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ABSTRACT. The influence of metal ion (Cd, Zn?*, Ni2") binding on the electrogenic phases of proton
transfer connected with reduction of quinong IQ chromatophores frorRhodobacter sphaeroidegas

studied by time-resolved electric potential changes. In the presence of metals, the electrogenic transients
associated with proton transfer on first and second flash at pH 8 were found to be slower by factors of
3—6. This is essentially the same effect of metal binding that was observed on optical transients in isolated
reaction centers (RC), where the metal ion was shown to inhibit proton transfer [Paddock, M. L., Graige,
M. S., Feher, G., and Okamura, M. Y. (199oc. Natl. Acad. Sci. U.S.A. 96183-6188]. The effect

of metal binding on the kinetics in chromatophores is, therefore, similarly attributed to inhibition of proton
uptake, which becomes rate-limiting. A striking observation was an increase in the amplitude of the
electrogenic proton-uptake phase after the first flash with bound metal ion. We attribute this to a loss of
internal proton rearrangement, requiring that the protons that stabilize@ne from solution. In mutant

RCs, in which His-H126 and His-H128 are replaced with Ala, the apparent binding?ofa®d N+ was
decreased, showing that the binding site of these metal ions is the same as found in RC crystals [Axelrod,
H. L., Abresch, E. C., Paddock, M. L., Okamura, M. Y., and Feher, G. (26006y. Natl. Acad. Sci.

U.S.A. 97 1542-1547]. Therefore, the unique proton entry point near His-H126, His-H128, and Asp-
M17 that was identified in isolated RCs is also the entry point in chromatophores.

Photosynthetic reaction centers (R@ye integral mem-  protons from solution before leaving its binding site. This
brane protein complexes that catalyze the conversion of light bioenergetically important mechanism of coupling of electron
energy into electrochemical energy. Two families of RCs transfer and proton transfer has been the subject of numerous
can be distinguished according to the nature of their terminal studies (for reviews see refsand?2). The best-characterized
electron acceptor complex, which consists either of low- system is the RC of the purple bacteriuRhodobacter
potential iron-sulfur centers (type | RCs) or a quinone-iron sphaeroidesBecause of the availability of detailed structural
acceptor complex (type Il RCs). The functional feature models based on X-ray crystallography, as well as site-
common to all types of RCs is ultrafast light-induced primary directed mutants, a large amount of structural and functional
charge separation followed by vectorial electron transfer information is available (see r& for reviews).
along a chain of cofactors. In type Il RCs, the quinone-iron | jsolated RCs fronRb. sphaeroidesormation of Q-
acceptor complex has a special function insofar as it works or Qs leads to substoichiometric proton uptake%). It is
as a two-electron gate. A loosely bound secondary quinoneyjigely accepted that this proton uptake is due Koghifts
acceptor, @ accepts successively two electrons from the of amino acids induced by electrostatic interaction with the
firmly bound primary quinone acceptoraQas well as tWo  negative charge on the quinones but that the semiquinone
forms of Qy and @ are not protonated at physiological pH.
The transfer of the first electron tog(shows little pH
dependence at neutral pH valuéy. At high pH, where the
free energy difference between the states@s and QQs~
becomes small, the electron transfer becomes strongly pH-
dependent. In contrast, the transfer of the second electron is
strongly coupled to the transfer of a proton forming the state
QsH™ and displays a stronger pH dependence near neutral
pH values 7). Studies of the dependence of the rate of the
reaction on the driving force for electron transfer frommQ
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to Qs elucidated the mechanism of this protonation-coupled
electron-transfer reaction8,( 9). It was concluded that
energetically unfavorable protonation of Qprecedes rate-
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limiting electron transfer. Formation ofg®l~ then triggers binding of Q. The importance of protein-quinone coupling
the transfer of the second proton to form the neutral as a variable but controlling feature of electron transfer has
dihydroquinone, which leaves theg@inding site and is been pointed out by Tiede et a29). In Rhodopseudomonas
replaced by an oxidized quinone from the pool. In isolated wviridis, different positions of the quinone ring were deter-
RCs, the transfer of the first and second proton to reducedmined for ubiquinones with different isoprenoid tail lengths
Qg cannot be kinetically separated, and virtually all of the (30). Only the first three isoprenoid units interact with the
proton supply to @ appears with the kinetics of the second RC protein 81). The rest of the tail is found in the
electron transfer. surrounding detergent molecules. In the membrane, it is likely

The transfer of the protons through the protein matrix is that interactions exist between the hydrophobic tail of the
thought to rely on the presence of a connected network of quinone and other proteins that surround the RC. In
protonatable amino acid residues or water molecul€. ( particular, the PufX protein was shown to facilitate access
On the basis of site-directed mutagenesis, several residuesf quinones to the gsite through the surrounding antenna
in the vicinity of Qs have been identified as crucial for complex @32). It has been pointed out that this function
efficient proton transfer. These residues include Ser L223, requires specific interactions between PufX, antenna proteins,
Asp L213, and Glu L212. Replacement of any of these quinones, and the RCgZite (33).
residues with a nonprotonatable residue leads to dramatic |n isolated RCs, electron and proton transfer oH@ve
reduction in the rate of transfer of the first or second proton been studied by several methods including kinetic absorption
(11-13). High-resolution X-ray crystallography has revealed change, proton uptake, and photovoltage. For the more native
the existence of three possible proton pathways connectingsystem of RCs embedded in their membrane environment
the cytoplasmic surface of the protein to these key residuesoptical and proton uptake measurements are very difficult
(14, 15). All paths consist of a chain of protonatable groups to make and even harder to interpret, whereas the technique
(i.e., protonatable amino acid side chains or water molecules).of photovoltage measurements is particularly suited for these
They have different lengths and distinct entry points for the investigations. On the basis of direct, flash-induced time-
protons. Following the finding of Z binding to the RC  resolved electrometric detection of the membrane potential,
surface 16), the predominance of one of these pathways for this technique provides information on the rates of electro-
the first protonation of @ was shown by a~10-fold genic electron and proton-transfer reactions as well as the
decrease in the rate of proton transfer upon binding of a relative transmembrane distances between the donor and the
single Zr#* or CcP* ion to the RC surfacel(?). The binding  acceptor molecules involved in these transfers. Whereas the
site for C#* and Zr¥* was identified by X-ray diffraction  kinetic information obtainable from electrogenicity, proton
to involve two histidine residues (His-H126, His-H128) as uptake, and absorption change measurements should be
well as an aspartic acid residue (Asp-H124) on the cyto- equivalent (see, for example, r&d for a comparative study
plasmic surface of subunit H near one of the previously in proteoliposomes), the information about the transmem-
proposed pathways 4, 18). brane distance of charge movement is a specific feature of

All three possible pathways also connect the surface to aelectrogenicity measurements, not accessible by the other
cluster of strongly coupled acids neag @omposed of Asp- methods.

L213, Asp-L210, Asp-M17, Glu-H173, Asp-H170, and ASp-  previous photoelectric studies have shown that electron
H124 (14). The functional importance of groups within this  yransfer from Q- to Qs is not detected directly due to the
cluster has been demonstrated by numerous experimental datgma|| electrogenicity of this reaction (see 8&ffor a review).
including kinetics and stoichiometry of proton uptake, This agrees well with the two quinones having similar
kinetics of electron transfer, as well as the equilibrium  {ransmembrane positions. In contrast, proton-transfer coupled
between the statesaQQe and QQs™ (19, 20). In addition, it the reduction of Q@ gives rise to characteristic electro-
the strong electrostatic interaction between these protonatablgyenic phases in the microsecond-to-millisecond time range,
residues gives rise to some unique properties, including since the proton-transfer event involves (partial) transmem-
nonclassic titration behavio2{—23); such behavior has been  prane charge movement.

observed for Glu-L21224, 25). The cluster may prepare
the electrostatic environment for efficient electron and proton
transfer to @ or serve as an internal proton reservoir.

The interesting question arises whether the scenario
described in isolated RC (metal binding blocking a unique
entry point for protons to @ also applies to membrane-
bound RCs, i.e., RCs in chromatophores. In fact, several
experimental observations indicate significant differences
between detergent-solubilized RCs and chromatophores with
respect to the function of the quinone acceptor complex
Qa Qs — QaQs electron transfer was found to be depend-
ent on the state of purification for isolated RCs and
significantly faster in chromatophore2g, 27). Furthermore, EXPERIMENTAL PROCEDURES
evidence for a protonation of the semiquinone state f Q
has been reported in chromatophores, indicating a highkerp ~ Sample PreparationCells of Rb. sphaeroide®26 were
of the semiquinone in chromatophores as compared togrown anaerobically in Hutner media and stored-20 °C
isolated RCs28). These differences between isolated and until use. The X histidine mutant [HA(H126)/HA(H128)]
membrane-bound RCs might have their origin in a modified was constructed by use of the QuickChange PCR mutagen-

In this work, we use time-resolved photovoltage measure-
ments to study electrogenic proton transfer tg iQ RCs
embedded in their native membrane environment. The effects
of binding of different metal ions (Z, C?*, Ni?*) as well
as of mutation of two histidine residues proposed as the entry
points for proton uptake were investigated, to test whether
the model of a unique proton-transfer pathway emerging from
observations on isolated RCs also applies to the case of the
RC in situ. In addition, we address the mechanism by which
" metal binding perturbs the function of the quinone acceptor
complex.
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Buffers and redox chemicals were chosen that did not react
with the metal ions (see below).

Potential changes were detected via two electrodes con-
sisting of two platinum wires for the configuration with two
compartments separated by the film or consisting of one
platinum wire and the planar gold electrode for the second
configuration, respectively. The electrodes were connected
to the input of an electrometer-amplifier (input impedance
>10" Q, bandwidth DC-10 MHz) and subsequently ampli-
fied by a low noise preamplifier (Stanford Research Systems,
model SR560, bandwidth 1 MHz). Traces were recorded
without averaging on a digital storage oscilloscope (TDS
744A, Tektronix) and in parallel on a data acquisition system
of local design offering a quasi-logarithmic time base. A
Faraday cage shielded the cell and the electrometer amplifier.
Excitation was with one flash or a series of two saturating

Ficure 1: Schematic drawing of the experimental setup. A lipid-  flashes from a Q-switched, frequency-doubled Nd:YAG laser

coated Mylar film (2um) separates two aqueous compartments in (Quantel, France, fwhm 7 né,= 532 nm, energy-20 mJ).
which the two platinum electrodes are immersed. Fusion of All experiments were performed at 2E.

chromatophores is thought to form multiple small “blisters” on the S . . .
supporting film @8). The original asymmetry of the RCs is The kinetic analysis was performed with a nonlinear least-
preserved with the donor side inside the vesicles. Vectorial chargesquares curve-fitting program (Microcal Origin). It was
L painal tooser iosgh e Sooponns i Tha. (meoriant o nclude ihe decay of he ignals i he i of e
electrodeg are conr)llected to an eIectrtg)meter arg?)lifier%esulting in kinetics. Traces record_ed on the second flash were not
a current-clamped detection system. corrected for the baseline drift induced by the tail of the
preceding signal of the first flash (fired 500 ms before the
esis kit (Stratagene) with adherence to the manufacturer'ssecond flash). This drift is negligible for short times100
instructions and a template consisting of a 1.3 kilobase ms) and does not affect the result of the kinetic analysis.
BarHI fragment containing th&b. sphaeroides puhgene The method of fusion of membrane vesicles to a lipid layer
(36) inserted into the plasmid pTZ18. DNA sequencing of is known to induce partial depletion of quinones from the
the entire region between tiAga and Bgll sites confirmed membrane and the gksite @3). The procedure used here
the mutations. The mutaipa —Bgll fragment was com-  was found to result in about 6680% @ occupancy as
bined with the remainder of theuhAgene and cloned into  measured by the relative amplitude of the second flash in
a pRK415 87) derivative that contains thRb. sphaeroides  the presence of an efficient external electron donor. In
puc promoter 88) for expression of the H subunit. This principle, the occupancy of theg3ite can be increased by
construct was introduced into strakiPUHA (39). Cells were addition of excess ubiquinone, either to the lipid mixture
grown semi-aerobically, and chromatophores were prepared(ubiquinone-10) or to the electrolyte solution (ubiquinone-
by French-press treatment as described id@znd purified 2). However, reconstitution with ubiquinone-10 is not very
by sucrose gradient. The purified chromatophores were notefficient [a ratio of 100 ubiquinone-10/RC results in recon-
frozen but kept on ice and used within a few days after stitution of >90% @4)], and addition of ubiquinone-2 may

preparation.
Photaoltage MeasurementsA supported membrane

system was created by fusion of chromatophores to a lipid-

impregnated support similarly as describéd, (42). The

introduce heterogeneity either due to a binding site different
from the native quinone3Q) or due to slightly modified
energetic parameterd). In view of the fair amount of @
preserved by our fusion procedure for the measurements

support was either a Mylar film (Goodfellow, thickness 2 presented here, such a reconstitution of fudl @@cupancy
um) separating two aqueous compartments (see Figure 1)was not applied. As a consequence of incomplete occupancy
or a planar gold electrode treated wittoctadecyl mercaptan  of the Q; site, the total amplitude on the second flash is
(OM, Sigma) to form a self-assembled hydrophobic layer. proportionally reduced due to the presence af @n the

The latter configuration consisted of only one aqueous minor fraction of RCs containing nogQThis neither affects
compartment. The results obtained with the two types of the relative amplitude nor the kinetics of proton-transfer
supports were identical, but the much higher capacitance ofphases on the second flash. However, the relative amplitude
the gold/OM system in principle allows monitoring fusion of proton-transfer phases related tg I@duction on the first

of chromatophores by capacitance measurements (Keller eflash may be underestimated. To exclude interference by
al., unpublished results). The lipid for impregnation was a variation of (¢ occupancy, the same sample was used for
mixture of 1.2% (wt/v)L-1,2-diphytanoyl-3-phosphatidyl- measuring the photovoltage response in the absence and
choline (Avanti Polar Lipids, Birmingham, USA) and presence of metal ions. The orientation of the majority of
0.025% (wt/v) octadecylamine (Sigma)nirdecane (Merck).  RCs with respect to the support can be deduced from the
Before use, the deposited lipid solution was dried for about polarity of the photovoltage signal. It was such that the
3 h to remove most of the solvent. Fusion of chromatophore acceptor side was exposed to the electrolyte/buffer solution
vesicles to the lipid layer was induced by addition of 20 mM and the donor side faced the support. This orientation is ideal
CaCl. After incubation for about 1 h, the chromatophore to study exchange of protons between the acceptor side and
suspension was replaced by an electrolyte solution containingthe solution. The degree of orientation was verified by control
100 mM KCI and buffer and redox chemicals as indicated. experiments comparing the photovoltage amplitudes induced
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Scheme 1: Schematic Representation of Charge Transfer Reactions Contributing to the Electrogenicity Detected on the First
and the Second Fladh

1%t flash 2nd flash
H* H*
ky! ky?
BD Ny ApK xH\B29) xp (P) %
Q,— Qp Qy,—> QB_A QgH - A QgH,
(4) I (4) I
p p
a) 2
PQAQs —4 > PQ, Q5 PQAQj + H' —548 5 PQ,Q H"

PQ,QzH +H" - PQ,QzH,

a2t is assumed that after each flash the oxidized primary donor is re-reduced rapidly by a fastAdsnitie dominant electrogenic phase due
to electron transfer from P toQB1 andB2 (B2 = B2a+ B2b) are electrogenic phases attributed to all proton-transfer reactions connected with
the first and second reduction ofsQrespectively. X represents one or more residues Kefpwhich is shifted byApK upon formation of @~
leading to substoichiometric proton uptak®l). PhaseB2arepresents transfer of one proton to singly reduceddlowed by transfer of the
second electron. PhaB2b corresponds to second protonation of the doubly reduged @ latter, internal proton transfer is presumably fast and
phasedB2aandB2b can be kinetically separated only at lower temperatusds The sum of the amplitudes of phaB& and B2 corresponds to
the transfer of two protons from solution tosQBecause of the relatively high effective dielectric constant of the region betwgem®the
cytoplasmic surface, for a given transmembrane distance the proton-transfer steps are expected to be less electrogenic than electron transfer from
P to @, the latter occurring in a region of the membrane protein with lower effective dielectric constant.

by the first and the second flash in the presence of the Q the reoxidation of quinol in thbc; complex is probably the
inhibitor terbutryn and after addition of the membrane- relatively low redox potential in the experiments presented
impermeable electron donor cytochrormend was found here. Another reason might be because quinone diffusion in
to be close to 100% (not shown). The samples were the small “blisters” formed by fusion of the chromatophores
preadapted in the dark for 5 min before excitation, which (48) is restricted.
was sufficient to ensure thatsQuas in the oxidized form Photaoltage Nomenclaturd=lash excitation of chromato-
before the flash sequence. No signal averaging was appliedphores fused with a lipid layer on a solid support gives rise
Control experiments were performed to verify that con- to a photovoltage signal, which in general shows several
tributions to the photovoltage signal from electrogenic kinetic phases (Scheme 1). We shall use the nomenclature
reactions other than the proton transfer phases under studyntroduced by Drachev et ak9) to describe the electrogenic
were either absent or kinetically separated. Potential contri- signals. The unresolved electrogenic phase due™@aP
butions can be expected from reduction df Iy external formation is denoted as phase A and the additional slower
donors #6) and from electrogenic reactions within the electrogenic phase attributable to proton transfer related to
complex related to quinol oxidatiod ). Concerning reduc- Qg function induced by the first and second flash as phase
tion of P, it was not possible to use external donor and Bl and B2, respectively.
mediator combinations typically employed, like ferrocyanide = The dominant electrogenic phase (A) on the first as well
andN,N,N',N'-tetramethylp-phenylenediamine (TMPD), as as on the second flash is a fast change of the membrane
this leads to formation of a precipitate when the metal ions potential due to electron transfer from the primary donor P
are added. Instead, we found that ascorbate/phenazineto the primary quinone acceptonQrThis charge separation
methosulfate (PMS) is a suitable donor/mediator couple, occurs in two consecutive electrogenic steps with time
compatible with Cé", Zn**, and NP*. The rate of P constants of about 50 ps (trapping limited) and 200583 (
reduction was tested by absorption change measurements imnd is not time-resolved in this experiment. The following
solution to occur in about 20 ms (1 mM sodium ascorbate, step of electron transfer from,Q to the secondary quinone
2uM PMS, pH 8). This is slow enough to avoid interference acceptor @ is not electrogenic and does not contribute to
with the proton-transfer phases. Concerning a potential the photovoltage signal. However, proton-transfer events
contribution from quinol oxidation by thbc, complex, it related to the reduction of ghave been shown to result in
can be detected under suitable conditions as a furthercharacteristic photovoltage phases with kinetics in the 100
electrogenic phase after the second flash in thellID ms us time range49, 51—54). The electrogenic phases B1 and
time range. We verified that addition of specific inhibitors B2 can be attributed to substoichiometric proton uptake due
of this reaction (antimycin and myxothiazol) had no effect to protonation of amino acid residues neay &d transfer
on the photovoltage response under our conditions (notof two protons to @ to form the ubiquinol @H,, after the
shown). The reason for the absence of phases connected witfirst and the second flash, respectively. In the presence of
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N a Z;W.ﬁ b Table 1: Exponential Time Constants and Relative Amplitudes of
o 7 014 Electrogenic Proton Transfer Phases as Determined by a Best Fit to
2] / 024 the Kinetic Traces in Figures 2 and 3
§ 031 ‘ §' 03 ' first flash (B1) second flash (B2)
1 T 04
% f’:_ 8 o5 R26  2x Hismutant R26 2 His mutant
é 08 é‘ 08 metal present a; 11 a T1 a 12 a T2
B -0
3 3o none 4 04 9 024 15 03 21 048
] ] 5 CcP* 11 10 11 0.4 13 12 16 11

> O
w©

NiZ¥ 12 15 10 037 13 11 19 07
o o] zwt 18 25 13 26 17 23 16 28

b s 1o T30 A ot e To0ws e Tome 100ms #Values given are mean values from at least three different samples
Tine Time and the error given by the observed variation between different

experiments is about: 20% for both amplitudes (expressed as
percentages) and time constants (given in ms). Both phases B1 and B2

01+ 0414 could be well described by a single-exponential function in all cases.

c . d Conditions: pH 8, 25C, 100 mM KClI, and 10@«M metal ion where

00 0 . .

indicated.

014 <01

02 02

rate of~(400us) % On the second flash, a phase, B2, with
an amplitude significantly larger than that of B1 (about 15%
relative to phase A) is observed (pH 8) with a rate~¢800
us) L.

The amplitude of the major fast phase due toQR-
formation phase (A) was not affected by the metals, whereas
the relative amplitudes and rates of the slower phases (B1

0s 2ms 4ms 6ms 8ms 10ms Os 2ms 4ms 6ms 8ms 10ms and B2) were affected. The metals showed similar but not
Time Tme identical effects, which are best seen in the lower panels of
Floune 2 Elect of metal inding on pciovolage vansints I Figure 2 (panels c and d) where the signal decay (caused by
flash; (parﬁ)els b and d) sech))nd flash of the s(ame series of tvao flashes " leakage) has_been remove(_j _from the kinetic traces for
spaced 0.5 s—) no addition, (- - -) 10uM Cd2*, (-++) 100 uM Clearer presentation. Upon addition of metal, B1 increased
Zn2*, (--+-+-) 100 M Ni2*. 10 mM Hepes pH 8, 100 mM KCI, 1 in amplitude ¢ 3-fold) and became slowek [= (1-2.5
mM ascorbate, and 2M PMS were present in all samples. The ms) ] (Table 1).

same sample of chromatophores fused to a Mylar film was used On the second flash. the addition of metal ions did not
for all experiments. Initial conditions were established by rinsing '

with 200uM EDTA between experiments. (Panels a and b) original change the a_mplltude of phase A, whereas the kinetics of
signals; (panels c and d) with the signal decay subtracted for clearerthe phase attributed to proton transfer 9 (®2) was slower
presentation. The lifetime of the signal in the 100-ms range is [k = (1—2 ms)]; the amplitude of B2 was essentially
limited by the capacitance of the supporting film1.4 nF) and  ynaffected (Table 1). 2 had the largest effect of the metal

the 100-M2 shunt resistor on the input of the amplifier but about ; :
30% of the decay is faster due to ion leakage (10 ms in the absenceIons tested with both the largest amplitude change and the

and 30 ms in the presence of metal ions, respectively). For ease ofSloWest rate for both B1 and B2 (Table 1). Increasing the
comparison, all traces are normalized to equal amplitudes of the metal concentrations to 5Q@M led to only a small (ZA"

unresolved fast phase. or Cc#) or no (NP*) additional decrease in the rates for B1
and B2 (data not shown). Evidence thatZmwas also the
external donors, the membrane potential (and the photovolt-strongest binding metal comes from experiments (data not
age signal) persists for 100 ms or longer. Its decay at long shown) where 50@M Zn2?* was added to samples containing
times is mainly due to leakage of ions through the membrane100 yuM Cd?* or 100 uM Ni2*. The resultant kinetic
of the fused chromatophores (Keller et al., unpublished transients were characteristic of bound?ZnThis is con-
results). sistent with ZA* binding displacement of Cd or Ni2*. If
500 uM Cd?" or Ni?* were added to a sample containing
RESULTS 100uM Zn?*, the kinetics remained characteristic of bound
Effect of Metal Binding on Electrogenic Proton-Transfer Zn®". This shows that Z# is not displaced by the other
Phases in R26 Chromatophor@e traces in Figure 2 show —metals.
on a logarithmic (panels a and b) and a linear (panels c and Note that upon addition of metal, the difference between
d) time scale the photovoltage response at pH &Rbf the relative amplitudes of B1 and B2 observed in R26
sphaeroidefk26 chromatophores without addition and after samples in the absence of metal disappears, and the rate
addition of 100uM Cd?*, Zr?*, or Ni?*, respectively. The  constants become smaller. Control experiments with meth-
data were taken on the first (panels a and c) and the second/lene blue, an efficient mediator for reoxidation of 56),
(panels b and d) flash of the same series of two flashes,showed that the observed behavior was not due to the
separated by 0.5 s. The same sample was used for this seriegresence of @ before excitation.
of experiments with a thorough rinsing with an EDTA The effect of all metals was removed by the addition of a
solution between sets of experiments. In the control sample 2-fold molar excess of EDTA (nhot shown). It was found that
without metal, on the first flash, formation ofgQ leads to metal binding was inefficient in samples that were not first
a phase, B1, with small relative amplitude (at pH 8) with a rinsed with an EDTA solution. We attribute this to the

normalized photovoltage
normalized photovoitage




434 Biochemistry, Vol. 40, No. 2, 2001

014 | 2x His mutant 15t flash | 01 2x His mutant 2"9flash
00 4 00
01 a 01 b
o 024 g 92
& 031 g 03
% 04 3 04
£ 051 g 05
o 064 v 054
] A
8 071 3 074
g 08 5 08
€ .09 -09
104 -10
-1.14 11
124 24
-100ps 10us 100us 1ms 10ms 100ms -100ps 10ps 100ps 1ms 10ms 100ms
Time Time
014 2x His mutant 15t flash 01 2x His mutant 2M9flash I
00+ 00 d
-01 4 01
S &
S ] s
3 02 3 02
3 8
o
& 10 S a0
° b=
B 8
12 -12

0s 2ms 4ms Bms 8ms 10ms
Time
Ficure 3: Effect of metal binding on photovoltage transients in
chromatophores from the 2 histidine [HA(H126)/HA(H128)]
mutant. (Panels a and c) first flash; (panels b and d) second flas
of the same series of two flashes spaced 0.5-3.ro addition,
(---) 100uM Cd?*, (--+) 100uM Zn?*, (-----) 100 uM Ni?*. 10
mM Hepes pH 8, 100 mM KCI, 1 mM ascorbate, angM PMS

0s 2ms 4ms 6ms 8ms 10ms
Time

Keller et al.

In the absence of metal ions (Figure 3, no addition), the 2
histidine mutant showed an2-fold larger amplitude for B1
(pH 8) than observed in R26 chromatophores with no change
in the rate (Table 1). The amplitude of B2 was also increased
(by ~40%) with a slight decrease in the rate (Table 1). Thus
the main effect of the mutation is an increase in the
amplitudes of both protonation phases, B1 and B2.

The addition of 10«M Cd?* led to small changes in the
electrogenic characteristics. B1 was slightly affected (by
<50%), and the amplitude of B2 was decreased-b¥5%
and the rate decreased by2-fold (Table 1). Addition of
100 uM Ni?* had little effect (Table 1). However, higher
concentrations of Ni induced similar effects as in the R26
sample (not shown). The addition of 18M Zn?* had about
the same effect in the>2 histidine mutant as in the R26
sample, with an~5—10-fold decrease in the rate of B1 and
B2. For all metals added, the increase of the amplitude of
B1 is accompanied by a decrease of the amplitude of B2,
leading to similar amplitudes of the phases B1 and B2. In
addition, no significant effect of Ca was observed in the
2x histidine mutant chromatophores.

DISCUSSION

In this study, we investigated the pathway for proton
transfer from the cytoplasmic surface to the secondary
electron acceptor gin chromatophores dRb. sphaeroides
by characterizing the effect on the electrogenic proton phases
of modifications at the putative proton entry point. The entry

hpoint was modified by metal binding (Zh CcP*, and N?*)

or by replacement of two surface-exposed histidine residues
with nonprotonatable alanine residues at the metal binding
site (L8). We measured the rate of formation and relative

were present in all samples. The same sample of chromatophoressmplitudes of the electrogenic phases associated with proton

fused to a lipid-coated gold/OM electrode was used for all
experiments. Initial conditions were established by rinsing with 200

uM EDTA between experiments. For ease of comparison, the traces

transfer toward @ after one or two flashes. An important
aspect of this work is to investigate the similarities as well

are normalized to equal amplitudes of the unresolved fast phase.as possible differences in the function of the quinone acceptor
(Panels a and b) original signals; (panels ¢ and d) with the signal complex between native membrane-bound RCs and isolated

decay subtracted for clearer presentation as stated in Figure 2.

presence of residual €3 which was added to promote

fusion of the chromatophores and which stays bound even

after several rinses with €afree solution. It is likely that

C&" binds in a competitive manner to the same site as the

other divalent metal ions studied in this work. When

comparing traces recorded before and after EDTA washing

or after readdition of 10@M C&*, it was noticed that Ca
caused a slight decrease in the rate of B1 and B2 and a
increase of the relative amplitude of B1 (data not shown).
This observation is consistent with effects of ionic strength
and C&" on B2 reported earlieis(, 54). Whereas the major
effect of salt concentration was interpreted in terms of a
decrease in surface potential, the possibility of specific
binding of cations to the protein had previously been
suggestedHl).

Effect of Double Mutation His-H126Ala, His-H128Ala.
isolated RCs, Cd and Zri#t bind to Asp-H124, His-H126,
and His-H128 18, 57). To evaluate if the binding site of

RCs in which inhibition of proton transfer by metal ions was
first reported 16, 17).

The interpretation of photovoltage transients involves two
aspects, rates and amplitudes. The rates reflect the time
course of electrical charge movements, which in our case
involve protons. The amplitudes observed in photovoltage
measurements result from two contributing factors, the
amount (stoichiometry) of charges transferred and the
dielectrically weighted transmembrane distance over which

"the transfers occur. Below, we provide an explanation of how

the electrogenic proton-transfer phases could be modified
by the binding of metal ions and by the Aistidine mutation
in the light of the different proposed proton pathways.

2 An exception is the binding of 2f in R26 chromatophores, which
led to an increase in the amplitude of both B1 and B2. For completeness,
it should be mentioned that addition of metal ions has a secondary
effect. It causes a slowdown of the decay phase of the photovoltage
signal. This is most clearly seen in the traces of Figure 3 (panels a and
b). In these experiments with the gold/OM electrode the capacitance
of the system is much higher than with the Mylar film, leading to a

the metal ions in chromatophores is the same as in isolatedsiower apparent decay (the shunt resiftavas 100 M2; see Figure

RCs, we investigated a double mutant in which His-H126
and His-H128 were replaced by alaninex(zhistidine

1). Under these conditions, the recovery of the potential change at long
times is exclusively limited by ion leakage through the chromatophore
membranes. A likely explanation for the longer lifetime of the flash-

mutant). Figure 3 shows the photovoltage response on thejngyced potential in the presence of metal ions is that the latter block
first and second flashes for chromatophores from this mutant.ion leakage through the chromatophore membrane.
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Comparison to Pregious MeasurementsThe general contrast, addition of 100M Zn?" to chromatophores of the
features of electrogenicity observed in this work on R26 2x histidine mutant does result in a slower rate for B1 and
samples (Figure 2, Table 1) agree well with data reported in B2. A possible reason for the Zn effect in the double
the literature (see Scheme 1). In particular, it has been shownhistidine mutant is that 24 alternatively binds to the now
that the relative amplitude of the phase B1 on the first flash exposed acid groups of Asp-M17, Asp-L210, and Asp-H124.
is small at neutral pH but increases at acidic and alkaline If this is the case then it must be concluded that binding of
pH (not shown, see ref49 and52). This phase has been Cd" or Ni?* to these aspartic acid residues is significantly
attributed to substoichiometric proton uptake and electrogenicweaker.
protonation of residues whos&pvalue is shifted due to Proton Entry Point.Upon metal binding to R26 chro-
electrostatic interaction with the charge op @ It is worth matophores, the rate of the electrogenic phase Bl was
noting that a phase reported in RCs oriented on a Teflon decreased-3—5-fold and the amplitude increasee3—4-
film with inverse electrogenicity and kinetics reflecting fold (Table 1). With respect to kinetics, we note that proton
electron transfer to Q(58) is not observed in chromato- movements detected by photovoltage need not have the same
phores. It had been proposed that this phase is due to &inetics as electron transfer tosQkag™). In a recent study
conformational change related with gating of the electron of electrochromism in chromatophoresRb. sphaeroides
transfer. If a similar reaction exists in chromatophores, it several kinetic phases were observed. The faster phases were
might be electrically silent. Upon the second flash, the phase assigned to electron transfer and the slowest phase to proton
B2 has an amplitude of £520% relative to phase A and is  uptake R7). In isolated RCs, the kinetic phases were more
attributed to proton uptake and transfer of two protons to similar in rate.

Qg™ to form the ubiquinol @Ho. In isolated RCs with bound 2h, kag® was decreased by

In most previous studies, the phases related to proton~10-fold as compared to R26 RC46{ 17). The rate
uptake upon @reduction (B1 and B2) have been analyzed constants of Bl determined in chromatophores in the
after subtraction of traces recorded after addition @f Q presence of metal ions (:@.5 ms)! compare reasonably
inhibitors, like atrazine or terbutryn, to subtract eventual well with the rate ofkag™® of (1.4 ms)* found in isolated
contributions not related to g¥function. In this study, we  RCs. This is taken to indicate that upon metal binding, both
choose not to use subtraction of traces taken in the presencelectron transfer (as measuredkag®) and proton transfer
of an inhibitor but rather to analyze the traces directly. The (as measured by photovoltage kinetics) become slow and
rationale for this is the functional linkage between the Q kinetically correlated. The decrease in the observed rate was
and @ site B9, 60, and references therein). In view of the attributed to a slowing down of a conformationally gated
coupling of protonation events occurring upor Q@r Qs~ step that limits electron transfer togQlue to its similar
formation, subtraction of the two traces may lead to kinetic behavior to RCs at ZC in the absence of 2n (16).
systematic errors. There are indications that the proton uptakePaddock et al.17) showed that C& had a similar effect
upon Q- formation (as detectable in the presence of on kas™® and favored a similar interpretation, although
inhibitors) is mainly by residues nears@21, 61-63). To alternative explanations such as hindered uptake and/or
our knowledge, the electrogenicity of proton uptake in the redistribution of protons that stabilize the semiquinone were
state Q™ has not been investigated so far. As it is likely not excluded. The importance of protein rearrangements for
that proton uptake in the stateg Qand @~ is not additive electron transfer to § as well as the necessity of proton
(the protons taken up in the statg Qconstitute part of the  uptake for stabilization of the statesQ were also noted in
proton uptake upon £ formation), the amount of proton  recent electrostatic calculation®1j. There is also experi-
uptake in the state £ will be underestimated by subtracting mental evidence that the rate-limiting step kf® is
the part of proton uptake occurring in the statg Q conformationally gated6d) and that proton rearrangement

Metal Binding Siteln RC crystals, C&# and Zrf™ bind controls the “gating step’5@). Recently, a mechanistic model
to His-H126, His-H128, and Asp-H124 whereagNbinds based on conformationally controlle&switching has been
to Asp-M17 and His-H1261@8). To test whether this is the  proposed that provides a link between these two mechanisms
binding site in chromatophores, a double mutant was (55, 65). In this model, movement of £from a distal to a
constructed in which His-H126 and His-H128 were replaced proximal binding position is connected to a change in the
with Ala [2x histidine mutant, §7)]. The addition of 100 protonation state of Glu-L212.
uM Ni2" or CcP* had little effect on the electrogenic phases.  The electrogenic phase B2 on the second flash is directly
However, upon addition of greater amount of metal ions, related to the supply of two protons tos@.e., B2 is the
both the kinetics and the amplitudes became more similarsum of B2a and B2b, Scheme 1). The first proton is
to those found in the R26 chromatophores with the metal. kinetically coupled to the transfer of the second electron to
The most straightforward explanation would be a decreasedQg (B2a, Scheme 1), occurring with rate constigat?. This
binding affinity for Ni#* or Cc#* in the 2x histidine mutant  coupling of electron and proton transfer holds even in the
in agreement with observations in isolated RG%)( This presence of metals, where it has been shown that transfer of
confirms that the binding site of these metal ions (in the R26 the first proton becomes rate-limitingj7). The second proton
system) is the same in chromatophores and isolated RCs. Irafter formation of @H™ must be transferred rapidly (B2b,
Scheme 1), as B2 is not biphasic in R26 chromatophores or

3 At temperatures below 1%, this phase was reported to splitinto  in the presence of metal ions. However, B2 displayed
two components with different activation energg3). The two biphasic kinetics at lower temperatutg)). The two phases

components were attributed to two conformations of the oxidized ; :
ubiquinone at the @site, differing by the presence or absence of a were attributed to the transfer to;@f the first and second

hydrogen bond between Glu-L212 and one of the methoxy groups of Proton, respectively, and a model was proposed in which
Qs unbinding of QH™ is the rate-limiting step for the second
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protonation of @ (55, 65). That the second proton contrib- Aoaq Q. 3:3:
utes to B2 has also been shown by the diminished amplitude

in a Glu-L212— GIn mutant in which the transfer of the 1223 ™% 7<

second proton is blocked®). Binding of Zr#™ or C* L213/L212‘~~§-;;; e “@{31/‘\1»2
decreasedkss®@ in isolated RC 10-fold or 20-fold, respec- . .

tively (17). The fact thakas™® andkas®@ are decreased by a P3~1_VI/17' "E'_'LZ‘O .

similar factor suggests that metal binding inhibits proton o 6 HI24

transfer or uptake on the first and second flash by a common Ni2t P A :{W“O
mechanism. In agreement with the optical kinetic measure- ——— Fpoadh . Pt
ments in isolated RCs, our photovoltage measurements show Cd** and Zn* H128

that in R26 chromatophores, the addition of metal ions has
similar effects on the B1 and B2 pha$€Bigure 2). This
result suggests that in the presence of metal ions, the same

; ; it FIGURE 4: Part of the RC structure showing the region between
reaction step is rate-limiting for B1 and B2, namely, proton the metal binding site and g Positions of metal ions1@) and
uptake or proton rearrangement.

entry points of proton pathways proposed by Abresch etla). (

We are left with the question by which mechanism metal are int?]ivcvgte% 2; izf;gwsisog‘éso:g%raetsein\t,vvé’?éetfargr']eﬁléﬁs(;f;\:lg'qug

indi ; In pa .
blndlng d.ecreases the rate of proton'dellvery towagd'leo strﬁcture 1yAIJ except for £, the coordinates of which were taken
contributions, which are not exclusive, may be considered. ¢oy the light RC structure 1AIGT@).
First, one or more of the residues involved in metal binding
(His-H126, His-H128, Asp-H124, and Asp-M17) might be
essential for proton uptake. The binding of the metal to the
residue prevents it from facilitating proton uptake. Second, metal binding site is close to the entry point of one of the
the binding of the metal ion diminishes the effective proposed proton pathways from the cytoplasmic surface to
concentration of protons near the entry point (electrostatic g, (p3) (Figure 4). With a bound Gt} mutations of residues
repulsion). The small effect of the His-H126/His-H128 n path P3 (Asp-M17 and Asp-L210) led to a decrease in
mutation on the kinetics of proton transfer observed in the the rate of transfer of the second proton in isolated RCs by
present work seems to exclude His-H126/His-H128 as 1 order of magnitude6@). This indicates that alternative
essential for proton uptake at pH 8. However, it is possible pathways are much less efficient and are not competitive
that in this mutant the substitution of the His side chains eyen when proton uptake through P3 is slowed by metal
with smaller Ala residues results in other protonatable groups, pinding. Assuming that the same situation holds for RCs
such as Asp-L210, becoming solvent-accessible, allowing hound in the membrane of the chromatophores, the binding
them to substitute for these His residues in proton uptake. of the metal ion most likely increases the stoichiometry of
In this case, the absence of a decrease of the kinetics in theyroton uptake on the first flasiCorrespondingly, a decrease
2x histidine mutant does not necessarily disqualify these i, the amplitude of B2 is observed upon metal binding
His side chains as proton acceptors in the R26 system.iexcept for Z&" in R26 samples, Table 1). The similar
Replacements of these His residues with structurally more gmpjitudes of B1 and B2 in the presence of metal ions
conservative amino acids (e.g., Phe) could help to clarify g, ggest that under these conditions about one proton is

stoichiometry or an increase in the dielectrically weighted
transmembrane distance for the proton-transfer évéhe

this point. The dominant contribution to the decrease in the
rate of proton uptake comes probably from electrostatic
repulsion of protons near the entry point by the bound metal
ion, but it cannot be excluded that metal binding has less
direct effects, for example, on the functional organization
(e.g., H-bonding energies, local dynamics) of the hydrogen-
bonded network connecting the metal binding site residues
to the @ site. Although normally it is not expected that
proton conduction within this proton well is rate-limiting,
an unfavorable intermediate may create a barrier slowing
down proton conduction along the network. Nevertheless,
the binding of a metal ion to His-H126 and His-H128 or
Asp-M17 inhibits proton uptake and identifies this region
as the entry point for the protons.

Internal Proton RearrangemenBelow we will discuss
possible mechanisms by which metal binding and the
mutation can result in an increase in the relative amplitude
of B1. Two factors can contribute to an increase of the
photovoltage amplitude: an increase in proton uptake

4The faster absolute rate of B2 in chromatophores as compared to
kas(2) in isolated RCs could be due to a transient confinement of protons
at the membrane surfac67), an effect which, in the R26 system, is
especially visible on the second flash where a larger fraction of protons
is taken up from solution.

transferred into the gsite on the first flash and one proton
on the second flash.

In principle, proton uptake compensates for the thermo-
dynamic penalty for introduction of a negative charge.
Uptake of a full proton upon one electron reduction is not
uncommon. For example, one model for the catalytic cycle
in cytochromec oxidase is based on an electroneutrality
principle where each electron transferred to a membrane-
embedded electron acceptor is stabilized by uptake of one
proton @9, 70). Rather, the question arises why, in the R26
system, proton uptake (and electrogenicity of proton transfer)

5The addition of metal ions did not increase the occupancy of the
Qs site as evident from the unmodified amplitude of phase A on the
second flash.

6 The increase in amplitude of the phase B1 (by about a factor of 3
to 4) induced by metal binding cannot be explained by activation of
another pathway with an increased transmembrane distance for proton
transfer. Although one of the proposed pathways (P1a) extends over a
larger transmembrane distance than the path P3 (Figure 4), a proton
transferred through Pla would lead to a small, if any, increase in the
observed amplitude. This is due to the high effective dielectric constant
expected in this part of subunit H, which is well outside the membrane
dielectric and exposed to the aqueous solution. In other words, protons
are taken up from an (quasi)equipotential surface. Transfer of the
protons through the extramembranous part of the protein will not
contribute significantly to the membrane potential.
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is unbalanced on the first and second flash. Typical valuesered as an internal proton source, which upgn f@rmation
from proton uptake measurements indicate at pH 8 uptakedelivers a proton to (Asp-L213/Glu-L212) without being
of ~0.4 H' on the first and~1.6 H" on the second flash  (fully) reprotonated. According to the calculations, the proton
(see, for example, refl), and typical values for the relative  is transferred predominantly to Asp-L213. Protonation of
amplitudes of photovoltage phases B1 and B2-a4&6 and Glu-L212 had also been proposed connected with movement
15—20%, respectively49, 51—-55). Itis commonly accepted  of Qg from a distal to a proximal binding position and
that two key residues, Glu-L212 and Asp-L213, control formation of a hydrogen bond between Glu-L212 and a
proton uptake and electrogenicity on the first flagB, (52, methoxy group of @in a fraction of RC §3, 55, 65). These

61, 66, 72). Replacement of Glu-L212 with GIn eliminates ideas agree with molecular dynamics simulations, which
proton uptake at high pH whereas replacement of Asp-L213 suggest that @occupies the distal position until both Asp-
with Asn eliminates proton uptake at low pH. There is strong L213 and Glu-L212 are protonate@3d). However, for the
evidence from infrared studies that Glu-L212 increases its purpose of the discussion of the photovoltage data, it is not
protonation state upongeduction at neutral pH and shows important whether the proton is transferred to Glu-L212 or
a nonclassic titration behavio24, 25). Strong electrostatic =~ Asp-L213, due to the similar transmembrane location of these
interactions between titrating acids can lead to complicated two residues.

titration behaviors and make it difficult to attribute observed  As pointed out by Alexov and GunneRY), increased
PKa values to any one carboxylic acid. It is probably more proton uptake above pH 9 is largely a result of the inability
appropriate to talk about (upper and lower) apparéff p  of Asp-L210 to be protonated in the ground state so that
values of the Glu-L212/Asp-L213 couple keeping in mind much of the proton transfer to Asp-L213 now comes from
that other residues of the cluster mlght contribute to the solution. |ndeed' from a phenomeno|ogica| point of VieW,
titration behavior. the changes in the amplitudes of phases B1 and B2 induced

To explain the increased amplitude of B1, we propose the py metal binding at pH 8 observed in the present work are

following model. In the R26 system, an internal proton donor
exists, which delivers about one proton to the (Glu-L212/
Asp-L213) cluster near Qafter the first flash but that is
not, or only partially, reprotonated by *Huptake from
solution. Full reprotonation of this residue occurs only after
the second flash. Binding of a metal ion inhibits the function
of this residue as internal proton source provoking uptake
of ~1 H* from solution upon formation of §.

very reminiscent of the effect of an increase in pH in R26
samples (not shown, see e4p). It is therefore tempting to

explain the effect of metal binding on the amplitudes by a
shift to lower pH of an apparentq of a residue that controls

proton transfer. In the context of our working model, the
bound metal ion stabilizes the ionized state of Asp-L210.
As a consequence, protonation of (Glu-L212/Asp-L213)
requires proton uptake from solution. This involves proton

The increase in the amplitude of phase B1 observed in translocation over twice the transmembrane distance than

the 2x histidine mutant could indicate that these His residues
are a proton source. However, this is unlikely for two reasons.
First, it is difficult to explain why proton donors at the protein
surface, far from @, would not be reprotonated rapidly as
electrostatic interaction with £ is expected to be weak.
Second, the difference in electrogenicity for transfer of
protons to the @site either from these His residues or from
solution is expected to be small. This is in contradiction with

occurs for internal proton transfer from Asp-L210 to Glu-

L212 or Asp-L213. This model predicts the increase in the
amplitude of B1 that is experimentally observed. Although
the tentative identification of Asp-L210 as the internal proton
source is consistent with recent calculatiof$)( it cannot

be excluded that other nearby carboxylic acids or water
molecules are involved.

Since metal binding induces no major structural change

the large increase in electrogenicity of the phase B1 observed, 1o Q pocket (L8), the most likely explanation for the

upon metal binding.
According to the relative photovoltage amplitudes, the
putative internal proton source must be located closerto Q

effect of binding of a metal ion is electrostatic stabilization
of the ionized state of an internal carboxylic acid (e.g., Asp-
L210). The distance between water w72 (which is bound to

on the pathway connecting the metal binding site and the is_H126 and His-H128 and which is displaced by?Cand

Qg site. An obvious candidate for a residue fulfilling this
condition is Asp-L210, which is situated between the (Glu-
L212/Asp-L213) cluster and the metal binding site (Figure
4). Calculations of side chain ionization and conformation
(21) provide insight into the details of protonation events
accompanying the first reduction ofsQAccording to these
simulations, the strongly coupled acids Glu-L212 and Asp-
L213 always share one proton in the statgadd both are
protonated in the stategQ. Between pH 7 and 9 Asp-L210
is the proton donor for the (Glu-L212/Asp-L213) cluster. The
protonation state of Asp-L210 is controlled by interaction
with the (Asp-L213/Glu-L212) cluster, and it is energetically
unfavorable to have all three acids ionized simultaneously.
In the @@ state, the protonated Asp-L210 is stabilized by
interaction with the ionized Asp-L213. Upon formation of

Zn?") and the carboxyl groups of the side chain of Asp-
L210 is about 78 A. Assuming a single charge on the metal
and a dielectric constant of20, the interaction energy
between the bound metal ion and Asp-L210 is estimated to
be ~2 kcal/mol. This interaction decreases th&, pf Asp-
L210 by 1.5 units, which might be sufficient to explain
ionization of this residue in the states@t neutral pH. Thus,

in our model, the metal ion shifts thé&Kpof Asp-L210 to a
lower value eliminating it as a proton source.

7 Interactions with other titrating groups and nonelectrostatic interac-
tions between the metal ion and Asp-L210 may also contribute. In
particular, the binding of the metal ion could perturb a water molecule
(w74) involved in hydrogen bonds with both Asp-L210 and Asp-H124,
the latter being one of the three residues coordinating” ©d Zr?*

Qs, Asp-L213 becomes protonated and Asp-L210 becomes(18). In the case of Ni", this water molecule could even be a direct

ionized (i.e., its K, is shifted down due to the loss of the
nearby ionized acid). In this way, Asp-L210 can be consid-

ligand to the metal. Slight changes in the water position could affect
the hydrogen bond strength, which is another mechanism by which
metal binding could affect the protonation state of Asp-L210.
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The working model presented above predicts that the
inhibition of Asp-L210 as internal proton source should
disappear at a sufficiently low pH, where this residue is
protonated in the ground-state despite interaction with the
metal ion. It also predicts that at pH 8 there would be
increased proton uptake from solution on the first flash in
the presence of metal ions, which could be verified by
measurements of proton uptake with indicator dyes.

CONCLUSIONS

(i) The effect of metal binding (A1, Cc*, Ni?*) in
chromatophores is qualitatively similar to the effect observed
in isolated RCs, suggesting that the cause of the kinetic

effects is the same in chromatophores and in isolated RCs.

(ii) The decreased binding of €dand N?* in the 2x
histidine mutant [HA(H126)/HA(H128)] indicates that these
binding sites in chromatophores correspond to the binding
sites determined by X-ray crystallography.

(iif) The two above conclusions suggest that in chromato-

phores, as in isolated RCs, there exists a unique proton entry 19

point (close to Asp-M17, His-H126, and His-H128) for
proton uptake associated withs @duction.

(iv) The increase in the amplitude of the electrogenicity
of proton transfer on the first flash upon binding metal is
attributed to an increase in the stoichiometry of proton uptake
from solution caused by elimination upon metal binding of
internal proton rearrangements that stabilize @ he similar
amplitudes on the first and second flash with bound metal
ion indicate that one proton is taken up on both electron
transfers to @.
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