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ABSTRACT: A proton-activated electron transfer (PAET) mechanism, involving a protonated semiquinone

intermediate state, had been proposed for the electron-transfer rek@o[QA*'QB*' + HF =
Qa*(QsH)* — Qa(QsH)7] in reaction centers (RCs) frorRhodobacter sphaeroidd&raige, M. S.,
Paddock, M. L., Bruce, M. L., Feher, G., and Okamura, M. Y. (1926Am. Chem. Soc. 118005
9016]. Confirmation of this mechanism by observing the protonated semiquingh®*(ad not been
possible, presumably because of its loMg By replacing the native Qin the @ site with rhodoquinone
(RQ), which has a higherlq, we were able to observe the {g)* state. The pH dependence of the

semiquinone optical spectrum gave E,p= 7.3 + 0.2. At pH < pK,, the observed rate for tHéfE),
reaction was constant and attributed to the intrinsic electron-transfer rate fromt@the protonated

semiquinone (i.,e k2 = ker(RQ) = 2 x 10* s7%). The rate decreased at pH pK, as predicted by the
PAET mechanism in which fast reversible proton transfer precedes rate-limiting electron transfer.
Consequently, near pH 7, the proton-transfer kate> 10* s~1. Applying the two step mechanism to RCs
containing native @ and taking into account the change in redox potential, we find reasonable values for
the fraction of (QH)* = 0.1% (consistent with aky(Q1o) of ~4.5) andket(Q10) = 10° s 1. These results
confirm the PAET mechanism in RCs with RQ and give strong support that this mechanism is active in
RCs with Qg as well.

Electron and proton transfers are coupled in many biologi- quinone intermediate, §*, had so far not been obsed
cal reactions that involve energy conversidi. (n photo- in isolated RCsThe goal of this work was to observe the
synthetic bacteria, the reaction center (R@ptein catalyzes  intermediate state, which would provide compelling evidence
the conversion of electromagnetic energy to chemical energyfor the validity of eq 2. In particular, the presence of an
through the two-electron, two-proton reduction of a bound intermediate would eliminate the mechanism involving a

secondary quinone, §X2, 3): concerted proton/electron transfe¥—7). In addition, ob-
" servation of the protonated intermediate state would enable
Qgt+2e +2 H QgH, (1) one to measur&:t and to establish a limit foky+.

The reason that the protonated intermediate had not been
A crucial intermediate step in eq 1 is the transfer of the observed previously is because ubisemiquinone in isolated
second electron that is coupled to proton transfer. This pative RCs (@) has a low [K value, which results in a
reaction has been postulated to proceed via a two-step processmall steady-state concentration aftQ. A straightforward
involving the intermediate protonated statesHY as de-  sojution to this problem was to synthesize a quinone with a
scribed by eq 24). higher K value. This was accomplished by replacing one
Ky . of thg methoxy substituents of 1Q_by an amine group
Qi'Qg°+H' ‘:QK.(QBH).LQA(QBH)_ ) creating a rhodoquinone (RQ) (Figure 1) that could be
@ incorporated into the @ site of the RC. Unfortunately,
ks concomitant with the increase in th& pvalue, the redox
For this mechanism, protonation ofsQ precedes rate- potential of RQ was reduced by80 mV (8). This makes
limiting electron transfer from @*. The protonated semi-  the transfer of the first electron from QQs to QuQs™*
thermodynamically unfavorable. To overcome this problem,
* To whom correspondence should be addressed. Telephone: (619)We incorporated a low potential naphthoquinone (NQ) into

543-2506. Fax: 619-822-0007. E-mail: mokamura@ucsd.edu. the Q binding site.
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! Abbreviations: RC, reaction center; PAET, Proton-Activated ON RCs having RQ in the £binding site. A comparison
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secondary acceptor; 1§ coenzyme @; RQ, rhodoquinone; NQ, ; [ ;
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RC, RC with RQ in the @ binding site. dependencies of the semiquinone optical spectrum and the
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o) ”3‘3 The pH of the solution was adjusted by adding either 1M
H.CO H caps buffer (pH 10.5) or 1M citrgte buffer (pH 4.5). pH
3 [/’\/l\J"o measurements were performed with a Cole-Palmer Chem-
NI cadet pH meter equipped with an Toledo-Mettler U402-M3
2 CHs pH electrode and calibrated with standards that spanned the
0 measured pH values. The uncertainty in reported pH values

Ficure 1: The structures of rhodoquinone (RQ). Fap@he NH, was + 0.05 units.

at position 2 is a methoxy group. This substitution has the effect s le P tionRCs f Rb h idestrai

of lowering the redox potential and raising thk pf RQ relative ampile _repara '_On S rom : Sp aer0|. €s ra'r_]

to Qo (8). R26.1 were isolated in LDAO (lauryldimethylamine N oxide,
Fluka) as described previousl§5). Both Q. and @ were
r{'emoved as described@®, 17 by washing RCs on a DEAE
column (Toyopearl 650M, Supelco) with 4% LDAO, 20 mM
1,10-phenanthroline (Fisher) and 1 mM 2-mercaptoethanol

(Fluka) to yield RCs with=2% residual Q/RC and<0.2%

transfer rate of the second electrdd?) were measured.
From these measurements not only the mechanism of proto
coupled electron transfer but also the intrinsic electron-
transferker and a lower limit forky+ were determined for

this system. The results are strictly valid only for RCs having . ; .
RQs. However, in view of the similarity between RQ and residual @Q/RC (as determined from the charge recombina-

: ; : tion rate and amplitude measured at 865 @), The ratio
Qi0, we believe that the conclusions of this work are
applicable to native RCs. A preliminary account of this work of absorbance, ﬁO/AS.OO’ was 1.20. RCS were _concentrated
has been published®) to ~0.1 mM by centrifugation (Amicon Centricon-30) and
dialyzed for 20 h at £C against BMK buffer, pH 7.2.

MATERIALS AND METHODS A detailed procedure for reconstitution of thg @inding

Quinones.Qyo (coenzyme @, 2,3-dimethoxy-5-methyl-  Site with naphthoquinone (NQ) has been presented previously
6-decaisoprenyl-1,4-benzoquinone) and M@enatetrenone;  (4). Briefly, quinone-depleted RCs in buffer were added to
2-methyl-3-tetraisoprenyl-1,4-naphthoquinone) were obtained & reaction vial that contained a dried film of NQ. The quantity
from Sigma. MeNQ (2,3,5-trimethyl-1,4-naphthoquinone) of NQ added was determined by its solubility in the buffer
and MaNQ (2,3,6,7-tetramethyl-1,4-naphthoquinone) were and the amount that was expected to be bound to the RC.
kindly provided by J. M. Bruce, University of Manchester, The RCs were incubated in the reaction vial (30, ~30
UK. RQ (rhodoquinone; 2-amino-3-methoxy-6-methyl-5- min with stirring) to yield RCs having full @site occupancy
decaisoprenyl-1,4-benzoquinone) was obtained by two meth-and activity. The procedure to reconstitute the <ge with
ods. (1) BiosyntheticallyRhodospirillum rubrunwas grown RQ was identical to the standard procedure for reconstitution
photosynthetically under anaerobic conditioh§)(Quinone  with Quq; it involved addition of the quinone solubilized in
was isolated from the cells using a method described 1% LDAO to quinone-depleted RCs. This procedure resulted

previously for quinone extractiori, 12). The biosyntheti- in full Qa site occupancy by RQ.

cally produced RQ was separated fromo@Qsing TLC as After Qa reconstitution, the @site was reconstituted either
described in the second method. (2) Synthetically: RQ was by incubation with RQ adsorbed to Celite (diatomaceous
obtained by a one-step conversion ofoQo RQ (13). earth, Fisher) for-20 min at 25°C, while stirring @) or by

Separation from the Qstarting material and side products, addition of RQ (3 RQ: 1 RC) solubilized in 1% LDAO.
which included iso-RQ (2-amino-3-methoxy-5-methyl-6-  Occupancy of the @sites varied from 76 to 93% over the
decaisoprenyl-1,4-benzoquinone), was performed as de-ange of pH studied. The binding of NQ to the Gite is
scribed (3, 14 using preparative TLC plates (Whatman, stronger than that of RQ; the binding of RQ to the §te
PK6F and PE SilG). Identity and purity of R@ 08%) and s stronger than that of NQ. This favorable situation resulted

is0-RQ (>98%) were confirmed by NMR and optical i, >909 of the RCs with an occupiedsGite, having a NQ
spectroscopy. After recrystalization, the final yield of RQ i, the Q. site and RQ in the Psite.

was ~1%; the melting point was 69C. Synthetic RQ had
identical functional properties and optical spectra as RQ
produced biosynthetically. All quinones were solubilized in
ethanol prior to use.  and RQ were also solubilized in
1% LDAO.

Reagents and Buffergerrocene (fe, Eastman Kodak) and
diaminodurene (DAD: 2,3,5,6-tetramethyl-1,4-phenylene-
diamine, Aldrich) were solubilized in ethanol and used to
reduce the photooxidized primary donor;".DTerbutryne
(Chem Service) and stigmatellin (Fluka) were also prepared
in ethanol. Unless otherwise indicated, experiments were
performed at 23C in BMK-buffer that consisted of 0.04%
maltoside (dodecyB-D-maltoside, Anatrace) 10 mM KCI

Kinetic MeasurementsAbsorbance changes were mea-
sured using a single beam spectrophotometer of local design
(19). The voltage output was recorded on a digital oscil-
loscope (Lecroy 9310M) and transferred to a PC for analysis.
Fits to the data were made using nonlinear curve fitting
software (Peakfit, TableCurve 2D or Sigmaplot, Jandel).
Actinic illumination was provided by a pulsed dye laser
(Phase R DL2100c, 590 nm0.2J/pulse, 0.4 fwhm) and
by a ruby laser (Optic Technologies Model 130, 695 nm,
~0.5 J/pulse,~10ns fwhm). Laser light intensity was
determined to be saturating 98%) before and after each
set of experiments. Scattered laser light was blocked from

(Fisher) and 5 mM of each of the following buffers: citric reaching the PMT by using a grating _monochromator
acid (Calbiochem), mes (2-N-morpholinoethanesulfonic acid, (Baus_ch and Lomb, 33-86-02) _and_ CUtOf_f filters.
Calbiochem), pipes (1,4-piperazine bis ethanesulfonic acid, Optical Spectrum of Q. Thein situ optical absorbance
Calbiochem), tris (2-amino-2-(hydroxymethyl)propane-1,3- SPectra for NQ™* and RQ ™ were obtained by measuring
diol, Fisher), ches (cyclohexylaminoethanesulfonic acid, the optical change due to a saturating laser flash in RCs
Calbiochem), and caps (3-cyclohexylamino-1-propanesulfon- having only Q, i.e. (DQx + fereq— DQa~* + feo,) where

ic acid, Calbiochem). All reagents were of analytical grade. feqand fey are the reduced and oxidized forms of ferrocene,
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the exogenous electron donor. Ferrocene was chosen as the S
reductant for D because of its negligible absorption in the
wavelength region from 400 to 500 nm.

Optical Spectrum of g and (@H)*. The in situ optical
spectrum of rhodosemiquinone in the §ite was obtained
using the procedure outlined above with corrections foy: (
the occupancy of the gsite, i.e. the fractiong, of RCs
that lack @, and (i) the partition coefficient for the
thermodynamic equilibrium, [Q°Qs = QaQs ], a (19).
Thus, at high pH where the unprotonated intermediate state .
dominates, the reaction equation is: B@ + fereq LA
(1 —a)(1 —0)DQAQs™ + (1 — 5)DQA™*Qp + SDQA™
+ feox. A similar expression applies at low pH where the
protonated intermediate state dominates and the first term
on the right-hand side involves the protonated sta{@4bi". '

Charge Recombinatiorilhe charge recombination rate, e
kao (DTQa— — DQn), was determined by monitoring the 400 450 500
recovery of the primary donor (D) absorbance at 865 nm ——> Wavelength [nm]
following a saturatin.g Ia;er flash in RCs containing only. Q FiGURE 2: Optical spectra for rhodosemiquinone in thg §ie.

The charge recombination ratgp (D"QaQs™* — DQaQs), The spectra at high and low pH strongly resemble the anionic and
was obtained by monitoring the slow phase of the primary protonated spectra of semiquinones in soluti®®) (Spectra were
donor recovery after a laser flash in RCs with both apd obtained from the absorbance changes at descrete wavelengths

Py ; ; following a single saturating laser flash in the presence of the
Qs binding sites occupied1f). The occupancy of the § exogenous reductant, ferrocene. The spectrum for rhodosemiquinone

Coefficient

[mM'1 cm'l]
[\S}

nction

Ext

site and the thermodynamic equilibriuma QQs = QaQs™",  in the Q, site was, within experimental error, the same as the high
were determined from the kinetics of charge recombination pH spectrum shown. The solid lines show a smooth fit to the data
(18, 19). generated using a single Gaussian function (low pH) and a sum of

two Gaussians (high pH). Conditions:u# RQg-RCs (MaNQa;

Rate of the First Electron Transfergk The electron- g3y 30 M ferrocene, spectral bandwidgh 10 nm.

transfer ratekl} (Qa Qs — QaQs™*) was measured in
RQs-RCs by monitoring the absorption change at 420 nm
following a saturating laser flasi2Q).

kinetics observed before RQ incubation showing that RQ
did not displace NQ from the Qsite. From the results of
these experiments we concluded th&0% of RCs that had

Rate of the Second Electron Transfef).Khe rate of the 5 occupied @site had the (N@)(RQs) construct. We shall
second electron transfek, was determined by monitor-  call these RCs, henceforth, RECs.
ing the decay of semiquinone absorbance at 420 nm pH Dependence of the Optical Spectra of Rhodosemi-
following a second laser flash in RC solutions containing quinone Optical absorbance spectra of rhodosemiquinone
the exogenous reductant, ferrocene, which reducesith in RQ:-RCs (i.e., RQ™ or RQH") were measured after a
a characteristic time of 5 ms2{). To ensure that the single saturating laser flash at several pH values. The
transients associated with the reduction of Did not spectrum determined at pH 5.1 was characteristic of proto-
interfere with the measurements kﬁ), the observed rates nated semiquinoneea*?°"™ = 3.0 £ 0.2 mMt cm™3),
were also measured with DAD-(L00uM) as the exogenous  whereas the spectrum at pH 8.5 was characteristic of anionic
reductant (characteristic time offDreduction is~30 ms). semiquinone dyiax™*°"m = 6.0+ 0.7 mM* cm™?) (26) (see
Terbutryne and stigmatellin block electron transfer (22, Figure 2). The spectrum at pH 8.5 was within experimental
23). Consequently, comparison of the flash induced kinetics error the same as that for RQ, that is, the same as for
before and after the addition of these inhibitors allowed the rhodosemiquinone in the proton inaccessible <g@e. This
identification of the kinetics associated withs @duction. suggested that at pH 8.5, BQ is fully ionized.

The fraction of RQ-RCs with rhodosemiquinone proto-

EXPERIMENTAL RESULTS AND ANALYSES nated,f(RQsH*), was determined by fitting the observed

Characterization of the (NQ(RQs)-RCs. Quinone- spectra at intermediate pH values with a superposition of

. ’ rotonated and ionized rhodosemiquinone reference spectra.
depleted RCs were incubated with NQ and the absorbance$he spectra used as references \(/]vere th@l-R(SpectrurF;l

measured. From the Kinelics o the onarge recombination, S1erMined i the @site at pr=5.1 and the RQ spectrum

D O —>.D (ko = 21 59, and the ar% litude of the "determined in the @ site. The calculated(RQsH®) as a
Qn Qa (kao O piitu function of pH is shown in Figure 3. A fit to the data, given

absorbance change, we determined that thesi@e was by the HendersonHasselbalch equation

nearly fully occupied £ 96%). Subsequent incubation of the

RCs in the presence of RQ produced a slow phase in the f(RQH") = 1/[1+10°77PK] A3)

charge recombination kinetics, characteristic of thestje

being occupied by RQx(76%). Oscillations in absorbance with pK = 7.3, is shown in Figure 3.

at 420 nm were characteristic of the two-electron gate In contrast to the results for RERCs, the semiquinone

function of @ (24, 29 and confirmed the incorporation of  spectra for RCs with native Qin the @ site resembled the

RQ into the @ site. Addition of terbutryne, which blocks anionic spectrum over the pH range from 4 to 9 (data not

electron transfer to g restored the charge recombination shown).
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Ficure 3: The fraction of protonated semiquinofi@QsH*), as a
function of pH. The fraction was determined by a simultaneous 1k
least-squares fit of the rhodosemiquinone absorbance spectra at i RQ.-RCs
intermediate pH values to the function: &) pn = f(RQsH®) x B
A(d)rge® + [1 — f(RQeH?)] x A(4i)Rg,~* over the range of
wavelength from 400 nn+ 4; = 500 nm. Error bars represent the
uncertainty in the fitted value of(RQgH®*) and include the
uncertainties associated with the @ and RQ™ reference 5 6 7
spectra. The fitted curve (solid line) represents classical titration H
behavior (eq 3) with [§ = 7.3. Conditions as given in Figure 2. —=> D

o Ficure 4: pH dependence of the charge recombination reactions,
pH Dependence of Charge Recombinatiof,. iCalcula- measured at 865 nm by monitoring the recovery of the primary
tion of the energy gap between the states, Qg and donor (D) absorption after a laser flash. (a) Charge recombination,
—e : H : : N kADy [D+(ME4NQA7') e D(ME4NQA)] ’, and [DF(RQAi') i
?AQB o 'mlportta”t ;” 'at‘far SECE'O”S fotrhes“mat'”g the driving 18 531 0. Solid lines show a smooth fit to the data, The statistical
orce for electron transter between the qU|nones,+req£J|res @uncertainty inkap was < 2% (b) Charge recombinatiorkgp,
knowledge of the charge recombination rakgs (D"Qa~" [D*(MesNQa)(RQs ) — D(MesNQA)(RQs)]. Solid line represents
— DQa) and kgp (DTQAQs ™ — DQaQg). The pH depen- the fit to eq 5 with KR,y = 7.0. The statistical uncertainty in
dence ofkap for RCs with MgNQ in the Q site is shown ksp was <3%. Conditions: Z!,uM one-quinone RCs for (a) and
in Figure 4a.ksp for RCs with other N@Q, have been — 176#4M RQs-RCs (MaNQu); RQe) for (b).
resen revioushy( 17 . . .
P (_T_T]e tehd previous yL( t,' 35’;& for RCs with RO i pH, ksp approaches the value kfp, which makes a reliable
€ charge recomoination ragp for RS wi Q in determination okgp difficult.

the Qu site was measured in RCs with only one quinone The model used to describe tkig, recombination reaction

(RQn). We expect the rate to vary with the free energy gap . + —. .
between the DQ,~* and DQ, states and, therefore, it should 1,:3\/ er\]/g\f’vrt]hﬁ]séztis’m‘\ Qs, D*QxQs™", and D'Qa(QeH)

be sensitive to the redox potential of @85). Surprisingly,

the rate for RQ shown in Figure 4a is similar to that fapQ X K on,

(~8 s1) suggesting little change in the in situ redox potential DQ.AQs — D+QA"QB = D+QAQB—' _

despite the estimated difference~e80 mV in redox potential kao ke I

between RQ and Qin solution. Possible explanations for D+QA(QBH)' (4)

this observation include:i)(a change in the reorganization

energy that compensates for the change in redox potentialcharge recombination proceeds indirectly through the ther-

and/or (i) a difference in the hydrogen bond strength or mally populated state, T, Qs , as has been shown for

solvation between RQ and;Q o native RCs 19). In the model of eq 4, an equilibrium
pH Dependence of Charge Recombinatiosh. KThe pH between the charge separated states is maintakfedf",

dependence dfgp in RQe-RCs is shown in Figure 4b. The | = andkg, > kap) and the observed rate can be written

measured rates vary from 0.5 to 1# svith the slope of the

dependence gradually decreasing toward higher pH. At high kgbs._ ke, f(DTQ, "Qy) =
D — ™AD A B/ —

1
2In general, the electrostatic interactions between titrating sites within AD K—pH (5)
a protein give rise to complex titration behavi@7( 28). We neglect 1+ exp[~AGpp/ksT](1 + 1077P7)
for simplicity interactions of the semiquinone with titratable amino acids
in the protein. Deviation from classical behavior can be modeled using _ . I .
proton uptake dat&20—33) and assuming a mean-field approximation ~ Wheref(D*Qa™Qg ) is the equilibrium population of the

(34). The mean field approach also gives a good fit to the data. D*Qa*Qg state, AGag is the free energy between the
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D"Qa*Qs and D'QaQs " states and g refers to protonation L
of Qg~*. The experimental data were fitted to eq 5 witk p
as an adjustable parametAiGg is essentially pH indepen-
dent and was determined at pH 8.6 to have a value #if 7
5 meV; at this pH, the DQaA(QgH)* state population is
negligible andAGag = —ksT In[(kap — ksp)/ksp] (19). The
fit of eq 5 with pK = 7.0 to the experimental data is shown
in Figure 4k?

pH Dependence of in RQ:-RCs.The electron-transfer
ratekffgs (Qa*Qs — QaQs ") was measured in RERCs by
monitoring the absorption change at 420 nm following a
saturating laser flash (20). The kinetics of RRCs over
the pH range from 5 to 8.6 were, within experimental error,
identical to those of native RCs. Since tk§ reaction is
rate limited by protein dynamics and/og @ovement 20,
37—39), these results indicate that substitution bygRiges
not affect the dynamics and supports the assumption that
RQ interacts with the RC in a manner similar to native.Q )
This is not surprising since the quinones interact with the — Time [ms]

protein via the carbonyl oxygens, which are structurally the e 5: Optical absorbance changes associated with the transfer
same for both quinones. of the second electron in the reactikfy, [NQa—*][RQs*(H)] —

pH dependence of&in RQs-RCs.The rate constankﬁé [NQAJ[RQgH] ™. The changes at 420 nm following the second laser
(eq 2), was obtained from the optical absorbance changes aflash for R@-RCs in the presence of the exogenous reductant

. errocene at three pH values are shown. The changes were well-
420 nm, measured for RERCs in the presence of an fitted by a single exponential (solid lines) with characteristic times

exogenous donqr afte_r two laser flashes. The absorbancey ~50; 150, and 26@s at pH 6.5, 8.3, and 8.7, respectively. These
changes were biphasic at all pH. The faster phase @ decays were assigned to electron transfer. A faster transient (

us) was assigned to the decay of the triplet state {DQ- 3 us), assigned to decay of the triplet state, was subtracted.

hv—»DTQA*‘Sis»DQA*'). This assignment was based on L e o o B L o o
the known rate and spectrun#(), the insensitivity to
terbutryne, and the correlation with the fraction of RCs
having Q. Although at high pH the amplitudes of the two
phases became comparable, the rate for each phase could
be determined accurately because of the large difference in
time scale.

The slower phase was terbutryne sensitive and was
assigned to the transfer of the second electron, NQQsH")
— NQA(RQsH) ", i.e. K2 (see Figure 5). This assignment
was corroborated by correlating the wavelength dependence
of the amplitude of the kinetic changes with the steady-state
semiquinone spectra (data not shown). The slow phase could

[S—
-

420 nm

<
n

Normalized A A

0.0 -

0.0

0.2

0.8

10% -

[s"]

e Data
— Model (Eq. 6)

2
L)

be well-fitted with a single exponential at all pH.

The pH dependence dé2 in RQs-RCs is shown in
Figure 6. The rate is roughly pH independent at low pH and

T<

10°

decreases at high pH by approximately a factor of 10 per 4 5 6 7 8 9
pH unit. This dependence can be well-fitted, as described
below, using the previously proposed proton-activated
electron transfer (PAET) mechanism (eq 2). ( FiGurRE 6: pH dependence of the second electron-transfer rate,
In this PAET mechanism, fast-reversible proton transfer 2 in RQs-RCs determined from the decay of semiquinone
occurs prior to rate-limiting electron transfer. The rate will absorbance at 420 nm (Figure 5). The solid line represents the

be a function of the fraction of protonated intermediate state, predicted dependence for the Proton-Activated Electron-Transfer

f(QgH*), and the forward electron-transfer raker wifﬁ%in;;”; [Sis%Bic;Lng;c‘)__r‘lsQQ;Er??:'Bur_e) gA(QBH)f] (€q 6)

= pH

K& = f(QaH") ker (6)

where the fractionf(QgH*) is given byf(QgH*) = 1/[1 +
exp —(AGY, /kgT)] = U[1+10°H7], AG. is the free
energy for protonation of g* and (K is the K of QgH-".
Neglecting semiquinoneprotein interactionsf(QgH*) is
expected to be approximately 1 for pH pK and decrease
by a factor of 10 per pH unit for pk> pK. The electron-

transfer rateker, depends on free energy as given by the
Marcus theory 41). Based on proton uptake measurements
(29—33) the electron-transfer free energy changes by less
than 10 meV per pH unit over the range of pH studied; thus,
ket is expected to remain nearly constant with pH. The
experimental data were fitted using eq 6 with = 2 x 10*
s1and (K as an adjustable parameter. The fit to the data
with pK = 8.0 is shown in Figure 8.
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FiGURE 7: The second electron-transfer ratg), as a function of
the change in redox free energy (driving force) for electron transfer.
The quinones RQ, MQMesNQ, and MgNQ were substituted into
the Q site. The @ site was occupied by RQ. The rate varied by
a factor of 10 per 100 meV change in electron-transfer driving force
showing that the reaction is rate limited by electron transfer. The
line shows a smooth fit to the data. The statistical uncertainty in
the measured rates wasl0%. Uncertainties in the free energy
values, which are given relative to;£in the Q. site, were less
than 10 meV. Conditions: 46 uM RQg-RCs, pH 4.95, 3Q«M
ferrocene.

Drizing Force Dependence of2k in RQs-RCs. The
dependence okZ) on the redox potential of Q i.e. the
electron transfer driving force, has been used previously to
determine the rate-limiting step of the proton-coupled
electron-transfer reaction in native RG4.(In this work,
we employed the same method to investigate the rate-limiting
step in R@-RCs. Native @ in the @ site was replaced
with RQ, MQs, MesNQ, and with MgNQ, while RQ was
retained in the @ site. The relativen situ redox potentials
of the non-native quinones in thea@ite were determined
from measurements ¢fp andksp as described previously
(4). The observed ratess®@ increased by a factor of 10 per

100 meV change in redox free energy (see Figure 7). These

observations show that, like for native RCs, electron transfer
is rate-limiting in R@-RCs.

SUMMARY AND DISCUSSION

In this work, we have verified the previously proposed
mechanism of proton-activated electron transfer (PAET)
K2 [Qa~ Qe + H" = Qa(QeH) — Qa(QsH)] in
isolated RCs fromRb. sphaeroidedy detecting the inter-
mediate protonated stategkp. In this mechanism, a fast-
reversible proton transfer, to formg&* precedes the rate-
limiting electron transfer. To observe the intermediate state,
we substituted into the £site RQ, which has a higheiKp
value than native @ The K value of RQH" in the RC
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transfer ker, was obtained from the observed r&f@ (see

eq 6) at low pH, at which @ is fully protonated. From its
value, a limit for the proton-transfer rate was established.
The results obtained on the B®C system were extrapo-
lated to the native @—RC system. These points are
discussed in more detail below.

Obsewation of the Intermediate Stateghd"; Determina-
tion of its pK The distinct optical spectrum of protonated
semiquinone (QH offers a direct way to detect the presence
of the H-* state; at low pH the spectrum of rhodosemi-
quinone strongly resembled that of a protonated semiquinone
(Figure 2) @6). The most straightforward method to deter-
mine the fraction of @H°, f(QgH*), is by spectral titration
(see Figures 2 and 3). By fittinffRQgH*) with a classical
titration curve (eq 3) a value okp= 7.3+ 0.2 was obtained.
From the pH dependence of the charge recombination rate
ksp a pK = 7.0+ 0.1 was determined (see Figure 4 and eqgs
4 and 5), which is in good agreement with the optically
determined value.

The pH dependence of the second electron-transfer kinet-
ics, K2, indicated a & of 8.0+ 0.2 (see Figure 6 and eq
6). This value is shifted from the values obtained by the other
two methods, which were one electron assays, in whigh Q
remained neutral. In thk) assay, Q is reduced to Q.

We, therefore, attribute the shift of 0.8 pH units to an
electrostatic interaction between,@Q and @. Using a
simple point-charge electrostatic analysis (Coulomb’s Law)
and the known distance (center-to-center) betwegradl

Qg of 17 A (39), one can account for the observed shift with
an average dielectric constant o220 for the intervening
matrix between @ and Q.

The Proton-Actiated Electron Transfer (PAET) Mecha-
nism. The predictions of the PAET mechanism are that (
K2 should be approximately pH independent for gHpK
of the intermediate state and should decrease by a factor of
~10 per pH unit for pH> pK.2 (i) k& should be rate
limited by electron transfer and thus should depend on the
driving force for electron transfer andi§ the intermediate,
QgH*, should be observable as the pH is decreased toward
the (K value. These predictions are in good agreement with
the experimental findings (Figures 2, 3, 4, 6, and 7), thus,
verifying the proposed mechanism for RRCs. It should
also be noted that the presence of an intermediate state
eliminates the concerted proterlectron transfer mechanism
that had not been definitively excluded previous#y. (

Intrinsic Rate Constant®roteins of the mitochondrial and
photosynthetic electron transport chains catalghsered
reactions on the millisecond time scale. Examples of these
are cytochrome oxidase, the cytochrome bcl complex, the
NADH—quinone reductase and the photsynthetic reaction
center ). Several of the observed millisecond reactions are
likely to involve an undetected intermediate state and have
rates associated with the intrinsic steps that are orders of
magnitude larger than the observed rate. An example of such
a situation is given by the RC studied in this work; the
intrinsic rates ket andky+, are orders of magnitude larger

than theobsewed millisecond ratek'd), as discussed below.

was determined from the pH dependences of three indepen- Intrinsic Electron-Transfer RatesThe observed rate of
dent observables: the semiquinone optical spectrum, the ratehe first electron transfekl} [Qa~Qs — QaQs™] is

of charge recombinatiorkgp, and the rate of the proton-
coupled electron transfek?). The intrinsic rate of electron

governed by conformational gating and, therefore, is not a
measure of the intrinsic electron-transfer rate. In contrast to
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the k{3 reaction, the proton-coupled second electron-trans- to that of RQ-RCs and the PAET mechanism can quanti-
fer reaction,k?, is rate limited by electron transfer (see tatively explain the pH dependence lok® in native Qo
Figure 7). The observed rate is equal to the intrinsic electron- RCs? However, in isolated @-RCs, the intermediate state,
transfer rate multiplied by the fraction of protonated inter- QeH", is not observed. On the basis of the results from the
mediate (eq 6), a quantity that had not been previously RQs-RC system, we calculated for,@RCs at pH 7.5 that
determined. In this work, we have shown that at low pH, f(QeH?) = 10°%, consistent with a i of 4.5 & 0.5 (see
RQ™ becomes protonated, i.§QgH*) = 1. Thus, at low  Appendix). This low [X indicates a small population ofg@*

pH, the measuretkas® represents the intrinsic electron- at PH 7.5 and explains the lack of its observation. The
transfer rate, i.ekas® = ker (see eq 6). Its value was calculated K of QgH* in the polar @ binding site is close

determined at pH& pK to bekE?B ~2 x 10°s1, see Figure to that estimated for ¢@H* in aqueous solution 5@).
6. Interestingly, in chromatophores (RCs in their native envi-

ronment), Lavergne et ab{) reported pH dependent optical
changes around pH 7. The authors interpreted these changes
in terms of @~ protonation. If their interpretation is correct,

How does the intrinsic electron-transfer rate,[(gH"
— QaQgH™] compare with the rate of other electron-transfer

reactions? An empirical relation between the maximum rate the [K of QgH* is increased by~3 units when the RCs are
of electron transfer and the distance between redox COfaCtorﬁncorporate?j in the native membrane

has been used to compare rates of electron transfer in o
P The intrinsic electron-transfer rakgt between Q— and

iff i 2. T late f h i . -
different proteins 42). To extrapolate from the measured QsH* in Q;0-RCs was obtained by extrapolating the results

rate to the maximum rate, at whichAG® = 4, we use the f RO-RC ina the M th t electron t ¢
free energy for electron transfexG°® = —20 meV and rom RQ-RCs using the Marcus theory of electron transfer

assume & of ~1 eV (4, 36, 43-44). From this analysis (41) (see Appendix). Assuming that the values of the
kerAX in RQg-RCs is~é % '108 sl The above-mentionea reorganization energy and the electronic matrix element are
empirical relation predicts for the edge-to-edge distance the same for both systerhshe rate of the intrinsic electron

between Q and Q of 14.5 A (39) a maximum ratleMAX transfer at pH 7.5 is predicted to bel(F0:02 571 (see

= 10°f s™. This is more than 2 orders of magnitude smaller Appendix). _ _
than the value deduced from the experimental data. The likely ~TO determine the values for the rate of proton transfer in
reason for this discrepancy is that the empirical relation Native QoRCs, we make use of the estimate f(QsH")
assumes an average intervening protein medium, i.e. a@nd the measured value flaks®. For the first step, which
combination of sigma bonds, hydrogen bonds, and no bondsinvolves the equilibration of the initial stateaQQg™* with
(“through space jumps”). However, the medium betwegn Q the intermediate s_tateAQ‘QBH', there are t\/\_/o intrinsic rate
and @ in the RC deviates from the averagei @nd Q constants to consider the rate of protonation of £°, ku,

are connected through hydrogen bonds to atfRestidine ~ and the rate of deprotonation o0&, k- (Figure 8). The
complex @9) without any through-space jumps. The theo- equilibrium fraction of the. mtermedlate_ state is given by
retical “pathways” model 45—48) and “density of packing”  f(QeH") = ki/k- = 107%. Since the reaction rate is limited
model @9), which make an attempt to account for the distinct
media betwegn electron d_onors and acceptors, are in better s\e could describe the pH dependenc&®in Qi-RCs over the
agreement with the experimentally determined value. measured pH range from 5.5 to 10.5 with no arbitrary parameters from

Intrinsic Proton-Transfer RatesThe PAET mechanism  (he rates and energies calculated fromsFRE data (see Appendix),
. . and by using a mean-field approximatioB4f to model the pH
predicts that the proton-transfer rate is much larger than thegependent electrostatic interaction between*@nd titrating amino

intrinsic electron-transfer rate. At pH pK ~ 7.5, the acid sites. The mean-field model accounts for electrostatic interactions
forward and reverse proton transfers are equal, and theusing the measured proton uptake in native RES-33), which is

electron transfer at this pH was found to be 20¢ s (see ﬁgﬁcélxggit.ed to the thermodynamically averaged electrostatic interac-

above). Thus, we can establish a lower limit for the proton-  4n reality, at pH 4.5 @ is not%/» protonated as would be expected
transfer rate oky+ > 2 x 10* s71. We can extend this limit for a classically titrating sité Because @ interacts electrostatically

> —1 idari inati with titrating amino acids, one calculates tHi@®sH)* < 0.08 at pH
to k'.ﬁ - 10° s by.consu.jerlng the kinetic deca}i of 4.5 consistent with experiments in which ¢€)°* is not detected
semiquinone absorption (Figure 5a). Kfi+ < 10° s%, spectroscopically even at low pH)(

biexponential kinetics would have been detected near the 5The assumption of constaitand Tag can be justified in several
pK. The limit of ky+ > 10° st is larger than simple theory =~ Wways. The first is based on the nearly identical structures of the
predicts for proton transfer from bulk solution at pH 7.5, substituted quinone compared to native.@ his argument has been

which is 16 st (50). Consequently, we conclude that the presented previously). Second, the kinetics of tHéf% reaction are

fast rate of proton t ¢ L ari her b d ordertne same with @ as with RQ in the @site. Since théd reaction is
astrate or proton transier must arise either by Second Order yie |imjted by protein dynamics that involve; @his results indicates

proton transfer from solution enhanced by electrostatic that substitution of R@ does not affect the dynamics ofs@notion
interactions or by first order proton transfer from an internal and supports the assumption that RQ interacts with the RC in a manner
proton donor $1). This transfer can be facilitated by the Similar to native Q. Third, EPR data indicates that the rhodosemi-

. .~ quinone interacts magnetically with the non-heme iron approximately
internal hydrogen-bonded network of protonatable amino t the same extent as does ubisemiquionone. Thus, to first order, the

acids and water molecules which surroungl(@9, 52-54). distance between the iron atom ang @ unchanged which implies

. . that the distance betweenn@nd @ is also unchanged. Sind&g is
Extrapolation of the Results from R@Cs to Nate Qi a function of distance, this result suggests atis not greatly affected

RCs.The observation of the intermediatesl state, the  in RQs-RCs.

driving force dependence &hs®@ and the pH dependence BTl‘le energy difference bgtw_een the two-electron statesa(NQ

of kag® show that the PAET mechanism is operative ingRQ ~ (RQe "(H)) and (NQ)(RQsH)", is assumed to be the same as that
. - measured between the one-electron statesA(N®RQs) and (NQ)-

RCs. In native RCs, two of these three observations Were (R, —(H)), i.e. —20 meV at pH 7.5. The error in the assumed value

made: the driving force dependence in native RCs is similar is estimated as- 25 meV.
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Ficure 8: The states involved in the proton-coupled electron-

transfer reactionk) for native Q-RCs at pH 7.5. The energies
were calculated from the data obtained usinggHRLs by cor-
recting for the change in redox potential betweep &hd RQ (see
Appendix).ky andk_y are the rates of protonation and deprotonation
of the semiquinone, respectively&? is the intrinsic electron-
transfer rate (1992 s71), AG4+%(Qo) is the free energy to
protonate @ *(180 meV),AGas%(Quo) is the free energy between
initial and final states70 meV), andAGe%(Qy) is the free energy
for electron transfer{250 meV).

by electron transfer, > k2 = 10° s~%. The solution to
these two equations yields, > 10* st andk_y > 10" s~

The difference in the intrinsic rates of electron and proton
transfer and the o derived for Q¢-RCs from the RQ-RC
results arise from the difference in the energy level of the
intermediate state. However, the similarity of driving force
and pH dependencies observed in'QCs @, 21 to those
for the R@-RCs show that the PAET mechanism is also
operative in native @-RCs.
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APPENDIX

Calculation of the pKof QgH* and the Intrinsic Rate for
the Second Electron Transfer in NatiQ,o-RCs using R@
RC Data.The states involved in thi?) reaction are shown
in Figure 8. For R@RCs at pH 7.5, the initial state,
QaQg, is approximately iso-energetic with the intermedi-
ate QQgH" state and the final state A@QgH) ", is ~20 meV

below the energy of the intermediate. The observed rate is

~10* s71 (see Figure 6). For @ RCs the observed rate is
slower (~1C° s7%), even though the energy gap between the
initial and final states is not very different for the two
systems: the free energy gap for RRCs,AGas%(RQ), is
—20 meV, while that for @-RCs,AG%%g(Q10), is —70 meV

(55), as shown in Figure 8. We propose that the difference
in the observed rates is due to the energy difference between
the intermediate states of the two systems. Qualitatively, if
the energy of the intermediate state is raised, the observed
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for this reduction in the @H* population. Thus, the effect
of raising the energy of the intermediate state is a reduction
in the observed rate. The increase in energy required to
account for the difference in the observed rate betweeg- RQ
RCs and @-RCs is calculated below.

The observed rate will be reduced because of the reduction
in the Boltzmann population of theg®* intermediate by a
factor:

f(Quo@H) _ (1 + exp/AG,.(QulksT) ™
f(RQgH")  (1+ expAG).(RQ)Kk;T])

To calculate the increase in electron-transfer rate due to
the increase in electron-transfer driving force ing®Cs,
we use the Marcus relation (41):

(A1)

27| Tpg|? (AGE + )
= exp|— (A2)
e R JAmikT 47kgT

where kgt is the intrinsic electron-transfer rate constant,
AG% is the free energy for electron transfer (defined as
the energy of the final minus the initial statd),is the
reorganization energy andag is the tunneling matrix
element. The observed rate will be increased by a factor
k229KE%®, Assuming that the substitution of RQ for;Q
does not significantly affect or Tag,> we obtain from eq
A2:

(AGZH(Qy0) + A)?

ke TP 4T
TRQ 0 2 (A3)
T (AGEH(RQ) + 1)
47k T
Referring to Figure 8, we define
OAG’ = AGOET(Qlo) - AGOET(RQ) (A4)
where
AGOET(Qlo) = AGOAB(QlO) - AGOH+(Q10) (A5)

Expanding the exponentials in A3 and neglecting terms in
(6AG®)?, we obtain for the relative increase due to the change

in electron-transfer driving force:
of  AG
0AG ( ET(QlO))‘ (A6)

2T\t T

Q10
ket exp—
A

Combining eq Al and A6 the relative change in thrsered
rate is given by:

K2(Qu)  (1+ explAG).(QlksT])

KA(RQ) (1+ explAGS-(RQkGT) - |

5AGO( AGET(QlO))
2k, T\ A

exp— 1+ (A7)

rate is slowed due to the reduction of the intermediate state Equation A7 was solved fokG?,,(Q.0) by expanding the
population. A faster electron transfer due to the increasedexponentials. and using the following measured values (pH

electron transfer driving force, only partially compensates

7.5)
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parameter value reference
K2 (RQ) 2x10¢st this work
K2 (Quo) 14x 10°st (30
AGEH(RQ) 0+ 10 meV this work
AGE\B (Qu) —70+ 10 meV 65)
AGL(RQ) —20+ 25 meV this work

Forl = 1.2 eV 36), AG&+(Q10) was determined to be 180
+ 30 meV, corresponding to &Kp~ 4.5+ 0.5. This value

was substituted into eq A6 to obtain the value k3§ =
1(‘}3.010.2 s 1
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