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ABSTRACT. The bacterial reaction center (RC) converts light into chemical energy through the reduction
of an internal quinone moleculegQo QsH>. 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 Ath3. This
resulted in a reduction in the observed proton-coupled electron transfer rateQgGIu~ + HY —
(QaQs*)GIuH], which became rate-controlled by proton uptake to Glu-L21@€dlfoth, P., et al. (2001)
Biochemistry 4014538-14546]. 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 cokgfémor the “rescue” of the rate was determined.

k) is a function of the proton transfer rate and the binding of the acid. The dependdgg®nfthe acid

pKa (i.e., the proton driving force) was measured over Q pKits, resulting in a Bhosted 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 constaét ef!

was determined for transfer from the bound imidazole group to Glu-L212 (over a distanc20ah).

The same method was used to determine a proton transfer rate constant d®*2s™! for transfer to

Qg*. 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 giransfer components, in a variety of
proton translocating systems.

The field of bioenergetics deals to a large extent with the rate constants is crucial for achieving a basic understanding
study of electron and proton transfer reactions catalyzed by of these processes. In many cases, proton transfer is coupled
membrane proteins. With the determination of the three- to other reactions that are rate-controlling and, consequently,
dimensional structures of several membrane-bound com-proton transfer cannot be directly assessed.
plexes involved in energy conversion, we are now in a We report here a general strategy for determining the
position to address in detail the mechanisms of these proton transfer rate constant in such a system. We apply this
processes. Of fundamental importance to the understandingapproach to proton transfer in the bacterial reaction center
of these reactions is the determination of the rate constants(RC) from Rhodobacter(Rb) sphaeroides which is a
for the individual reaction steps. Because many of these transmembrane protein complex that catalyzes the light-

reactions involve proton transfer, the determination of their induced electron and proton transfer reactions leading to
reduction and protonation, respectively, of a bound quinone

molecule @ (eq 1) @, 2).
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Qs + 26 + 2H' + 2w —= QgH, 1)

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 Qand then to @, the
secondary quinone. In photosynthetic membranes, the protons
required for the reduction of the quinone to quinol (eq 1)
come from the cytoplasm. Thegf, leaves the RC and is
oxidized by the cytochrombc, 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 £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 Q to Qs, the pseudo-first-order rate
constantkag®, which can be directly measured through
transient absorbance change®-6). A prerequisite for
electron transfer is the protonation of Glu-L213—09).
Above pH~8.5, kag™® decreases with increasing pH due to b His-H128
the ionization of Glu-L212 and other coupled carboxylic acid , . ,

. . Ficure 1: Part of the reaction center crystal structure showing the
groups 6—10). We represent this reaction as a two-Step poton transfer pathways Rb. sphaeroidedNater molecules are

process shown in eq 2. shown as spheres. Potential hydrogen bonds are represented by
dashed lines. The proton transfer pathways connecting the surface

) to the @ site share the entry point and several carboxylic acids
AB (red line) before branching to Glu-L212 (blue line) or tg Q@

> (magenta line). Although protonation (neutralization) of Glu-L212

- ker i?].required for the fifrst eldectrorp] reduction |o§® procefed c(jeq@Zc},Q
- - > - > -- this proton is transferred to the proximal oxygen of reduc
Q1" Qu)GIu™ + H' Q' Qe)GluH (QaQa )GluH only after formation of @H™ (green line) ). The coordinates were
2 obtained from PDB entry 1A1J1Q).

, its replacement0). However, since Pro is not a protonatable
where Glu represents Glu-L21R,+ is the rate constant_for' residue, we believe that its effect is brought about by
proton transfer from the RC surface to Glu-L212, which is gy ctural changes. Even though the proton pathway is quite
the rate-controlling step in proton uptake from solution, and long (~20 A), the rate of proton uptake in the native RC is
ker (10°—10° s7) (3-5, 11-16) is the observed rate of ot rate-controlling and, hendey: is not directly measurable.
electron tr.a}nsfer. In th%)nanve RC, uptake of i fast.and This raises the following questions: (i) how fast is proton
reversible; i.e.k > kag'™. Thus, the kinetics of the Q*Qg transfer, and (i) how is the relatively fast transfer achieved?
— QnQs ; ele_ctron transfer at high pH _result in a single To address these questions, we developed a system in
e?rionfentlzti_l with fa ratet corlst(;in(t;elzquLaz.kfeza t'm? trr:ehsteagy which proton transfer was rate-controlling by removing key
state raction ot protonate u- , WhICh Nas DEeN ¢, ctional groups. The two surface His residues at positions

assigned a pKvalue in the range of 8:510 (3—6).2 The 126 and 128 were re :
: placed with Ala [HA(H126)/HA(H128)],
proton from Glu-L212 is subsequently transferred to reduced thereby removing the imidazole grouggs. In this double-

Qai_'sugpg/i_nSQ one of the two protons involved in forming mutant RC, the proton transfek,: became the rate-
QsHz (1, ): controlling step forkag® (eq 2). Measurements of gQ

_tThhe t(%.motleculi 'i Io%ﬁt?ﬂ n t?e |mt?rr1|0r—g(f) th_?hRC’ stability and proton uptake were like in the native RC,
without direct contact wi e cytoplasni {-20). e suggesting little if any structural or electrostatic alteration

pathway for proton transf(_ar has beer) ShOVY“ by site-directedat the @ site resulting from the amino acid replacements
mutagenesis and metal binding studies to involve Asp-L213 (24). Fast proton transfer could be restored (rescued) by
(3.' 21, 22), Asp-l__210 and Asp-M178(, 23), and the surfacg adding chemical analogues of the removed group, as has been
His-H126 and His-H12824), which connect the cytoplasmic previously performed in other systen26¢31)

surface of the protein to Glu-L212 (F.ig.ure 1). The nearby When pH > pK(Glu-L212), the observed rate constant
Pro-L209 has been proposed to participate in the pathway g® in this double-mutant Ré was increased by the addition
based on changes in the observed rate of proton uptake upo 3 cationic proton donors such as imidazoB) At low

- _ ) concentrations, the increase was directly proportional to the
2The assignment of the apparent pk a single group is an

approximation, since there are many titrating groups in the RC that concentration of protonated imidazole ([Imidhi as ex-

interact electrostatically, leading to nonclassic titration behavior Pressed in eq 3:
(7—10). However, experimental results have shown that at pH 9, at

which our measurements were taken, Glu-L212 is the major contributor kH
(3—6).

= kAB(l) = Kackep T k(2)[|midH+] ©))
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where lgckep is the background rate constant observed with pH of 9. The observed rate, which depends on the acid
no added acid, attributed to proton delivery byCH (24), concentration, is the focus of this work. The minor phase

andk is an apparent second-order rate constant that containg~25%) was not associated with proton uptake and had the
information about the rate of proton transfer to Glu-L212. same rate constant as in the native RC. The conditions were

A correlation betweelkz and the pK of the rescuing acid
was observed32) which provides additional support for the

2 uM RCs in 50 mM KCl, 0.04%3-p-dodecyl maltoside,
pH 9, and 21°C.

structural and electrostatic near equivalence of the native and Fittings. All fittings were performed using the nonlinear

double-mutant RCs. If the effect of the mutation were due

fitting algorithm Origin 6.1 (OriginLab Corp.).

to secondary effects such as a structural or electrostatic Model for the Dependence ofdd on Acid Concentration.

change, a correlation betwedgp, and pk; would not be
expected.

The dependence dig® in the double-mutant RC on acid
concentration (eq 4) was modeled with the Michaelis

Having established that this system is a good analogueMenten equation (eq 4).

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 transfeAGy) by
using rescuing acids, R with different pK, values that
result in changes k). Modeling of the observed depen-
dence ofky on AGy required the introduction of an

keaflRH']

&) _
[RHT] + Ky,

- kBCKGD - (4)

kAB

where [RHT is the concentration of the cationic rescuing
acid, ket is the catalytic or limiting rate constant, akg is
the Michaelis-Menten constant, which is equal kg./K:z)

intermediate acceptor state and enabled us to determine th€35). The concentration of acid was calculated from the total

proton transfer rate constaki+ and the energy profile for
the proton transfer process.

MATERIALS AND METHODS
Reagents and Quinoned,g (2,3-dimethoxy-5-methyl-6-

concentration of the rescuer [R) and its solution pK
[[RH] = [Rliwota/(1 + 10PHPKI)]. At a low RH' concentra-
tion, eq 4 simplifies tdkxg™® — Ksckep = kp[RH'] (eq 3).
Thus, the apparent second-order rate constgntan be
determined from the initial slope of a plot &fz™® versus
[RH*]. At high acid concentrations, the rate reaches a

decaisoprenyl-1,4-benzoquinone) was obtained from Sigmadimiting value given byke. For all of the measurements

prepared in ethanol, dried under nitrogen, and solubilized in
1% LDAO (lauryl dimethylamineN-oxide). The following
acids were used in this study: pyrimidine (pk 1.2),
triazole (pk, = 2.3), 4(5)-imidazolecarboxaldehyde (pk
4), 1-methylimidazole (pKk= 7.0), imidazole (pK = 7.0),
and morpholine (pK= 8.4), obtained from Aldrich; pyridine
(pKa= 5.4), 2-methylimidazole (pk= 8.0), and piperazine
(pKa = 9.7) from Fluka; trimethylamine (pK= 9.8) and
methylamine (pK= 10.5) from Sigma,; tris (pK= 8.3) from
Boehringer Mannheim; and ammonia @pk 9.0) from
Fisher. All other reagents were of analytical grade.
Site-Directed Mutagenesis and Preparation of Reaction
CentersThe His-H126— Ala/His-H128— Ala [HA(H126)/
HA(H128)] double mutant was constructed as described
previously @4, 33). RCs fromRb. sphaeroide®26.1 and
mutant strains were purified to af8YA8 ratio of <1.3 in
LDAO as described previously3§). The @ site was
reconstituted by addition of a-34-fold excess of g in 1%
LDAO, followed by dialysis against 15 mM Tris, 0.1 mM
EDTA, and 0.04%5-p-dodecyl maltoside.

Electron Transfer Measurementsbsorbance changes in

reported in this workkca: = Kytket/(ket + ker) (35). Under
conditions in which internal proton transfer remains rate-
controlling ker > ky+) at all acid concentration&ga: = kit
andKy = Kp (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 pathwa&4.(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 g(eq 2) in the double mutant RQ4).

This result is explained by the strong proteglectron
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 ofak™ on Acid Concentration: Determina-
tion of the Second-Order Rate Constag knd the Dis-

response to a laser flash were measured using a setup ofqcjation Constant K of the Acid.An important aspect of

local design 12). Actinic illumination was provided by a
Nd:YAG laser (Opotek, Carlsbad, CA). The pseudo-first-
order rate constarkss® for electron transfer (eq 2) was

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

determined from transient absorbance changes monitored afransfer (eq 2) on acid concentration. We measured this
750 nm following a single laser flash. The spectral changes dependence at pH 9, where the maximal difference between

result from a charge-induced spectral shift of a nearby
bacteriopheophytin molecul&1—16). The observed kinetics

the double mutant and native rates was obser2djl (n
the double mutant, the observed kinetics exhibited two phases

were fitted to the sum of two exponentials. The rate constant (rigure 2). The major phase~{5%) is associated with

for the major phase75% at pH 9) is associated with proton
uptake and is attributed to the fraction of RCs with Glu-
L212 initially ionized @4);3 this fraction is determined by
the difference between the pkdf ~8.5 and the operating

3 For simplicity, we assign the measured kinetic,mf 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).
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. FicurRe 4: Dependence of the slow phase kfs® on the
FIGURE 2! ?rotorl-coupled _electron transfer rate of €q 2 concentration of protonated trimethylamine (RH Since the
[(Qa™*Qe)Glu” + H" —~ (QaQp*)GIluH] in the double mutant RC  regcyed value diag® is smaller than the native value (see Figure
for the indicated imidazole concentrations. The kinetic rise has two 3), the observed rate remains limited by the rate of proton delivery.
phases. The smaller, faster phase is attributed to the fraction OfThus, from the fit to eq 4 (solid line), we obtain a dissociation

RCs in which Glu-L212 is initially protonated at pH 9 (pk 8.5) constanKp of 10 + 2 mM. The conditions were the same as those
(24). The larger, slower phase is attributed to the fraction of the yascriped in the legend of Figure 2.

RCs in which Glu-L212 is initially ionized. The slower phase is a
consequence of slow proton delivery to the RC surf&eg. (This
phase was fitted to a single exponential (not shown) with a rate
constantkag™®. As the concentration of imidazole was increased,
kag® increased, but the amplitude remained constant. At 50 mM
imidazole kag® was essentially the same as measured in the native
RC. Experimental conditions: @M RC, 50 mM KCl, 0.04%3-p-
dodecyl maltoside, pH 9, and 2C (average of-15 traces).
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FIGURE5: Second-order rate constdgs for imidazole as a function
of the change in the square root of the ionic strenyh2, with
reference td = 10 mM. The decrease ik with increasingl?
shows that electrostatic attraction enhances proton delivery to the
RC surface. This shows that the protonated cationic form of the
2004 1 acid is the active form. The solid line is a least-squares fit of the
data to eq 11. The slope i51.9 &+ 0.1. The conditions were the
same as those described in the legend of Figure 2.
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FiGURE 3. Dependence of the slow phase kfs® on the to obtain k). For imidazole (GN:Hs", pKa = 7.0), kg

concentration of protonated imidazole (RHThe value ofkas™ equaled (2.2+ 0.2) x 10’ Mt st at pH 9.0. This rate

was determined from an exponential fit to the slow phase of the exhibited a weak pH dependence, decreasigfold as the
kinetic rise (see Figure 2). In the double mutdng® is limited pH was increased from pH 8.5 to 9.5

by the rate of proton delivery to the RC surfa2d)( which depends . . _
on the concentration of the proton-carrying imidazole. The second-  For trimethylammonium [(CE)sNH™, pK, = 9.8], kas®

order rate constari, was obtained from a fit of eq 4 to the data  reached a limiting value of 360 5(Figure 4), which is 130
(solid line). At high imidazole concentrationk,s™ reaches the  s! greater than the background rate. Since this rate constant
native value, which becomes rate-controlled by electron transfer jg significantly smaller tharker, proton transfer remained
:‘ET (eq 2). The conditions were the same as those described in therate-controlling at all acid concentrations. Therefd{g,in
egend of Figure 2. : ; o .

eq 4 is the dissociation constaip of the acid molecule
proton uptake from solution and is attributed to rate- (Kp = 10+ 2 mM; see legend of Figure 4).
controlling proton uptake to Glu-L212 in the major fraction Dependence ofik on Salt ConcentrationTo assess the
of RCs with Glu-L212 initially ionized; under these condi- importance of electrostatic interaction between the acid and
tions, Glu-L212 has an apparent i€ ~8.5 (24).2 This slow the RC surface, the salt dependence of the measured second-
phase was-6-fold slower than in the native RC, but its rate order rate constark, for imidazole was determined (eq 4).
could be increased (rescued) by the addition of imidazole The value ofky) decreased as the salt (KCI) concentration
(pKa~ 7.0) to native-like values (1200 (Figure 3) which increased. For imidazole as the rescuing acid, lgg
become rate-controlled by electron transf2d)( We will decreased linearly as a function of the change in the square
focus on this phase and calkits™ throughout the remainder  root of the ionic strengthA(1Y?), with a slope of—1.9 4+
of this paper. The minor phase25%) occurs in the fraction 0.1 (Figure 5).
of RCs that contain protonated Glu-L212 and is not associ- Dependence ofkon Acid pk: Bronsted Plotln addition
ated with proton uptake2d); this phase has the same rate to imidazole, other small cationic acids could “resckgs®
constant as the native RC. The dependendegP on the in the double mutant RC. The second-order rate constant
acid concentration was determined (Figure 3) and eq 4 usedk;) was determined at pH 9.0 for each rescuing acid, and
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controlling 4). Addition of various acids resulted in

11
1010 increases irky+, which were reflected in larger values of
— 1077 kae® (eq 2) that were related to the concentration and pK
“o 1074 of the acid. From the dependence of the observed rate on
= 10%4 the acid concentration, we obtained an apparent second-order
2 107 rate constank), which is a function of the individual rate
3 constants for proton transfer in this multicomponent pathway
T 10°4 (Figure 1). Crucial to the understanding of the proton transfer
10°4 processes is the determinatiorkgf over an extensive range
4 of acid pK; values &9 pK, units) and the development of a
10°3 kinetic model to describe the observed behavior. Since
10° T - T T y previous kinetic results suggest that these of this mutant
0 2 4 6 8 10 : ;
pK (RH) RC is structurally and electrostatlcglly analogous to that of
a the native RC Z4), the results obtained on the mutant RC

Ficure 6: Bronsted plot ofkg) as a function of the pKof the should be applicable to the native system. We begin our
rescuing acid in the double mutant RC. The valuekgfwere discussion with a qualitative description of the observed pK
obtained from the fit of eq 4 to the observed dependendegs? dependence df

on the acid concentration (see Figures 2 and 3). Below aghK ] 2 ) )
~4, Kz reaches the diffusion limit of-10'° M~1 s~1. At higher General Acid Catalysis: Hdence for an Intermediate
pKa values_,k(z) decrt_aases with increasing gpkcharacteristic of Proton Acceptor GroupThe observed dependence lgf
general acid catalysisS€). The slope ok vs pK, changes when on the pK, of the acid (Bfmsted plot, Figure 6) is

the pK, of the bound donating acid matches that of the acceptor. s : .
Since the pk of the final acceptor Glu-L212 is much larger characteristic of general acid catalys&) Figure 6 shows

(pKa ~ 8.5) than the pKof the rescuing cationic acid at the break ~ that for low-pK; acids [pK(RH") < 4], kg reaches the
of the Bransted plot, an intermediate acceptor group must exist diffusion limit for small molecules of-10"* M~* s™%. This
(A7) within the proton transfer pathway. The data were fitted (solid indicates that the reaction is rate-controlled by the diffusion

line) using a steady state approximation (eq 7) and the pK of the rescuing acid, the ultimate limitation for bimolecular

dependence of eq 8 (Table 1). Note the good quality of the fit over - . . +
the range o9 pK, units. The donors that were used were (from reactions. For higher-pKacids [pK(RH") > 4], kg de-

lower to higher pk) pyrimidine (pK, = 1.2), triazole (pk = 2.3), creases with increasing pKThe negative slope of lofz)
4(5)-imidazolecarboxaldehyde (pK- 4), pyridine (pk, = 5.4), with pK, is the Brmsted coefficientr. In our casep = 1.
imidazole (pk = 7.0), 1-methylimidazole (pK= 7.0), 2-meth- |n general, one seldom observescaalose to unity, because

ylimidazole (pk;, = 8.0), tris (pk, = 8.3), morpholine (pK= 8.4), ; ; ;
ammonia (pK = 9.0), piperazine (pK= 9.7), trimethylamine the observed rate is usually dominated by the strongest acid

(pKa = 9.8), and methylamine (pk= 10.5). The conditions were 1N Solution, i.e., HO™ (pKa = —1.7). However, at pH 9 at
the same as those described in the legend of Figure 2. which our experiments were performed (because of the
largest difference between the double-mutant rate and the
the value ok as a function of the pkof the acid (Bimisted native rate), the concentration of®l" is very small (1 nM),
plot) (36) is plotted in Figure 6. The maximum value of resulting in a background rated«ep (eq 3) that is~6-fold
~10° M~1 s~ was observed for acids with a pielow 4  smaller than the native value fégg®.
(Figure 6). For acids with a pabove 4k decreased with The change in the slope of the Bisted plot occurs at a
increasing pK with a Brinsted coefficientt (the negative  pK, at which the rate-controlling step &, changes. This
slope of the line) of 1.0t 0.1. To generate the Bnsted  happens when the ptof the donating acidapproximately
plot, cationic acids with pKvalues ranging from 1.2 to 10.5  matches that of the acceptor group, which in our data occurs
were used (see Materials and Methods). near a pK of 4 (Figure 6)° At this pH, there is a change
Cationic acids with pKvalues of>11 did not resultina  from a proton transfer-controlled rate (for highery#c€ids)
measurable enhancement of the observed rate, nor did neutral

[d!methylarsmlc acid, (Cb)zASOZH.' pKa~ 7.5] or amomp 4We use the pKvalue that corresponds to the pH at which half of
[bicarbonate, HC®', pKa,~ 10] acids up to a concentration  the acid is protonated. The pkf an individual site of a diprotic acid
of 0.5 M. In addition, cationic nonprotonatable analogues, in which the two protonation sites are equivalent, such as imidazole,
i + di is larger by 0.3 unit than the pH at which half of the acid is protonated
tS#Ch SS tetr%me;[hylammomum [(@=N"], did not enhance (40). Thus, the extent of proton equilibration to #s decrease@-fold.
e observed rate. However, the level of binding of the acid to the RC surfadedseased
(up to 2-fold) due to the equivalence of the two protonation sites (as
DISCUSSION seen later in the Results). Because these two effects are compensatory,
the overall effectiveness of the acid is approximately reflected in the
The main goal of this work was to determine the proton designated pKvalues. This statement is supported by the equivalent

values ofk) measured for a monoprotic acid (1-methylimidazole) and
transfer rate constark,- for transfer from the surface of a diprotic acid (imidazole) with the same pKs defined above.

the RC to Glu-L212, the final acceptor in the first proton- — sfor the situation of proton transfer between two molecules
coupled electron transfer reaction (eq 2). The underlying (RH" and A7) in solution, the change in the slope of the'Bsted plot
difficulty in obtaining information about proton transfer %‘;gt‘ﬁec‘j"i’;‘tznstgiR;gt:trﬁ’é(?)(ﬁs*‘é)t é?@gg]aﬁéjﬁdgﬁig'oﬁﬁfoﬁ{;
processes in the native RC is that proton transfer is not rate-aploroxim‘,ﬂmy when DKR’H*) ~ pKo(AH). Strictly speaking, the onset
controlling and therefore cannot be directly observed. To occurs when § = ky*, whereky* = kiko/(k_1 + ko) (eq 13). Since
overcome this difficulty, we used the double mutant RC [His- ko > k-1 (Table 1), the change in slope occurs whepd koki/k—; =

. e - ; ko{ 107 IPKRHD)-PK(AHTY - which can be rewritten as pRH") =
H126— Ala/His-H128— Ala]. This mutant lacks the surface DR-(AH) + log(ke/ker). Log(ks/ker) as a valuie of-2 (Table 1), which

imidazole groups at the entrance of the proton transfer resyits in the onset of the pkiependence dfz when pk, = 4 (Figure
pathways, which results in proton transfer becoming rate- 6), being~2 pK, units greater than pAH).
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to a diffusion-controlled rate (for lower-pkacids). Because  1apie 1: Rate Constants Used for the Fit of thériited Plot
the final acceptor group (Glu-L212) is known to have a much (Figure 6y

higher pk, of ~8.5 (3—5), the group responsible for the

3 rate constant value rate constant value
change in the slope of the Bmsted plot must be an ” ETTITEE 0 TPiet
intermediate acceptor group in the proton transfer pathway. on 1 i 1Fst s kl, 0 101&153,1

. . off
This protonated group has become energetically more stable -0 1x 1P st ks 10t0£ g1
than the protanated aCId.S (RH ha_vlng a pi of <4. It aThe three rate constants in the first column were determined from
should be noted that the intermediate state would not havethe fit of eqs 7 and 8 to the data in Figure 6. Their reliability is estimated
been detected without the use of acids with, pElues that to be within a factor of 2. The three rate constants in the third column

are much smaller (b5 units) than that of imidazole, the Wwere estimated by applying additional constraints (see text). They are

chemical equivalent of the removed side chains. reliable to an order of magnitude as indicated. The superscript O refers
to rate constants for imidazole.

With the inclusion of this postulated intermediate proton
acceptor group that we shall calFAthe rescue okag™® is i _ _ o
composed of five steps. Four of these steps [(1) the binding, " the following sections, we discuss the individual steps
of the rescuing acid, RH (2) proton transfer to an involved in the 9hem|cal rescue. They provide the mgredlen_ts
intermediate proton acceptor group; ,A3) proton transfer of a mathematical model that is fitted to the data to obtain

to the final proton acceptor group, Gluand (4) dissociation the intrinsic equilibria and rate constants for proton transfer.
of the neutral acid, R] lead to the protonation of Glu-L212 From these results, we generate an energy Iandscape for the
(eq 5a). proton transfer process from the RC surface to the internal

proton acceptor groups.
. _ Binding of the Acid to the RC Surfac€&he first step in
RH" + A"Glu R +AGluH the chemical rescue dfs? (eq 5a) is the binding of the
cationic rescuing acid RHto the RC surface (eq 6).

Kon Korr ki | Kore
: —_ — kon —_ —
K, \ RH™ + A Glu kZﬁRHJF(A Glu") (6)
RH'(AGlu) %_—% R(AHGIu") &; R(A GluH)
K. k, Quantitative values for the intrinsic rate constants were
> obtained from the measured values of the dissociation
kit constantKp and k. The linearity of the Biasted plot over

(5a) a large range of pKvalues ¢7 pK, units) of acids with
differing structures suggests that there is no significant effect

where RH and R are the protonated and unprotonated forms of the acid structure oKp (i.e., k/kon). Consequently, we
of the acid, respectively, Ais the intermediate proton assume that theKp value of 10 mM determined for
acceptor group, Glu is the final proton acceptor Glu-L212 trimethylamine is the same for all acids used in this study.
(eq 2), kn and ke are the on and off rate constants of the  The value ofkg for low-pK, acids provides aestimate
acid molecule, respectively,oK is the off rate of the 5 5 diffusion-limited kn Of ~101° M~1 s°! (Figure 6).
unprotonated acid molecule, &nd k-, are the forward and  gjpce Ko = kei/kon = 10 mM, the value of g =~ 108 1
reverse proton transfer rate constants for transfer from the(TabIe 1).

acid to A, respectively, andiis the forward proton transfer Steady State Approximation: Determination of the Proton

rate cor?stant for transfe-r from AH to Glu-1212. Transfer Rate ConstanSSince the rates of acid binding
The fifth step (eq 5b) is the subsequent electron transfer (x  IRH+] ~ 10° st for [RH*] = 0.1 mM) and leaving
to Qs. (kot = 10° s1) are much larger than the observed rate
(kas® = 10° s79) [i.e., ko RH*], Kot > kag®)], the inter-
(Q,"Qu)A GIuH E,(Q Q. )AGIUH  (5b) mediate states reach a pseudo-steady state concentration
A B ATB during the observed reaction85. We therefore apply a
We indicate the individual rate constants of the underlying ?ézagg)s?;ee ig?rr%):émcagfsq;% }2?hign;rtéfjﬂi?zt;()tﬂesgu?me
react|on' scheme (eq Sa) by a nonitalic font, whereas the rate constant 4 and the probability that proton transfer
composite constants are in italics. The apparent second-orde[)rOCeedS to Glu-L212, given by the branching ratidkof/

rate constark,) is a function of the binding of the acid (i.e., R
kon and k) and the rate constant of proton trangfgr, the (Kotr + k) (39)- Thus, we expresk) as

value of which depends on the pléf the acid RH. The K,
rate constantky+ is itself composed of individual rate Ko =|(On—+ (7)
constants kK k_;, and k as shown. The dashed lines (eq 5a) ) Kot + Ky

represent the reverse reactions that are slow compared to

the forward steps (i.e., the rate of the reaction to continue in whereky+ is the proton transfer rate constant for transfer
the forward direction exceeds that for it to return to the from any of the rescuing bound acids to Glu-L212 (steps 2
preceding state, e.g.,.fk > k—p) and, therefore, do not and 3in eq 5a). The pidependence dé;+ is due to transfer
contribute to thek or ky+. We note that other intermediate  from RH" to A~ (step 2 in eq 5a) and can be expressed in
states which have yet to be detected may exist within the terms ofky+%, the rate constant for proton transfer from a
pathway. surface-bound protonated His:
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k. = k* x 107 PRARHO)-PKAAH] —

kH+O x 10 [PKa(RH")—pKy(His)] (8)
wherek* is the rate constant for isoenergetic proton transfer
from RH" to A~ [i.e., pK{(RH") = pK4(AH)] and pKy(RH"),

pK(AH), and pKy(His) are the pK values for RH, AH,
and His, respectively. The determination lgf° provides

Paddock et al.

A second method for estimatirky+° uses eq 8 and the
limiting value measured for trimethylamink¢ ~ 130 s%).
The proton transfer rate constant for transfer from imidazole
(k+9) should be greater due to its 2.8 unit lower pkalue
(eq 8) by a factor of 1%, yielding a value of~1(° s for
ky+0, the same as calculated above in eq 9. It should be noted
that althougtk,+° was determined from the data acquired at
pH 9, similar values ok were obtained at pH 8.5 and 9.5,

an estimate of the proton transfer rate constant in the nativeindicating that this rate constant is approximately pH

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 consequencgHi®) =
pKa(imidazole).

We now use egs 7 and 8 to fit the observed,pK
dependence df) shown in Figure 6. Use of the additional
constraintkp = Kei/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 valuefo?
was determined to be

ki, l=10s" (9)
with an uncertainty of a factor of approximately 2 (see Table

1). The good fit of the model to the observed,mependence

of k») (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 iip between acids

over the measured range is minor compared to the magni-

tudes of the changes in the proton transfer rates. Our previou
estimatedor kon and ky (previous section) were within error
the same as determined from the fit. Note thaf is larger
thankas® 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 pK(RH™) of <4, proton transfer from RHto
A~ (step 1in 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) reaches a maximum that is determined by the diffusion
rate of the acid, which independenbf the acid pK. For
acids with a pK(RH") of >4, proton transfer from RHto
A~ is unfavorable. Thus, the rate of transfer is the product
of the fraction of bound protonated acid (given b3/ for
our situation where [RH] < Kp) and the rate constant for
proton transfer from RH to A~ (ky*), which is strongly
dependenbn the pk, of the acid. Thus, the rate law for the
second-order rate constags) is approximated by eq 10:

Koy=Kon  PK(RH") <4 (10a)
kHJr +
Kepy = Ko pK (RH") > 4 (10b)

From a knowledge ok andKp, we obtainky+ using eq
10b.

S

independent. Thus, we suggest that® is a good estimate
at physiological pH values.

Proton Transfer to @. 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 teHD (1, 3—5).

The same approach was used to evaluate proton transfer to
Qs . 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 constantkag®@ (Qa™"Qs™ + HT = Qs *QgH* —
QaQgH") that is rate-controlled by electron transfer in the
native RC. In the double mutant RExs® 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 ofkag@ differ from those reported fokas™. In
particular, the limiting value measured with trimethylamine
was~5-fold smaller (data not shown). Although bdkks®@
andkas™® 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 kag@ from the surface-bound imidazole taQ to be

~2 x 10* s * by applying the second method for calculating
kq+* described above. This value is consistent with previously
proposed lower limits of 10s™? for the proton transfer rate
constant deduced from the observation that the rate constant
of proton transfer is greater th&ms@ (23, 24, 38, 39). The
pathway for this proton transfer shares the involvement of
the surface His-H126 and His-H1234j, 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 ofgFigure 1). The smaller
proton transfer rate constant may reflect the loweg pK
QgH* compared to that of Glu-L212 (i.e., pKk- 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 over20 A is comparable to that observed
in carbonic anhydrase, in which proton transfer occurs over
~9 A from the imidazole group of His-64 to a ZROH~
(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 Ais one or more
of the electrostatically interacting carboxylic acids shown
in Figure 1, each step in the proton transfer process occurs
over~9 A (or less) bridged by water molecules. Thus, we
postulate that the relatively fast rate of proton transfer over
~20 A 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 gkof AH. Of fundamental
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importance in determining the individual rate constants and Having estimated the effect of binding on theja RH™,

the energy landscape for the stepwise proton transfer processve can now assess the p&f AH. As discussed above, the
is the determination of the pkof AH, which is related to turning point in the Btasted plot occurs approximately when
pKy(RHT) via the Brasted plot (Figure 6). The decrease in  pKy(RH') = pK4(AH). For our situation with an intermediate
k2 with increasing salt concentrations (Figure 5) shows that acceptor group, a correction to the value of the, piém
there is an electrostatic attraction between the positively the value at the turning point is requireglielding a solution
charged (protonated) acid and the negatively charged regionpK, of ~2 for RH". Once the RH group binds to the RC

of the RC surface at the entrance of the proton transfer surface, its pK is increased to between 3 and 5. Thus,
pathway. This interaction energy increases thg pKthe pK4(AH) is between 3 and 5, suggesting that it is a carboxylic
acid pKy(RH™) upon binding. To determine the magnitude acid group.

of the shift in pk(RH*) upon binding, we first evaluate the The most likely candidates for the intermediate acceptor
effective surface charge on the RC. From the Detiyackel A~ are the carboxylates of Asp-L210, Asp-L213, Asp-M17,
limiting law, we relate the change in rate to the effective and Asp-H124, located between the imidazole binding site

surface charges of the acid and the RC (eq D). ( 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
logk k)] = 2CZpcZpl AIM)] (11) an electrostatically interacting clusted; ©) that may act as
a single unit.

wherekg, and kyy* are the second-order rate constants at Individual Rate Constants and Energy Landscape for
two ionic strengths differing byAl, C is a constant [0.58  Proton Transfer from the Surface to Glu-L21the energy
(25 °C) (40)], and Zrc and Zgy are the charges on the RC Iand'sca_lp_e of the proton transfer process is determlned by
surface and the acid RHrespectively. Sinc&gy = 1 for the_ individual ratg constant_s that comprige. To obtain
the acid Zc obtained from the slope of lok;] versusAl Y2 their values, we first apply (in a manner analogous to eq 7)
(Figure 5) is—1.84 0.1. Thus, the second-order rate constant @ Steady state analysis to exprége’ as the product of R
is electrostatically enhanced by the negative charge on theand the branching ratioKk-1° + ko) (see eq 5a):
RC surface at the cytoplasmic entrance of the proton transfer
pathway. 0_ .0 K,

. . . . . Kyo =Ky —F—— (13)

We estimate the interaction energyAG (in eV), using kflo + k,

Coulomb’s Law (eq 12).

where k° and k 1° are the forward and reverse proton transfer
rate constants, respectively, for transfer from imidazole to
A~. Since there are three unknown parametes’ kk,°, and
where € is the dielectric constant and is the distance k2) to fit one experimenta| numbek,_(JrO)’ we need additional
between two point charges (in A) with magnitudég and constraints. The rate constanf ifor proton transfer from
Zgy (in electron charges). To estimate the distaneee used  hound imidazole to A can be no smaller than the overall
the imidazole group of His-H126 in the native RC as a model proton transfeky (10F s7%) (eq 9); i.e., k® = 10F s™%. An

for the bound imidazole (Figure 1). This results in an average ypper limit is established by noting that is not likely to
distance 66 A between the imidazole proton and the oxygen pe greater than 0s%, the rate of proton exchange in water
atoms of the nearby carboxylic acids at the RC surface. A o the first-order proton release from photoinduced superacids
value of~25 for e was obtained from the empirical distance- (45-47). This limit applies to bound acids with the greatest
dependent relatiore[= 1 + 60(1 — e ®'¥), whereR is the proton driving force, i.e., solution pK= 2. Thus, k° will
distance between the two charge$]) Using these values  pe smaller due to the-5 unit larger solution pK of

in eq 12, we obtain a rough estimate of the interaction energy imidazole; the same difference is obtained for the boung pK
OAG of ~1804 90 meV. This interaction energy results in  values since the electrostatic interaction with the surface is
an increase in the plof the acid upon binding of-3 units? approximately the same for all buffers. Using eq 8, we
which results in a pKof the bound imidazole of10. The estimate k¥ to be<10"s1 (i.e., 10 s1 = k° = 10° s°b).
increased pKdeduced from this analysis is qualitatively  After binding has occurred, the pif imidazole will increase
consistent with elevated values-7—8 for the pk; of His- by ~3 units (as discussed in a previous section) due to its
H126 and/or His-H128 in the native RC which were electrostatic interaction with the charged RC surface. Thus,
determined from the pH dependence of metal bind#® ( the ApK, for proton transfer from the bound imidazole to
43) and the free energy forgJeduction §4). However, these  AH is approximately—5. Therefore, K0 = k;%k > = 1075,
experimental estimates of the pkf His are smaller than  and 102s 1> k_,°> 10 s, Using the Boltzmann factor

the value calculated above, suggesting that the energy of theand the range forRin eq 13, k is constrained to be between
interaction between the surface and the bound rescuing acidi(® and 10! s*%. The values of ¥, k_,°, and k obtained

may be overestimated by2 pK, units by using the empirical ~ from the constraints discussed above represent order of

OAG = 14, Zr, fet (12)

relation of the dielectric constant. magnitude estimates. They are less well determined than the
values of k,, ko, and ky+ obtained from the fit to the
6 The free energy difference between the proton donor(Rahd Bronsted plot (see Table 1).
acceptor (A) [0AG = KT In Keq (kis Boltzmann’s constant, arikq An approximate energy profile for the proton transfer

is the equilibrium constant)] can be written in termspK, by noting ; ; ;
thatopKs = —10g Keo. THUS,0AG = —2.3T 0pKa A pK. change of ~ PTOCESS iS obtained from the estimated values for thg pK

1 unit is equivalent to a change idAG of ~60 meV at room of the bound imidazole (pke 10), AH (pKa = 5), and Glu-
temperature. L212 (pKa = 8.5) (3-5).2 Proton transfer from the bound
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SAG

—— ENERGY

V  RHA G

FIGURE 7: Energy level diagram of the states involved in the proton
transfer reactions from the bound imidazole (RHo Glu-L212,

the final proton acceptor (eq 2). The rate constants are given in
Table 1. Proton transfer proceeds through an intermediate state AH
which is higher in energy than the initial state by300 meV
(0AGy). Proton transfer can then proceed downhill210 meV

to Glu-L212. The resultant forward proton transfer riaje (=10°

s™1) is shown. The reverse proton transfer (dashed arrow) contrib-
utes only at high rescuing acid concentrations.

protonated imidazole to Ais unfavorable by~300 meV

(30 kJd/mol, 7 kcal/mol) due to the smaller p&f AH (~5

units). However, proton transfer from AH to Glu-L212 is

favorable by~210 meV due to the greater pk~3.5 units)

of Glu-L212. Thus, the uphill proton transfer to~Ais

followed by a downhill proton transfer to GtuFigure 7).
Although our experiments were performed on the bacterial

Paddock et al.

(5) Develop a kinetic model (eq 5) to fit the observed,pK
dependence df).

(6) Use the rate constants obtained from the fit to
determine ky+® (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 RCky+? should be the same as in the native RC.

Thus, from the concentration dependence of the observed
rate and the pKdependence ok, measured over a wide
range, we were able to deduce the existence andvpkie
of an intermediate state, estimate its free energy, and
determine the individual rate constants for proton transfer
through a pathway that traversef0 A.

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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RC, the approach described in this paper can be applied toREFERENCES

other transmembrane systems, such as bacteriorhodopsin

(48), cytochrome oxidase4g, 50), and the cytochrombg
complex 61, 52), to evaluate the rates of proton transfer as
well as the pKs of the proton transfer components.

SUMMARY

The main goal of this study was to obtain the rate constant
ky+ 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
(i) 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 inkag® between native and mutant RCs.

(3) Determine the effect of adding exogenous acids on
kag® to obtain a second-order rate constdps for the
chemical rescue (eq 4). This was done over a wide range of
concentrations and pKalues. Rescue with acids having pK
values at least 5 units smaller than imidazole was used to

deduce the existence of an intermediate state (i.e., a changel8.

in the slope of the Bnasted plot).
(4) Measure the dissociation constamis of the acids
(Figure 4).
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