release observed with DAD as donor
(approx. 0.8 H* /e™ at pH 5.7; 0.6 at pH 6.3) is
reasonably consistent with the somewhat con-
flicting and incomplete data, reported in the liter-
ature, for this complex redox agent (see Ref. 21).

In Fig. 2B, with cytochrome ¢ as donor at pH
5.88, the average proton binding stoichiometry, by
external calibration, was 0.94 H* /P~ This is cer-
tainly not due to proton release from oxidized
cytochrome ¢, which is negligible at pH values
below 8 [9]. It is, in fact, essentially identical to
what is expected by taking into account the effect
of the electron transfer equilibrium, K,, between
QA Qg and Q,Qjp, on the average turnover of the
RC [2,11]. However, this i1s more likely a for-
tuitous agreement than an accurate reflection of
the precision of the proton binding data (compare
Fig. 4B, with hexammineruthenium(II) as donor,
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at pH 6.69, where the average proton binding was
1.04 H* /P™)!

Under certain conditions, we encountered an
unexpected result which can, in fact, contribute an
‘artifactual’ oscillation to the H™ conductance
change, albeit not one that is likely to confuse the
real issue. At high pH, oxidized TMPD™ directly
oxidizes ubiquinol. Since ubiquinol is released
from the reaction center in an oscillating pattern,
its oxidation by TMPD™ also oscillates, releasing
protons into the medium predominantly on even
flashes. The proton binding/release pattern, de-
termined by the conductimetric method, at pH 10,
closely followed the kinetics of TMPD oxidation
and rereduction, measured at 570 nm (not shown).
It has previously been shown that some oxidants,
including ferricyanide [24] and TMPD " [25], can
directly oxidize Q, and, indirectly, Q7. However,
this was not evidenced in the oscillating Qg sig-
nal, which was stable between flashes. Further-
more, the TMPD* signal after the first flash was
quite stable compared to the rapid decay (¢, , <
0.3 s) after the second and subsequent flashes.
Thus, the direct oxidation of semiquinone was a
minor activity, here. Oxidized ferrocene was also
able to slowly oxidize ubiquinol and showed some
activity with the acceptor semiquinones (not
shown). Since ferrocene was normally employed
with an excess of ferrocyanide to rereduce the
ferricinium, this was not generally a problem.
Ferricyanide, which has been shown to oxidize Q,
directly at pH values below 6.5 [24], did not
accumulate in sufficient quantities to reveal this
activity.

pH dependence of proton binding by reaction centers
in various states of acceptor quinone activity

Fig. 5 shows compilations of the first flash
proton stoichiometries for RCs with three differ-
ent acceptor configurations — Qg reconstituted
(Fig. 5A), plus terbutryn (Fig. SC) and Qg de-
pleted (Fig. 5B). Between pH 5 and pH 10, data
for Qpg-reconstituted RCs are plotted for both
external and internal calibrations. At high pH
(pH > 9.5), the steady-state level of Q4 is signifi-
cant and the steady-state H*-binding stoichiome-
try, expressed in terms of the total reaction center
content, no longer approaches 1.0. Under these
conditions, external calibration is essential. Also
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Fig. 5. Compiled data for net proton binding by reaction
centers in various states of acceptor quinone activity. (A)
Qp-reconstituted. Conditions: 100 mM NaCl, 0.03% Triton
X-100, 20 pM Q-10; spectrophotometric assay with various pH
indicators. Circles: with exogenous donors (various, but mostly
ferrocene or cytochrome c¢); O, internal calibration with aver-
age H*/P* =10; @, external calibration with standard HCl.
Triangles: no exogenous donor; taken from Ref. 1, after aver-
aging data over intervals of 0.05 pH. (B) Qg-extracted. Condi-
tions: as for A except no Q-10. External calibration only. (C)
Terbutryn inhibited. Conditions: as for A, except plus 60 pM
terbutryn. Lines are drawn according to the model described in
the text, using Eqn. 1 and pK values summarized in Table II.

shown are data obtained in the absence of donor;
these are taken from the previous paper [1] but,
for clarity, the number of data points has been
reduced by averaging over pH intervals of 0.05.

Above about pH 9, the data in the presence or
absence of donor agree well, and seem to reflect
the protonation behaviors of Q, and Qp expected
from their equilibrium redox properties. At lower
pH values, however, the proton binding is higher
in the presence than in the absence of donor. This
is especially noticeable when Qy is present (Fig.
5A): between pH 7 and pH 9.5, in the presence of
donor, the H*-binding stoichiometry is greater
than 0.8. However, the continued presence of shal-
low oscillations, in this pH range, strongly in-
dicates that the first flash stoichiometry does not
actually reach 1.0. When Qj function is lacking,
either through the addition of terbutryn (Fig. 5B)
or by extraction of ubiquinone (Fig. 5C), the
extent of proton binding is much lower and does
not exceed 0.5 H* per RC at any pH value.
Nevertheless, in both cases there is a marked
enhancement of H™ uptake at low pH, associated
with the presence of a donor to P™.

As a possible source of influence on the
proton-binding stoichiometry, we compared the
effect of LDAO, another commonly used deter-
gent. LDAO is widely used for the isolation and
purification of RCs, but it is often subsequently
replaced for studies involving redox poising. We
have routinely worked with Triton X-100 in the
suspension medium. Fig. 6 shows the pH depen-
dence of first flash proton binding by Qpg-active
RCs in the presence of donor, in 100 mM NaCl
and 0.03% LDAO. These data are clearly very
similar to those of Fig. SA, obtained with Triton
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Fig. 6. Net proton binding by Qg-reconstituted reaction centers.

Conditions: 100 mM NaCl, 0.05% LDAO, 20 1M Q-10, 100

wM ferrocene, 0.6 mM potassium ferrocyanide; spectrophoto-

metric assay with various pH indicators. O, internal calibration

with average H*/P* =10; @, external calibration with stan-

dard HCL. ------ , line taken from Fig. 5A, i.e., fitted to data
in 0.03% Triton X-100.



X-100 as the solubilizing agent. In both deter-
gents, the proton stoichiometry appears to fall at
pH values below 7, and in Triton there is some
indication that it increases again after reaching a
minimum between pH 6 and 6.5. This potentially
interesting region could not be adequately probed
in LDAO, as the detergent induced large, positive
shifts in the pK's of the indicators, leaving none
with sufficient sensitivity to use at pH values
much below 7.
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Fig. 7. Kinetic correlation between P~ rereduction and the
extra proton uptake in the presence of exogenous donor. (A)
Parallel measurements of the P* absorbance change at 430 nm
(downward deflection at the flash), and net proton binding,
measured at 586 nm (upward deflection). Conditions: 1.05 pM
reaction centers (R26), 100 mM NaCl (pH 6.3), 0.03% Triton
X-100, 20 uM Q-10, 60 pM terbutryn, 10 pM ferrocene, 0.5
mM potassium ferrocyanide, 40 uM chlorophenol red. (B)
Compiled data of parallel P* and H* kinetic measurements,
with (0) and without (@) 60 pM terbutryn. Conditions: 100
mM Na(l, 0.03% Triton X-100, 20 p M Q-10 (pH = 6.4-8.0).
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Kinetic correlation between P *-rereduction and first
flash proton binding

It is clear from the data of Fig. S, that the
observed, flash-induced proton-binding behavior
is a complex function of the various states of the
RC. Although prior knowledge of the equilibrium
redox properties of the primary donor and the
acceptor quinones leads us to expect almost exclu-
sive control of the proton uptake by the redox
state of the quinones, our observations suggest
that the primary donor makes an unexpectedly
large contribution. Proof that this influence arises
largely from the redox state of P* /P, rather than
the presence of an exogenous, secondary donor,
per se, is shown in Fig. 7A, which shows simulta-
neous measurements of P”-rereduction and H*
binding by RCs, in the presence of donor and
terbutryn. The fast phase of proton binding is
equivalent to that seen in the absence of donor;
the slow phase correlates well with the P*-reduc-
tion. Fig. 7B compiles many such measurements
for both Qg-reconstituted and terbutryn-inhibited
RCs.

It may be noted, in Fig. 1B, that there is no
indication that the proton binding on the first
flash is preceded by proton release. This was also
remarked, previously, for RCs in the absence of
exogenous donor [1].

Discussion

In the previous article, the failure of the flash-
induced reaction center states, P*Q, and P*Qj,
to bind protons at low pH, was described [1]. This
anomalous behavior was accounted for by a model
in which the functional groups responsible for the
H™ uptake were under the simultaneous influence
of the redox states of the acceptor quinones and
the primary donor, such that the differences in pK
before and after flash activation were quite small
(0.1-1.5 pH units). The possibility that uptake to
the semiquinone was masked by an independent
proton release from the P*/P couple [26] was
rendered unlikely by the failure to detect a
transient H™ release prior to binding (Ref. 1, see
also Fig. 1B). Thus, the H™ binding is a response
to the net redox state of the RC redox couples,
P*/P and Q/Q~. Nevertheless, the separate in-
fluences of Q/Q ™ and P* /P has been revealed, in
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this work, by the use of exogenous donors to
rereduce P* and produce the state PQ™.

The net proton binding associated with a redox
transition arises from pK shifts induced by the
redox state change of the RC. In the flash induced
transition, PQ - P*Q~, the charge separation
state has multiple effects on several ionizable
groups. Similarly, the flash-induced proton bi-
nding observed in the presence of donors reflects
the protonation behavior of the same groups in
the transition PQ — PQ™. By adding the protona-
tion equilibria for the P*Q state, a scheme is
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Fig. 8. Redox-linked protonation equilibria in reaction centers.
(A) Scheme for four protonatable groups under the simulta-
neous influences of Q/Q~ and P*/P. Each vertical column
represents a single redox state of the RC, indicated by super-
scripts on the pKs: D, dark adapted (PQ), L, light activated
(P*Q7), O, oxidized (P*Q), R, reduced (PQ~). The linear
sequences in each column are a simplification of the fully
connected networks of equilibria expected for independent
protonation events. (B) Key for the functional transitions
between the redox states of part A.
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completed that can interpret the proton binding
data for all three acceptor quinone configurations
(Qa, Q4/ + terbutryn and Qpg), in the presence
and absence of donors, as well as predicting other
aspects of reaction center behavior (Fig. 8A). Four
protonatable groups are envisioned, with pK val-
ues that depend on the redox states of the primary
donor and acceptor quinones, as well as the oc-
cupancy of the Qg-binding site. Each column of
protonation states corresponds to a different re-
dox state of the reaction center components, and
the redox states are functionally related to each
other as described in Fig. 8B. It is presumed that
there is no obligatory sequence to the protonation
events, i.e., no ordered addition, in which case the
four protonatable groups in each RC state should
contribute to a fully connected network of equi-
libria. For clarity, however, a linear sequence of
five protonation states is shown.

For four protonatable groups, as shown in Fig.
8A, the net H* uptake, accompanying a redox-state
transition, is given by the sum of four overlapping,
bell-shaped curves, according to:

=4 A
IOpK,-pM
( (1)

H'/P* =
2 1+10PK*-pH

i=1

10PKP-PH )

1+10PK?-PH

where pKB and pK* are the pK values of the ith
group before (B) and after (A) the transition,
respectively. Four different redox states of the RC
are considered: PQ (superscript D, dark-adapted),
P*Q™ (L, light-activated), PQ~ (R, reduced) and
P*Q (O, oxidized). Each pair of terms in Eqgn. 1
describes the net proton binding by a single group.
4 is the minimum number of groups that can
satisfactorily account for the proton binding in the
presence of donor and, for consistency, the same
number has been used for the data obtained in the
absence of donor [1). The various pK values,
which are listed in Table 11, were obtained by first
fitting each data set separately. Values for pK}*
and pKR were then refined to obtain best visual
fits for proton binding to P*Q~ and to PQ",
using the same set of averaged, dark pK values
(pKP) for both. Clearly the same initial (dark)
state (PQ) is involved in both transitions. The
values for pK.® were determined only through the
application of detailed balance, i.e., the sum of
free energies around a cycle is zero.
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pK VALUES FOR THE SCHEME OF FIG. 8A, DERIVED FROM FIG. 5A-C

i =1-4 are the group numbers.

Qs Qa4 / +terbutryn Qa

i=1 i=2 i=3 i=4 i=1 i=2 i=3 i=4 i=1 i=2 i=3 i=4
RC state/pK
PQ pkP 9.1 8.1 6.4 45 9.7 8.35 6.8 48 92 8.35 6.9 5.3
P*Q- pkl' 106 8.7 6.85 48 10.5 8.6 6.9 49  9.65 8.65 71 5.4
PQ~ pk® 1065 9.1 7.95 6.0 10.55 8.65 7.4 59  9.65 8.65 74 6.2
P*Q pk© 9.05 7.7 53 33 9.65 8.3 6.3 38 92 8.35 6.6 45
ApK(P") -0.05 -04 —-1.1 -1.1 -0.05 -0.05 -05 -1.0 0 0 -0.3 -0.8
ApK(Q™) 1.55 1.0 1.55 1.5 0.85 0.3 0.6 1.1 045 0.3 0.5 0.9

Table II also shows the effect (ApK) of the
individual redox couples, P*/P and Q/Q~, on
each of the four protonation steps. It is clear that
P*/P has almost no effect on the highest pkX,
which is traditionally associated with the Q/Q~
redox couple, and only in Qg-reconstituted RCs
does it have some effect on the second-highest pX.
The two lower pX processes, on the other hand,
are significantly influenced by P*/P. The lowest
pK region is the least well characterized, due to
the absence of extensive data in the absence of
donors, below pH 6.5. However, preliminary data
by McPherson et al. [27], on Qg-depleted RCs,
show good general agreement with ours, with more
extensive low pH data, down to pH 4.5. It is the
sensitivity of the lower pX values to P*/P that is
largely responsible for the suppression of proton
binding at low pH, in the absence of donor, and
its partial recovery in the presence of donor.

The influence of Q7 is felt on all protonation
steps. It is most acute for the high pK transitions,
with Qp having the largest effect (ApK = 1.55),
and Q, in the absence of any occupation of the
Qp site, the smallest (ApK = 0.25).

A particularly striking prediction of the scheme
of Fig. 8A is the possibility of H* release from
reaction centers. From the pK assignments made
for the PQ, P*Q™ and PQ~ states, the pX values
for the P*Q state (pK®) can be obtained. These
predict the occurrence of proton release in the
PQ — P*Q transition, especially at low pH, where
Table II indicates P*/P to have its largest in-
fluence on pK values. We have previously re-
ported that ferricyanide, at low pH, can be a
surprisingly effective oxidant of the acceptor
semiquinones, acting through Q, [24). Thus, we
can expect the following sequence of events:

fern  ferro

H* hy H* H* H*
PQ<—» PQ =—=P*Qx—P* Q—-A, P*Qe—>P*Q«—>P*Q

pkP(H )p

The subscripts to the bound H™ indicate the con-
tinuing adjustment of the RC protonation state to
the sequence of redox states, following the flash.
The net proton binding or release, however, is
determined only by the pK values of the initial
and final states, pKX'® and pK ©. The results, for
RCs in the presence of terbutryn, are shown in
Fig. 9. The immediate response, after a flash, is a
small amount of proton binding, as we expect
from our studies in the absence of donors to P*

(H*)p (H™ ), (H*),  (H*)pk®

[1]. Following this, there is a progressive H* re-
lease which exhibits the same kinetics as the P*
decay. Under these conditions, the charge sep-
aration state, P*Q~, disappears via two routes:
the normal charge recombination, which is accom-
panied by reversal of the flash-induced proton
binding, and oxidation of Q~ by ferricyanide,
which leaves a ‘trapped’ P* that decays very slowly
via reduction by exogenous donors, e.g., ferro-
cyanide. By the end of the fast decay of P*, there
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Fig. 9. Net proton release associated with primary donor
oxidation: PQ —» P* Q. Conditions: 1.1 M reaction centers
(R26), 100 mM NaCl (pH 5.94), 0.03% Triton X-100, 20 pM
Q-10, 60 uM terbutryn, 250 pM potassium ferricyanide, 40
pM bromocresol purple. Left panels: Simultaneous measure-
ments of (A) P* absorbance changes, at 525 nm (isosbestic for
the pH indicator), and (B) net proton binding /release, at 585
nm (isosbestic for PQ/P* Q™). Right panels: Separate mea-
surements of (C) slow kinetics of P* rereduction (plus 10 mM
Mes), at 430 nm, and (D) proton rebinding at 585 nm. - - - - - - .
Inverted P* trace, from part (C). Note different time scales in
left and right panels.

is a net proton release which is determined by the
protonation properties of the new reaction center
state, P* Q. Since only a portion of the RCs are
trapped in this form, the H* /P* stoichiometry is
calculated on the basis of the remaining P, rather
than on the total reaction center concentration. In
the presence of terbutryn, the measured proton
release was 0.29 H*/P* compared to a value of
0.25, predicted from the pK values in Table II.
For Qg-reconstituted RCs, the observed
stoichiometry * of H* release was 0.37 H*/P*
[26), and the calculated value was 0.56. We con-
sider the observed values to be in reasonably good
agreement with those expected on the basis of the
scheme of Fig. 8, especially in view of the greater
uncertainties associated with the lower pK values.

The influence of P* /P on the lower pK values
is also seen in the kinetics of proton binding. The
additional H'-uptake seen in the presence of

* The stoichiometries quoted in the earlier work (Ref. 26) were
based on an erroneous extinction coefficient for P* /P at 430
nm, and should be diminished by 20%.

donor, compared to the absence, occurs with
kinetics that match the rereduction of P*. This
correlation is established in Fig. 7, over a wide
time range, both for Qg-reconstituted and for
terbutryn-inhibited RCs.

For all the wealth of data that apparently resi-
des in Table II, it is not a simple matter, at this
time, to associate the functional pKs with amino
acid residues in the RC proteins. Nevertheless,
some speculation is possible for the highest pX
group, which responds in a suggestive fashion to
the redox states of the two quinones and to the
occupant of the Qg binding site, i.e., ubiquinone,
terbutryn or nothing. The value for pKP, corre-
sponding to a pK on the oxidized form of the
acceptor quinones, is very similar for both Qg-de-
pleted and Qg-reconstituted RCs, but is shifted
0.5 pH units in the presence of terbutryn. The
value of pKl, on the other hand, is almost the
same for Q, (+ terbutryn) and for Qg . The X-ray
structural analysis of the RC from Rhodopseu-
domonas viridis [28] shows that terbutryn binds in
the Qp pocket, at the opposite end from the
iron-histidine complex, probably forming strong
hydrogen bonds to a serine (residue 223 in the L
subunit), adjacent to a tyrosine (L222). In both
Rps. viridis [29] and Rb. sphaeroides [10,30], the
secondary quinone itself binds rather weakly, and
much of the binding affinity in isolated RCs is
provided by the entropic effect of the hydrophobic
tail [6,31]. For Q,, comparative binding studies of
many different quinones and quinone analogs sug-
gest that only one of the carbonyl oxygens con-
tributes a significant binding energy [32] and this
is consistent with the Rps. viridis X-ray structural
data, which shows it clearly H-bonded only
through the carbonyl! furthest from the iron-histi-
dine complex [28]. The more recent X-ray struc-
ture for the Rb. sphaeroides reaction center shows
Qp also to be asymmetrically coordinated, but
with the stronger H-bond at the iron-histidine end
(Refs. 33 and 34; see also Schiffer, M., personal
communication). On the other hand, the semi-
quinone of Qg binds extremely strongly [35], and
ENDOR studies on the Q5 and Qy states, In Rb.
sphaeroides, indicate that the semiquinones form
strong hydrogen bonds through both quinone
oxygens [36].

On the basis of these data, we considered that



the highest pK's associated with proton binding,
and with the redox titrations of Q,, might reflect
the protonation of serine (L223). However, a
herbicide-resistant mutant of Rb. sphaeroides,
which has been identified as a serine-to-proline
mutation, at 1223 [37], apparently exhibits the
same pH dependence as the wild type, for the
one-electron transfer equilibrium between Q4 Qg
and Q,Qp (Okamura, M.Y., personal communi-
cation). Since this equilibrium is believed to in-
volve the same protonation states as the proton
uptake, this renders the assignment of serine
(L223) unlikely, and turns our attention elsewhere,
including the adjacent tyrosine (L222). Indeed, the
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possible involvement of this residue in protona-
tion events, associated with Qg, has been raised
before [37). It lies against the back of the peptide
chain surrounding the Qg pocket. Although it is
quite close to the surface, tyrosine L222 is ori-
ented away from the aqueous interface and is
hydrogen bonded to the carbonyloxygen of re-
sidue M43, a glycine residue in the M subunit
(Schiffer, M., personal communication). Both the
L and the M subunits contribute to the iron-bind-
ing region, which provides a strong focal point for
the acceptor-quinone complex. The interaction be-
tween the two subunits provided by the tyrosine-
peptide carbonyl hydrogen bond may also assist in

Fig. 10. Predicted and experimental redox midpoint potentials
for primary donor and acceptor quinones. (A) Redox titrations
of Q./Qx assayed by the flash-induced production of P™,
measured at 430 nm: oxidative (O) and reductive (@) titrations.
From right to left: plus 20 pM Q-10 and 60 pM terbutryn (pH
6.0); the same (pH 8.1); with Q-10 only (no terbutryn) (pH
8.1); the same (pH 10.0). (B) E,(Q/Q™ ) vs. pH. Experimental
determinations of E(Q4 /QxA ): @, with 20 uM Q-10; O, with
60 pM terbutryn. Solid lines: computed curves for
E..(Qp/Qg ) in Qp-reconstituted reaction centers (top), and
for E,(Qa/Qx ) in the presence of terbutryn (middie) and in
Qp-depleted reaction centers (bottom), calculated from the
pK D and pKR values given in Table II, using the equation:

[T(1+10P%"-PH)

i

_  — mV,
[1(1+10°°01)

En=E2+591og

E? is the limiting midpoint potential at high pH, above the
highest pX of the reduced species. E,?, was set at -130 mV, for
all simulations, to give the best coincidence of calculated and
experimental values of E,,.(Q, /Qa ) at high pH, and in accor-
dance with K, =1 at high pH (see Fig. 11). Dashed lines: these
are drawn through the data points to indicate the pH depen-
dences expected for a single protonatable group (slope = — 58
mV/pH), with a pK® of 9.6 (lower line) or 10.5 (upper line).
(The coincidence between the simulated (solid) curve for
E_(Qg/Qp ) and the data for E_(Q4 /Qp ) in the presence of
terbutryn, is accidental). (C) E_ (P*/P) vs. pH. Experimental
determinations of E,(P*/P): , with 20 uM Q-10. Solid lines:
computed curves for E,.(P*/P) in the presence of 20 uM Q-10
(Qpg-reconstituted RCs) (top), in the presence of 60 pM
terbutryn (middle) and in Qg-depleted RCs (bottom), calcu-
lated from the pX P and pX.° values in Table II, as described
for E,,(Q/Q™) in part A, with EQ(P*/P) = 475 mV. Dashed
line: theoretical line for a single protonatable group on the
reduced form, slope = —58 mV /pH.
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the functional communication between the Q,
and Qg binding sites implied in this model. Such
mutual influences are clearly indicated by the
effects that terbutryn and ubiquinol binding, to
the Qg site, have on the E_ of Q4 [5).

From the protonation equilibria outlined in
Fig. 8A, it should be possible to determine the pH
dependences of the redox properties of the primary
donor and the acceptor quinones, as well as the
pH dependence of the electron-transfer equi-
librium between Q, and Q. These are shown in
Figs. 10 and 11, together with experimental data
where available. The derived pK values for the
PQ and P*Q states imply a weak average pH
dependence of E_(P*/P), that is quite consistent
with data in the literature [3,38), and with our own
measurements, which reveal an average slope of
about —14 mV/pH unit (Fig. 10C). The calcu-
lated values show that the expected influence of
the acceptor side on E_(P*/P) is mild in the
experimentally accessible pH range.

The pH dependences for the acceptor quinone
couples are shown in Fig. 10B. The net H* bi-
nding for PQg implies a substantial pH depen-
dence for the Qg/Qp redox couple, which is
consistent with determinations made in chromato-
phores [4]. The net H*-binding observed for the
PQ. and PQj(+ terbutryn) states, however, are
much smaller and predict rather weak pH depen-
dences for the Q,/Q4 redox couple, in marked
contrast to the equilibrium behavior in chromato-
phores [3], or in isolated RCs in phospholipid
vesicles [S]. We, therefore, undertook some equi-
librium redox titrations of Q,/Q, in isolated
RCs in Triton. This proved to be difficult, as we
have noted previously [5], because equilibrium
could not be established in the absence of certain
redox mediators, notably the phenazines, which,
when present in normal mediator concentrations,
were so reactive as to interfere with the assay
method (measurement of flash-induced P*). By
using very low concentrations of PMS and PES
(up to 1 pM), we were able to obtain reasonably
reversible titrations (Fig. 10A). The pH depen-
dence of E_(Q,/Qa.), in the presence and ab-
sence of terbutryn, is shown in Fig. 10B. It is
evidently similar to that reported for chromato-
phores and for RCs in phospholipid vesicles. This
leaves a clear discrepancy between the proton

Fig. 11. Measured and predicted values for the one-electro:.
equilibrium (K,): Q4 Qp < QAQg . Lines are drawn according
to the model described in the text and the pK values given in
Table II, using the equation: AE, = E_(Qp/Qp) -
En(Qa/Qa) =359 log K, mV. E_(Q,/Qa) and
E_(Qp/Qp ) were calculated as described for Fig. 10. <,
experimental values of K, determined from the recombination
kinetics, in the absence of exogenous donor, calculated accord-
ing to Ref. 10: ¢, ,(P*Qg)=1,,,(P* Qs {1+ K;], where
1, 2(P*Qp)nd £, ,,(P* Q) are the half-times for recombina-
tion in the presence and absence of functional Qp. 1, ,(P* Q3 )
was taken as 65 ms, pH independent, throughout (Refs. 11 and
12, but see footnote, p. 345.

uptake data — or its analysis — and the equi-
librium redox titrations of Q,. However, there are
previous reports of pH independence for
E..(Q./Qx), in Triton as well as in vesicles [5,39),
one of which was performed by ESR assay of the
g =1.82 signal of QL (39]. The dense samples
used in ESR measurements and, consequently, the
high concentrations of mediators, greatly facilitate
the achievement of redox equilibrium. Further-
more, the assay is performed in the dark and does
not suffer from the kinetic interference encoun-
tered with reactive mediators. Thus, in spite of the
difficulties associated with the proton measure-
ments, at the present time we have more confi-
dence in them than in the redox titrations.
However, if we accept the redox titrations as
the source of the discrepancy between the PQj
proton binding and redox data, we are then faced
with another discrepancy when we calculate the
electron-transfer equilibrium (K,) between Q, Qg
and Q,Qp from the PQ; and PQy proton bi-
nding data. This equilibrium has been shown to be
roughly pH independent, below about pH 9, by
two methods [2,10-12,16] - the back reaction



kinetics for P*Q,Qg, which proceeds via equi-
librium with P*Q, Qg and recombination from
that state, and the extent of cytochrome oxidation
in a flash series in which the presence of Qj
causes less turnover on the second and subsequent
flashes compared to the first. The fact that these
two methods of determination agree implies that
the redox state of P*/P does not significantly
affect the Q. Qp/QAQp equilibrium. When X, is
calculated from the proton-binding measurements,
agreement is obtained between the value of K,
determined from the P*Q~ proton binding and
from the P* Q™ back reaction data (Fig. 11) *, but
the PQ™ proton binding data predict a significant
pH-dependence for the equilibrium, reflecting the
much greater net proton binding by PQg com-
pared to PQ,. At the present time we cannot
resolve these discrepancies which are under fur-
ther investigation.

Conclusions

The present study only partially reproduces our
original observations on the proton binding
stoichiometry of reaction centers in the presence
of secondary acceptor (Qg) and donor [2]. How-
ever, there are at least two possible explanations
for the discrepancies, if we accept that the earlier
experimental conditions were reported erro-
neously. Thus, if the baseline subtracted was that
obtained with no dye, rather than with dye and
buffer, then a substantial oscillation could be im-
posed on the apparent proton binding, due to the
electrochromic response of bound dye molecules.
Alternatively, if the external calibration was in
error, then the deeper oscillations reported at that
time could indicate significant proton release from
the donor side reactions. Although cytochrome ¢
was the intended donor, 10-20 pM DAD was also
present to aid in poising the redox potential of the

* A recent report by McPherson et al. (Ref. 42) describes a
weak pH dependence for the P* Q, back reaction in iso-
lated RCs. The rate increased by about 40% as the pH was
raised from pH 6.5 to pH 11, apparently reflecting electro-
static effects associated with the H* binding. Such a pH-de-
pendence would substantially improve the fit, in Fig. 11,
between the measured and calculated values for X, in the
P* Q" state, especially below pH 9.
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sample. This could also account for the enhance-
ment of the oscillations at low pH (less than 6.5) if
the proton release stoichiometry of DAD oxida-
tion also increases at low pH. This is supported by
our observations on the steady-state stoichiometry
of proton binding in a flash train (Fig. 4C), but it
is not consistent with the redox properties of the
fully reduced/ fully oxidized couple, as de-
termined by Prince et al. [21] using polarographic
methods. The difference may reflect the properties
of the semiquinone of DAD which, in our experi-
ence, is the most actively donating species. The
semiquinone state was not characterized in the
polarographic study.

We conclude, on the basis of our current work,
that at least four groups are involved in the flash-
induced proton uptake by isolated RCs. Further-
more, although these groups can best be assigned,
functionally, to the acceptor quinone complex, the
presence of a donor to P* dramatically changes
the observed proton binding of photoactivated
reaction centers. This is summarized in Fig. 8A,
which is adequate to account for the observed
proton binding for a variety of acceptor quinone
configurations, in the presence or absence of
donors. When Qp is functional, hydrogen ion
uptake in the presence of donor approaches what
is expected from the redox properties of the sec-
ondary quinone, i.e., approximately 1 H* /e™. The
failure to observe proton binding at pH values
below 9, in the absence of donor, arises from the
existence of a second pK, when the quinone is
oxidized. In fact, the decline in proton uptake as
the pH is lowered implicates at least four dis-
tinguishable groups, each with distinct pK values
for the oxidized and reduced forms of the acceptor
quinones. The rather different proton binding data
seen for Q,-active and Qpg-active RCs, reflect
differences in the pK values associated with Q,
and Qp, and the influence of terbutryn.

The rereduction of P* by donors causes changes
in the pX values of some of the groups. The pK
shifts induced by P* /P are largest for the low pK
groups, giving rise to a substantial change in the
net proton binding observed at low pH. In the
case of Qp-reconstituted RCs, the net proton bin-
ding at pH 7.5, for example, increases from about
0.25 H"/P™, in the absence of donor, to 0.9
H™/P7 in the presence of donor. The resulting net
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H™* binding for PQg implies a substantial pH
dependence for the Qg /Qp redox couple. This is
consistent with redox determinations made in
chromatophores [4]. The net H™ binding observed
for the PQ, and PQj(+ terbutryn) states, how-
ever, are much smaller and predict rather weak
pH dependences for the Q,/Q4 redox couple, in
marked contrast to the equilibrium behavior in
chromatophores [3], or for isolated RCs in phos-
pholipid vesicles [5] and in detergent (this work).
This discrepancy is still unsettled, but the —S58
mV /pH dependence of this couple in chromato-
phores seems to be rather well established over a
wide pH range, upto the pX on the reduced form
[3]. This may indicate substantial masking, or
burying, of ionizable groups by the membrane
environment, such that the electrostatic influences
of the Q,/Q, redox states are focussed on a
single group.

By virtue of the principle of detailed balance,
any variations in the effect of P* /P on pK values
associated with the Q/Q™ redox couples will be
reciprocated as changes in pK values for the
P*/P redox couple, linked to the status of the
acceptor quinone complex. Only in the case of
Chromatium has the E,_, of P*/P been explicitly
considered as exhibiting a pH dependence ({38].
More generally, it has been implicitly considered
to be pH independent [3] but, as shown in this
work, for Rb. sphaeroides it actually exhibits an
average slope of ~12 to —16 mV/pH, and a
similar dependence is encountered in Rhodopseu-
domonas viridis (Shopes, R.J., Gao, J. and Wraight,
C.A., unpublished observations). This pH depen-
dence is sufficient to encompass the pX values
implied by our description of the proton binding
behavior, and the predictions of the scheme of
Fig. 8A appear to be satisfactorily borne out here.

The notion of linked pK changes between the
primary donor, P, and the acceptor quinones,
raised the interesting possibility that the RC might
act as a proton pump, in much the same way as
has been shown for cytochrome oxidase of
mitochondria [40] and bacteriorhodopsin of
Halobacterium halobium [41}. However, our failure
to observe transient H" release followed by rebi-
nding does not support this suggestion. Further-
more, preliminary measurements on RCs incorpo-
rated into phospholipid vesicles, have not revealed

any vectorial movement of protons. At the present
time, therefore, we consider that all the protolytic
reactions, involved in the observed proton uptake
by RCs, most likely occur on the same side of the
membrane, i.e., the acceptor side.
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