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ABSTRACT. The pathway for proton transfer tas@vas studied in the reaction center (RC) fr&nodobacter
sphaeroidesThe binding of Z&™ or C#* to the RC surface at His-H126, His-H128, and Asp-H124
inhibits the rate of proton transfer togQsuggesting that the His may be important for proton transfer
[Paddock, M. L., Graige, M. S., Feher, G. and Okamura, M. Y. (1998f. Natl. Acad. Sci. U.S.A. 96
6183-6188]. To assess directly the role of the histidines, mutant RCs were constructed in which either
one or both His were replaced with Ala. In the single His mutant RCs, no significant effects were observed.
In contrast, in the double mutant RC at pH 8.5, the observed rates of proton uptake associated with both
the first and the second proton-coupled electron-transfer reackigytd [Qa—*Qg—Glu~ + HT —
Qa*Qe—GIluH — QaQs*—GluH] andkag® [Qa*Qg™* + H* — Qa*(QsH)* — Qa(QeH) "], were found

to be slowed by factors of10 and~4, respectively. Evidence that the observed changes in the double
mutant RC are due to a reduction in the proton-transfer rate constants are provided by the observations:
(i) kas® at pH~ pK, of GluH became biphasic, indicating that proton transfer is slower than electron
transfer and (iikas® became independent of the driving force for electron transfer, indicating that proton
transfer is the rate-limiting step. These changes were overcome by the addition of exogenous imidazole
which acts as a proton donor in place of the imidazole groups of His that were removed in the double
mutant RC. Thus, we conclude that His-H126 and His-H128 facilitate proton transfer into the RC, acting
as RC-bound proton donors at the entrance of the proton-transfer pathways.

The reaction center (RE€jrom the photosynthetic bacte- of the membrane. In photosynthetic membranes, the reduced
rium RhodobactefRb) sphaeroidess a membrane-bound  quinol leaves the RC and is oxidized by the-complex,
protein complex that catalyzes the light-induced, proton- releasing the quinol protons on the periplasmic side of the
coupled electron-transfer reactions leading to the reductionmembrane. The proton gradient thus formed is used to drive
and protonation of a bound quinone molecule(Q + 2e ATP synthesis.

+ 2H" — QH,). The RC is composed of three polypeptide  The double reduction of £takes place in two sequential
subunits (L, M, and H), four bacteriochlorophylls, two light-induced electron-transfer reactions. The first electron
bacteriopheophytins, one non-heme iron, and two ubiquino- transfer from Q™ to Qg, kag™, produces a stable anionic
nes (UQ) (reviewed in refsl and 2). Light absorbed by  semiquinone @ . No protonation of the semiquinone occurs
the RC initiates the photoionization of the primary donor, at this step, but the electron transfer is coupled to protonation
D, a bacteriochlorophyll dimer. The electron is transferred of a nearby acid residue Glu-L213, @) that occurs due to
through a bacteriochlorophyll and a bacteriopheophytin to electrostatic interaction with£*. Thekag™ process has been
the primary quinone, Q which is the electron donor togQ shown to be independent of the driving force for electron
The protons required for the reduction of thg @ quinol transfer B), from which it was concluded that the rate-
are supplied by the aqueous phase on the cytoplasmic siddimiting step is a conformational change in the RGg®
decreases with increasing pt8.5 due to ionization of Glu-
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kas® at pH >8 with a rate constant equal tqQ times the
fraction of protonated Glu-L212.

The first protonation of the reducedsQuptake of H(1)]
occurs during the second electron transfez@. This
protonation, to form the intermediate; B is energetically
unfavorable. @H* accepts a second electron fromy Q@
which is the rate-limiting step in tHe,s® processT), shown
in eq 2. The second protonation {(2)] of reduced @
involves internal transfer to (M)~ from Glu-L212 @),
forming QsHa:

k AB(Z)

>
kevqy ket

kln[
Qa"Qe " +H' &2 Qi "(QsH)” —>  Qa(QeH)

QaQsH2
(fast) (slow) (fast) ¥ _
GluH u

whereky+ () is the rate constant of proton uptake of (),
ket is the intrinsic rate of electron transfer, akg is the
internal transfer rate of H2) from Glu-L212 to reduced £
In the native RCki+(1) is much faster thakag®@. Thus, kag®
is equal toket times the fraction of @H* (pK, ~ 4.5).

The @ molecule is located in the interior of the RC
without direct contact with the external solution. Several

@)
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protein (“chemical rescue”) has been widely used to inves-
tigate the function of specific histidine residues as proton
donors/acceptors (see ref8and21 and references therein).
A preliminary account of some of this work has been
presentedZ?).

MATERIALS AND METHODS

Reagents and Quinone&l;, (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). MQ, (menate-
trenone; 2-methyl-3-tetraisoprenyl-1,4-naphtho-quinone) was
from Sigma. MgNQ (2,3,6,7-tetramethyl-1,4-naphthoquino-
ne) was kindly provided by J. M. Bruce, University of
Manchester, U.K. M-cresol purple was obtained from Sigma.
Horse heart cytochrome was obtained from Sigma and
reduced ¢ 95%) by hydrogen gas using platinum black as a
catalyst. All other reagents were of analytical grade.

Site-Directed Mutagenesis and Preparation of Reaction
Centers.The mutants were constructed as descriligs), (
except that for the His-H126> Ala [HA(H126)] and His-
H128— Ala [HA(H128)] substitutions the entirruhAgene

putative proton-transfer pathways consisting of protonatable was sequenced both prior and after conjugation Rip

amino acids and/or water molecules leading from the

sphaeroidesThis extensive sequencing obviated the need

cytoplasm to the quinone-binding site have been identified for subcloning the gene segments. The host strain used for

in the crystal structures of the RO-{11).
The dominant functional proton-transfer pathway for-H

expression of mutant genes was a derivativABUHA (24)
in which thepucBAgenes had been disrupted as described

(1) has been shown by site-directed mutagenesis to involve(25).

Asp-L213 @, 12—14), Ser-L223 12), Asp-L210, and Asp-
M17 (15, 16). More recently the entry region forfil) was
identified using the inhibitory effect on proton transfer by
the metal ions Z# and Cd*, which bind to the surface of
the RC at His-H126, His-H128, and Asp-H1247(18).

The transfer of H(2) to reduced @ has been shown by
site-directed mutagenesis to involve internal transfer from
Glu-L212 @, 4). The entrance for proton uptake to Glu-L212
has been shown to be the same as fo{IHi (6), i.e., the
region around the metal-binding site His-H126, His-H128,
and Asp-H124. The pathway for'R) shares with Fi(1)
the involvement of Asp-M17, Asp-L210, and Asp-L2113),
before branching off to Glu-L212.

The inhibitory effect by metal ion binding to His-H126,
His-H128, and Asp-H124 on proton transfer tg @as

RCs fromRb. sphaeroideR26.1 and mutant strains were
purified to a ratioA?89A8% of <1.3 in LDAO as described
(26). The -site was reconstituted by addition of-3-fold
excess @ in 1% LDAO, followed by dialysis against 15
mM Tris, 0.1 mM EDTA, and 0.0496-pb-dodecylmaltoside.

Substitution of Qg in the Q site with different naphtho-
quinones for the driving force assay was performed as in
ref 27.

Electron Transfer and Proton Uptake Measurements.
Absorbance changes in response to a laser flash were
measured using an spectrometer of local des2@h Actinic
illumination was provided by a Nd:YAG laser (Opotek,
Carlsbad, CA). Charge recombinatiksp (D™Qg* — DQg)
andkap (D™*Qa~* — DQa) was measured by monitoring the

proposed to be due to the loss of the imidazole groups of recovery of D at 865 nm. The occupancy of thg §jte,
the His as initial proton donors in the proton-transfer pathway usually 80%, was determined from the fraction of the slower

(6, 18). However, alternative explanations for the slow proton

component of the recombination ratep (28). kap was

transfer in the metal-bound RC might be invoked. These measured after addition of 1M terbutryn, which blocks

include a change of protein dynamics in thg 1@gion, or a
change in the ig.s of internal acid residued ).

In this work, we investigated the role of the residues His-
H126 and His-H128 directly by determining the effect of

replacing either one or both of these histidines with alanine.

electron transfer to g Electron transfek,s® was measured
by monitoring the bacteriopheophytin band-shift at 750 nm
(29, 30) following a single laser flash. The second electron
transferkas® was determined by monitoring the decay of
the semiquinone absorption at 450 nm following a second

Proton uptake rates and the coupled electron-transfer ratedaser flash in the presence of 2M horse-heart cytochrome
were measured in the mutant RCs to determine the effectsc®™ (31). Proton uptake was measured at 580 nm after the

of removing the imidazole group of the His at H126 and

first and second flashes using 401 of the pH-sensitive

H128. To assay whether the changes in the measured electrodye m-cresol purple in 50 mM KCI, 0.04%8-p-dodecyl
and proton-transfer rates were due to the loss of the protonmaltoside after removal of buffer as in i@fElectron-transfer

donor function of the imidazole group, exogenous proton measurements were performed in a solution of 50 mM KCl,
donors such as imidazole were added to the mutant RCs.0.04%jp-p-dodecyl maltoside. Note that buffers were avoided
This strategy to overcome a rate limitation due to a mutation since some buffers, e.g., Tris, had a rescuing effect on proton
by adding an analogous exogenous molecule to the modifiedtransfer (and hence electron transfer) rates in the double
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Table 1: Measured Electron Transfer Rates for Native and Mutant RCs in the Presence and Absence of Imidazolel (H28.57)

no imidizole +50 mM imidizole
Kap kep Kag® P Kag@ P Kas® Kag®
RC (s (s (s (s (s (s
native 8 1.0 A 10° 3.5x 107 4% 108 3.5x 1%
HA(H126) 8 1.3 3x 10° 2.8x 17 3x 10° 2.8x 10?7
HA(H128) 8 1.1 3.5x 1C° 4 x 107 3.5x 10° 4 x 107
HA(H126)/HA(H128) 8 1.3 5x 107 ¢ 1x 102d 3.5x 10 3.5x 10?

aHA(H126) = His-H126 — Ala, HA(H128) = His-H128— Ala, HA(H126)/HA(H128)= His-H126 — Ala/His-H128— Ala. ® The proton

uptake rates (measured in the same sample), were the same (within

5%) as the electron-transfer rates in the absence of added imidazole. In the

presence of added imidazole, proton uptake cannot be measured because of the buffering of the sample. Between samples, the electron-transfer
rates vary+15%.° The rate constant refers to the slow, proton-limited phase (see Re&tse that the change in the proton transfer rate is
significantly greater than the change in the observed rate; this is because the reaction in the native or rescued systems are not limited by the

proton-transfer step.

mutant RC. The pH of samples was controlled by continuous
measurements and readjustments.

RESULTS

Charge Recombinationak (D**Qa™ — DQa) and kp
(D*™Qp* — DQg). To assay for structural integrity of the
RC and stability of @ (3, 4, 27, 32), charge recombinations
kap andksp were measured in the His-H126 Ala [HA-
(H126)], His-H128— Ala [HA(H128)], and His-H126—
Ala/His-H128— Ala [HA(H126)/HA(H128)] mutant RCs.
Neither kap nor ksp were significantly different in any of
the mutant RCs compared to the native RC at pH 8.5 (Table
1). The pH dependence &kp in all the mutant RCs was
the same as in the native RC at high8(5) and low 6.5)
pH and differed by at most 30% in the intermediate region
(6.5 < pH < 8.5).

Proton Uptake by Glu-L212: Measurements qf®
(D™Qa*Qe —Glu™ + HT — D™QaQg*—GlIuH) and the
Associated Proton Uptake Rateroton uptake by Glu-L212
was measured in two ways: by directly monitoring proton
uptake from solution and by monitoring the coupled electron
transferkag® (eq 1). In the native RC, the proton uptake
rate constant andss¥ were both~4000 s?! at pH 8.5
(Figure 1 and Table 1). These rates were not significantly
affected in the single mutant RCs HA(H126) and HA(H128)
(see Table 1). In contrast, in the double mutant RC HA-
(H126)/HA(H128) proton uptake was slowed 4600 s*
at pH 8.5 (Table 1 and Figure 1B). Electron trandfgs®
at pH 8.5 was biphasic in the mutant (Figure 1A), with the
faster phase having the native rate constant (4080 and
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Ficure 1: Electron transfer (A) and proton uptake (B) associated
with the kag® reaction (Q*Qg—Glu™ + Ht — QaQg*—GIuH)

(eq 1) in native and HA(H126)/HA(H128) mutant RCs at pH 8.5.
(A) Electron transfer was measured at 750 nm which is sensitive
to the reduction states of the quinon&s,(30). (B) Proton uptake
was measured at 580 nm using the pH-sensitivengigeesol purple.
The buffered signal, measured after addition of 5 mM Tris was

the slower phase having the same rate as that measured fosubtracted from the traces. The proton uptake traces have been

proton uptake (50078). The fraction of the slow phase
increased with increasing pH (Figure 2), with an observed
pK, of ~8.6. Thus, at pH<8 the fraction of slow phase was
very small, making the observed kinetics in the mutant the
same as in native RCs.

Proton uptake By @*: Measurements of)® (DQa Qg™

+ H* — DQa(QsH)") and the Associated Proton Uptake
Rate.Proton uptake by @ was measured in two ways:
by directly monitoring proton uptake from solution, and by
monitoring the coupled electron transfag® (eq 2). These
rates were~350 s in the native RC at pH 8.5 (Table 1).
No significant effects orkag® were observed in the single
mutants HA(H126) and HA(H128) (see Table 1). In contrast,
in the double HA(H126)/HA(H128) mutant in the range 7
< pH < 9, both the proton uptake rate amg@s® were

scaled to the same amplitude for clarity. The amplitude of proton
uptake in the HA(H126)/HA(H128) mutant RC is25% smaller
than the amplitude in the native RC at this pH. Note that the
observed rates in panels A and B are the same in the native RC,
and that the slower phase in panel A is the same as the rate in
panel B in the mutant RC. Experimental conditionsuN RC, 50

mM KCI, 0.04% 3-p-dodecyl maltoside, 4@M m-cresol purple,

pH 8.5, 21°C, average of-15 traces.

decreaset the rates were~100 st at pH 8.5 (Figure 3,-
panels A and B and Table 1).

The dependence &fig®? on the driving force for electron
transfer was measured in native and double mutant RCs at
pH 8.5 by replacing & in the Q site with either of two
naphthoquinones having different redox potentials as de-
scribed in ref7. In the native RCkag® was dependent on
the driving force, increasing-5-fold when the Q site was
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Ficure 2: Electron transfekas® in the HA(H126)/HA(H128)
mutant RC at pH 7.5, 8.5, and 9.5. Note that the fraction of the
observed signal with the slower kinetic rate increases with increas-
ing pH with an apparentky, ~ 8.6. Experimental conditions: 2
uM RC, 50 mM KCI, 0.04%3-p-dodecyl maltoside, 21C, average
of ~15 traces.

occupied by MeNQ, confirming previous results7). In
contrast, in the HA(H126)/HA(H128) mutant RKxs® was
independent of the driving force (Figure 4), showing that
electron transfer is not rate-limiting in the double mutant
RC.

Chemical Rescue of the Slowed Proton Uptake Rdies.

test whether exogenous proton donors could rescue the slow

rate of proton uptake in the double mutant HA(H126)/HA-
(H128) RC, we measurekhg® and kag® in the absence
and presence of exogenous donors, such as imidazole.

At pH 9, ~80% of thekag® kinetics displayed the slow
rate. At this pH, the slow componentkfz? decreased from
~1200 s! (native) to~200 s? in the double mutant RC
(Figure 5A). This rate was increased by the addition of
exogenous imidazole. The rate reache®6% of the native
rate upon addition o050 mM imidazole (Figure 5A). In
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Ficure 3: Electron transfer (A) and proton uptake (B) associated
with the kag@-reaction [Q Qg™ + Ht — Qa(QsH)] (eq 2) in
native and HA(H126)/HA(H128) mutant RCs. (A) Electron transfer
was measured at 450 nm, the peak absorption of the semiquinone
species. The initial rise is due to the formation of the Qg ™~ state
which decays to (gH)~ resulting in the observed transient. The
residual absorption at longer times is due to the exogenous electron
donor, cyt ¢, which is needed to perform the double flash
experiment. (B) Proton uptake was measured at 580 nm using the
pH-sensitive dyem-cresol purple. The buffered signal, measured
with 5 mM Tris, was subtracted from the traces. The proton uptake

the presence of 50 mM imidazole, the pH dependence oftraces have been scaled to the same amplitude for clarity. The
kag™ in the double mutant RC was the same as in the native @mplitude of proton uptake in the HA(H126)/HA(H128) mutant

RC, i.e., monophasic kinetics with the rate decreasing above

pH 8.5 (K, of Glu-L212; data not shown).

Addition of imidazole had no effect okng™® in native or
single His mutant RCs (Table 1). The effect of imidazole in

the double mutant RC was reversible such that after removal

of imidazolekas™ was agaim~200 s, the same as before
addition of imidazole. Addition of salt (KCI) did not increase
kag® in either the mutant nor the native RC (data not shown).

Similarly, kag® was increased in the double mutant RC

by addition of imidazole. The rate reached native values upon

addition of =50 mM imidazole (Table 1 and Figure 5B).

Upon addition of 50 mM imidazole to the double mutant
RC, kag®@ was dependent on the driving force for electron
transfer (Figure 4), showing that the mechanismkqaf®

RC is~25% larger than the amplitude in the native RC. Note that
the observed rates are the same in panels A and B. Experimental
conditions: 2uM RC, 50 mM KClI, 0.04%3-p-dodecyl maltoside,

40 uM mecresol purple (in panel B), 20M cyt ¢, pH 8.5, 21°C,
average of5 traces.

addition of KCI) onkgp in the double mutant RC, and even
a smaller effect in native and single mutant RCs.

DISCUSSION

It has been previously shown that the entry region for both
protons involved in the reduction ofgQo QgH; is located
near Asp-H124, His-H126, and His-H12@ (L7, 18) at the
cytoplasmic surface of the RC. This conclusion was arrived
at from the inhibitory effect on proton transfer upon binding

had changed to that observed in the native RC. Imidazole C?* or Zr?* to these surface residues. In this study, we

had no effect orkag@ in native or single His mutant RCs
(Table 1).

In contrast to the large effects of imidazole (50 mM) on
kas® andkag®, it had only small £30%) effect (similar to

2t was previously reported that no effects ki® were observed
in the double mutant RC3Q). The difference between that observation
and the one reported in this work is attributed to the lower pH used
(7.5) and the presence of 10 mM Tris buffer in the previous study.

investigated by site-directed mutagenesis the role of these
surface histidines in the proton-transfer process. Two single
mutant RCs that lack one of the imidazole groups HA(H126)
or HA(H128) and a double mutant that lacks both imidazole
groups, HA(H126)/HA(H128), were constructed and the rates
of proton uptake from solution and the proton-coupled
electron-transfer reactiorigg!® and kas® were measured.
Furthermore, the ability of exogenous imidazole to substitute
for the missing histidines was investigated. The implications
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FicUrRE 4: Dependence dfaz@ on the driving force for electron
transfer in the HA(H126)/HA(H128) mutant RC in the absence (cir-
cles) and presence (diamonds) of 50 mM imidazole. The driving
force for electron transfer was changed by replacing the natjye Q
(defined to be abAG = 0) in the Q site with naphthoquinones
having lower midpoint potentials. The resulting change in slope
indicates a change in mechanism (eq 2) from proton transfer-limited
(no buffer) to electron transfer-limited (50 mM imidazole). The
observed driving force dependence in the native RC (not shown)
is similar to the dependence in the mutant in the presence of 50
mM imidazole. Experimental conditions:;aM RC, 10 mM KCl,
0.04% 3-p-dodecyl maltoside, 2@M cyt c, pH 8.5, 21°C.
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FIGURE 5: “Chemical rescue” by exogenous imidazolekgg® at

pH 9 (A) andkag@ at pH 8.5 (B) in the HA(H126)/HA(H128)
mutant RC. The rescuing effect fégg® was measured at pH 9
because of the larger extent§0%) of the slow phase. Experi-
mental conditions: 2«tM RC, 50 mM KCI, 0.04%/-p-dodecyl
maltoside, 21°C, average of~5—20 traces. Note that the rates
could be restored to native like rates in the presence of imidazole.

of the results for the role of the histidines in proton transfer
are discussed.

Adelroth et al.

Proton Uptake from Solution Is Slowed When Both His-
H126 and His-H128 Are Replaced with Aldpon replace-
ment of either His-H126 or His-H128 by Ala, no changes
in the rates of proton uptake were observed. In contrast, upon
replacement of both His by Ala, the rates of proton uptake
were decreased-410-fold (Table 1). These reductions in
the observed proton uptake rates can be explained in terms
of loss of the proton-transfer roles of His-H126 and His-
H128.

The observed proton-coupled electron-transfer kinetics of
kag® in the double mutant RC can be explained by the
scheme shown in eq 1 where the proton-transfer rate has
become slower than the conformational gating step
< k;). When the pH= pK, of Glu-L212, eq 1 predicts
biphasic kinetics with the two phases having equal ampli-
tudes, but different rates. The fast phase, due to the fraction
of RCs with protonated Glu-L212, should have a rke
The slow phase due to RCs with unprotonated Glu-L212 is
limited by the proton transfer with rate+). The rate of
the slow phase should be equal to the proton uptake rate,
and the amplitude should increase with increasing pH as Glu-
L212 becomes more ionized. The observed rates and
amplitudes are in good agreement with this model, using
PKa(Glu-L212) ~ 8.6, k; = 4000 s* andky+ = 500 st
(pH 8.5). In the native RC, the observed single-exponential
decay of kag™™ indicates thaky+( is larger than the observed
kag™® of 4000 s. Thus, in the double mutant R&+ () is
decreased by at least an order of magnitude compared to
the native RC.

The proton and electron-transfer kineticskag® in the
double mutant RC can be explained by the kinetic scheme
shown in eq 2 where the proton uptake rate has become
slower than the electron-transfer rate, ikg1) < ker. This
model is very similar to the model in eq 1 except that the
pK, of the protonated semiquinone-4.5) is much lower
than the pH. Consequently, negligible amounts of protonated
semiquinone (gH*) are present at equilibrium, and therefore,
the kinetics are monophasic. Thus, when proton transfer is
the rate-limiting step, the observégs® is equal toky+()
and the measured rate should be independent of the driving
force for electron transfer. The results are in good agreement
with this model, usindk+1) = 100 s (pH 8.5). In the native
RC, electron transfer is rate limiting (eq 2), implying that
ki+(1) must be greater than the observed rate-850 st (at
least 16 s™%). Thus,ky*q) is decreased at least an order of
magnitude in the double mutant compared to the native RC,
similar to the change il+2) (eq 1).

In general, a decrease in the rates of proton uptake could
be due to (i) a slower rate of proton delivery to the entry
point of the proton-transfer pathways; (ii) electrostatic
changes affecting the Kas of pathway components or
acceptor groups; or (iii) structural changes around the proton
acceptors. We exclude possibilities ii and iii for the following
reasons. The recombination rdg (D*Qg* — DQg) is a
measure of the structural integrity of the RC and the stability
of Q™ (3, 4, 27, 32); the difference irksp * between the
double mutant and native RCs is much smaller than the
effects onky+1y andky+(2). Therefore, there is no evidence

3 At pH <7, a second faster phase appe8y84), which is dependent
on experimental conditions. This phase was small compared to the other
phase in our experiments and was, therefore, neglected.
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to suggest that there are structural or electrostatic changeshe second-order proton uptake rate constant is a function
at or near the @ site that could account for the observed of the K, of the rescuer (manuscript in preparation). This
decrease in the rates of proton uptake. We, therefore, attributes analogous to the chemical rescue results obtained in
the slow rates of proton uptake in the double mutant RC to carbonic anhydras&7). In that system, proton transfer from
a slower rate of proton delivery to the entry point of the the His-64 to the Z#"-bound hydroxide is the rate-limiting
proton-transfer pathways. step, and in the absence of the His side chain, exogenous
Chemical Rescue of the Slow Rates of Proton Transfer in small proton donors such as imidazoles and pyridines bind
the HA(H126)/HA(H128) Mutant RC by Exogenous Proton to the catalytic cavity, replacing the missing HB8|. In
Donors. Conclusive evidence that the proton uptake rates our case, the situation differs. The mechanism for the
limit both kag® andkag® in the double mutant HA(H126)/  chemical rescue can be described by a model involving five
HA(H128) RC is provided by the ability of exogenous proton steps: (i) transient binding of the protonated buffer, (i)
donors, such as imidazole, to increase the observed ratesproton transfer to an intermediate proton acceptor group,
Both kag® andkaz@ increase with increasing concentrations followed by (iii) transfer to Glu-L212 (fokag™) or Qg™
of imidazole, reaching 85% of the native rates (Figure 5), for (kas®), and (iv) unbinding of the deprotonated buffer
indicating that the proton transfer rates have increasedandv) electron transfer, “locking in” the protonated state.
sufficiently to be no longer rate limiting. This conclusion is A detailed discussion of these steps will be presented in a
confirmed by the observations that in the presence of 50 mM forthcoming paper.

imidazole (i) kag® is monophasic, showing thét (eq 1) The background rates of proton uptake in the double
has become rate limiting (i.ek2) > ko) and (ii) kag@ is mutant RC in the absence of imidazole can be accounted
dependent on the driving force for electron transfer, showing for by direct transfer of Fi from solution. The observedg®

that electron transfer (eq 2) has become rate limitkag{) of 500 s* at pH 8.5 gives a diffusional rate of 5006

> Ker). 10°85M =1.6 x 10"* M1 571, which is close to the range

By analogy with the discussion presented in the previous °f 10°—101* M™* s* for H*-diffusion in water 89). _
section, the increase in the rates observed in the presence of Mechanism of Inhibition of Proton Transfer by His

imidazole could in principle be due to (i) an increase in the Mutation and Metal BindingThe changes in the rates of
rate of proton delivery from solution; (ii) K shifts of proton transfer due to simultaneous replacement of His-H126

changes: or (iv) general salt effects. We exclude possibilities 9ive strong support for the role of the His residues as proton
ii to iv for the following reasons: i, shifts of @ or Glu- donors in the proton-transfer chain for both"(#) and
L212 would result in a significant changekso, which was H*(2). The slow proton uptake observed in the double mutant
not observed. TheKy, of Glu-L212 in the double mutant ~HA(H126)/HA(H128) RC is similar to that observed upon
RC, obtained from théug data, was determined to be the binding of Zr#* to the native RC. In both casekys
same within 0.1 pH units as for the native RC. Structural becomes biphasic arkis® independent of the driving-force
changes are excluded by the lack of significant changes infor electron transfer, a consequence of slowed proton uptake
kep, the nativelike rates das® andkas@, and the lack of (6, 18). This similarity indicates that the loss of the His as
imidazole effects in the native RC. Salt effects are not Proton donors result in slower proton delivery rates to the
responsible for the increases in rates because the additiodnte€rnal proton accepting groups. _

of KCI causes no increase (but rather a decreasé&)gf This conclusion is in contrast to the previous proposal by
and kag@ in the mutant RCs. We therefore attribute the Utschig et al. 88) that ascribe the metal-binding effects on
“rescue effect” to an increased rate of proton delivery by ke to a change in the conformational gating step(eq

the addition of the rescuer. 1), which we have shown to be unaffected by metal binding
In support of this conclusion are the findings that (i) the ). -
observed rates dés® andkas@ in the double mutant RC Furthermore, the similar effects observed upon metal

depend on the concentration of added imidazole (Figure 5), Pinding and the removal of His imidazole group suggest that

indicating that the rate of collision between the donor and the F:hange in the local dynqmicfs expgcter(]d upon metal
the RC is partly responsible for the observed rates, and (i) Pinding (7, 38) are not a major factor in the observed
decreases dfy+1) andky+2) (egs 1 and 2).
An alternative mechanism for the effect of metal ion

4 The titration ofkgp at low pH is sensitive to the ionization state of indi A ;
the pathway components Asp-L210, Asp-M1B)( and Asp-L21313), binding was proposed by Gerencsend Maroti 19), who

and the titration at high pH is sensitive to the ionization state of Glu- Interpreted their results of the pH dependence of metal
L212 (3, 4). Neither of these titrations are affected in the double mutant binding as arising from changes of thiKs of internal acid

RC (data not shown), suggesting that there are no major changes inresidues that are responsible for proton transfer. Our results

the Kzs of these carboxylic acids. The appareiff pf Glu-L212 based ; ; :
on thekgp data (not shown), as defined by the onset of the higher pH suggest only minor changes in thés of internal groups

titration, is approximately 9.3 for both the native and mutant RCs. This (@S discussed abo_\fehat are insufficient to account f_o_r the
agrees well with the values of 9:9.8 reported in the literaturé,(4, observed change in the proton-transfer rate. In addition, the
28), accounting for a slight shift due to the different detergent and salt presence of a protonated His is consistent with the small

concentrations used in this study. Note that th{s is greater than the : . . .
apparent K determined from théus® data as has been observed INcreases irksp observed in the His mutants (Table 1) due

previously @, 4, 28). The reason for this difference is not determined t0 the loss of a positive charge at a long distance fram Q
but could involve different couplings with other groups resulting from  (~20 A)_ Therefore, removing the two histidine imidazole

the different time scales of the measurementd (s forkas™ and o P
~1 s for ko). In addition, the @ movement associated with its groupsdecreaseshe local positive charge whereas binding

reduction could contribute differently to the two reactions which would Of Zn*" or C?* increasesthe local positive charge. Thus,
change the energy required to protonate Glu-L23%, 86). the electrostatic interaction would lead to different results
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the pathway starts at His-H126 or His-H128, proceeds via
Asp-M17 and Asp-L210, which act cooperativelyf), Asp-
L213 (3, 13, 14), Ser-L223 12), and ends on the O1 carbonyl
of the quinone. For the uptake offR), the pathway shares
the involvement of the same His and Asp residues, but
branches at Asp-L21316), proceeding to Glu-L2123( 4),

and onto the O4 carbonyl of the quinone.

It is interesting to note that there is a redundancy of proton-
transfer components at the beginning of the pathway at the
cytoplasmic side. This is shown by the requirement for only
one His (either His-H126 or His-H128) and one Asp (either
Asp-M17 or Asp-L210) 16) for efficient proton transfer.
Closer to the @ site, however, there is an obligatory
requirement for the residues Asp-L213, Ser-L223 and Glu-
L212. The pathways for H1) and H(2) can thus be
represented as “funnels”, wide near the cytoplasmic entrance
and narrowing as it gets closer tgQ

Special Role of Histidines in Proton Transféfistidines
are commonly used as aeithase catalysts (proton donors/

) acceptors) in enzymes. Two examples of enzyme families
Ficure 6: Part of the structure of the RC in the charge-separated in which a His is crucial for function are the serine proteases,

state (coordinates from réf7). Shown are the secondary quinone, o “ ”
Qg, and the amino acid residues that are important for transfer of where a histidine is part of the “charge relay” system that

H*(1) and H(2) to Qs. Water molecules are indicated by small accepts a proton from the reactive seridg)(and carbonic
spheres. The RC surface, indicated in the figure, was defined by anhydrases where reprotonation of théZbound hydroxide
the van der Waals radii of the surface-accessible atoms. The parallelyccurs by proton transfer from a histidinglj.

pathways through His-H126 or His-H128 as well as through Asp- et ding s He
M17 or Asp-L210 (6) are indicated by heavy lines.fl) is taken Histidine is 'an effICIent proton dqnor becf”‘use 1tS, 05
up from solution and transferred tog@oncomitant withkag®. near the physiological pH of 7. Residues with a lowit p

H*(2) is taken up from solution and transferred to Glu-L212 during are predominantly ionized at pH 7 and are therefore not good
kas®), and transferred on togJollowing kag® (eq 2). H(1) and proton donors. Residues with a highd¢ will not readily
H™(2) share the same pathway up to Asp-L213. The figure was transfer a proton since, according to the Bsted relation,
g:%p;a\r(;egbgslllrugsttrg?ofrograms MOLSCRIPSg) Raster3D §9), the proton-transfer rate decreases with increasiagppthe
' donor @2).
for metal ion binding and His replacement. This is in contrast  Histidines have also been proposed to form part of so-
to the finding that both removal of the imidazole groups at called “proton-collecting antennas” which facilitate rapid
His-H126 and His-H128, and the binding of Znor Cct proton transfer into the interior of the protei@9j. These
result in the same rate-limiting proton-transfer stepkfgf® “antennas” consist of surface acidic groups, e.g., carboxylates
and kag®@. We therefore conclude that these His residues and histidines, that attract, retain and rapidly transfer protons
function as proton donors, which can be inactivated by either from the surface of the protein to internal groups. Such acidic
removal of the imidazole group or binding of a metal ion. surface groups have been proposed to facilitate proton
Proton-Transfer PathwaySeveral proton-transfer path- transfer in several proton-transferring enzymes, such as
ways have been propose@11), based on crystal structures cytochromec oxidase 43, 44), bacteriorhodopsindb), and
and mutagenesis experiments. This led to the suggestion thathe bacterial reaction centetf). The present work extends
proton transfer in the RC is a delocalized process, with those ideas by providing experimental identification of
multiple proton-transfer pathways acting in paralEd) In surface histidines that could function in such a manner. It is
this model, as discussed above, the effect of metal bindingworth noting that these two surface His are crucial for this
to the RC was proposed to be electrostatic in oridif),( function, as in their absence, no other surface groups provide
resulting in K, changes of amino acids such as Asp-L213, an efficient alternative for proton transfer into the RC.
which are common to all of the putative proton-transfer  Metal lon Binding in Other Biological Systenishibition
pathways. We do not favor this view as explained above, of the proton transfer by metal ion binding to tlib.
but instead propose that proton transfer in the RCs proceedsphaeroideRC (18, 47) is caused by coordination of the
along well-defined dominant pathways that share a commonmetal ion to His-H126 and His-H1287), thereby displacing
entry point as shown in Figure 6. protons on these histidines. This decreases the rates of proton
The slow proton uptake in the double mutant HA(H126)/ transfer, which in turn decreases the rates of the measured
HA(H128) RC, and the rescue of the rates by addition of electron transferss( 18). A similar mechansim can explain
imidazole show that the His-H126 and His-H128 are the observed decrease in electron-transfer rates upon metal
important for fast protonation of Glu-L212 [uptake of H ion binding inRhodobacter capsulatwsdRhodopseudomo-
(2) (eq 1)] and of @ *[uptake of H(1) (eq 2)]. Because nasuviridis RCs @8). In view of the high sequence similarity
the single His mutant RCs show no effects on the rates of betweenRb. sphaeroidesnd Rb. capsulatufkRCs @9), a
kae® or kag@, either one of these histidines can function as similar proton pathway is likely in th&b. capsulatufRC.
the “entry-point” for protons. We can now trace the transfer In the RC ofRps wviridis (50), the proton pathway differs
of protons from the surface of the RC onto both carbonyls (51), but there is an analogous His-acid mofi¥) that could
of the @ molecule (see Figure 6): for the uptake of (#), be responsible for the observed metal ion inhibition. Also




Chemical Rescue of Proton Transfer tg Q

the distantly related RC fromihermochromatium tepidum
(52) has a pair of histidines (His-H122 and His-M239) that,
in analogy withRb. sphaeroidesre likely to be at the entry
point of the proton-transfer pathway ta:Q

Divalent cations such as Zhand Cd" have also been
shown to inhibit the catalytic turnover in other proton-

transferring proteins, including carbonic anhydrase (where

it was shown that Cti and Hg* bind to the histidine that
reprotonates the 2Zn-OH™) (53), the cytochromebg-
complex 64), voltage-gated proton channel®5f and
cytochromec oxidase $6). In cytochromec oxidase ZA"

was suggested to bind to surface histidines close to the

entrance of a proton-transfer pathw&g). In most of these

systems, surface histidines seem to play an important role

in proton transfer.

SUMMARY

We have shown by site-directed mutagenesis, combined

with kinetic studies of the proton-coupled electron-transfer
reactionskag® and kag®@, the involvement of the surface
residues HisH126 and His-H128 in proton transfer to £
Mutant RCs were constructed in which either one or both
histidines were replaced with alanines. In the single His
mutant RCs, no effects were observed on eitkef? or
kag®@. In contrast, in the double His mutant RC, bdga®
andkas® were slowed, and were limited by proton uptake

from solution. Fast proton uptake rates could be restored 2r.
(‘rescued’) by the addition of exogenous proton donors such
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