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ABSTRACT: The second electron transfer from primary ubiquinone Q, to
secondary ubiquinone Qg in the reaction center (RC) from Rhodobacter
sphaeroides involves a protonated Q™ intermediate state whose low pK, makes
direct observation impossible. Here, we replaced the native ubiquinone with
low-potential rhodoquinone at the Qg binding site of the M265IT mutant RC.
Because the in situ midpoint redox potential of Q4 of this mutant was lowered
approximately the same extent (%100 mV) as that of Qg upon exchange of
ubiquinone with low-potential rhodoquinone, the inter-quinone (Q, — Qg)
electron transfer became energetically favorable. After subsequent saturating
flash excitations, a period of two damped oscillations of the protonated
rhodosemiquinone was observed. The QgH® was identified by (1) the
characteristic band at 420 nm of the absorption spectrum after the second flash
and (2) weaker damping of the oscillation at 420 nm (due to the neutral form)
than at 460 nm (attributed to the anionic form). The appearance of the neutral
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semiquinone was restricted to the acidic pH range, indicating a functional pK, of <5.5, slightly higher than that of the native
ubisemiquinone (pK, < 4.5) at pH 7. The analysis of the pH and temperature dependencies of the rates of the second electron
transfer supports the concept of the pH-dependent pK, of the semiquinone at the Qg binding site. The local electrostatic
potential is severely modified by the strongly interacting neighboring acidic cluster, and the pK, of the semiquinone is in the
middle of the pH range of the complex titration. The kinetic and thermodynamic data are discussed according to the proton-
activated electron transfer mechanism combined with the pH-dependent functional pK, of the semiquinone at the Qj site of the

RC.

oupled electron and proton transfers convert energy in

many living organisms.l’2 In the reaction center (RC)
protein of photosynthetic bacterium Rhodobacter sphaeroides,
the light-induced transfer of two electrons to the quinone at the
Qg binding site is accompanied by binding of two protons,
resulting in fully reduced hydroquinone QH,.>~> The H* ions
are taken up from solution by long-range proton transfer (PT)
over a distance of ~15 A, and a cluster of ionizable residues
near the secondary quinone binding site is known to be
involved in this delivery pathway. The bacterial RC provides a
unique system for understanding the principles of long distance
PT. The proton-coupled multielectron reactions, i.e., reactions
with intermediate redox states like Qg (but also others
including the water-oxidizing complex of Photosystem II and
hydrogenases), need to protect the cofactors from adventitious
electron scavenging reactions. A minimum depth of ~10 A can
be estimated from simple Marcus theory. If the electron
transfer (ET) is intermolecular, then the Moser—Dutton rule®
suggests that the distance should not be greater than 15 A,
which limits the depth at which the charge-accumulating site
can be buried. However, if the ET is intramolecular (as for Qg),
the depth is limited by only biosynthetic cost and functional
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adequacy.”” This necessitates long distance PT if H* ions are
involved in the reactions. It was shown that the criteria of
natural design of long distance PT pathways include the need
to provide kinetic competence, high selectivity, and the
overarching criterion of evolutionary stability or robustness.®
A comparison of diverse proton-conducting materials, from
gramicidin to cytochrome oxidase, led to the conclusion that
rotationally mobile water is a major constituent of proton
pathways, for energetic (especially entropic) reasons, and
because it provides substantial immunity to mutational
catastrophe.”®

On the first ET after the first flash, the RC takes up a
nonstoichiometric amount of H" ions, reflecting small changes
in side chain pK, values caused by the novel anionic charge of
the semiquinone. Depending on the pK; of Qz™*/QzH® and
the prevailing pH, the semiquinone itself can also be
protonated (Figure 1). After the second flash, protons are
delivered directly to the quinone headgroup and the second ET
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Figure 1. Uptake of the first H" ion by Qz™* in one- and two-electron
states of the acceptor quinone complex of the RC after the first and
second flashes, respectively. Red arrow 1 represents the light-induced
transfer of an electron donor from the primary donor (not shown) to
the primary quinone acceptor Q, followed by the first Q, *Qg to
Q,Qg ™" inter-quinone electron transfer [rate KD]. The generated state
is mixed depending upon the proton uptake of Qp~* determined by
the prevailing pH and pK; of Qz~°. The second red arrow represents
the second light-induced reduction of Q, followed by the second inter-
quinone ET (rate kgr). The second electron transfer occurs from the
protonated QgH® semiquinone state whose equilibrium population is
determined by pK," and the ambient pH. The observed rate of the
second ET, ki3, is given by eq 1. The free energy levels of the states
involved in the proton-coupled ET are indicated for the wild-type RC.

is fully proton-coupled. The analysis of the free energy and pH
dependencies of the rate has revealed that the reaction
mechanism proceeds via rapid preprotonation of the semi-
quinone in the two-electron state of the acceptor quinone
complex (Q,™*Qp~* « Q,*QzH") followed by rate-limiting
electron transfer (Q, "QzH* — Q,QzH™"). It is now
understood to comprise a rate-limiting ET that is rate-
modulated by pH because the protonated semiquinone,
QgH?®, is the actual electron acceptor species. The observed
rate is

kE = kerf(QH") (1)

where f(QgH*) denotes the population of QzH* and kg is the
(maximal) rate of the forward electron transfer in the quinone
complex. For a simple titration

@ _ 1
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)

The PT equilibrium must be established at least 10 times
faster than the rate-limiting ET, at all pH values. How fast the
ET rate is, and therefore how fast the PT rate must be, depends
on the functional pK; of the Qg semiquinone. For the native
ubiquinone, in RC of Rba. sphaeroides, the pK; should be very
low as the Qg™ semiquinone remains fully anionic at least down
to pH 4.5, and therefore, the neutral (protonated) semiquinone
as the transition intermediate of the second ET cannot be
observed.'""

A straightforward suggestion is to replace the ubiquinone at
the Qg site with a different type of quinone that can forward
electrons and protons to quinol formation, and its semiquinone
form exhibits a pK value higher than that of ubisemiquinone.
Rhodoquinone (RQ) seems to fulfill these conditions. It is a
required cofactor for anaerobic respiration in Rhodospirillum
rubrum.'* RQ_is an aminoquinone that is structurally similar to
ubiquinone (UQ), a ubiquitous lipid component involved in
the aerobic respiratory chain. The only difference between the
structures is that RQ has an amino group (NH,) on the
benzoquinone ring in place of a 3-methoxy substituent (OCHs;)
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in UQ. This difference of the structures causes considerable
differences in (i) the redox midpoint potentials (E,,) measured
polarographically {at pH 7, =63 mV for RQ and +43 mV for
UQ_(ubiquinone-10) in a mixture of ethanol and water [4:1 (v/
v)] and =30 mV (RQ) and +50 mV (UQ) bound to
chromatophores of Rh. rubrum}" and (ii) the pK of
protonation of the semiquinones. The plots of the polaro-
graphic E_ versus pH curves can be used to estimate the
numbers of electrons (e”) and H' ions in the electrode
reactions, but the plots fail to determine the increase in the pK
of RQ™*/RQH?® relative to that of UQ™*/UQH"."* The shift is
probably due to the higher level of electron donation of the
amino substituent in RQ than the methoxy group in UQ to the
quinone ring. The pK of rhodosemiquinone was estimated to
be 7.3 at the Qg site of the RC." These results, however, must
be regarded as very tentative because of the absence of more
fundamental electrochemical information.'®

The reduction of the low-potential thodoquinone at the Qg
binding site requires the use of low-potential analogues of Q4"
or direct ET to Qg along the inactive B branch.'” Both methods
have difficulties. Binding of different (non-native) quinones in
the Q, and Qg sites calls for great challenge in the RC of Rba.
sphaeroides. The incomplete binding of the quinones results in
restricted inter-quinone ET with a mixture of Q,~ and Qg~
states after the first saturating flash. The observation of B
branch ET to Qg needs heavily modified RC with a total of five
mutations, and even in that case, the quantum yield of Qg
reduction is very low (~5%). Because the many modified
residues are not located in the region around Qg, the integrity
of the Qg environment is supposed to be preserved.'®

In this work, we used a different procedure for reducing
rhodoquinone in the Qg site. The Q, binding site remained
occupied by the native ubiquinone, but its redox midpoint
potential was lowered by 100—120 mV upon mutation of M265
isoleucine to the smaller, polar residue of threonine in the Q,
binding pocket.'” The H-bond structure and the extensive
decrease in the redox midpoint potential of Q, were studied
earlier by delayed fluorescence of the bacteriochlorophyll
dimer,”®*' Fourier transform infrared,®* and magnetic reso-
nance™ spectroscopy and quantum mechanical calculations of
the 3C couplings of the 2-methoxy dihedral angle.***> The
large decrease in the redox potential of Q, is attributed to
hydrogen bonding of the OH to the peptide C=O of
ThrM261, which causes a displacement of the backbone strand
that bears the hydrogen bond donor (AlaM260) to the Cl
carbonyl of Q,, lengthening the hydrogen bond to the
semiquinone state, Q,~, and thereby destabilizing it. This
greatly increases AE,, the driving force for ET. If we combine
the two low-potential quinones at Q, (M26SIT mutant) and
Qg (RQ substitution) sites, the driving force will remain
sufficiently large to obtain efficient inter-quinone ET. We will
have a chance to recognize the protonation of the semiquinone
either from the typical light-induced optical absorption
spectrum between 400 and 500 nm*® or from comparison of
the damping of the semiquinone oscillation”” detected at
wavelengths characteristic of the neutral and anionic forms of
the semiquinone at the Qg site of the RC.

B MATERIALS AND METHODS

Chemicals and Reaction Centers. UQ,, (ubiquinone,,
2,3-dimethoxy-S-methyl-6-decaisoprenyl-1,4-benzoquinone)
was purchased from Sigma. RQ (rhodoquinone; 2-amino-3-
methoxy-6-methyl-S-decaisoprenyl-1,4-benzoquinone) was ob-
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tained from Rh. rubrum grown photosynthetically under
anaerobic conditions.”® Separation of RQ_from the quinone
extractions was performed using preparative TLC plates.””>°
The concentration of RQ_in ethanol was determined from
optical absorption coefficient of 1 mM™" cm™ at 500 nm.*!
Ferrocene (Eastman Kodak) and terbutryne (Chem. Service)
used to reduce the oxidized dimer (P) and to block the inter-
quinone electron transfer, respectively, were solubilized in
ethanol. The buffer mix contained the following buffers (1—1
mM): 2-(N-morpholino)ethanesulfonic acid (MES, Sigma),
succinate, or citric acid (Calbiochem) between pH 4.5 and 6.5;
1,3-bis[ tris(hydroxymethyl)methylamino]propane (Bis-Tris
propane, Sigma) between pH 6.3 and 9.5; Tris-HCl (Sigma)
between pH 7.5 and 9.0; and 3-(cyclohexylamino)-
propanesulfonic acid (CAPS, Calbiochem) above pH 9.5.

The details of the molecular biological techniques in
generating the M265IT mutant from strain Rba. sphaeroides,
the cultivation, and the preparation of RC protein have been
described previously."” The UQ at the Qy site was removed as
described previously®® and reconstituted by addition of RQ in
large (>10) excess over RC. The occupancy of the Qj site was
>70% as determined from the ratio of the amplitudes of the
slow and fast phases of the charge recombination measured at
865 nm.

Electron Transfer Measurements. The kinetics of flash-
induced ET was measured by absorption changes using a
single-beam spectrophotometer of local design.”® The rates of
charge recombination (P*Qz~ — PQg) were obtained by
monitoring the recovery of the dimer (P) absorbance at 430
nm (or 865 nm?, following a saturating exciting flash. Electron
transfer rate k§Y (Q,°Qs — QuQu~") was measured by
tracking the absorption change at 398 nm following a saturating
flash. The rate constants of the second ET to Qp™* were
determined by monitoring the decay of semiquinone
absorbances (Q,™* and Qg~*) at a wavelength of 450 nm
following a second saturating flash in a RC solution containing
the exogenous reductant, ferrocene, which reduced the oxidized
dimer P* within 1—5 ms.""**

B RESULTS

Rate and Temperature Dependence of P*Q,~ Charge
Recombination in the M265IT Mutant RC. The kinetics of
P* dark decay following a flash was measured at 430 nm in the
M26SIT RC with native UQ _at the Q, binding site and empty
Qg binding site (Figure 2). The observed k,p rates were 2—3
times faster than those for the wild-type RC' and showed
temperature dependence. The Arrhenius plot of the temper-
ature dependence of kyp is presented in the inset of Figure 2:
In(k,p) follows a straight line revealing activation energy. The
increased k,p rates together with the temperature dependence
suggest a thermally activated process of charge recombination
and indicate that the free energy of the P*Q,~ state in the
M265IT mutant has been increased so that this state decays no
longer directly to the PQ, ground state by a tunneling effect.
When the redox potential of Q, is sufficiently low, a different
pathway opens in which the electron is thermally excited to the
relaxed state (M) of P*I” (I is bacteriopheophytin) with
subsequent rapid decay from M to PQ,.**>” The observed rate
of P*Q,~ recombination becomes

kyp = kg X exp(ﬂ]

RT (3)
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Figure 2. Temperature dependence of the kinetics of the P*Q,™ —
PQ, charge recombination measured by a flash-induced absorption
change at 430 nm of the M26SIT mutant RC of Rba. sphaeroides. The
increasing rate constant k,p of charge recombination with an increase
in temperature is an indication of low-potential quinone at the Q,
binding site (inset). The shift in the free energy level of P*Q,” in the
M26SIT mutant relative to that of the wild type amounts to a AGQ, of
107 meV (see the text). Conditions: 1.1 uM RC (Qg-depleted), 0.03%
LDAO, 1 mM MOPS buffer, and 2.5 mM KCl (pH 7).

where R is the universal gas constant, T is the temperature, and
AG3Ry is the free energy gap between M and P*Q,~ that is
controlled by the equilibrium redox potential of Q,/Q,~. The
pre-exponential factor (kg = 2 X 107 s7') is the effective rate of
recombination of PI” to the ground state and is independent
of the nature of the M265IT mutation.>**°

According to eq 3, the thermodynamic parameters of the
recombination of the M265IT mutant can be derived from the
slope (—AH, change in enthalpy of the back reaction) and
interception [In(k;) + AS/T, where AS is the change in
entropy of the recombination] of the straight line in the
Arrhenius plot. As we obtained a AH of 305 & 10 meV and a
TAS of —18 + 1 meV for the enthalpic and entropic
components of the free energy gap, respectively, AGzy
AH — TAS = 323 + 11 meV can be derived. The free energy
gap (AGRy) between M and P*Q,~ states in wild-type Rba.
sphaeroides was found to be 430 meV.>>*” Therefore, the free
energy level of P*Q,~ in the M26SIT mutant is found to be
increased by 430 meV — 323 meV = 107 meV (+11 meV); i.e,
the shift of the midpoint redox potential of Q, in M26SIT
relative to that of WT amounts to —110 mV at pH 7. This value
is in excellent agreement with that obtained by delayed
fluorescence measurements of the dimer.”

Q; Site of M265IT Occupied by RQ. Upon addition of
RQ to the Qg-depleted RC, a slow phase with an ~(500 ms) ™"
rate constant appears in the charge recombination kinetics that
disappears in the presence of the potent inhibitor terbutryne
(data not shown). Subsequent saturating flashes evoke binary
oscillation of the semiquinone in the presence of an external
electron donor to the oxidized dimer, P* characteristic of the
two-electron gate function of Qg'***® (Figure 3). If UQ
occupies the Qg binding site of the M265IT mutant RC, then
the oscillations in Qg™ semiquinone formation are at least as
strong as in wild-type RCs, consistent with a large value of
electron equilibrium constant and effective transfer of the
second electron.” If, however, RQ replaces UQ at the Qj
binding site, the magnitude of the semiquinone oscillation is
significantly affected and the damping will be larger. The
damping of the oscillation of the rhodosemiquinone upon
subsequent saturating flashes is determined by (i) the
occupancy of the Qg site (1 — &) and (ii) the one-electron

equilibrium partition coefficient [@ = [Q, Qgl/([Qs Qs] +
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Figure 3. Changes of rhodosemiquinone at the Qg site of the M26SIT
mutant RC upon subsequent saturating flashes measured at two
wavelengths, 420 nm (characteristic of protonated RQ, RQzH*) and
460 nm (characteristic of the anionic form of RQ, RQz™*), and two
pH values (5.1 and 8.6). The magnitudes are normalized to the change
evoked by the first flash. The lines were fit by § = 0.2 and & = 0.09 (pH
5.1 and 420 nm), 0.42 (pH 5.1 and 460 nm), 0.69 (pH 8.6 and 420
nm), and 0.67 (pH 8.6 and 460 nm) (see eq 4). Conditions: 1.1 uM
RC, 100 uM RQ, 0.02% LDAO, 60 uM ferrocene, S mM buffer mix,
and a flash repetition rate of 5 Hz.

[Q4Qz7])] in the acceptor quinone system.”” The measured
semiquinone absorption contains contributions from both Q,~
and Qp~ (protonated or deprotonated) and is given after the
nth (>0) saturating flash by

1-(-D"(1 - a)

2—-a

AA

.= (1-190) +6

4)

which is normalized to the absorption change after the first
flash, AA,. Figure 3 demonstrates the change in the
semiquinone content after the nth flash: AQ~, = AA, —
AA,_,, ie, the difference between two sequential flashes. By
fitting the measured data to the model, we get § = 0.2 (the
occupancy of the Qj site by RQ is 80% in this experiment) and
pH- and wavelength-dependent partition coeflicients. At low
pH, the damping is small, indicating effective electron transfer
to Qg. The oscillation at 420 nm (characteristic of protonated
RQ, RQgH®) is larger than at 460 nm (typical of the anionic
form of RQ, RQy™*) expressed by the smaller  at 420 nm than
at 460 nm (0.09 and 0.42, respectively). At low pH (<pK;), the
protonated form of Q™ involves a free energy level lower than
that of the anionic form (Figure 1). Therefore, because of the
contribution of RQzH®, a smaller partition coefficient (higher
one-electron equilibrium constant) was obtained. In crude
terms, the protonation stabilizes the semiquinone state. At high
pH (8.6), the oscillation is strongly damped and no distinctions
can be made according to wavelengths: @ = 0.69 and 0.67 at
420 and 460 nm, respectively. The rhodosemiquinone is not
protonated at all in this pH range.

This indirect statement can be confirmed by direct
measurement of the second flash-induced absorption spectra
of rhodosemiquinone in the 400—500 nm spectral range at
different pH values (Figure 4). The generated spectral pofile is
attributed mainly to the (anionic or ionic forms) of the Qg
semiquinone as the spectral contribution of the oxidized
external donor (ferrocinium) in this region and the
accumulation of the Q,™* species are negligible. Similar spectra
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Figure 4. Quasi three-dimensional representation of the optical
absorption spectra of rhodosemiquinone at the secondary quinone
binding site (Qg) of the M26SIT mutant RC measured after a
saturating flash in the presence of an electron donor to the oxidized
dimer P* at several pH values. The 420 nm band of the spectra at low
pH resembles the protonated spectrum of semiquinone in solution.2®
The spectra are normalized to the absorption at 450 nm.

were obtained when the semiquinone appeared (after an odd
number of flashes) or disappeared (after an even number of
flashes), indicating that the contribution of RQg™~ played the
determining role. The spectra consisted of components from
protonated RQ (characteristic band around 420 nm that
appeared below pH 5) and deprotonated (anionic) RQ
(characteristic band at 450 nm that dominates above pH 5).
Although the appearance and disappearance of the band at 420
nm can be well recognized at low and neutral pH ranges,
respectively, it is hard to predict a characteristic pK value for
protonation of RQg™ as its band did not attain obviously its
maximum at the lowest pH value (pH 4.3) used in these
measurements. We predict a pK of <$ that is significantly
smaller than 7.3 obtained after a simple (not extended)
Henderson—Hasselbalch titration curve in ref 15.

Electron Transfer Rates. The exchange of UQ for RQ at
the Qg site of M26SIT has a much larger effect on the
energetics of the quinone acceptor system (manifested by
variations of the P'Qz~ — PQg charge recombination or
semiquinone oscillation) than on the kinetics of the first
(Q4™Qp = QuQyp7) and second (Q, Q™ = Q,QuH) electron
transfers. The rates of the ki reaction were the same with UQ
as with RQ in the Qg site (data not shown). Because the rate of
the first electron transfer is under the control of conformational
gating of the Qg site,”? the result indicates that substitution of
RQ does not affect the dynamics of Qg motion. The rates of the
second ET with UQ or RQ at the Qg site show similar and
noninteger pH dependence below pH 8 (Figure S). They
demonstrate a highly moderate pH dependence at low pH
(~0.1 decade/pH unit) but decrease at high pH by a factor of
10 per pH unit. For RQ, the rates are slightly smaller and the
crossing point of the lines that approximate the low- and high-
pH behavior has a pH value higher than those for UQ.

The rate of the second electron transfer is sensitive to the
temperature: it increases upon elevation of the temperature in
the physiological range. Figure 6 demonstrates this dependence
for UQ and RQ at the Qg site at different pH values in
Arrhenius-type representation where the logarithm of the rate is
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Figure 5. pH dependence of the rate of the second electron transfer in
the M26SIT mutant RC whose Qg is occupied by either native UQ
(M) or RQ (O). The rate was measured from the decay of
semiquinone absorbance at 450 nm after the second flash. The lines
represent the approximate weak pH dependence below pH 8 (~0.1
decade per pH unit) and the theoretical 1 decade/pH unit drop above
pH 8. Note the shift of the crossing point of the straight lines upon
UQ-RQ_exchange at Qg. Conditions: 2 uM RC in 2.5 mM KC], 1
mM buffer mix, 0.02% LDAO, 40 uM UQ,, or 100 uM RQ,,, and 2—
200 uM ferrocene (or its derivatives), depending on the rate (or pH).
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Figure 6. Temperature dependence of the rate of the second electron
transfer at the physiological temperature range in the M265IT mutant
RC with UQ (empty symbols) and RQ_(filled symbols) at the Qg
binding site at several pH values. Conditions as in Figure S. The fitted
parameters of the straight lines (slope and intercept) are used to
determine the thermodynamic parameter of activation of the second
ET (see Table 1).

plotted as a function of the reciprocal of the temperature. As
the measured data fit to straight lines, one can formally
introduce observed activation parameters for the temperature
dependence of the second ET:

:
O]

Ao
RT
where k., & 3.5 X 10° s7' obtained from the exchange
coupling between Q,~ and Qg in EPR studies,”” R and T are
the universal gas constant and the absolute temperature,
respectively, and AGH,, is the observed free activation energy
that can be decomposed into the enthalpy change of activation,

AHZ, and entropic change of activation, TAS%, (AGH, =

K = Ko X eXp[—
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AH?Y, — TASY,). They can be derived from the slope (Slope)
and interception (Int) of the straight line AH%,; = —slope and
TAS, = RT[Int — In(k,,,,)]. Their values are listed in Table 1.
As one can see, neither the rates nor the activation parameters

are very much different if UQ is replaced by RQ at the Qg
binding site of the M265IT mutant RC.

B DISCUSSION

The results confirmed the incorporation of RQ into the Qj site
(~80%) and the reconstitution of the Qg activity. It was
demonstrated that the drop of the midpoint redox potential of
Q, in the M265IT mutant was large enough to compensate
largely for a similar shift in the midpoint redox potential of Qg
when UQ was replaced by the low-potential RQ. Although the
driving force and the electron equilibrium constants in the
quinone complex became smaller, effective inter-quinone ET
and turnover of the RC could be measured. The discussion will
focus on the pH-dependent pK values of the Q™ semiquinones
and the decomposition of the observed activation free energy of
the second ET into contributions of both proton and electron
transfer steps.

pK Values of Semiquinone at the Qg Site. The pK of the
ubisemiquinone has been estimated at pK; 3.8 for the
(Q4)Qs~/QgH one-electron equilibrium and pK;’ = 4.5 for the
(Q.)Qs/QsH two-electron equilibrium valid at pH 7.5.%*
These are mildly suppressed from the value in aqueous solution
(pK, ~ 4.9), but more importantly, the RC value appears to be
pH-dependent because of the changing charge distribution, and
possibly sensitive to the nature of the environment, ie,
detergent versus native membrane. Several acidic groups with
Qg™ constitute a cluster of strongly interacting components
resulting in a remarkable and unexpected pH dependence of
flash-induced proton uptake.*” The protonation of the
semiquinone does not follow a simple titration curve, and to
preserve the formalism, pH-dependent pK values should be
introduced.*’ The weak pH dependence of the rate of the
second ET up to pH 8 suggests that the pK of the semiquinone
is not constant but is continuously modulated by interactions
with a changing electrostatic environment. Recently, a
molecular probe (stigmatellin) was introduced to measure the
electrostatic potential at the Qj site.*’ The apparent pK of the
semiquinone at a definite pH depends on minor changes in the
intrinsic pK, values of Qg™ and the amino acids involved, and
on their strengths of interaction. By measuring the decrease of
the rate constant of the second ET in several mutants, we
observed a considerable decrease in the operational pK of Qz~/
QgH with a change of a single amino acid at key positions: the
estimated pK of 4.5 (native) dropped to 3.9 (L210DN), 3.7
(M17DN), and 3.1 (H173EQ) at pH 7.'' The results may
simply suggest that the point at which pK approaches and
exceeds the ambient pH (thereby allowing significant levels of
QgH*) will depend on interaction with components of the
acidic cluster.

While the values of the pK of ubisemiquinone fall in the
lower part, the pK for rhodosemiquinone lies at the upper limit
of the range of those of carboxylates (4—5), where the protein
electrostatics are most complex. A similar type of interaction as
discussed above for UQ may be responsible for the increase in
the operational pK of rhodosemiquinone that was large enough
to be able to measure the protonated rhodosemiquinone below
pH 5.5. The estimated pK, however, was much smaller in our
study than that reported previously.'® The lower pK value was
supported by recent low-temperature electron paramagnetic
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Table 1. Standard (°) and Activation (1) Free Energy (AG), Enthalpy (AH), and Entropic Energy (TAS) Changes of the
Second Electron Transfer in the M26SIT RC with either UQ or RQ at the Qg Binding Site”

Q AH, TASS, AGE,
RC site pH (kcal/mol) (kcal/mol) (kcal/mol)
M26S5IT uQ 6.6 6.0 -1.5 7.5
uQ 77 6.1 -20 8.1
RQ 4.5 6.5 —-1.2 7.7
RQ 74 5.1 -29 8.0
RQ 86 1.0 76 8.6
WT uQ 7.8 4.2 —4.8 9.0

AGy AGE; AGH; ke
(kcal/mol) pK, (kcal/mol) (kcal/mol) (us™)
3.3 3.8 =7.0 3.9 4.4
4.2 43 =79 3.6 7.6
2.3 2.6 -3.6 52 0.4
2.7 5.2 —4.1 S.0 0.6
39 5.6 -5.2 4.6 1.4
4.8 4.3 —-6.2 4.2 2.6

“The observed activation parameters were obtained from the temperature dependence of k% and the free energies AGy, AGgr, and AG¥; were
calculated from eqs 10, 9, and 8, respectively. The values of pK, and kg were derived from the equations AGf; = 2.3RT(pH — pK;) and kgp = kpp X

exp(—AG%T/RT), respectively. For the maximal electron transfer rate, k,,, = 3.5 X 10° s7%;

~14 for the reorganization energy, A = 1.2 eV, and for the

free energy gap between the quinones in two-electron states, AGa = —60 meV (UQ_ in WT and RQ in M26SIT) and AGjy = —160 meV (UQ in

M265IT)."”

resonance (EPR) and electron nuclear double-resonance
(ENDOR) investigations in which no changes of the spectra
were found with a decrease in pH from the alkaline to the acidic
range as low as pH 4.5."7

The protonated ubisemiquinone in isolated RC (UQ ;) has
a very low pK value (~4.0), similar (4.1) to the pK, of the
protonated 1,4-semiquinone radical.**** Substituents on the
quinone ring can influence the electron density on the ring and
thus modify both the redox midpoint potential and pK values.*®
The hydroxy groups increase slightly the pK. Because of the
properties of electron donation of methyl groups into the ring,
the methyl groups increase the pK by ~0.25 pH unit/group.
The effect of methoxy groups is very similar to that of the
methyl groups. The substitution of amino groups in 9,10-
anthraquinone (AQ) gives a hint of the magnitude of the pK
shift in RQ relative to UQ. The pK; of AQ was found to be
5.3** that increased by ApK = 0.5 to pK; = 5.8 in 1-amino-
AQ.*

It is well-established that spatial orientations and restrictions
of the substituents can seriously modify the electron donating
capacity.”*** While the 2-methoxy group of UQ is free for
conformational change and takes an out-of-plane conformation
in the Qg binding pocket, the 3-methoxy group is unable to
conduct a similar conformational change, probably because of
steric restriction in situ. In RQ, this position is substituted with
an amino group; therefore, no significant contribution can be
expected from conformation-related pK changes. The observed
and predicted changes in pK published in the literature for
different substituents support our results of a moderate (1—1.5)
increase in the pK of rhodosemiquinone with respect to
ubisemiquinone.

In chromatophores, the protonation of the stable Qg
ubisemiquinone (Q,QgH®) was readily observable, with a
functional pK of 6.* This also suggests slight changes in the
interactions of the RC embedded in chromatophores relative to
isolated RC. In addition to the functional pK for Qg~, other
differences may exist between isolated RCs and chromato-
phores. The midpoint redox potential of the primary quinone,
E.(Q,7/Qy), is strongly 1pH—dependent in chromatophores*°
but not in isolated RCs.>** However, determinations of the
free energy gap between P* and P"Q,~ in chromatophores
reveal a pH dependence identical to that seen in isolated RCs
and cast serious doubt on the potentiometric determinations of
E,.(Q4"/Q,) probably because of poor mediation of the Q,
binding site of the protein.’® It was suggested that Q, may
actually be titrated through the Qg site, reflecting titration of
the quinone pool or perhaps a redox mediator in the Qj site.

2100

Nevertheless, this remained an open question whose answer is
critical to our understanding of the acceptor quinones.

The semiquinone has two different pK values in one-electron
(pK,) and two-electron (pK,’) states of the quinone acceptor
complex (Figure 1). We were able to determine the pK; from
the oscillation of the flash-induced absorption changes of the
stable semiquinone, when Q, was oxidized. The determination
of pK,’ of the transient semiquinone important in the second
ET is not straightforward, but a realistic estimate can be offered.
The difference between pK; and pK,’ is due to the extra
(electrostatic) interaction of Q,~ with Qg that can be deduced
from equilibrium and kinetic electron transfer and proton
uptake measurements and electrostatic calculations. The long-
range interactions between the two quinone sites prepare the
Qg site for the subsequent electron transfer from Q,.>* The
electrostatic influence of Q,~ on the apparent pK, of the acidic
cluster that controls the pH dependence of the electron
equilibrium in the quinone complex causes a difference of 0.5—
1 unit between pK values in states Q,Qy and Q,~Qg.*' This
result is consistent with the conclusions drawn from the gH
dependence of the H/Q,~ and H*/Qy~ stoichiometries.>*>**
Light activation causes proton uptake as the acid cluster
reprotonates in accordance with the pK shifts induced by the
semiquinone anions. The pH dependence of the H' uptake
stoichiometries, H*/Q,~ and H*/Qg~, can be deconvoluted
into discrete contributions. Q,~ causes pK shifts of 0.7—0.8 pH
unit estimated for the pK,’ of the Qg semiquinone in the two-
electron state, Q4" Qg", and for the first pK of the quinol, QH",
in the three-electron state, Q,"QgH™.">*® The 0.7—0.8 unit
upshift in the pK of the ubiquinone in the Q, Qg™ state was
similar to that inferred for the rhodoquinone occupant.' In this
work, the protonation of the rhodosemiquinone was observed
in the one-electron state (Q,Qp~ < Q,QzH) with a pK; of 7.3.
On the second electron transfer, k&) displayed a well-behaved
pH dependence (see eq 2 with a pH-independent pK): it was
constant below pH 7 and decelerated 10-fold per pH unit
above a pK of 8.0 in the Q, Qg state. In contrast, our kinetic
and thermodynamic data were consistent with the significantly
smaller and pH-dependent functional pK; of the rhodosemi-
quinone.

Activation Analysis of the Second ET. The fast proton
pre-equilibrium is followed by a rate-limiting ET. The states
involved in the k) reaction are shown in Figure 1. The
observed activation parameters are characteristic to both the
proton equilibrium and the subsequent electron transfer step.
On one hand, the rate of the second ET increases with a
decrease in the activation barrier, AGEy, and on the other hand
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decreases due to the increase in the free energy to protonate
the semiquinone [AGf = 2.3RT(pH — pK,)] that results in a
smaller population of the Qg™ * state. The connected proton
and electron transfer steps give the complex behavior of the
apparent activation. Whatever rate model is used for the ET,
the proton pre-equilibrium (acid association) parameters
(AGy, etc.) combine with those of the true activation step
(AGir, etc.) to give the observed activation energies (AGH,,
etc.) that will not be, however, simply the sum of the
components.

The rate-limiting step is a nonadiabatic ET, and the Marcus
formalism should be used.””

kK Xe (—AL%T>
AG;,
1 H
" "P( T ) (©)
If eqs S and 6 are compared, then
AG,
AGh, = AG, + RT X In| 1 + exp| —=
RT )

Here, the activation free energy of ET, AGf:fT, can be
expressed from the free energy of the ET (defined as the free
energy of the final minus the initial state), AGgy, and the
reorganization energy, A:

(AGgy + A)*
4) (8)

The standard free energy levels follow a simple summation
rule. The free energy for electron transfer, AGgy, is the
difference in the free energy between initial and final states,

AGgg, and the free energy to protonate Qg™ °, AGg:

AGHE =

AGyr = AG,, — AGy, (9)

Inserting eq 9 into eq 8 and inserting eq 8 into eq 7, we
obtain

Agh — (BGa = AGy +2)’ N
obs 4]

x Inf 1 + AGy
n €
P R

)

RT

(10)

AGy; and pK; at a definite pH can be obtained by solution of eq
10 with 1 = 1.2 eV (=27.7 kcal/mol)*® and AGS; = —160 meV
for UQ'?*® and AGS; = —60 meV for RQ at the Qy site.
Although the latter values refer to the differences in free energy
between the semiquinones in one-electron states, similar values
can be taken for the two-electron states. In the WT RC, a very
small (f < 0.05) partition coefficient was found for the two-
electron equilibrium in the acceptor quinone system at pH
<8 The measured and calculated values are listed in Table 1.
The functional (pH-dependent) pK,’ values are somewhat
higher for RQ_than for UQ. Although the increase is not as
large as reported previously,'> a fraction of protonated RQ
could be detected in our experiments in the low-pH range (see
Figure 4). This observation is in good agreement with
conclusions of recent EPR and ENDOR studies.'”

The TASH, entropy change is small and negative. The
negative value makes sense as an activation parameter. By our
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estimates, the entropic component from the electron transfer,
TASfy, is quite small and pH-independent. Most of the
observed activation entropy is due to the protonation
equilibrium, ie., entropy of mixing. Accordingly, it should
have an increasingly negative entropy contribution with pH.
Indeed, the entropy of activation decreases (becomes more
negative) because H' ions are being brought from an
increasingly dilute solution as the pH is increased.

B CONCLUSIONS

With a decrease in the potential of the UQ at the Q, site in the
M26SIT mutant, the activity of the Qg site occupied by the
low-potential RQ_can be reconstituted. The second electron
transfer reaction followed the mechanism of proton-activated
electron transfer. The flash-induced rhodosemiquinone showed
partly neutral (protonated) character below pH S and was
completely anionic above pH 5.5. Kinetic and thermodynamic
assays of the second ET supported the low value of the
functional pK of RQ at the Qj site that was slightly higher than
that of the native ubiquinone. The pK is pH-dependent because
of the pH-dependent local potential whose main contributor is
the cluster of acidic residues around Q. The complex
deprotonation of the cluster makes the positive local potential
at low pH gradually more and more negative at high pH. The
pH dependence of the pK is responsible for the fact that the
second ET rate has a noninteger pH dependence below pH 8.
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