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ABSTRACT: The bacterial reaction center (RC) converts light into chemical energy through the reduction
of an internal quinone molecule QB to QBH2. In the native RC, proton transfer is coupled to electron
transfer and is not rate-controlling. Consequently, proton transfer is not directly observable, and its rate
was unknown. In this work, we present a method for making proton transfer rate-controlling, which enabled
us to determine its rate. The imidazole groups of the His-H126 and His-H128 proton donors, located at
the entrance of the transfer pathways, were removed by site-directed mutagenesis (Hisf Ala). This
resulted in a reduction in the observed proton-coupled electron transfer rate [(QA

-•QB)Glu- + H+ f
(QAQB

-•)GluH], which became rate-controlled by proton uptake to Glu-L212 [A¨ delroth, P., et al. (2001)
Biochemistry 40, 14538-14546]. The proton uptake rate was enhanced (rescued) in a controlled fashion
by the addition of imidazole or other amine-containing acids. From the dependence of the observed rate
on acid concentration, an apparent second-order rate constantk(2) for the “rescue” of the rate was determined.
k(2) is a function of the proton transfer rate and the binding of the acid. The dependence ofk(2) on the acid
pKa (i.e., the proton driving force) was measured over 9 pKa units, resulting in a Bro¨nsted plot that was
characteristic of general acid catalysis. The results were fitted to a model that includes the binding (facilitated
by electrostatic attraction) of the cationic acid to the RC surface, proton transfer to an intermediate proton
acceptor group, and subsequent proton transfer to Glu-L212. A proton transfer rate constant of∼105 s-1

was determined for transfer from the bound imidazole group to Glu-L212 (over a distance of∼20 Å).
The same method was used to determine a proton transfer rate constant of 2× 104 s-1 for transfer to
QB

-•. The relatively fast proton transfer rates are explained by the presence of an intermediate acceptor
group that breaks the process into sequential proton transfer steps over shorter distances. This study
illustrates an approach that could be generally applied to obtain information about the individual rates
and energies for proton transfer processes, as well as the pKas of transfer components, in a variety of
proton translocating systems.

The field of bioenergetics deals to a large extent with the
study of electron and proton transfer reactions catalyzed by
membrane proteins. With the determination of the three-
dimensional structures of several membrane-bound com-
plexes involved in energy conversion, we are now in a
position to address in detail the mechanisms of these
processes. Of fundamental importance to the understanding
of these reactions is the determination of the rate constants
for the individual reaction steps. Because many of these
reactions involve proton transfer, the determination of their

rate constants is crucial for achieving a basic understanding
of these processes. In many cases, proton transfer is coupled
to other reactions that are rate-controlling and, consequently,
proton transfer cannot be directly assessed.

We report here a general strategy for determining the
proton transfer rate constant in such a system. We apply this
approach to proton transfer in the bacterial reaction center
(RC)1 from Rhodobacter(Rb.) sphaeroides, which is a
transmembrane protein complex that catalyzes the light-
induced electron and proton transfer reactions leading to
reduction and protonation, respectively, of a bound quinone
molecule QB (eq 1) (1, 2).
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1 Abbreviations: QA and QB, primary and secondary quinone electron
acceptor molecules, respectively; double mutant, HA(H126)/HA(H128)
[His-H126 f Ala/His-H128f Ala] mutant; A-, intermediate proton
acceptor group; R, generic deprotonated rescuing acid molecule; RH+,
rescuing cationic acid molecule;k(2), apparent second-order rate
constant;KD, dissociation constant of the acid; kon and koff, on and off
rate constants, respectively, for binding of the acid; k1 and k-1, forward
and reverse rate constants, respectively, for proton transfer from RH+

to A-; k2, forward rate constant for proton transfer from AH to Glu-
L212; kET, overall electron transfer rate constant;kH+, overall proton
transfer rate constant; QB, secondary quinone.
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Light absorbed by the RC initiates the photoionization of
the primary donor, D, a bacteriochlorophyll dimer. Electrons
are transferred via a bacteriochlorophyll and bacteriopheo-
phytin to the primary quinone QA and then to QB, the
secondary quinone. In photosynthetic membranes, the protons
required for the reduction of the quinone to quinol (eq 1)
come from the cytoplasm. The QBH2 leaves the RC and is
oxidized by the cytochromebc1 complex, from which the
quinol protons are released into the periplasm. This creates
a proton gradient across the membrane that drives ATP
synthesis.

The double reduction of QB takes place in two sequential
light-induced proton-coupled electron transfer reactions that
can be monitored by time-resolved optical absorption
spectroscopy (1-5). In this study, we focus on the first
electron transfer from QA-• to QB, the pseudo-first-order rate
constantkAB

(1), which can be directly measured through
transient absorbance changes (3-6). A prerequisite for
electron transfer is the protonation of Glu-L212 (3-9).
Above pH∼8.5,kAB

(1) decreases with increasing pH due to
the ionization of Glu-L212 and other coupled carboxylic acid
groups (5-10). We represent this reaction as a two-step
process shown in eq 2.

where Glu represents Glu-L212,kH+ is the rate constant for
proton transfer from the RC surface to Glu-L212, which is
the rate-controlling step in proton uptake from solution, and
kET (104-105 s-1) (3-5, 11-16) is the observed rate of
electron transfer. In the native RC, uptake of H+ is fast and
reversible; i.e.,kH+ > kAB

(1). Thus, the kinetics of the QA-•QB

f QAQB
-• electron transfer at high pH result in a single

exponential with a rate constant equal tokET times the steady
state fraction of protonated Glu-L212, which has been
assigned a pKa value in the range of 8.5-10 (3-6).2 The
proton from Glu-L212 is subsequently transferred to reduced
QB, supplying one of the two protons involved in forming
QBH2 (1, 3-5).

The QB molecule is located in the interior of the RC,
without direct contact with the cytoplasm (17-20). The
pathway for proton transfer has been shown by site-directed
mutagenesis and metal binding studies to involve Asp-L213
(3, 21, 22), Asp-L210 and Asp-M17 (8, 23), and the surface
His-H126 and His-H128 (24), which connect the cytoplasmic
surface of the protein to Glu-L212 (Figure 1). The nearby
Pro-L209 has been proposed to participate in the pathway
based on changes in the observed rate of proton uptake upon

its replacement (20). However, since Pro is not a protonatable
residue, we believe that its effect is brought about by
structural changes. Even though the proton pathway is quite
long (∼20 Å), the rate of proton uptake in the native RC is
not rate-controlling and, hence,kH+ is not directly measurable.
This raises the following questions: (i) how fast is proton
transfer, and (ii) how is the relatively fast transfer achieved?

To address these questions, we developed a system in
which proton transfer was rate-controlling by removing key
functional groups. The two surface His residues at positions
126 and 128 were replaced with Ala [HA(H126)/HA(H128)],
thereby removing the imidazole groups (24). In this double-
mutant RC, the proton transferkH+ became the rate-
controlling step forkAB

(1) (eq 2). Measurements of QB
-•

stability and proton uptake were like in the native RC,
suggesting little if any structural or electrostatic alteration
at the QB site resulting from the amino acid replacements
(24). Fast proton transfer could be restored (rescued) by
adding chemical analogues of the removed group, as has been
previously performed in other systems (26-31).

When pH> pKa(Glu-L212), the observed rate constant
kAB

(1) in this double-mutant RC was increased by the addition
of cationic proton donors such as imidazole (24). At low
concentrations, the increase was directly proportional to the
concentration of protonated imidazole ([ImidH+]) as ex-
pressed in eq 3:

2 The assignment of the apparent pKa to a single group is an
approximation, since there are many titrating groups in the RC that
interact electrostatically, leading to nonclassic titration behavior
(7-10). However, experimental results have shown that at pH 9, at
which our measurements were taken, Glu-L212 is the major contributor
(3-6).

QB + 2e- + 2H+ + 2hν 98
RC

QBH2 (1)

FIGURE 1: Part of the reaction center crystal structure showing the
proton transfer pathways inRb. sphaeroides. Water molecules are
shown as spheres. Potential hydrogen bonds are represented by
dashed lines. The proton transfer pathways connecting the surface
to the QB site share the entry point and several carboxylic acids
(red line) before branching to Glu-L212 (blue line) or to QB

-•

(magenta line). Although protonation (neutralization) of Glu-L212
is required for the first electron reduction of QB to proceed (eq 2),
this proton is transferred to the proximal oxygen of reduced QB
only after formation of QBH- (green line) (2). The coordinates were
obtained from PDB entry 1AIJ (18).

kH+ ) kAB
(1) ) kBCKGD + k(2)[ImidH+] (3)
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where kBCKGD is the background rate constant observed with
no added acid, attributed to proton delivery by H3O+ (24),
andk(2) is an apparent second-order rate constant that contains
information about the rate of proton transfer to Glu-L212.
A correlation betweenk(2) and the pKa of the rescuing acid
was observed (32) which provides additional support for the
structural and electrostatic near equivalence of the native and
double-mutant RCs. If the effect of the mutation were due
to secondary effects such as a structural or electrostatic
change, a correlation betweenk(2) and pKa would not be
expected.

Having established that this system is a good analogue
for the native RC, we proceed in this paper to analyze the
observed behavior to obtain information about the individual
molecular steps involved in the proton transfer process. Our
strategy was to investigate the rate of proton transfer as a
function of the driving force for proton transfer (∆GH) by
using rescuing acids, RH+, with different pKa values that
result in changes ink(2). Modeling of the observed depen-
dence of k(2) on ∆GH required the introduction of an
intermediate acceptor state and enabled us to determine the
proton transfer rate constantkH+ and the energy profile for
the proton transfer process.

MATERIALS AND METHODS

Reagents and Quinones.Q10 (2,3-dimethoxy-5-methyl-6-
decaisoprenyl-1,4-benzoquinone) was obtained from Sigma,
prepared in ethanol, dried under nitrogen, and solubilized in
1% LDAO (lauryl dimethylamineN-oxide). The following
acids were used in this study: pyrimidine (pKa ) 1.2),
triazole (pKa ) 2.3), 4(5)-imidazolecarboxaldehyde (pKa ∼
4), 1-methylimidazole (pKa ) 7.0), imidazole (pKa ) 7.0),
and morpholine (pKa ) 8.4), obtained from Aldrich; pyridine
(pKa ) 5.4), 2-methylimidazole (pKa ) 8.0), and piperazine
(pKa ) 9.7) from Fluka; trimethylamine (pKa ) 9.8) and
methylamine (pKa ) 10.5) from Sigma; tris (pKa ) 8.3) from
Boehringer Mannheim; and ammonia (pKa ) 9.0) from
Fisher. All other reagents were of analytical grade.

Site-Directed Mutagenesis and Preparation of Reaction
Centers.The His-H126f Ala/His-H128f Ala [HA(H126)/
HA(H128)] double mutant was constructed as described
previously (24, 33). RCs fromRb. sphaeroidesR26.1 and
mutant strains were purified to anA280/A800 ratio of e1.3 in
LDAO as described previously (34). The QB site was
reconstituted by addition of a 3-4-fold excess of Q10 in 1%
LDAO, followed by dialysis against 15 mM Tris, 0.1 mM
EDTA, and 0.04%â-D-dodecyl maltoside.

Electron Transfer Measurements.Absorbance changes in
response to a laser flash were measured using a setup of
local design (12). Actinic illumination was provided by a
Nd:YAG laser (Opotek, Carlsbad, CA). The pseudo-first-
order rate constantkAB

(1) for electron transfer (eq 2) was
determined from transient absorbance changes monitored at
750 nm following a single laser flash. The spectral changes
result from a charge-induced spectral shift of a nearby
bacteriopheophytin molecule (11-16). The observed kinetics
were fitted to the sum of two exponentials. The rate constant
for the major phase (∼75% at pH 9) is associated with proton
uptake and is attributed to the fraction of RCs with Glu-
L212 initially ionized (24);3 this fraction is determined by
the difference between the pKa of ∼8.5 and the operating

pH of 9. The observed rate, which depends on the acid
concentration, is the focus of this work. The minor phase
(∼25%) was not associated with proton uptake and had the
same rate constant as in the native RC. The conditions were
2 µM RCs in 50 mM KCl, 0.04%â-D-dodecyl maltoside,
pH 9, and 21°C.

Fittings. All fittings were performed using the nonlinear
fitting algorithm Origin 6.1 (OriginLab Corp.).

Model for the Dependence of kAB
(1) on Acid Concentration.

The dependence ofkAB
(1) in the double-mutant RC on acid

concentration (eq 4) was modeled with the Michaelis-
Menten equation (eq 4).

where [RH+] is the concentration of the cationic rescuing
acid,kcat is the catalytic or limiting rate constant, andKM is
the Michaelis-Menten constant, which is equal tokcat/k(2)

(35). The concentration of acid was calculated from the total
concentration of the rescuer [R]total and its solution pKa
[[RH+] ) [R]total/(1 + 10pH-pKa)]. At a low RH+ concentra-
tion, eq 4 simplifies tokAB

(1) - kBCKGD ) k(2)[RH+] (eq 3).
Thus, the apparent second-order rate constantk(2) can be
determined from the initial slope of a plot ofkAB

(1) versus
[RH+]. At high acid concentrations, the rate reaches a
limiting value given bykcat. For all of the measurements
reported in this work,kcat ) kH+kET/(kH+ + kET) (35). Under
conditions in which internal proton transfer remains rate-
controlling (kET > kH+) at all acid concentrations,kcat ) kH+

andKM ) KD (35), the dissociation constant of the acid.

RESULTS

In this study, we measured the effect of adding exogenous
acids on the rate of proton delivery from the surface of the
RC to internal proton acceptor groups in the HA(H126)/HA-
(H128) mutant RC (hereafter called the double mutant),
which lacks the surface imidazole groups of the native His
at the entrance of the proton transfer pathways (24). It had
been shown previously that the measured rate of proton
uptake from solution is the same as the coupled rate of
electron transfer to QB (eq 2) in the double mutant RC (24).
This result is explained by the strong proton-electron
coupling and the required protonation of Glu-L212 (eq 2).
Thus, the electron transfer rate provides a measure of the
rate of proton transfer to Glu-L212 in the double-mutant RC.

Dependence of kAB
(1) on Acid Concentration: Determina-

tion of the Second-Order Rate Constant k(2) and the Dis-
sociation Constant KD of the Acid.An important aspect of
the rescue process in the double mutant is the interaction
between the acid and the RC surface. This process was
investigated by measuring the dependence of the first electron
transfer (eq 2) on acid concentration. We measured this
dependence at pH 9, where the maximal difference between
the double mutant and native rates was observed (24). In
the double mutant, the observed kinetics exhibited two phases
(Figure 2). The major phase (∼75%) is associated with

3 For simplicity, we assign the measured kinetic pKa of 8.5 to Glu-
L212. The coupling to other carboxylic acid groups leads to a small
(and difficult to determine) correction to this value (see footnote 2).

kAB
(1) - kBCKGD )

kcat[RH+]

[RH+] + KM

(4)
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proton uptake from solution and is attributed to rate-
controlling proton uptake to Glu-L212 in the major fraction
of RCs with Glu-L212 initially ionized; under these condi-
tions, Glu-L212 has an apparent pKa of ∼8.5 (24).3 This slow
phase was∼6-fold slower than in the native RC, but its rate
could be increased (rescued) by the addition of imidazole
(pKa ∼ 7.0) to native-like values (1200 s-1) (Figure 3) which
become rate-controlled by electron transfer (24). We will
focus on this phase and call itkAB

(1) throughout the remainder
of this paper. The minor phase (∼25%) occurs in the fraction
of RCs that contain protonated Glu-L212 and is not associ-
ated with proton uptake (24); this phase has the same rate
constant as the native RC. The dependence ofkAB

(1) on the
acid concentration was determined (Figure 3) and eq 4 used

to obtain k(2). For imidazole (C3N2H5
+, pKa ) 7.0), k(2)

equaled (2.2( 0.2) × 107 M-1 s-1 at pH 9.0. This rate
exhibited a weak pH dependence, decreasing∼2-fold as the
pH was increased from pH 8.5 to 9.5.

For trimethylammonium [(CH3)3NH+, pKa ) 9.8], kAB
(1)

reached a limiting value of 360 s-1 (Figure 4), which is 130
s-1 greater than the background rate. Since this rate constant
is significantly smaller thankET, proton transfer remained
rate-controlling at all acid concentrations. Therefore,KM in
eq 4 is the dissociation constantKD of the acid molecule
(KD = 10 ( 2 mM; see legend of Figure 4).

Dependence of k(2) on Salt Concentration.To assess the
importance of electrostatic interaction between the acid and
the RC surface, the salt dependence of the measured second-
order rate constantk(2) for imidazole was determined (eq 4).
The value ofk(2) decreased as the salt (KCl) concentration
increased. For imidazole as the rescuing acid, logk(2)

decreased linearly as a function of the change in the square
root of the ionic strength,∆(I1/2), with a slope of-1.9 (
0.1 (Figure 5).

Dependence of k(2) on Acid pKa: Brönsted Plot.In addition
to imidazole, other small cationic acids could “rescue”kAB

(1)

in the double mutant RC. The second-order rate constant
k(2) was determined at pH 9.0 for each rescuing acid, and

FIGURE 2: Proton-coupled electron transfer rate of eq 2
[(QA

-•QB)Glu- + H+ f (QAQB
-•)GluH] in the double mutant RC

for the indicated imidazole concentrations. The kinetic rise has two
phases. The smaller, faster phase is attributed to the fraction of
RCs in which Glu-L212 is initially protonated at pH 9 (pKa = 8.5)
(24). The larger, slower phase is attributed to the fraction of the
RCs in which Glu-L212 is initially ionized. The slower phase is a
consequence of slow proton delivery to the RC surface (24). This
phase was fitted to a single exponential (not shown) with a rate
constantkAB

(1). As the concentration of imidazole was increased,
kAB

(1) increased, but the amplitude remained constant. At 50 mM
imidazole,kAB

(1) was essentially the same as measured in the native
RC. Experimental conditions: 2µM RC, 50 mM KCl, 0.04%â-D-
dodecyl maltoside, pH 9, and 21°C (average of∼15 traces).

FIGURE 3: Dependence of the slow phase ofkAB
(1) on the

concentration of protonated imidazole (RH+). The value ofkAB
(1)

was determined from an exponential fit to the slow phase of the
kinetic rise (see Figure 2). In the double mutant,kAB

(1) is limited
by the rate of proton delivery to the RC surface (24), which depends
on the concentration of the proton-carrying imidazole. The second-
order rate constantk(2) was obtained from a fit of eq 4 to the data
(solid line). At high imidazole concentrations,kAB

(1) reaches the
native value, which becomes rate-controlled by electron transfer
kET (eq 2). The conditions were the same as those described in the
legend of Figure 2.

FIGURE 4: Dependence of the slow phase ofkAB
(1) on the

concentration of protonated trimethylamine (RH+). Since the
rescued value ofkAB

(1) is smaller than the native value (see Figure
3), the observed rate remains limited by the rate of proton delivery.
Thus, from the fit to eq 4 (solid line), we obtain a dissociation
constantKD of 10 ( 2 mM. The conditions were the same as those
described in the legend of Figure 2.

FIGURE 5: Second-order rate constantk(2) for imidazole as a function
of the change in the square root of the ionic strength∆(I)1/2, with
reference toI ) 10 mM. The decrease ink(2) with increasingI1/2

shows that electrostatic attraction enhances proton delivery to the
RC surface. This shows that the protonated cationic form of the
acid is the active form. The solid line is a least-squares fit of the
data to eq 11. The slope is-1.9 ( 0.1. The conditions were the
same as those described in the legend of Figure 2.
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the value ofk(2) as a function of the pKa of the acid (Bro¨nsted
plot) (36) is plotted in Figure 6. The maximum value of
∼1010 M-1 s-1 was observed for acids with a pKa below 4
(Figure 6). For acids with a pKa above 4,k(2) decreased with
increasing pKa with a Brönsted coefficientR (the negative
slope of the line) of 1.0( 0.1. To generate the Bro¨nsted
plot, cationic acids with pKa values ranging from 1.2 to 10.5
were used (see Materials and Methods).

Cationic acids with pKa values of>11 did not result in a
measurable enhancement of the observed rate, nor did neutral
[dimethylarsinic acid, (CH3)2AsO2H, pKa ∼ 7.5] or anionic
[bicarbonate, HCO3-, pKa ∼ 10] acids up to a concentration
of 0.5 M. In addition, cationic nonprotonatable analogues,
such as tetramethylammonium [(CH3)4N+], did not enhance
the observed rate.

DISCUSSION

The main goal of this work was to determine the proton
transfer rate constantkH+ for transfer from the surface of
the RC to Glu-L212, the final acceptor in the first proton-
coupled electron transfer reaction (eq 2). The underlying
difficulty in obtaining information about proton transfer
processes in the native RC is that proton transfer is not rate-
controlling and therefore cannot be directly observed. To
overcome this difficulty, we used the double mutant RC [His-
H126f Ala/His-H128f Ala]. This mutant lacks the surface
imidazole groups at the entrance of the proton transfer
pathways, which results in proton transfer becoming rate-

controlling (24). Addition of various acids resulted in
increases inkH+, which were reflected in larger values of
kAB

(1) (eq 2) that were related to the concentration and pKa

of the acid. From the dependence of the observed rate on
the acid concentration, we obtained an apparent second-order
rate constantk(2), which is a function of the individual rate
constants for proton transfer in this multicomponent pathway
(Figure 1). Crucial to the understanding of the proton transfer
processes is the determination ofk(2) over an extensive range
of acid pKa values (>9 pKa units) and the development of a
kinetic model to describe the observed behavior. Since
previous kinetic results suggest that the QB site of this mutant
RC is structurally and electrostatically analogous to that of
the native RC (24), the results obtained on the mutant RC
should be applicable to the native system. We begin our
discussion with a qualitative description of the observed pKa

dependence ofk(2).
General Acid Catalysis: EVidence for an Intermediate

Proton Acceptor Group.The observed dependence ofk(2)

on the pKa of the acid (Bro¨nsted plot, Figure 6) is
characteristic of general acid catalysis (37). Figure 6 shows
that for low-pKa acids [pKa(RH+) < 4], k(2) reaches the
diffusion limit for small molecules of∼1010 M-1 s-1. This
indicates that the reaction is rate-controlled by the diffusion
of the rescuing acid, the ultimate limitation for bimolecular
reactions. For higher-pKa acids [pKa(RH+) > 4], k(2) de-
creases with increasing pKa. The negative slope of logk(2)

with pKa is the Brönsted coefficientR. In our case,R = 1.
In general, one seldom observes anR close to unity, because
the observed rate is usually dominated by the strongest acid
in solution, i.e., H3O+ (pKa ) -1.7). However, at pH 9 at
which our experiments were performed (because of the
largest difference between the double-mutant rate and the
native rate), the concentration of H3O+ is very small (1 nM),
resulting in a background rate kBCKGD (eq 3) that is∼6-fold
smaller than the native value forkAB

(1).

The change in the slope of the Bro¨nsted plot occurs at a
pKa at which the rate-controlling step ofk(2) changes. This
happens when the pKa of the donating acid4 approximately
matches that of the acceptor group, which in our data occurs
near a pKa of 4 (Figure 6).5 At this pH, there is a change
from a proton transfer-controlled rate (for higher-pKa acids)

4 We use the pKa value that corresponds to the pH at which half of
the acid is protonated. The pKa of an individual site of a diprotic acid
in which the two protonation sites are equivalent, such as imidazole,
is larger by 0.3 unit than the pH at which half of the acid is protonated
(40). Thus, the extent of proton equilibration to A- is decreased2-fold.
However, the level of binding of the acid to the RC surface isincreased
(up to 2-fold) due to the equivalence of the two protonation sites (as
seen later in the Results). Because these two effects are compensatory,
the overall effectiveness of the acid is approximately reflected in the
designated pKa values. This statement is supported by the equivalent
values ofk(2) measured for a monoprotic acid (1-methylimidazole) and
a diprotic acid (imidazole) with the same pKa as defined above.

5 For the situation of proton transfer between two molecules
(RH+ and A-) in solution, the change in the slope of the Bro¨nsted plot
occurs when pKa(RH+) ) pKa(AH) (37). In our case, where an
intermediate state exists, the onset of the pKa dependence occurs only
approximately when pKa(RH+) = pKa(AH). Strictly speaking, the onset
occurs when koff = kH+, wherekH+ ) k1k2/(k-1 + k2) (eq 13). Since
k2 > k-1 (Table 1), the change in slope occurs when koff = k2k1/k-1 )
k2{10-[pKa(RH+)-pKa(AH)]}, which can be rewritten as pKa(RH+) )
pKa(AH) + log(k2/koff). Log(k2/koff) has a value of∼2 (Table 1), which
results in the onset of the pKa dependence ofk(2) when pKa = 4 (Figure
6), being∼2 pKa units greater than pKa(AH).

FIGURE 6: Brönsted plot ofk(2) as a function of the pKa of the
rescuing acid in the double mutant RC. The values ofk(2) were
obtained from the fit of eq 4 to the observed dependence ofkAB

(1)

on the acid concentration (see Figures 2 and 3). Below a pKa of
∼4, k(2) reaches the diffusion limit of∼1010 M-1 s-1. At higher
pKa values,k(2) decreases with increasing pKa, characteristic of
general acid catalysis (36). The slope ofk(2) vs pKa changes when
the pKa of the bound donating acid matches that of the acceptor.
Since the pKa of the final acceptor Glu-L212 is much larger
(pKa ∼ 8.5) than the pKa of the rescuing cationic acid at the break
of the Brönsted plot, an intermediate acceptor group must exist
(A-) within the proton transfer pathway. The data were fitted (solid
line) using a steady state approximation (eq 7) and the pKa
dependence of eq 8 (Table 1). Note the good quality of the fit over
the range of∼9 pKa units. The donors that were used were (from
lower to higher pKa) pyrimidine (pKa ) 1.2), triazole (pKa ) 2.3),
4(5)-imidazolecarboxaldehyde (pKa ∼ 4), pyridine (pKa ) 5.4),
imidazole (pKa ) 7.0), 1-methylimidazole (pKa ) 7.0), 2-meth-
ylimidazole (pKa ) 8.0), tris (pKa ) 8.3), morpholine (pKa ) 8.4),
ammonia (pKa ) 9.0), piperazine (pKa ) 9.7), trimethylamine
(pKa ) 9.8), and methylamine (pKa ) 10.5). The conditions were
the same as those described in the legend of Figure 2.
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to a diffusion-controlled rate (for lower-pKa acids). Because
the final acceptor group (Glu-L212) is known to have a much
higher pKa of ∼8.5 (3-5), the group responsible for the
change in the slope of the Bro¨nsted plot must be an
intermediate acceptor group in the proton transfer pathway.
This protonated group has become energetically more stable
than the protonated acids (RH+) having a pKa of <4. It
should be noted that the intermediate state would not have
been detected without the use of acids with pKa values that
are much smaller (byg5 units) than that of imidazole, the
chemical equivalent of the removed side chains.

With the inclusion of this postulated intermediate proton
acceptor group that we shall call A-, the rescue ofkAB

(1) is
composed of five steps. Four of these steps [(1) the binding
of the rescuing acid, RH+, (2) proton transfer to an
intermediate proton acceptor group, A-, (3) proton transfer
to the final proton acceptor group, Glu-, and (4) dissociation
of the neutral acid, R] lead to the protonation of Glu-L212
(eq 5a).

where RH+ and R are the protonated and unprotonated forms
of the acid, respectively, A- is the intermediate proton
acceptor group, Glu is the final proton acceptor Glu-L212
(eq 2), kon and koff are the on and off rate constants of the
acid molecule, respectively, koff′ is the off rate of the
unprotonated acid molecule, k1 and k-1 are the forward and
reverse proton transfer rate constants for transfer from the
acid to A-, respectively, and k2 is the forward proton transfer
rate constant for transfer from AH to Glu-L212.

The fifth step (eq 5b) is the subsequent electron transfer
to QB.

We indicate the individual rate constants of the underlying
reaction scheme (eq 5a) by a nonitalic font, whereas the
composite constants are in italics. The apparent second-order
rate constantk(2) is a function of the binding of the acid (i.e.,
kon and koff) and the rate constant of proton transferkH+, the
value of which depends on the pKa of the acid RH+. The
rate constantkH+ is itself composed of individual rate
constants k1, k-1, and k2 as shown. The dashed lines (eq 5a)
represent the reverse reactions that are slow compared to
the forward steps (i.e., the rate of the reaction to continue in
the forward direction exceeds that for it to return to the
preceding state, e.g., koff′ > k-2) and, therefore, do not
contribute to thek(2) or kH+. We note that other intermediate
states which have yet to be detected may exist within the
pathway.

In the following sections, we discuss the individual steps
involved in the chemical rescue. They provide the ingredients
of a mathematical model that is fitted to the data to obtain
the intrinsic equilibria and rate constants for proton transfer.
From these results, we generate an energy landscape for the
proton transfer process from the RC surface to the internal
proton acceptor groups.

Binding of the Acid to the RC Surface.The first step in
the chemical rescue ofkAB

(1) (eq 5a) is the binding of the
cationic rescuing acid RH+ to the RC surface (eq 6).

Quantitative values for the intrinsic rate constants were
obtained from the measured values of the dissociation
constantKD and kon. The linearity of the Bro¨nsted plot over
a large range of pKa values (>7 pKa units) of acids with
differing structures suggests that there is no significant effect
of the acid structure onKD (i.e., koff/kon). Consequently, we
assume that theKD value of 10 mM determined for
trimethylamine is the same for all acids used in this study.

The value ofk(2) for low-pKa acids provides anestimate
for a diffusion-limited kon of ∼1010 M-1 s-1 (Figure 6).
SinceKD ) koff/kon ) 10 mM, the value of koff = 108 s-1

(Table 1).
Steady State Approximation: Determination of the Proton

Transfer Rate Constant.Since the rates of acid binding
(kon[RH+] = 106 s-1 for [RH+] = 0.1 mM) and leaving
(koff = 108 s-1) are much larger than the observed rate
(kAB

(1) = 103 s-1) [i.e., kon[RH+], koff . kAB
(1)], the inter-

mediate states reach a pseudo-steady state concentration
during the observed reactions (35). We therefore apply a
steady state approximation for the kinetic reaction scheme
(eq 5a). The net rate constantk(2) is the product of the on-
rate constant kon and the probability that proton transfer
proceeds to Glu-L212, given by the branching ratio ofkH+/
(koff + kH+) (35). Thus, we expressk(2) as

wherekH+ is the proton transfer rate constant for transfer
from any of the rescuing bound acids to Glu-L212 (steps 2
and 3 in eq 5a). The pKa dependence ofkH+ is due to transfer
from RH+ to A- (step 2 in eq 5a) and can be expressed in
terms ofkH+0, the rate constant for proton transfer from a
surface-bound protonated His:

Table 1: Rate Constants Used for the Fit of the Bro¨nsted Plot
(Figure 6)a

rate constant value rate constant value

kon 1 × 1010 M -1 s-1 k1
0 106(1 s-1

koff 1 × 108 s-1 k-1
0 1011(1 s-1

kH+0 1 × 105 s-1 k2 1010(1 s-1

a The three rate constants in the first column were determined from
the fit of eqs 7 and 8 to the data in Figure 6. Their reliability is estimated
to be within a factor of 2. The three rate constants in the third column
were estimated by applying additional constraints (see text). They are
reliable to an order of magnitude as indicated. The superscript 0 refers
to rate constants for imidazole.

RH+ + A-Glu- {\}
kon

koff
RH+(A-Glu-) (6)

k(2) ) kon

kH+

koff + kH+
(7)

(QA
-•QB)A-GluH 98

kET
(QAQB

-•)A-GluH (5b)
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wherek* is the rate constant for isoenergetic proton transfer
from RH+ to A- [i.e., pKa(RH+) ) pKa(AH)] and pKa(RH+),
pKa(AH), and pKa(His) are the pKa values for RH+, AH,
and His, respectively. The determination ofkH+0 provides
an estimate of the proton transfer rate constant in the native
RC. Since the functional moeity of imidazole is analogous
to that of the replaced imidazole groups of His-H126 and
His-H128, we assume that imidazole is a good analogue of
the surface-bound His and as a consequence pKa(His) =
pKa(imidazole).

We now use eqs 7 and 8 to fit the observed pKa

dependence ofk(2) shown in Figure 6. Use of the additional
constraintKD ) koff/kon ) 10 mM reduces the number of
free parameters for this fit to two. The resultant fitting
parameters are shown in bold in Table 1. The value forkH+0

was determined to be

with an uncertainty of a factor of approximately 2 (see Table
1). The good fit of the model to the observed pKa dependence
of k(2) (Figure 6) shows that this model adequately describes
the behavior of all the acids used in this study and supports
the initial assumption that the predominant kinetic difference
between acids is the rate constant for proton transfer from
RH+ to A-. In particular, any variation inKD between acids
over the measured range is minor compared to the magni-
tudes of the changes in the proton transfer rates. Our previous
estimatesfor kon and koff (previous section) were within error
the same as determined from the fit. Note thatkH+0 is larger
thankAB

(1) by approximately 2 orders of magnitude (Figure
2), further justifying the use of a steady state approximation.

To gain a better qualitative understanding of the process,
we shall now consider some limiting cases predicted by the
model. One of the features of the model is the predicted
change in the rate-controlling step for different acids. For
acids with a pKa(RH+) of <4, proton transfer from RH+ to
A- (step 1 in eq 5a) is favorable. Therefore, a maximal rate
of proton transfer is achieved, and the rate is limited by the
rate of association at (diffusion to) the active site. Hence,
k(2) reaches a maximum that is determined by the diffusion
rate of the acid, which isindependentof the acid pKa. For
acids with a pKa(RH+) of >4, proton transfer from RH+ to
A- is unfavorable. Thus, the rate of transfer is the product
of the fraction of bound protonated acid (given by 1/KD, for
our situation where [RH+] < KD) and the rate constant for
proton transfer from RH+ to A- (kH+), which is strongly
dependenton the pKa of the acid. Thus, the rate law for the
second-order rate constantk(2) is approximated by eq 10:

From a knowledge ofk(2) and KD, we obtainkH+ using eq
10b.

A second method for estimatingkH+0 uses eq 8 and the
limiting value measured for trimethylamine (kH+ ∼ 130 s-1).
The proton transfer rate constant for transfer from imidazole
(kH+0) should be greater due to its 2.8 unit lower pKa value
(eq 8) by a factor of 102.8, yielding a value of∼105 s-1 for
kH+0, the same as calculated above in eq 9. It should be noted
that althoughkH+0 was determined from the data acquired at
pH 9, similar values ofk(2) were obtained at pH 8.5 and 9.5,
indicating that this rate constant is approximately pH
independent. Thus, we suggest thatkH+0 is a good estimate
at physiological pH values.

Proton Transfer to QB-•. In the above discussion, we
determined the rate of proton transfer from the RC surface
through the proton transfer pathway to Glu-L212 (Figure 1),
which subsequently supplies this proton to QBH- (1, 3-5).
The same approach was used to evaluate proton transfer to
QB

-•. A decrease in this rate was observed in the double-
mutant RC (24). This proton transfer is coupled to electron
transfer in an analogous manner, giving rise to an observed
rate constantkAB

(2) (QA
-•QB

-• + H+ a QA
-•QBH• f

QAQBH-) that is rate-controlled by electron transfer in the
native RC. In the double mutant RC,kAB

(2) was slower than
in the native RC and became rate-controlled by proton
transfer (24), which could similarly be increased by the
addition of external cationic acids. However, the absolute
values of kAB

(2) differ from those reported forkAB
(1). In

particular, the limiting value measured with trimethylamine
was∼5-fold smaller (data not shown). Although bothkAB

(2)

andkAB
(1) were enhanced, they did not reach the same values,

indicating that internal proton transfer was rate-controlling.
We estimate the rate constant of proton transfer associated
with kAB

(2) from the surface-bound imidazole to QB
-• to be

∼2 × 104 s-1 by applying the second method for calculating
kH+0 described above. This value is consistent with previously
proposed lower limits of 103 s-1 for the proton transfer rate
constant deduced from the observation that the rate constant
of proton transfer is greater thankAB

(2) (23, 24, 38, 39). The
pathway for this proton transfer shares the involvement of
the surface His-H126 and His-H128 (24), Asp-L210 and Asp-
M17 (23), and Asp-L213 (4, 22) (Figure 1). It differs at the
internal terminus where Ser-L223 bridges the oxygen of Asp-
L213 and the distal oxygen of QB (Figure 1). The smaller
proton transfer rate constant may reflect the lower pKa of
QBH• compared to that of Glu-L212 (i.e., pKa ∼ 4.5 vs 8.5)
(38, 39).

Importance of the Intermediate State for Fast Proton
Transfer.The estimated rate constant of proton transfer in
the bacterial RC over∼20 Å is comparable to that observed
in carbonic anhydrase, in which proton transfer occurs over
∼9 Å from the imidazole group of His-64 to a Zn2+-OH-

(28, 30). We attribute the fast rate over the larger distance
reported here to the presence of the intermediate proton
acceptor group A-. If it is assumed that A- is one or more
of the electrostatically interacting carboxylic acids shown
in Figure 1, each step in the proton transfer process occurs
over ∼9 Å (or less) bridged by water molecules. Thus, we
postulate that the relatively fast rate of proton transfer over
∼20 Å in the bacterial RC is achieved by breaking the proton
transfer process into (at least) two sequential, shorter proton
transfer steps.

Electrostatic Interaction between the Acid and the RC
Surface: Determination of the pKa of AH. Of fundamental

kH+ ) k* × 10-[pKa(RH+)-pKa(AH)] )

kH+
0 × 10-[pKa(RH+)-pKa(His)] (8)

kH+
0 = 105 s-1 (9)

k(2) = kon pKa(RH+) < 4 (10a)

k(2) =
kH+

KD
pKa(RH+) > 4 (10b)
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importance in determining the individual rate constants and
the energy landscape for the stepwise proton transfer process
is the determination of the pKa of AH, which is related to
pKa(RH+) via the Brönsted plot (Figure 6). The decrease in
k(2) with increasing salt concentrations (Figure 5) shows that
there is an electrostatic attraction between the positively
charged (protonated) acid and the negatively charged region
of the RC surface at the entrance of the proton transfer
pathway. This interaction energy increases the pKa of the
acid pKa(RH+) upon binding. To determine the magnitude
of the shift in pKa(RH+) upon binding, we first evaluate the
effective surface charge on the RC. From the Debye-Hückel
limiting law, we relate the change in rate to the effective
surface charges of the acid and the RC (eq 11) (40).

wherek(2) and k(2)* are the second-order rate constants at
two ionic strengths differing by∆I, C is a constant [0.58
(25 °C) (40)], and ZRC andZRH are the charges on the RC
surface and the acid RH+, respectively. SinceZRH ) 1 for
the acid,ZRC obtained from the slope of log[k(2)] versus∆I1/2

(Figure 5) is-1.8( 0.1. Thus, the second-order rate constant
is electrostatically enhanced by the negative charge on the
RC surface at the cytoplasmic entrance of the proton transfer
pathway.

We estimate the interaction energy,δ∆G (in eV), using
Coulomb’s Law (eq 12).

where ε is the dielectric constant andr is the distance
between two point charges (in Å) with magnitudesZRC and
ZRH (in electron charges). To estimate the distancer, we used
the imidazole group of His-H126 in the native RC as a model
for the bound imidazole (Figure 1). This results in an average
distance of 6 Å between the imidazole proton and the oxygen
atoms of the nearby carboxylic acids at the RC surface. A
value of∼25 forε was obtained from the empirical distance-
dependent relation [ε ) 1 + 60(1 - e-0.1R), whereR is the
distance between the two charges] (41). Using these values
in eq 12, we obtain a rough estimate of the interaction energy
δ∆G of ∼180( 90 meV. This interaction energy results in
an increase in the pKa of the acid upon binding of∼3 units,6

which results in a pKa of the bound imidazole of∼10. The
increased pKa deduced from this analysis is qualitatively
consistent with elevated values of∼7-8 for the pKa of His-
H126 and/or His-H128 in the native RC which were
determined from the pH dependence of metal binding (42,
43) and the free energy for QB reduction (44). However, these
experimental estimates of the pKa of His are smaller than
the value calculated above, suggesting that the energy of the
interaction between the surface and the bound rescuing acid
may be overestimated by∼2 pKa units by using the empirical
relation of the dielectric constant.

Having estimated the effect of binding on the pKa of RH+,
we can now assess the pKa of AH. As discussed above, the
turning point in the Bro¨nsted plot occurs approximately when
pKa(RH+) ) pKa(AH). For our situation with an intermediate
acceptor group, a correction to the value of the pKa from
the value at the turning point is required,5 yielding a solution
pKa of ∼2 for RH+. Once the RH+ group binds to the RC
surface, its pKa is increased to between 3 and 5. Thus,
pKa(AH) is between 3 and 5, suggesting that it is a carboxylic
acid group.

The most likely candidates for the intermediate acceptor
A- are the carboxylates of Asp-L210, Asp-L213, Asp-M17,
and Asp-H124, located between the imidazole binding site
and the final proton acceptor groups in the RC interior (near
the end of the red line in Figure 1). This group of acids forms
an electrostatically interacting cluster (8, 9) that may act as
a single unit.

IndiVidual Rate Constants and Energy Landscape for
Proton Transfer from the Surface to Glu-L212.The energy
landscape of the proton transfer process is determined by
the individual rate constants that comprisekH+. To obtain
their values, we first apply (in a manner analogous to eq 7)
a steady state analysis to expresskH+0 as the product of k10

and the branching ratio k2/(k-1
0 + k2) (see eq 5a):

where k10 and k-1
0 are the forward and reverse proton transfer

rate constants, respectively, for transfer from imidazole to
A-. Since there are three unknown parameters (k1

0, k-1
0, and

k2) to fit one experimental number (kH+0), we need additional
constraints. The rate constant k1

0 for proton transfer from
bound imidazole to A- can be no smaller than the overall
proton transferkH+0 (105 s-1) (eq 9); i.e., k10 g 105 s-1. An
upper limit is established by noting that k1 is not likely to
be greater than 1012 s-1, the rate of proton exchange in water
or the first-order proton release from photoinduced superacids
(45-47). This limit applies to bound acids with the greatest
proton driving force, i.e., solution pKa = 2. Thus, k10 will
be smaller due to the∼5 unit larger solution pKa of
imidazole; the same difference is obtained for the bound pKa

values since the electrostatic interaction with the surface is
approximately the same for all buffers. Using eq 8, we
estimate k10 to bee107 s-1 (i.e., 107 s-1 g k1

0 g 105 s-1).
After binding has occurred, the pKa of imidazole will increase
by ∼3 units (as discussed in a previous section) due to its
electrostatic interaction with the charged RC surface. Thus,
the ∆pKa for proton transfer from the bound imidazole to
AH is approximately-5. Therefore, K10 ) k1

0/k-1
0 ) 10-5,

and 1012 s-1 g k-1
0 g 1010 s-1. Using the Boltzmann factor

and the range for k10 in eq 13, k2 is constrained to be between
109 and 1011 s-1. The values of k10, k-1

0, and k2 obtained
from the constraints discussed above represent order of
magnitude estimates. They are less well determined than the
values of kon, koff, and kH+ obtained from the fit to the
Brönsted plot (see Table 1).

An approximate energy profile for the proton transfer
process is obtained from the estimated values for the pKas
of the bound imidazole (pKa = 10), AH (pKa = 5), and Glu-
L212 (pKa = 8.5) (3-5).3 Proton transfer from the bound

6 The free energy difference between the proton donor (RH+) and
acceptor (A-) [δ∆G ) kT ln KEQ (k is Boltzmann’s constant, andKEQ

is the equilibrium constant)] can be written in terms ofδpKa by noting
thatδpKa ) -log KEQ. Thus,δ∆G ) -2.3kT δpKa. A pKa change of
1 unit is equivalent to a change inδ∆G of ∼60 meV at room
temperature.

log[k(2)/k(2)*] ) 2CZRCZRH[∆(I1/2)] (11)

δ∆G ) 14.4ZRCZRH/εr (12)

kH+
0 ) k1

0 k2

k-1
0 + k2

(13)
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protonated imidazole to A- is unfavorable by∼300 meV
(30 kJ/mol, 7 kcal/mol) due to the smaller pKa of AH (∼5
units). However, proton transfer from AH to Glu-L212 is
favorable by∼210 meV due to the greater pKa (∼3.5 units)
of Glu-L212. Thus, the uphill proton transfer to A- is
followed by a downhill proton transfer to Glu- (Figure 7).

Although our experiments were performed on the bacterial
RC, the approach described in this paper can be applied to
other transmembrane systems, such as bacteriorhodopsin
(48), cytochrome oxidase (49, 50), and the cytochromebc1

complex (51, 52), to evaluate the rates of proton transfer as
well as the pKas of the proton transfer components.

SUMMARY

The main goal of this study was to obtain the rate constant
kH+ for proton transfer through the physiological proton
transfer pathway in the bacterial RC (eq 2), a bioenergetic
system in which proton transfer is not rate-controlling for
the electron transfer reactions. This was accomplished by
the following strategy.

(1) Create an analogous system in which proton transfer
becomes rate-controlling by removing surface amino acid
side chains (proton donors) located at the entrance of the
proton transfer pathways. The imidazole groups of the surface
His-H126 and His-H128 were removed since (i) they were
the most likely candidates of the proton transfer pathway
that could be removed with little structural perturbations and
(ii) their function could be restored by exogenous proton
donors (rescuers) (RH+) with essentially no structural
constraints because the rescuing acid interacts with the
protein surface.

(2) Determine conditions that provide the greatest differ-
ence inkAB

(1) between native and mutant RCs.
(3) Determine the effect of adding exogenous acids on

kAB
(1) to obtain a second-order rate constantk(2) for the

chemical rescue (eq 4). This was done over a wide range of
concentrations and pKa values. Rescue with acids having pKa

values at least 5 units smaller than imidazole was used to
deduce the existence of an intermediate state (i.e., a change
in the slope of the Bro¨nsted plot).

(4) Measure the dissociation constantsKD of the acids
(Figure 4).

(5) Develop a kinetic model (eq 5) to fit the observed pKa

dependence ofk(2).
(6) Use the rate constants obtained from the fit to

determine kH+0 (eq 9). Upon application of additional
constraints, an approximate energy profile for the proton
transfer process could be deduced (Figure 7).

(7) Since the functional group of the bound imidazole
rescuer is the same as that of His-H126 and His-H128 in
the native RC,kH+0 should be the same as in the native RC.

Thus, from the concentration dependence of the observed
rate and the pKa dependence ofk(2) measured over a wide
range, we were able to deduce the existence and pKa value
of an intermediate state, estimate its free energy, and
determine the individual rate constants for proton transfer
through a pathway that traverses∼20 Å.

Although the data presented in this paper apply to the
bacterial RC, the general idea and strategy should be
applicable to the study of long-distance proton transfer
through other proteins.
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