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Abstract
Direct electrometry was used to study the light-induced voltage changes in the Rhodobacter sphaeroides chromatophores adsorbed to a phospholipid-impregnated nitrocellulose film. After the second laser flash, a fast increase
in the voltage associated with charge separation was followed by a slower increase attributed to the proton uptake
in the QB site of the photosynthetic reaction centers. Kinetics and relative amplitudes of these voltage changes
attributed to the QA −· QB −· → QA QB H2 transition, were measured as a function of pH and temperature between
+4 and +40 ◦ C. The kinetics can be approximated by a single exponent above +23 ◦ C (100 µs at +25 ◦ C, pH
7.2), whereas below this temperature, it was a good fit of two exponential approximation (65 µs and 360 µs with
similar contributions at +10 ◦ C, pH 7.2). The faster component diminished with an apparent pK ∼8.5, whereas the
slower one was maintained at a constant level until pH ∼9.5 and then decreased. The calculated activation energy
from the temperature dependence of the slower component (55 – 65 kJ/mol) was much higher than that of the
faster component (< 10 kJ/mol). The two voltage components can be attributed to the transfer of the first (faster
component) and the second (slower component) proton from the reaction center surface to QB . We suggested
that higher activation energy of the slower component was due to a conformational change in the reaction center
kinetically coupled to the second proton transfer to QB H− .
The faster component diminished in the presence of 1 M KCl, with an apparent pK ∼7.5. To explain this
observation, we assume that: (i) the midpoint potential of the QA /QA −· redox pair was higher in 1 M KCl because
of the reduced surface potential of chromatophores; (ii) the midpoint potential of the QB −· /QB H− redox pair was
insensitive to the surface potential change; (iii) the equilibrium constant of the reaction QA −· QB −· ↔ QA QB H−
decreased at high ionic strength.
Abbreviations: P – bacteriochlorophyll a dimer (P870); Q – coenzyme Q10 (ubiquinone-50); QA – primary
quinone acceptor; QB – secondary quinone acceptor; RC – reaction center; 1ψ – transmembrane electric potential
difference; τ – characteristic time constant
Introduction
The photosynthetic reaction center (RC) of Rhodobacter sphaeroides is a membrane pigment–protein com-
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plex which catalyzes the conversion of energy of
light into chemical energy by stabilizing the products of photochemical separation of electric charges.
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Following the flash excitation of RC, an electron is
transferred from a bacteriochlorophyll a dimer (P, primary donor) to the primary quinone acceptor (QA ) and
then to the secondary quinone acceptor (QB ) which
acts as a two-electron gate. After the first flash, a
tightly bound and kinetically stable semiquinone QB −·
is formed which remains unprotonated at least at pH
> 5. The formation of QB −· leads to a remarkable
proton uptake by certain residues in the vicinity of QB
within a broad pH range (∼0.5 H+ /RC at pH 7.0) (for
reviews, see Shinkarev and Wraight 1993; Okamura
and Feher 1995). This proton uptake was shown to
be mostly due to protonation of surface groups, and it
does not contribute significantly to the observed generation of transmembrane electric potential difference
(1ψ ) in RC (Drachev et al. 1990; Bibikov et al. 1994;
Brzezinski et al. 1997; Gopta et al. 1997). The second
flash-induced turnover of the RC leads to transfer of
the second electron to QB −· (characteristic time constant (τ ), ∼100 µs in Rb. sphaeroides chromatophores
at pH 7.0, see Verméglio 1982). The electron transfer
is accompanied by the net binding of two protons, and
the formation of an ubiquinol (QB H2 ). The latter is
easily exchangeable with the ubiquinone molecules of
the membrane quinone pool. The sequential binding of
the two protons was proposed (Takahashi and Wraight
1992; McPherson et al. 1993). The following scheme
(Equation (1)) illustrates the reactions in the QB site
induced by the second flash:

(1)
where M1 is the equilibrium constant of the coupled
second electron and first proton transfer reaction, and
M is the overall equilibrium constant of QB H2 formation and exchange with Q molecule. Unlike the
first electron, the transfer of the second one and accompanying proton transfer reactions (Equation (1))
cause a substantial 1ψ generation in RC. The kinetics of these reactions were studied in chromatophores
by the electrometric technique (Drachev et al. 1981;
Feher and Okamura 1984; Kaminskaya et al. 1986;
Drachev et al. 1990; Shinkarev et al. 1993a) and
by carotenoid electrochromic bandshift measurements
(Drachev et al. 1988). Although these kinetics were
shown to be mono-exponential at room temperature,
there are some indications on the intrinsic heterogeneity of the proton uptake coupled to the second electron

transfer (McPherson et al. 1993; Nauclér and Brzezinski 1993). In this work, we analyzed the kinetics of
the voltage changes accompanied the QA −· QB −· →
QA QB H2 reaction in the broad temperature and pH
ranges.
Materials and methods
Cells of Rb. sphaeroides R2 (purple wild-type strain)
were grown photoheterotrophycally at +30 ◦ C, and
chromatophores were isolated by French Pressure Cell
disruption procedure as in (Drachev et al. 1989;
Starkov et al. 1997) and stored frozen in 250 mM sucrose at −20 ◦C until used. The kinetics of the laser
flash-induced 1ψ generation in chromatophores were
measured by direct electrometry (Drachev et al. 1981,
1990). A 0.2 µm thick nitrocellulose film separating
two Teflon compartments was impregnated with a solution of soybean phosphatidylcholine (150 mg/ml,
type II-S, Sigma) and coenzyme Q10 (20 mg/ml,
Sigma) in n-decane. Chromatophores (∼80 µm bacteriochlorophyll a) were incubated in one of the compartments with 25 mM CaCl2 for 1.5 at 23 ◦ C, then the
suspension was replaced by a buffer solution free of
CaCl2 and chromatophores. The voltage changes were
monitored using Ag|AgCl electrodes, amplified by a
high input impedance (∼1011 ) amplifier (3554BM,
Burr-Brown, USA), and digitized by a DL1080 oscilloscope (Datalab, UK). Photoexcitation (>98% saturation) of the immobilized chromatophores was provided by a frequency-doubled Q-switched YG-481
Nd:YAG laser (532 nm, FWHM 15 ns, 32 mJ/cm2
per flash) (Quantel, France). The time resolution of
the setup was ∼100 ns. The voltage kinetic traces
were analyzed without averaging as multi-exponential
decays using the DISCRETE algorithm (Provencher
1976) and Microcal Origin 4.1 software package (Microcal Software, Inc., USA). To reveal the voltage
kinetic components associated with the charge transfer
reactions in the QB site, an electron transfer inhibitor
terbutryn (5 µM) was added. Then the voltage signal
obtained in the presence of terbutryn, was point-bypoint subtracted from those following either the first
or second successive flashes before addition of the
inhibitor (Drachev et al. 1990; Bibikov et al. 1994).
Results
A short pulse of light caused a generation of 1ψ across
the chromatophore membrane of Rb. sphaeroides (Fig-
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Figure 1. Voltage changes of Rb. sphaeroides chromatophores following successive light pulses. (A) Voltage changes following the first and
second laser flashes in the absence of inhibitor, and following the first flash in the presence of terbutryn (pH 7.2, +25 ◦ C). (Insert) Kinetic
components of the voltage changes associated with charge transfer in the QB site induced by the first (B1), and second (B2) flashes. Arrows
indicate the laser flashes. (B) The B2 component measured at different temperatures. (C) The B2 component kinetics (+28 ◦ C), the result of the
best one-exponential fit (τ = 77 µs, dashed line), and the residuals of the fit (depicted at the bottom of the plot). (D) The B2 component kinetics
(+10 ◦ C), the result of the best one-exponential fit (τ = 175 µs, dashed line), and the residuals of the fit. (E) The same kinetic trace as in (D)
the result of the best two-exponential fit, the individual exponential components (τ = 65 µs, 43% and τ = 360 µs, 57%, dashed lines), and the
residuals of the fit. Note the voltage scale in (A) (mV) is different from that used in other figures (%% of the fast charge-separation amplitude
taken as 100%). Conditions: 20 mM MOPS, 50 mM KCl, 2 mM potassium ferrocyanide, 40 µM potassium ferricyanide (Eh +320 mV), 50 µM
dimethylferrocene, 4 µM methylene blue, 4 µM myxothiazol, 2 µM antimycin A. Chromatophores were incubated in the dark for 10 – 30 min
before series of flashes, to achieve complete re-oxidation of the quinone acceptors (Mulkidjanyan et al. 1986). The dark interval between the
first and the second flashes in series, 1 s.

ure 1A). The fast kinetically unresolved component of
1ψ generation (τ < 100 ns in our setup) has been
assigned previously to the charge separation between
the photo-excited P and QA (Drachev et al. 1981).
Following the first flash, an additional minor voltage component was observed (B1, 3 – 4% of the
charge-separation component at neutral pH, see insert
to Figure 1A). This component has been attributed to
a combination of different processes such as: (a) electron transfer between QA and QB ; (b) proton transfer
between the chargeable amino acid residues near QB ;
(c) fast structural changes accompanying QB reduction (for details, see Drachev et al. 1990; Bibikov et
al. 1994; Brzezinski et al. 1997; Gopta et al. 1997).
Following the second flash, an ubiquinol (QB H2 ) was
formed (Equation (1)). The transfer of two protons
to QB resulted in a substantial voltage component

(B2, 18 – 20% of the charge-separation component,
see insert to Figure 1A). The possible contribution
of the electron transfer between QA and QB to the
B2 component, is thought to be small and could not
be considered (Drachev et al. 1990). To discriminate
between B1 and B2 components and other possible
charge transfer reactions, a triazine herbicide (terbutryn) was used (see ‘Materials and methods’). The
results obtained with other inhibitors (e.g. atrazin or
stigmatellin) were similar to those in the presence of
terbutryn (data not shown).
Figure 1B illustrates the voltage kinetics of B2
recorded at different temperatures. The kinetics
slowed down and stretched with the temperature decrease. Above +20 ◦ C, the B2 kinetics fits a single
exponential component (Figure 1C) further designated
as B2single. At lower temperature, the kinetics differs
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Figure 2. Temperature dependence of the B2single ( ), B2fast (N),
and B2slow (E ) component rates. The solid line is a least-square fit
through the B2slow . Conditions: as for Figure 1.

from mono-exponential and can be adequately approximated by a sum of two exponential curves (further
designated as B2fast and B2slow) (compare Figure 1D
and 1E).
The temperature dependence of the B2 kinetics was measured between +4 and +40 ◦ C. Figure 2
shows the Arrhenius plots of the rate constants of
B2single (circles) above +23 ◦ C and B2fast (triangles)
and B2slow (squares) components below +23 ◦ C (pH
7.2). The slope of the fitted line of B2slow yields activation energy of ∼60 kJ/mol. Similar values (55
– 65 kJ/mol) were obtained at pH between 6.0 and
8.1 (data not shown). The rates of B2single and B2fast
components did not significantly depend on temperature; both values can be roughly estimated as ≤10
kJ/mol. Note that within the interval from +20 to
+25 ◦ C, the two-exponential kinetics turned to the
mono-exponential and in this range, the observed rate
constants may deviate from true values.
At +25 ◦ C, the pH-dependencies of the B2single
kinetics were in accordance with those published previously (Drachev et al. 1990). The relative amplitude
did not depend on pH below pH ∼9.0 and declined
at pH above 9.0 (Figure 3A). The rate constant was
weakly pH-dependent below pH 7.0 – 7.5 followed
by a steeper dependence at higher pH with a slope
–0.7 per pH unit (Figure 3B). The dependence of
the B2single rate generally resembles that of the second electron transfer in chromatophores (Verméglio
1982). Similar pH dependencies of the second electron transfer and proton uptake rates were reported

for solubilized RCs (Shinkarev and Wraight 1993;
Okamura and Feher 1995, and references therein)
and RC-containing proteoliposomes (Semenov et al.
1990).
At +10 ◦ C, the total amplitude of B2 gradually
increased between pH 4.6 and 7.5 – 8.0, and then decreased (Figure 3C, dashed line). The amplitudes of
B2fast and B2slow were similar at pH ∼8.0. The amplitude of B2fast increased between pH 4.6 and ∼7.5,
and then declined with an apparent pK ∼8.5 (Figure 3C, up triangles). The amplitude of the slower
component was pH-independent below pH 9.5 and
then decreased (Figure 3C, squares). Thus, only one
(slower) component was distinguishable at pH > 9.3.
The pH-dependencies of the rate constants of both
B2fast and B2slow at +10 ◦ C (Figure 3D, up triangles
and squares, respectively) resembled that of B2single at
+25 ◦ C (Figure 3D, dotted line); they were characterized by a weak pH-dependence at neutral pH values
and a steeper one at pH above 8.0. However, the
dependence of B2slow was steeper also at pH < 5.8.
We studied the effect of high ionic strength (1 M
KCl added) on the B2 kinetics at +10 ◦ C. Under these
conditions, the B2fast component disappeared with an
apparent pK 7.5 (Figure 3E, down triangles). The pHdependencies of the rates of both B2fast and B2slow
components (Figure 3F, down triangles and circles,
respectively) were stronger than those at 50 mM KCl
(Figure 3F, dotted lines).

Discussion
In this work, we observed voltage changes attributed
to the charge transfer reactions in the QB site in the
Rb. sphaeroides chromatophores accompanying QB −·
reduction after the second flash. The observed kinetics were apparently mono-exponential above +23 ◦ C,
whereas they differ from a mono-exponential curve at
lower temperatures (compare Figure 1C–E). At low
temperatures, the non-exponential kinetics turned to
the mono-exponential one with an apparent pK ∼8.5;
at alkaline pH the kinetics was mono-exponential in
the whole temperature range (compare Figure 3B and
D).
Generally, the observed deviation of the kinetics
from the mono-exponential might be explained by a
structural heterogeneity of RC before the second flash.
The non-exponential kinetics of the first electron transfer in RC were extensively discussed (see e.g. Tiede et
al. 1996; Gopta et al. 1997, and references therein)
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Figure 3. The pH-dependencies of the B2 component amplitudes and rate constants. (A) The amplitude and (B) the rate constant of B2single at
+25 ◦ C ( ), splines through the data (dashed lines). (C) The amplitudes of B2fast (N), B2slow (E ), and the total B2 (a spline through the data,
dashed line) at +10 ◦ C, a titration curve with pKapp of 8.5 (solid line). (D) The rate constants of B2fast (N) and B2slow (E ), splines through
the data (dashed lines) at +10 ◦ C. Dotted line is the spline of B2single rate constant at +25 ◦ C redrawn from (B) (E) The amplitudes of B2fast
(H) and B2slow ( ) at +10 ◦ C, a titration curve with pKapp of 7.5 (solid line). (F) The rate constants of B2fast (H) and B2slow ( ) at +10 ◦ C.
Dotted lines are the splines of B2fast and B2slow rate constants redrawn from (D). 50 mM KCl was present in (A, B, C, D), 1 M KCl was added
in (E, F). Other conditions: as for Figure 1, except: (i) the incubation medium contained 20 mM of one of the following buffers (acetic acid,
MES, MOPS, HEPES, Tris-HCl, CHES, CAPS) depending on pH region; (ii) the concentration of methylene blue which was necessary for the
complete dark adaptation between series of the flashes (see captions to Figure 1), ranged from 0.1 µM at alkaline pH up to 40 µM at acidic
pH. At pH > 9, the observed kinetics of B2 in the presence of 1 M KCl were interfered with another slow pH-independent component of the
voltage changes (τ ∼30 ms). The contribution of the latter component depended on the concentration of terbutryn; therefore, the real rate of
B2slow at 1 M KCl at alkaline pH should be slower than that observed at low salt concentration.

#

and explained by a distribution over different conformational states of RC and time-dependent structural
changes. Unlike QB or QB H2 species, QB −· is thought
to be firmly attached to the site by hydrogen bonding and electrostatic attraction to the non-heme Fe2+
atom. The refined atomic displacement factor of QB −· ,
as calculated from the high-resolved X-ray structure
of Rb. sphaeroides RCs frozen to 90 K under illumination, was similar to that of QA (Stowell et al., 1997).
This fact indicates the relative structural uniformity of
RC before the second flash as against the first one.
Alternatively, the observed non-exponential kinetics might be a result of sequential binding of the two
protons (Equation (1)) as it was discussed by McPherson et al. (1993). According to the contemporary
views, the transfer of the first proton (H+ I ) unlike
the second proton (H+ II ) to QB , is kinetically cou-

#

pled to the second electron transfer (see e.g. Shinkarev
and Wraight 1993; Okamura and Feher 1995). In
the Glu-L212⇒Gln mutant, the transfer of H+ II was
blocked; therefore, Glu-L212 was considered as a
specific donor of H+ II to QB (Paddock et al. 1989;
Takahashi and Wraight 1992; Shinkarev et al. 1993b;
McPherson et al. 1994). The equilibrium constant M1
of the QA −· QB −· + H+ ↔ QA QB H− reaction, decreased with increasing pH and was equal to 1 at
pH ∼8.5 (Takahashi and Wraight 1992; McPherson
et al. 1994). Therefore, at pH > 8.5, the reduction
of QB −· was thermodynamically driven by the H+ II
transfer (QA QB H− + H+ ↔ QA QB H2 ) and/or by the
QH2 exchange with an ubiquinone molecule. The observed amplitude of the B2fast component decreased
with an apparent pK ∼8.5 (Figure 3C). Therefore,
we proposed that at pH < 8.5, this component re-
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flected fast transfer of H+ I , whereas slow component
corresponded to the transfer of H+ II . At pH > 8.5,
both protons were transferred simultaneously, and two
kinetic components were indistinguishable.
A fraction where the observed binding of both
protons was determined by one of the subsequent reactions, increased with the same pK ∼8.5. However,
the decrease of B2fast at pH > 8.5 was not accompanied by a concomitant increase of the amplitude
of B2slow . This fact can be explained as a consequence of two reasons: (i) the equilibrium constant
M of the overall reaction (Equation (1)) decreases at
alkaline pH (Shinkarev and Wraight 1993) that leads
to the decrease of the total B2 amplitude above pH
9.0 (Figure 3A, C, dashed lines); (ii) at pH > 9.0,
Glu-L212 residue is protonated after the first flash,
but remains unprotonated before the first, and after
the second flash. The protonation of Glu-L212 following the first flash was shown to be electrogenic at
high pH (Drachev et al. 1990; Brzezinski et al. 1997);
consequently, the total B2 amplitude should decrease.
At pH below 6.5, the total amplitude of B2 at
+10 ◦ C was less than that observed at +25 ◦ C (compare
Figure 3A and C) while they were similar at other pH
values. This effect can be due to a low QB occupancy
and slow Q binding to the unoccupied site between
the first and second flashes at low pH and low temperature (Shinkarev et al. 1985; Gopta et al., unpublished
observations).
The effect of ionic strength on the electrogenic
proton uptake in Rb. sphaeroides chromatophores
was previously investigated at room temperature
(Shinkarev et al. 1993a). At high salt concentration,
the reduction of the electrostatic surface potential of
the chromatophore membrane results in a change of
the ‘local’ concentration of protons including that near
QA or QB sites (see Maróti and Wraight 1997 and
references therein). The observed B2 kinetics was pHdependent and, therefore, must be sensitive to the surface potential change. The surface potential near QB
site is also pH-dependent: its value matches zero at pH
∼5.7 (the iso-electric point, pI) and has a negative sign
at higher pH (Shinkarev et al. 1993a); consequently,
the effect of high ionic strength on the B2 kinetics
would be minimal at pH ∼5.7 and maximal at high pH.
The equilibrium constant M1 (Equation (1)) should be
sensitive to a change of the local electrostatic potential at the site QA but not at the site QB , because the
total charge at QB is conserved during the reaction
QA −· QB −· + H+ → QA QB H− . The pH-dependence
of the observed B2fast amplitude was attributed to the

reaction QA −· QB −· + H+ → QA QB H− shifted to a
more acidic pH in the presence of 1 M KCl (pKapp
∼7.5) versus 50 mM KCl (pKapp ∼8.5) (compare Figure 3C, up triangles, and 3E, down triangles). This pK
shift can be a consequence of the M1 value decrease at
high ionic strength at pH > pI. As the ‘local’ concentration of protons depends on the surface potential, the
transfer of H+ II is expected to be slower at pH > pI
under high ionic strength conditions, also in line with
the experimental observations (Figure 3F).
The attribution of the B2fast and B2slow components to the H+ I and H+ II transfer steps, can also be
supported by the following arguments: (i) the oxygen
atoms of the ‘proximal’ (O4) and ‘distal’ (O1) oxo
groups of QB are located inside the protein dielectric
at the same distance from the plane of chromatophore
membrane (see e.g. Allen et al. 1987; Chang et al.
1991). Consequently, the individual transfer step of
each of the two protons should contribute similarly
to the observed total voltage changes after the second
flash; (ii) in the Glu-L212⇒Gln mutant, the relative
amplitude of the B2 component was approx. two times
smaller than in the wild type Rb. sphaeroides chromatophores (Shinkarev et al. 1993b); (iii) as it has
been shown by McPherson et al. (1993), the second
electron transfer rate was less temperature-dependent
between +4 ◦ C and +21.5 ◦ C than the proton uptake
rate in the isolated RC of Rb. sphaeroides. This effect was attributed to the second proton uptake rate
being more temperature dependent than that of the
first one, although the separate kinetics of H+ I and
H+ II uptake have not been resolved; (iv) the kinetics
of the electrogenic protonation of QB in the wild type
Rb. sphaeroides RCs split into two components when
measured in D2 O at 6.5 < pD < 8.0; at pD > 8.0 a
single kinetic component was observed (Nauclér and
Brzezinski 1993).
Higher activation energy of the apparent rate of
H+ II transfer does not necessarily imply that the
two protons are transferred along different functional pathways. RC was shown to contain voids
filled with bound water molecules which protrude
from the protein surface almost to QB both in Rb.
sphaeroides (Ermler et al. 1994; Stowell et al. 1997)
and Rhodopseudomonas viridis (Deisenhofer et al.
1995) that may effectively conduct protons to QB . As
it was shown by Graige et al. (1996), the H+ I transfer is not rate-limiting in the reaction QA −· QB −· →
QA QB H− in Rb. sphaeroides RCs. The apparent B2
kinetics did not depend significantly on the concentration of a buffer in a broad concentration range (Gopta
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et al., unpublished observations) indicating the proton
exchange at the RC surface is not rate-limiting in chromatophores. We further propose that the microscopic
H+ II transfer rate is fast and this transfer step is also
not rate-limiting. High activation energy of the H+ II
transfer could be then attributed to structural changes
in the RC accompanying the proton binding.
According to the refined structural data of Rb.
sphaeroides RC containing QB −· when frozen to 90
K under illumination, the semiquinone is in the direct
contact with the water chain(s) and the reorientation
is not necessary for a proton conduction to the distal
O1 atom (Stowell et al. 1997). A network of Hbonded water molecules can in principle provide the
fast proton exchange in the protein with low activation energy comparable to that of the proton diffusion
in liquid water (8 kJ/mol) (see Prue 1973 and references therein). Stowell et al. (1997) also showed that
in the RC crystals containing neutral QB when frozen
in the dark, the quinone was distributed between the
two positions, the ‘proximal’ one which is close to
that of QB −· in the ‘light-frozen’ RC, and the ‘distal’
one, where quinone is bound ∼5 
A apart. These data
indicate that in the latter case the reaction QA −· QB
→ QA QB −· is accompanied by the QB movement
and should have a significant activation energy. This
result is in agreement with our conclusion that the
neutral quinone may be bound in two conformations
which are characterized by different activation energies of the first electron transfer (< 10 kJ/mol and
60 – 70 kJ/mol) (Gopta et al. 1997). The activation
energy of the first electron transfer and accompanying
charge-transfer reactions was found 45 – 50 kJ/mol in
solubilized RCs (Kleinfeld et al. 1984; Mancino et al.
1984; Tiede et al. 1996). In the X-ray structure of Rb.
sphaeroides RC reported by Ermler et al. (1994), QB
is shifted by ∼5 
A relative to its position in other structures (Allen et al. 1987; Chang et al. 1991). These data
were explained by ubiquinol rather than ubiquinone
bound to the site (Ermler et al. 1994). This ‘quinol’
position seems to be close to the ‘distal’ position in
the ‘dark-frozen’ structure (Stowell et al. 1997). We
therefore propose that H+ II binding to O4 atom of
QB H− is coupled to the displacement of QB H− or
QB H2 from the ‘semiquinone’ to the ‘quinol’ binding
position. This movement requires breaking of several
hydrogen bonds and major conformational changes of
the polyisoprenoid side chain (Stowell et al. 1997).
Possible temperature-dependent structural changes in
the chromatophore lipid membrane may also affect
the observed activation energy. These conformational

transitions seem to represent a reversion of events accompanying the QA −· QB → QA QB −· transition in the
fraction of RCs with ‘distal’ QB . Thus one can expect
similar high activation energies for the conformational
changes accompanying both formation of QB −· and
the protonation of QB H− .
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