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Retardation of Proton Transfer Caused by Binding of the Transition Metal lon to
the Bacterial Reaction Center Is Due t Shifts of Key Protonatable Residdes
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ABSTRACT. Transition metal ions bind to the reaction center (RC) protein of the photosynthetic bacterium
Rhodobacter sphaeroidesd slow the light-induced electron and proton transfer to the secondary quinone,
Qs. We studied the properties of the metal +RC complex by measuring the pH dependence of the
dissociation constant and the stoichiometry of proton release upon ligand formation. We investigated the
mechanism of inhibition by measuring the stoichiometry and kinetics of flash-induced proton binding,
the transfer of (first and second) electrons tg, @nd the rate of steady-state turnover of the RC in the
absence and presence off€dnd NP on a wide pH rangeThe following results were obtained. (1) The
complexation of transition metal ions &dand N?* with the bacterial RC showed strong pH dependence.
This observation was explained by different (pH-dependent) states of the+iigaald cluster: the complex
formation was strong when the ligand (Asp and His residues) was deprotonated and was much weaker if
the ligand was partly (or fully) protonated. A direct consequence of the model was the pH-dependent
proton release upon complexation. (2) The retardation of transfer of electrons and protgnsds &lso
strongly pH-dependent. The effect was large in the neutral pH range and decreased toward the acidic and
alkaline pH values. (3) Steady-state turnover measurements indicated that the rate of the second proton
transfer was much less inhibited than that of the first one, which became the rate-limiting step in continuous
turnover of the RC. (4) Sodium azide partly recovered the proton transfer rate. The effect is not due to
removal of the bound metal ion by azide but probably by formation of a proton-transporting azide network
similarly as water molecules may build up proton pathways. (5) We argue that the inhibition comes mainly
from pK, shifts of key protonatable residues that control the proton transfer along the H-bond network to
Qs. The electrostatic interaction between the metal ion and these residues may result inkacstidtp
between 1.5 and 2.0 that account for the observed retardation of the electron and proton transfer.

Transmembrane proton transport in photosynthetic bacteriarespectively. If the external electron donor (os#t") is
is coupled to light-induced electron transfer (ET) the available on the donor side, then it can rereduce the oxidized
reaction center (RC) through a series of electron donor anddimer
acceptor molecules (see réf for reviews). The charge
separation is initiated by flash excitation of the bacterio- P"cytc® — P eytc®t 1)

chlorophyll dimer, P (P~ P*) followed by three sequential . _— "
ET reactions to bacteriopheophytin, | (P* P*I~), primary and similarly ET from P to @ can be initiated by additional
quinone, Q (Pl — P*Qa"), and secondary quinone Q flash excitation. The ET reactions on the acceptor side are

(P*Qa~ — P*Qg") that take place on the few picosecond, MOre complicated than on the donor side because they are

hundred picosecond, and hundred microsecond time scalesCOUPI€d to changes in conformational and in protonational

states of the RC2X—4). The first interquinone ET to gcan
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yl)methyl]lamino]propane; CAPS, 3-(cyclohexylamino)-1-propane- QA QB QAQB 2)

sulfonic acid; CHES, 2N-cyclohexylamino)ethanesulfonic acid; cyt
¢, cytochromec; EDTA, ethylenediaminetetraacetic acid; ET, electron - The conformational gating can include the movement gf Q

transfer; LDAO, N,N'-dimethyldodecylamineN-oxide; MES, 2-N- . : PN .
morpholino)ethanesulfonic acid: MOPS, K-horpholino)propane- 1o the distal to the proximal position in the binding pocket

sulfonic acid; P, bacteriochlorophyll dimer,Gnd @, primary and (112), protein dynamics 12), or proton transfer9). The
secondary quinone acceptdp, RhodobacterRC, reaction center;  accompanied pH-dependent substoichiometric amount of

TRIS, tris(hydroxymethyl)aminomethane; Triton X-100, octylphenol ; ;
polyethylene glycol ether; U§ 2,3-dimethoxy-5-methyl-6-hexaiso- pr(.)ton u_ptake Is due tokpchanges of pmtonatz.ible amino
prenyl-1,4-benzoguinone; UR 2,3-dimethoxy-5-methyl-6-decaiso- ~ acid residues nearbygQJ8, 10). The second ET is coupled

prenyl-1,4-benzoquinone. to direct protonation of @ (6, 8, 13—16):
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Q. Qs + Ht first proton qguinone acceptor complex by electrostatic interaction that
A B induces K, shifts of the key residues. We address the
Qn (QgH) =2y (Qs H)™ (3)  mechanisms of complexation of metal ions with the RC and
electrostatic perturbation of the charged residues by bound
The uptake of the second proton leads to the formation of metal ions in the quinone complex.

quinol:
MATERIALS AND METHODS

Qa(QgH) + QA(QgH)) (4) Electron Acceptors, Electron Donors, Reagents, and
_ . . _ Buffers Ubiquinone UQ, (Sigma) was sonicated in 30%
The quinol dissociates from the RC and is replaced by an nonionic detergent Triton X-100 (Sigma), and ubiquinone

4+ second proton
H ———

oxidized quinone from the quinone pool: UQs (Sigma) was solubilized in ethanol. Terbutryne (Chem
B quinol releaser quinone binding Service, Inc., West Chester, PA), a €ite electron transfer
Qa(QgH2)  + Qpool inhibitor, was prepared in ethanol before use. A neutral

Q,Qg + QH, (5) (ferrocene) or charged electron donor [mammalian (horse
heart) cytochrome (Sigma)] was used as an external donor
During the quinone reduction cycle, two electrons are to the oxidized dimer (P of the RC in multiple flash
transferred and two protons are bound & Bs a result of experiments § 34—36). The cytochromec was reduced
two coupled photochemical reactions, the RC separates(>95%) by hydrogen gas on palladium or by sodium
reducing (QH) and oxidizing (cytc®") equivalents that are  ascorbate. The degree of reduction of the cytochromas
exported on the acceptor and donor sides, respectively.  monitored by the increase of the optical density at 550 nm
Whereas the pathway, kinetics, and energetics of electronin a spectrophotometer (Unicam UV4). The amount of
transfer are well documented, those for proton delivery to cytochromec oxidized by the RC was determined using the
Qs are more obscure?2( 4, 16—18). A wide range of extinction coefficient difference ofjeq — €ox = 21.1+ 0.4
structural {1, 19), mutational 20—25), and computational mM~* cm™ (37). Solutions of hydrochloric acid (HCI) were
(26, 27) studies have identified possible proton delivery prepared from 10 mM stock solution (Fisher). The following
pathways controlled by several key residues (Asp L210, Glu pH indicator dyes were used at the indicated pH ranges at a
L212, Asp L213, and Ser L223) in the vicinity ofgQ measuring wavelength close to the isosbestic point of the
Replacement of these crucial amino acids by nonprotonatableP/P" difference absorption spectrum & 570 nm): bro-
amino acids causes severe drop of ET rate and/or protonmocresol purple (Reanal) 5.5 pH < 7.5, o-cresol red
uptake. The protonation pathways connect the cytoplasmic(Reanal) 7.0< pH < 9.0, ando-cresot-phthalein (Reanal)
surface of the RC to these key residues. They consist of a8.7 < pH < 10.1. The following pH buffers were used at
connected network of proton donor and acceptor groups ofthe indicated pH ranges: MES (Sigma) 55pH < 6.7,
suitable energetics K values) linked by hydrogen bonds. TRIS (Reanal) 7.8< pH < 8.8, MOPS (Sigma) 6.5 pH
Three pathways with different lengths and entry points for < 7.8, BIS-TRIS PROPANE (Sigma) 6.5 pH < 9.5,

the protons were identifiedL(, 13, 19). CHES (Sigma) 8.5< pH < 10.1, and CAPS (Sigma) 97
Very recently, a new method (reversible binding of metal pH < 11.1.
ions to RC) was introduced®8, 29) that has proved to be Transition Metal lonsFor all of the transition metal ions

very successful in identification of the dominant proton tested in this study, the same anion{Glvas used; thus the
delivery pathway to @ (30). Upon binding of metal ion  difference in the inhibitory effects cannot be attributed to
(Zn2* or CcP") to the surface of the RC, at least a 10-fold the anionic counterion. The observed effects of the exogenous
decrease in the rate of proton transfer was observed that wasransition metal ions could be eliminated by addition of a
attributed to severe blockage of the main (P3) proton transferstrong chelater of cationic metals (e.g., EDTA).
route to @ (4, 30, 31). On the basis of X-ray diffraction Isolation and Preparation of the ROChe RC protein was
data, the locations of the binding sites for?Cdind Zr¥* solubilized by the ionic detergent LDAO (Fluka) from the
were found to be identical and were identified as a cluster blue-green (carotenoid-less) mutant (strain R-26) of the
of two histidine residues (His H126 and His H128) and one photosynthetic purple bacteriuRhodobacter sphaeroides
aspartic acid residue (Asp H124) near the surface of the RCas described earlie8). For alternate nonionic detergent
on the H subunit at a distance 18 A away from @2). The (Triton X-100, Sigma) preparation and removal of excess
Ni?* binds at a nearby location to Asp M17 and His H126 salt, the RC preparation was thoroughly dialyzed against 1
(33). mM TRIS buffer (pH 8.0) and 0.03% Triton X-100 overnight
All available reports on inhibition of proton transfer to at 4 °C before use. Additional extensive dialysis occurred
Qs by binding of Zr#* or CcP* transition metal ions have to remove the chelating agent EDTA and, before proton
been referred to a single pH (8.0). In this work, we extended uptake/release measurements, to lower the buffering capacity
the study of the inhibitory effect to a wide pH range and of the preparation. The RC isolated in this way was depleted
investigated the effect of a more potent transition metal ion, of secondary quinone as checked by biexponential analysis
Ni?*; the conventional flash kinetic assays were extended of the kinetics of flash-induced charge recombination, where
by direct measurement of proton kinetics and stoichiometry the slow component indicated the presence of functiopal Q
attributed to light excitation and metal ion binding to the (5, 38). The secondary quinone activity was reconstituted
RC and by assessment of the steady-state turnover rate oby ubiquinones added to the sample in excess from 10 mM
the RC. The inhibitory effect was highly pH-sensitive for stocks. The degree of reconstitution was above 90%.
two reasons: (1) the metaligand formation is pH-depend- Electron Transfer MeasuremengSharge recombination
ent and (2) the metal binding perturbs the function of the kinetics were measured by monitoring the recovery of the
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oxidized dimer (P) at 430 or 865 nm after excitation with
a saturating Xe flash of light by using a single-beam
spectrophotometer of local desigs).(The bandwidth of the
measuring beam was 2 nm in the visible spectral range and
4 nm at 865 nm. The concentration of the oxidized dimer
was determined from the amplitude of the flash-induced
absorption change at 430 or 865 nm using extinction
coefficients of 26 mM* cm™® and 120 mM?! cm™,
respectively §, 8).

The kinetics of the transfer of the first electron from Q
to Qs was determined by monitoring the shift of the
bacteriopheophytin band at 398 nm. As the reporter bacte-
riopheophytin is located at different distances from the two
quinones, its absorption is sensitive to which of the quinones
(Qa or Q) is reduced. To improve the signal-to-noise ratio,
routinely 64 traces were averaged.

The kinetics of the proton-coupled second electron transfer
from Qa to Qs was measured by monitoring the decay of

the semiquinone absorption at 450 nm after the second®

saturating flash in the presence of an external donor (reduce
cytochromec).

The kinetics of photooxidation of reduced cytochrome
under rectangular shape of laser excitation was measure
with a single-beam kinetic spectrophotome®9-41). The
actinic illumination was provided by a laser diode [HPD,
emission wavelength 808 nm, emission bandwidth (fwhm)
<3 nm, maximum power 1.0 W] controlled by a homemade
driver (operating current 1.2 A). The measuring beam (550
nm) was focused on a small area (3 mm3 mm) of the
sample. The sample was deoxygenated before measuremen
and was kept under nitrogen atmosphere.

Proton Binding and Unbinding MeasuremeSstoichiom-
etry and kinetics of light-induced proton uptake of the RC
were measured by absorption changes of pH indicator dyes
(8, 42). Proton release induced by metal ion binding to the

dark-adapted RC was measured as the electric response of Atast

the pH glass electrode (glass/Ag/AgCl combination semielec-
trode, Corning No. 476540). Net proton binding/unbinding
was obtained by subtraction of the dye or pH electrode
response from that measured in buffered (10 mM) solution.
External [acid (HCI) mixing] and/or internal econstitu-
tion, neutral or acidic pH range) calibrations were carried
out. All measurements were performed at room temperature
(23 °C).

Data Analysis and Calculation&Experimental data were
recorded by a digital oscilloscope (Hitachi VC 6025)
interfaced with an IBM PC where data analyses were carried
out. The multiexponential decomposition of the absorption
transients was performed by using the software package 2
(developed by Z. Filus and G. LaczKdniversity of Szeged)
based on the Levenberd/larquardt nonlinear least-squares
fitting algorithm. The working models were analyzed nu-
merically by the software package of MathCad 4.0.

RESULTS

pH Dependence of Binding of Transition Metal lons to
the RC.As EDTA in the metal iorr-RC complex acts as a
chelating agent, it was thoroughly removed before treatment
with transition metals. Similarly, as in r&0, the observed
second electron transfer rat&g®, eq 3) was used to
measure the dissociation constant of transition metal ion
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Ficure 1: Kinetics of the absorption decay of the semiquinones
after the second flast\@) measured at 450 nm in the presence of
various concentrations of NigIThe traces were decomposed into
two (slow and fast) phases. The slow and fast components are due
RCs that bind and do not bind Nj respectively. Numerically,
s(slow)= 90 s! andkag(fast)= 3300 s. Conditions: 1.5uM

C, 0.03% Triton X-100, 2@M cyt ¢+, 20uM UQ1o, pH 6.3, 20
mM MES, andKp = 30 uM.

Jinding to the RC. The ratkag® was determined from the

absorption decay curves of the semiquinones after the second
saturating flash at 450 nm (Figure 1). The constant (in this
time scale not decaying) part of the traces is due to the
absorption change of the cytochrome used as the external
donor in this experiment. The kinetics slows down with
increasing Ni™ concentrations:kag® decreases from an

jaitial value ofkag®(fast)= 3300 s to a limiting value of

kag@(slow) = 90 s. The kinetics of the absorption change
(AA) measured at arbitrary Ri concentrations, can be
decomposed into two components:

AA(L) =
expl—kygA(fasty] + A, expl—kus (slow)] (6)

The slow and fast components are attributed to RCs that bind
and do not bind Ni", respectively. The fraction of the
amplitude of the slow phase as a function of'Ntoncentra-

tion is described by a standard binding equation that enables
the calculation of the dissociation constant (eq A4 in
Appendix 1).

Following this procedure at different pH values, the pH
dependence of the observed dissociation constant for Ni
and Cd" ions was determined (Figure 2.). The lower and
upper limits of the pH range were set by the small gap
between the limiting (fast and slow) transfer rates that caused
uncertainty in biexponential peeling of the kinetic traces (see
eq 6). The logarithmic scale indicates a large variation of
Kp on pH: the binding affinity of Ni* decreases by 2 orders
of magnitude if the pH is dropped from 8 to 5. A similar
but somewhat smaller decrease of binding affinity of'Ni
can be observed on the alkaline pH range (pB). The
measurements for the &dion could be performed on a
narrower pH range. Th&p of the Cd" ion shows less
pronounced pH dependence, and its binding affinity is larger
than that of the Ni" ion at any pH. It should be noted,
however, that the Ni is more effective than the Cdin
inhibition of the second electron transfegig@(slow) is 90
s 1 for Ni?" and 300 st for CcPt at pH 6.3 (see more details
later).
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Ficure 4: Inhibitory effect of transition metal ions €t (m), Ni%+

(@), and Hg" (a) on the rate of steady-state turnover of the RC,
measured as the rate of cytochrome photooxidatign,vs ionic

rH

Ficure 2: pH dependence of the observed dissociation constant
of two transition metal ions, Cd (M) and N#* (@), to RC. The

dissociation constantKf) were determined from titration of the rstrength [) of the bivalent metal ion. The inhibition occurs in two

metal ions (see Figure 1); the kinetics of the second electron transfe X ; L .
was decomposed into two components, and the fraction of the slowvaves: retardation of the proton transfer by binding of the bivalent

phase was adjusted to a simple binding model. Solid lines to the 9N (0bserved at low ionic strengths) and ionic screening of the
data points were calculated from Scheme 1 using eq A4 in Appendix R?ha}ng cyte? ;)r dlrt%ct |nster|%c}!on with sﬂlquf%ce tcP?r%ed g/gcz"ips

1 with the fitting parameters listed in Table 1. Note the increase of X" |gd_|02|css Pr]eng 5)' 'tOI IE‘;S eirel e10§S*1I ko b " in

the dissociation constant at the acidic pH range. The binding of ~APPeNdix 2 (Scheme 2) witkyi(1—c0) =1 x 10°S %, kag® (N0

: o : inhibited, pH= 6.0) = 6000 s1, andk, = 4500 s (for all metal
:I;ﬁgn;etal lons to the RC is fight at the neutral and alkaline pH ions) and the other parameters as listed in Table 3. Conditions:

1.0uM RC, 0.03% Triton X-100, 5&M cyt ¢+, 25uM UQs, and
pH 6.0.

0.0 A A A A A A A A

044 PHED defined pH change upon addition of Niion. Depending

on the pH and buffering capacity of the solution, a pH drop
PH6S was observed. The acidification of the solution may be
explained by proton release upon binding ofNio the RC
d and/or by decreased activity of OHons by binding to
cationic NP*. The latter is a bulk effect, and its extent should
i i ] i depend linearly on the Rii concentration. The Ri titration
0 20 40 60 80 curve of the RC solution showed saturation in the expected
[Ni2*](M) range of the Ni" concentration and did not perform
N monotonically increasing tendency as could be predicted in
the case of the bulk effect of the Niion (Figure 3a). This
is a strong argument in favor of proton release due 5 Ni
binding to the RC. The bulk effect of added?Nimust be
subtracted to obtain the true proton release. The proton
release showed strong pH dependence and was restricted to
a relatively small pH range (Figure 3b). At (or close to)
16 saturating Ni* concentration£100uM), the RC can unbind
1.5 Ht ions at pH 6.5, whereas at pH 8.0, the proton release
4 5 s 7 8 ¢ 10 is about 10 times smaller.
pH Inhibition of the Cytochrome Turner. The transition
FIGURE 3: Proton release attributed to complexation ofNith metal ions bound to the surface of the RC inhibit both the
the RC. The unbinding of Hions was related to the concentration first (28) and second electron transfer process 81).
of the RC upon metal ion titration at two different pH values (&) We demonstrate that not only the rates of the individual
and upon pH titration at different concentrations ofN(b). The gjactron transfer steps but also that of the overall continuous
solid curves to the measured data points were calculated from thet fth tei | d due to bindi ft iti
working model (Scheme 1) using eq A14 in Appendix 1 with the urnovgr orthe protein are slowea due 1o binding ot transition
pKaandKp values given in Table 1. Conditions: M RC, 0.03% metal ions to the RC. The steady-state turnover rate of the
Triton X-100, and 50 mM NaCl. RC was measured by detection of the rate of photooxidation
of cytochrome under rectangular shape of excitation by a
Measurement of Proton Release Due to Metal lon Binding. laser diode 39, 40). For a variety of mono-, di-, and trivalent
The marked pH dependence of the dissociation constant ofcations, the general tendency of the ion titration curves was
transition metal ion binding to the RC shows the involvement already establishedll): the rate was retarded at low ionic
of protons in the binding process. The proton release strength and accelerated as the salt concentration was
associated with Ni ion binding to the RC was directly increased. At the maximum (e.g., for NaCl at 40 mM), the
measured by the pH glass electrode after addition of the metalrate was 2-3 times higher than at limiting low ionic strength.
ion in buffer-free solution of the RC (Figure 3). The At still higher salt concentrations, the rate of photooxidation
stoichiometry of proton unbinding was determined by mixing of the cytochrome declined sharply. The titration curves of
of acid (HCI) of calibrated concentration. The solution had the transition metal ions, however, deviate from this general
a high ionic strength (50 mM) to obtain a stable and well- behavior (Figure 4). The deviation is more pronounced at

0.8 1

HY/RC

-1.2 4 ®

-1.6
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FiGURe5: Effect of C&* on the rate of proton-coupled first electron ~ FIGURE 6: Decelerating effect of Cd (M) and NF* (a) transition
transfer kag®) as a function of pH. The apparerkpvalue (9.2) metal ions on the rate of proton-coupled second electron transfer
attributed to protonation of Qcoupled (cluster of) amino acid(s)  [kas®, (O) for no metal ions] and steady-state cytochrome turnover
in the absence of Cd (O) is shifted to lower pH by about 1.8 pH  in the NF*-inhibited RC @) as a function of pH. The rate of
units in the presence of €t (®). The kinetics was measured at ~ continuous turnover of the RC is limited Iy in the presence
398 nm, was the average of 64 traces, and was decomposed into & Ni?*. Conditions: 1.5M RC, 0.03% Triton X-100, 2&M cyt
single exponential function. Conditions: 25 RC, 0.03% Triton ¢, 20uM UQ1q, 100uM Cd?* (W), and 80QuM Ni?* (a and#).
X-100, 20uM UQ1, and 100uM Cd?*.
The pH profile ofkag® is more difficult than that okag®

low ionic strength: not an increase but a decrease can be(see Figure 5) as the reaction goes through a protonated
observed that turns into the overall drop at high ionic semiquinone intermediate (eq 3 and 48) and is coupled
strength. The Cd and NP' ions act similarly, but the to the protonation states of several (cluster of) ionizable
behavior of the Hg ion is different: the rate is nearly amino acids. The pH dependence kfz® cannot be
constant at low ionic strength, and the sharp drop starts atcharacterized by a single slope. Upon increase of the pH,
significantly lower ionic strength~2 mM). the pH dependence becomes progressively more pronounced,

pH Dependence of Electron and Proton Transfer of the and the slope approached4.0 in the alkaline pH values. In
Inhibited RC Different photochemical assays were used to good accordance with earlier results, we found that the pH
investigate the changes in electron and proton transferdependence of the native RC did not differ very much from
properties of the RC upon binding of transition metal ions. that of the inhibited sample3Q). Formally, the same values
At all pH values in these experiments, the concentration of of kag® are observed in Cd- (and N?*-) treated and native
the transition metal ion was high enough to saturate the RCs if the pH values of the untreated sample are shifted by
binding site of the RC. about 2.0 (and 2.5) units to the acidic pH range.

Figure 5 shows the pH dependence of the observed rates To study further the modified function of protonatable
of the first electron transfer togkas™®, eq 2) in untreated  groups in the inhibited RC, the stoichiometry and kinetics
and inhibited RCs. At neutral and acidic pH range, only slight of flash-induced proton uptake were measured in different
deceleration of the transfer could be observed in the presencestates of the RC. Figure 7 shows the pH dependence of
of Cc?* ions. The reduction of the rate, however, increased proton binding upon transitions of RG—~ Pt*Qa~ (a) and
progressively upon pH increase in the alkaline pH range. In PQs — P"Qg™ (b) in the native and inhibited RC. In contrast
good accordance with earlier result30), the rate was to the very significant drop of rates of electron transfer
reduceck10-fold at pH 8.0 and stabilized at a low (residual) kinetics described above, the binding of the transition metal
level of ~200 s* at pH 10. By fitting straight lines of slope  ion to the RC causes only small changes in the stoichiometry
—1 to the pH-dependent parts of the measured cuksg$) of the light-induced proton uptake. A slight increase below
of the Cd+-treated RC can be derived from that of the pH 9 (about 0.1 K/RC and 0.2-0.3 H*/RC for Qs inactive
untreated RC by a 1-:82.0 pH unit shift toward the acidic and @ active RCs, respectively) and similar size of drop
pH range. above pH 9.0 can be seen upon transition metal ion treatment.

A similar tendency was observed in the pH dependence The change is even smaller if only the acceptor quinone
of the second electron transfer ralgg(?, eq 3 and Figure  undertakes redox transition:sQ@> Qg™ [an external electron
6). At low pH (<5.0), only a small difference can be seen donor (ferrocene) is applied to rereduce the oxidized dimer]
between the rates of treated and untreated RCs. Although(Figure 7b). Formally, the pH profiles of native and inhibited
the transition metal ions are bound to the RC (see Figure 2),RCs overlap upon a pH shift of about 1.5 units.
they do not inhibit the rate of proton-assisted electron transfer ~Addition of exogenous Cd causes a significant decrease
significantly. The difference between the rates in the absencein the observed rates of proton binding after the fikstX,
and presence of transition metal ions is large on a wide pH Figure 8a) and secon&{?, Figure 8b) flash between pH 7
range (5.0< pH < 8.5) but seems to disappear again at high and pH 10. In the inhibited RC, the measured rates of proton
pH values. The C& ion is somewhat less effective than uptake are the same as the transfer rates of the Kitst)
the NP* ion. The steady-state turnover rate of the cytochrome Figure 8a) and seconésg®, Figure 8b) electron to § The
in the RC inhibited by the Nf ion coincided with the rate ~ complex formation of the transition metal ion and RC reduces
of the second electron transfer. This indicates that the bindingthe binding rates of the first and second proton, and the
of Ni2* to the RC decreasdds@ so enormously (about 2  uptake of H ions will limit the corresponding electron
orders of magnitude) that it became the slowest step in thetransfer steps on lower rates.
quinone reduction cycle (pk 5). The inhibitory effect of the transition metal ions can be
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Ficure 7: pH dependence of proton binding stoichiometry due to
different flash-induced transitions of the RC in the absefgdl)
and in the presence of 10M Cd?** (@, W). (a) PQ — P'Qa™:
solid lines are best fits of Hendersohlasselbalch curves) for
three protonatable noninteracting residues with the dark/light{PQ
P™Qa™) pKa values listed in Table 2; dashed lines are individual
contributions of the residues. (b) BQ> PTQg~ (O and®): solid
lines are best fits of Henderseilasselbalch curves) for three
protonatable noninteracting residues with the dark/light gfPQ
PQg™) pK, values listed in Table 2; dashed lines are individual
contributions of the residues. B@> PQ;~ (O andM): external
donor (200uM ferrocene) rereduced'Rafter flash excitation and

the proton uptake of secondary semiquinone could be determined.
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Ficure 8: pH dependence of the rates of light-induced proton
binding ku) after the first (a) and second flashes (b) in the absence
(O) and presence®) of 100uM Cd?" together with rates of first
[kas®, (a) W] and second Kxs@, (b) W] interquinone electron
transfer in the inhibited RC. The kinetics was followed by
absorption changes of the pH indicator dyesresol red and
o-cresot-phthalein (depending on pH) at 586 nm. Conditions: 2.0
uM RC, 30uM pH indicator dye£10 mM buffer, 100uM Cd?*,
0.03% Triton X-100, 50 mM NacCl, 100M terbutryne (a), average
of 64 traces (a), and 20M UQ, (b), 200uM ferrocene (b), and
500 uM potassium ferrocyanide (b).

10°

The proton binding was corrected for not complete secondary L.
quinone activity. Conditions: 1.5M RC, 0.03% Triton X-100, no Cd”
50 mM NaCl, 4QuM pH indicator dye+10 mM buffer (depending kﬁ;(s*) ° © © 000000,
on pH, see Materials and Methods for details), L80terbutryne
(@), and 4QuM UQqq (b). o
NaN, al L
partly reduced by addition of exogenous sodium azide 107 "
(NaNs). Figure 9 demonstrates this accelerating effect as a s cd
function of azide concentration. The 10-fold decreadegf . e o o6 ceeq
due to Cd* binding is gradually lowered to a factor of only °
2 at high (200 mM) azide concentration. A similar titration 103 10 1o
experiment with NaCl as reference had no effect. The (M)

observed partial recovery of the electron and proton transfer
Kinetics is not due to qulflcatlc.m of the €d-RC (,;omplex the RC inhibited by bivalent transition metal ion (19M Cd?").
by the azide. The dissociation constant of *Cdvas Second electron transfer ratie®) vs concentration of sodium
determined in the absence and in the presence of 20 mMMazide [NaN, with (M) and without O) Cc?*] and sodium chloride
azide (Figure 10). Using the standard binding equation (eq[NaCl, (®)] as reference. Conditions: pH 8.0, kM RC, 20uM
A4 in Appendix 1), the same dissociation constaiis € cyt ¢, 20 uM UQ1o, 20 mM TRIS, and 0.03% Triton X-100.
0.5 uM) were determined in both cases within the error of
the experiment. Therefore, the azide does not modify the
binding affinity of the transition metal ion to the RC.

Ficure 9: Accelerating effect of azides on proton transfer rate in

from the cytoplasmic phase togQThe discussion will
provide an interpretation of how the different proton and
electron transfer reactions could be changed upon binding
of transition metal ions to the RC.
Complexation of Transition Metal lons in the RThe very
This work offers experimental evidence for the pH recent X-ray crystallographic investigations exposed the
dependence of ligand formation of transition metal ions with different coordination spheres around the bounéCan?*,
the RC and for the pH-dependent nature of the inhibition of and N?* ions in the RC fromRb. sphaeroidesit pH 8.0
several proton-assisted reactions by bound metal ions. An(32, 33). The three water oxygen atoms and one carboxyl
essential aspect of this work is to reveal the importance of (Asp H128) oxygen atom and the two imidazole (His H124
electrostatic interaction between the bound metal ion andand H126) nitrogen atoms form an octahedron around the
the key protonatable residues that control the proton transfercadmium (and the zinc) ion. The two water oxygen atoms

DISCUSSION
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Scheme 1: Working Model for Formation of a
Metal-Ligand Complex as a Function of pH and Metal lon
(M2+) Concentratiof

l__)NI 2+

H+

K
RC, «—2 > MRC,
h
0.0 '
1 T ™ T T T 374
0 2 4 6 8 0 12 0 Py,
[Cd™J(uM) \ p «
Ficure 10: Fraction of the slow phasé\{../A;) of the second RC, «—D o MRC
electron transfer kinetics as a function of added GdGhcentration \ .1
in the presence®) and absenceX) of 20 mM azide. The solid
curve is the best fit to the binding equation (A4, Appendix 1) with
a dissociation constant &, = 0.5 uM. Conditions: same as in PK,;, pK,
Figure 9. 12
and the one carboxyl (Asp M17) oxygen atom with the J Kpy \

. S . . €«—— > M-RC
nitrogen atom from the imidazole ring of His H124 form a RC, 2

tetrahedron around the Niion. However, no structural data @ The RC (as ligand) may exist in different protonation states (with
are available for different pH values. Thermodynamic 2, 1, and 0 bound protons) depending on the actual pH (vertical

ilibri tudi ied tto | tigate th direction) and in complex with the metal ion depending on the
equilibrium studies were carried out 1o Investigate e .,ncentration of the metal ion (horizontal direction). The metal ion

mechanism of pH regulation of binding affinity based on may bind to the RC or to the OHon in the solution. The equilibrium
direct determination of the dissociation constant (Figure 2). constants of the protonation of the different states of the RG (p

- ; ; .- values), the metal bindindl6, dissociation constant), and the formation
The molecular basis for the linkage between ligand affinity of M—OH (Ku_op) are derived from the best fit analysis of the pH

and pH stems from alteration of<g values of ionizable  gependence of the dissociation constant (see Figure 2) and are listed
amino acid groups concomitant with binding. The coordina- in Table 1.

tion bonds between His and Asp side chains and th& Cd
(and NP#") ion become less stable and finally split upon Table 1: Dissociation Constants for Transition Metal lon Binding
decrease of pH where the residues become protonated. Thi$Ko) and Proton UptakeK andK’;) Associated with the

behavior is manifested by a significant increase of the Metal—Ligand Complex in the RC and for Metal OHBinding
dissociation constant in the acidic pH range (Figure 2). A EKM'?:) De‘:':”bedey Sciemeal

working model is introduced where the metal ions (M:2Cd ~ ransition oo Kos - Koz , ,

or Nizg and the H ions compete for complexati(on with ~Mmetalion @M) (M) (M) pKo pKiz PKos PKiz PKu-on

the Asp-His ligand, and additionally M can bind also to ~ C#* 038 38 302 74 59 64 50 ND

the OH ions. Scheme 1 depicts a thermodynamic cycle that Ni 10 126 159 70 70 59 59 54
links ligand binding reactions to perturbation of the ligand-  *These values were determined from the best fit to experimental
bound and unbound states of the RC by protons. The differentd22 i Figure 2:ND, not determined.

ligand binding reactions of the complex can be described
by different dissociation constants, and the observed dis-
sociation constant is the pH-dependent combination of these
dissociation constants (eq A13 in Appendix 1). The model

fits to the _measured pH plependence of the dlssomatlonwas observed in the double mutant compared to the native

constant with parameters listed in Table 1. RC. However, addition of metal ions in high concentration
An important consequence of this model is the release of (>1 mM) could decreases®@, showing significantly

H™ ions upon complexation under appropriate conditions. decreased binding affinity for Gtland N?* in the histidine

We could measure the proton release upon titration of mytant. The pH dependence of our binding studies signified

transition metal ions at different pH values (Figure 3). The that the largest changes in the dissociation constant occurred

observed values are in good agreement with the stoichiometryin the pH range where the protonation of the histidines can

protons linked to the ligand binding reaction and calculated pe expected (Figure 2). These results lead to the conclusion

from the working model (see Scheme 1 and Appendix 1). that histidines play a key role in complexation of these

The derivative linkage relationship indicates that the number transition metal ions to the RC as binding of@nd N+

of protons associated with complexation is equal to the slopeto the histidine residues is significantly stronger than to the

of the dissociation constant versus pH (#&fand eq Al5 aspartic acid residues.

in Appendix 1). Indeed, the largest amount of liberated  Kinetic Correlation between Electron and Proton Trans-

protons is observed between pH 6.0 and pH 7.0 where thefers in the Inhibited RCUpon binding of transition metal

pH dependence of the dissociation constant is most pro-igns, both electron transfer (as measuredkiy?), kag®,

nounced (Figure 2). andke) and flash-induced proton uptake (as measured by
Considering the binding affinity, the Asp and His residues ky) became slow and kinetically correlated. Considering the

in the C&" and NP" binding sites may have different transfer of the first electron, we argue that the decrease in

significance. Very recently, a double mutant was constructed
in which the two histidines (His H126 and His H128) were
replaced with alaninegtf). In the stoichiometric concentra-
tion range of the metal ions, no significant decreade,if?
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Scheme 2: Simplified Kinetic Scheme of Dominating effects, our results strongly suggest that the direct effect of
Electron Transfer Reactions for Calculation of the Observed electrostatic repulsion of protons by the bound metal ion
Rate of Steady-State Turnover of the RC could be the major contribution.

The electrostatic interaction with the cationic metal ion
induces K, shifts of nearby amino acids that control the

P'Q,
proton transfer to @ Assuming elementary charges on the
ke Kan metal ion and the ionized residue at a distance of 10 A and
a dielectric constant of 15, the interaction energy is estimated
kI
PQ

to be 100 meV. (For discussion of the choice of the dielectric

A —> P'Q, constant, see re#3 and46.) This interaction energy lowers
the K, of the protonatable residue by 1.6 units. ThH&,p
shifts observed in our experiments were in the same range.

kg k, Here, we refer only to the pH dependence of the stoichi-
ometry of the flash-induced proton uptake where tlg p
_ values were (down) shifted by similar magnitudes in both
PQ, the dark and light states of the RC due to electrostatic
a Continuous illumination leads to charge separation PEPTQa") interaction with the bound metal ion (see Figure 7 and Table
with rate constank. The charges disappear by rereduction 6ftf 2). This gradual shift did not cause significant alteration in

reduced cytochrome(P*Qa~ — PQx~ or P'Qa — PQu, rate constant
k) and by reoxidizing @ by Qs or s~ (PTQa™ — P™Qa Or PQ\™ —
PQ,, effective rate constariag).

binding stoichiometry.

The identification of these residues is not yet straightfor-
ward, and our methods have only limited access to the
the rate is attributed to the reduction of the rate of the answer. The pH dependence of proton uptake and electron
conformationally gated step (eq 2, @®f The conformational  transfer rates indicates the contribution of several groups in
gating is controlled by a complex interaction of protein and key positions. They are arranged in clusters with possibly
proton rearrangement8, (26, 27). The flash-induced uptake ~ complex titration behavior that makes it difficult to attribute
and redistribution of protons stabilize the semiquinone, and the observed Ig, values to any one amino acid (Figure 7
these processes are kinetically severely hindered by bindingand Table 2). It was demonstrated that Glu L212 and Asp
of transition metal ions. The observed kinetic correlation L213 showed nonclassic titration behavior due to strong
betweenkas® and ky® in the inhibited RC indicates that  electrostatic interactiom{, 48). Reasonable candidates for
the proton rearrangement slows down and becomes ratekey residues are Ser L223, Asp L213, Asp L210, Asp M17,
limiting in the transfer of the first electron. Glu L212, and Glu H173. Using calculations of side chain

Similar kinetic coupling was observed between the transfer ionization and conformation, the pH dependence of the
of the first proton and second electron tg Qcurring with proton uptake was interpreted by the assumption of Asp L210
rate constankag® (see eq 3). As observed earli&Qj, the as the internal proton donor to the key residues (Ser L223,
transfer of the first proton becomes rate limiting in the Asp L213, and Glu L212) closer to £(26). Recent
presence of transition metal ions (Figure 8b). To reveal the mutational studies demonstrated the important role of Asp
possible effect of transition metal ions on rates of further L210 in the proton transpor8(). We believe that the bound
steps (see eqgs 4 and 5), steady-state turnover measurementsetal ion lowers the I§; values of these residues and results
were carried out. The decrease of the rate of the cytochromein acidic pH shifts in electron and proton transfer properties
photooxidation upon increasing concentration of the transi- compared to those of the native RC. This could be the reason
tion metal ions could be described by a simple model taking the effect of metal binding diminished significantly at low
into account the direct effect of metal binding and ionic and high pH values. In these pH ranges, thg ghift due to
screening of the interacting proteins (Scheme 2 and Appendixbound metal ion could not cause marked alteration in
2). The rate of turnover followed the rate of proton-assisted ionization properties of the key protonatable residues.
second electron transfer (Figure 6). Rg® remained the In accordance with recent observations by Paddock et al.
smallest rate in the quinone reduction cycle of the inhibited (30), the kinetics (rates and amplitudes) of the@@~ —

RC, the uptake of the second proton (eq 4) must remain rapidPQs; charge recombination remained unchanged upon addi-
and less perturbed by transition ions than the uptake of thetion of the transition metal ions over a very broad pH range
first proton. (data not shown). As the rate of the back-reaction is usually

The similar behavior of the different electron and proton considered as a probe of the local electrostatic environment
transfer kinetics upon binding of transition metal ions calls of the secondary quinone, one can wonder why the electro-
for a common mechanism, which we can signify as elec- static influence of the metal center does propagate to the
trostatic perturbation of uptake and/or rearrangement of acidic cluster only and terminates ag.(Beveral arguments
protons after light excitation. can be mentioned. According to X-ray diffraction data, the

pKa Changes of Key Protonatable Groups Due to Bound metal ion binding site is locates20 A from the @ site
Metal lon.Several indirect effects of bound transition metal (32) that is too large for significant electrostatic interaction.
ions can lead to the observed inhibition of proton transfer in Long-distance coupling was observed betwegn @nd Glu
the RC: changes in proton donation properties of the Asp L212 in the two quinone binding pockets, but the distance
and His residues participating in ligand formation, steric was smaller and the intervening protein matrix was more
hindrance, and modification of dynamics and functional hydrophobic (the dielectric constant was lowe&3,(24). The
organization of the proton channels connecting the bulk phasekey acidic residues interacting with the bound metal ion
to the @ site. Not neglecting the importance of these possible should locate between the metal binding site anda@d
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Table 2: Low pH Shift of Dark (RC in PQand PQ Redox States) and Light (RC in"Ra~ and P Qs~ Redox States) it, Values for Three
Noninteracting Protonatable Residues upord*ddn Binding to the RE€

protonatable

residues PR PQu + CcP* P*Qa~ P*Qa~ + CcP* PQ: PQ: + C* PQs- P*Qs~ + CcP*
1 9.7 9.4 10.5 9.9 9.1 7.9 10.6 9.4
2 8.35 7.8 8.6 8.2 8.1 7.0 8.7 7.6
3 6.8 5.8 6.9 6.1 6.4 5.3 6.85 6.1

a2 The values were obtained from fitting of Hendersdtasselbalch curves) to pH dependence of proton uptake in Figure 7.

Table 3: Fitting Parameters of Equation A21 in Appendix 2 That Describe the lonic Strength Dependence of the Rate Constant of Steady-State
Turnover of the RC (Figure 4)

transition kon(1—0) Kon(1—>00) kot(1—0) kag®@(i) (s

metal ion (s (s (s Rzc (nm) Reyt (Nnm) (pH = 6.0) Kp (uM)
Niz+ 3.8x 10 1000 1080 0.51 0.23 90 50
C+ 3.8x 10° 1000 990 0.51 0.23 170 10
Hg?" 5.0x 108 100 850 1.61 0.43 560 5

are able to screen the electrostatic influence of the metalclassical enzymology. The bacterial RC would serve also in
ion to charged groups outside this region. Even if some free this respect as an appropriate model for general proton
energy change of £ (—AG®) occurs due to the interaction transfer, but additional studies are required to map the
with the metal complex, it is not sure that it will be reflected electrostatics of the metaRC complex.
as a significant change of the rate of the charge recombina- On the basis of competitive binding studies between azide
tion. According to the Marcus theory of electron transfer, a and RC for metal binding, the trivial effect of the azide to
small change in the driving force can be compensated by aaccelerate the proton transfer by removal of the metal ion
small change in the reorganization energy. Upon metal can be excluded: identical dissociation constants for the Cd
ion binding at the surface of the protein, slight rearrangemention were measured in the absence and presence of azides
of the charged groups can be expected that perturbs thgFigure 10). Because of the electrostatic nature of binding
reorganization energy of the electron transfer in the charge of the transition metal ion to the RC, the binding affinity is
recombination process. sensitive to the local electrostatics at the binding site. As no
Independently of the identification of the key residues that modification of the dissociation constant is observed, the
control the pH profile of the transfers, this interpretation electrostatic perturbation of the azide should not be signifi-
needs reconsideration of the concept of the dominant pathwaycant. Therefore, the azide can get around the block as an
of proton transfer based on metal ion binding studie8(). intraprotein proton carrier and can form a proton transporting
We argue that all proton delivery pathways that run through Web similarly as water molecules may create proton conduct-
the key residues under electrostatic influence of the metaling channels.
ion are exposed to the inhibitory effect of the transition metal.
On the basis of structural data, several proton channels withACKNOWLEDGMENT
different proton entry points may be identifietll}, and these We are indebted to Drs. L. Kman and G. Laczkdor

pathways funnel the Hion to the network of key protona-  valuable discussions and careful reading of the manuscript.
table residues in the vicinity of £ Because these groups

are under the electrostatic control of the bound transition APPENDIX

metal ion, deceleration of the observed proton transport can . e . N

be expected independently of which of the channels delivers (1) PH Regulation of Binding Affinity of the Transition

the proton to the secondary quinone. Metal lon to the Ligand RC

Reactvation Effect of Azidelt is a remarkable finding (1a) Dissociation Constant of Metal Binding to the RC of
that azide could “reactivate” RC that had highly impaired the Single StateThe goal is to find a correlation between
electron and proton transfer reactions due to treatment withthe fraction of the slow phase amplitude of the second
transition metal ions. Originally, this agent was considered electron transfer kinetics and the dissociation constag) (
to act as an intraprotein proton carrier overcoming dynamic of metal ion binding to the RC as the ligand. The added
obstacles in the impaired proteid9 50). Later, mainly on metal ion (M) and RC (subscript t) in the solution can exist
the basis of the very substantial inhibition effect of the in free (subscript f) and bound (MRC) forms:
mutational lesion at Glu H173, this concept was reconsidered
(51). The significance of changes in the electrostatics of the M]; = [M]; + [M—RC] (A1)
protein due to the small acid was recognizdd)( Both _ _
effects of azide may contribute to accelerate the inhibited [RC], = [RC]; + [M—RC] (A2)
proton transfer.

The azide helps to adjust the function#alues of the
actual proton carriers by electrostatic influence. It probably [RC][M]¢
tries to compensate for the loss of negative potential due to D~ W (A3)
complex formation of the bivalent transition metal ion. This
action would correspond to the expectations derived from As [M—RC] is proportional to the amplitude of the slow

The dissociation constant is defined by
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phase Asow) and [RC] to the total amplitudeA; = Asiow +
Arsy), their ratio can be expressed from eqs-A43:

Asow
o
[M], + [RC], + Ko — /(IM], + [RC], + Kp)? — 4[RC}[M],
2[RC],

(A4)

(1b) Dissociation Constant of Metal Binding to the RC of
Multiple Protonation Stateslo determine the observed,
at any pH, we use Scheme 1 with six different states of the
RC. The proton dissociation constants are

0= % (A5)
12= % (A6)
‘0= [M[,\_AR_CF:O]—([:E ] (A7)
wa (A8)

The dissociation constant of metdigand binding at very
high pH is
_ [RGIM]¢

00~ IM—RCj (A9)

The RC exists in six (free and ligated) states:

[RC], = [RCy] + [RC] + [RC,] + [M—RC, +
[M—RC,] + [M—RC,] (A10)

The cationic metal ion is either free in the solution or bound
to the RC or to OH groups (this contribution may be
significant at high pH):

M]; = [M]; + [M—RGJ] + [M—RC] + [M—RG,] +

M]{[OH"

M]{[OH ] (A11)
Kyv-oH

The equilibrium of the M+ OH~ < M—OH reaction
(omitted in eq Al) is described by dissociation constant
Km-oH.

The dissociation constant of the metal binding to the RC
at any pH is

Kp = ([RCq] + [RCy] + [RC)(M]; — (IM—RG] +
[M—RC] + [M—RC)))/(IM —RCj] + [M—RC] +
[M-RC))) (A12)
Replacing the different ligand concentrations from eqs-A5

All into eq 12 and taking [OH from the ion product of
water,K,, = [HT][OH"] = 1 x 104 the pH dependence

of the observed dissociation constant can be expressed as

Biochemistry, Vol. 40, No. 6, 20011859

(1 + 1QPKor PH g oPKortPKaz=2pH) g | q (PKu-ortpH14)
1+ 10PKorPH 4 1 PK o PK'12=2pH

Kp

DO
(A13)

(2a) Metal lon Titration of Proton Release Due to
ComplexationThe stoichiometry of change of protons due
to metal binding to the RC is

[HV[RC], = (IM—RC]] + [RC]] + 2(M—RC]] +
[RC,])) = (IRCy]y=o + 2[RC,ly=0))/[RC]; (A14)

The concentrations of species in eq Al4 can be expressed
from egs A5-All. The stoichiometry of proton release as
a function of added metal concentration, [M§ numerically
calculated in Figure 3a.

(2b) pH Dependence of Proton ReleaSguation A14 can
be used also for numeric calculation of proton unbinding as
a function of pH. Figure 3b demonstrates typical pH patterns
for different metal ion concentrations. The proton stoichi-
ometry can be related directly to the pH dependence of the
dissociation constant (see also #&l):

[H'] _ d(logKy)
[RC],  d(pH)

(A15)

The negative slope dfp versus pH means proton release
as observed in our experiments (Figure 2).

(2) lonic Strength Dependence of the Steady-State
Turnaver of the RC Inhibited by Binding of the Transition
Metal lon

The rate constant of cytochrome photooxidatidgy,
measures the rate constant of electron transfer through the
RC under steady-state conditions and can be expressed from
rate constants of photochemistiy, interquinone electron
transfer,kag, and P rereduction by reduced cytochrorog
k. (eq 1) if other reactions (egs 4 and 5) are not rate-limiting
(Scheme 2):

1

1,1
PR

1

Keyt ke

The rate constant of Prereduction depends on rates of
binding of reduced cytochrome to the R&,{cyt?*"]) and

unbinding of oxidized cytochrome from the R&). As
they are consecutive reactions

1_ 1 1

ke odoyl]  Kor

The “on” and “off” rate constants can be expressed by the
ionic strength of the solution) and the ion exclusion radii

of the interacting proteins RQRkc) and cytochromeR.y)
(see refdl):

(A16)

(A17)

e [k —0)e
_ . Kose(1—0)\*
Ko = o )(—koﬁ(lw)) (A19)



1860 Biochemistry, Vol. 40, No. 6, 2001

where

1 efs.zs\ﬁRRc efa.zsx/TRCyt
=z +
1+ 3.25/IRg¢

(A20)
211+ 3.25/IR

cyt

If the RC is partly inhibited by the bound transition metal

ion, the observed rate constant of steady-state cytochrome 21.
photooxidation can be expressed by the weighted sum of

the rate constants for native (n) and inhibited (i) RCs:

[RC], — [M—RC]

[M—RC]
kcyt = kcyt(nl [RC]t

Tl ey

(A21)
where the fraction of the RC in complex with metal ion can
be expressed from eq A4:

[M—RC] _
[RC],

5+ IRCl+Kp = \/ [5+ RSl + Ko — 5IRCU
2[RC,

(A22)

Transition metal ions bound to the RC decrelge only,
and the inhibited valukag(i) is taken as the fitting parameter
in Figure 4 (see Table 3.)
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