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ABSTRACT. The bacterial photosynthetic reaction center (RC) uses light energy to catalyze the reduction
of a bound quinone moleculeg@o quinol @H,. In RCs fromRhodobacter sphaeroiddgke protons
involved in this process come from the cytoplasm and travel through pathways that involve His-H126
and His-H128 located near the proton entry point. In this study, we measured the pH dependence from
4.5 to 8.5 of the binding of the proton transfer inhibitor?Cdwhich ligates to these surface His in the

RC and inhibits proton-coupled electron transfer. At gid, the negative slope of the logarithm of the
dissociation constankp, versus pH approaches 2, indicating that, upon binding 8f Gd/o protons are
displaced; i.e., the binding is electrostatically compensated. At BHp becomes essentially independent

of pH. A theoretical fit to the data over the entire pH range required two protons Withvalues of 6.8

and 6.3 {£0.5). To assess the contribution of His-H126 and His-H128 to the observed pH dependence,
Ko was measured in mutant RCs that lack the imidazole group of His-H126 or His-H128~(lAig).

In both mutant RCsKp was approximately pH independent, showing that'Gtbes not displace protons
upon binding in the mutant RCs, in contrast to the native RC in which His-H126 and His-H128 are the
predominant contributors to the observed pH dependendé&offhus, Cd" inhibits RC function by
binding to functionally important histidines.

The photosynthetic reaction center (R@om Rhodo- The importance of His side chains for enzyme catalysis
bacter sphaeroideis a transmembrane protein complex that has been well documented—<8). In the bacterial RC, two
catalyzes the light-induced electron and proton transfer surface His have been shown to be important for catalysis
reactions leading to reduction and protonation of a bound of proton transfer associated with quinol formation (eq 1)
quinone molecule @(eq 1) @, 2). Light absorbed by the  (9). The determination of the proton affinities (i.e.Kp

values) of the His is of fundamental importance for the proton
- + RC transfer processes. In this paper, we determine Keqd
Qg +2e +2H + 2w —=QzH, (1) these groups by measuring the pH dependence of the binding
N o , of the proton transfer inhibitor Cd which has been shown
RC initiates the photoionization of the primary donor, D, a to bind to these surface Hi4@). Thus, information of the

bacteriochlorophyll dimer. Electrons are transferred via a ynarmodynamics of proton and metal binding can be obtained
bacteriochlorophyll and bacteriopheophytin to the primary ¢ ihe pH dependence of the dissociation constsgt,
quinone Q and then to the secondary quinong. @ cell (11-13).

membranes, the protons required for the reduction of the The overall protonation reaction takes place in two

Iquinoner:o quinol (eq 1) come from the Cﬁ/toplasn;]. TREIQ  sequential light-induced electron transfer reactions. The first
eaves the RCI~6) and is oxidized by the cytochronize; light-induced reaction results in electron transfer to(Qs™®)

complex, thereby releasing the quinol protons into the yat is coupled to the protonation of a nearby carboxylic
periplasm. This creates a proton gradient across the mem-group Glu-L212 (Glu in eq 2):

brane that drives ATP synthesi3)(
M
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proton channelsl() and the cytochrombc, complex (L2).
Studies of the pH dependence of metal binding in these
systems suggested that the metal ion ligates to a site with a
pKa near that of a His side chaiil, 12). In the isolated
RC, the proton transfer inhibitors Zhand Cd* bind at the
protein surface to His-H126, His-H128, and Asp-H128)(
In this work, we extend previous reports on the pH
4 Asp-L213 dependence of metal ion binding in the RIB3,(24) to obtain
e information on the proton affinities of the metal ion ligands,
Asp-M17 ‘ Asp-L210 ?.e., K, values. The deter'mination of th&p of the His is
important for understanding the rate and energetics of the

Ser-L223

process of proton transfer through the protein to the catalytic
His-H126 Qg site. We report on the pH dependence ofCiinding

Asp-H124 to the native RC and to mutant RCs lacking one of the side
chains of the residues that form ligands to*?GdHis-H126,
i His-H128 His-H128, and Asp-H124. We used €drather than Z#"

. 1: Portion of the C& ( here) binding site in na for these studies because of the greater solubility of*Cd
IGURE 1: Portion of the orange sphere) binding site in native . il
RCs (0). The C&*" binds to three amino acid side chains, His- and the te.ndency.Of the RC to precipitate at hight'Zn
H126, His-H128, and Asp-H124, and three water molecules (blue COncentrations. This allowed us to determifieover a pH
spheres) as indicated by the solid lines. Possible hydrogen bondgange of~5 units. A preliminary account of this work has
connecting the surface to the;Qinding site are indicated by dotted  been presente®4).

lines. Modified from refl10.

_ ) MATERIALS AND METHODS
(eq 3) was shown to be a two-step process in which fast

protonation precedes rate-limiting electron transfief):( Reagents and Quinone® (2,3-dimethoxy-5-methyl-6-
decaisoprenyl-1,4-benzoquinone; Sigma) was prepared in
kap® ethanol, dried under nitrogen, and solubilized in 1% LDAO
Koot P > (lauryldimethylamineN-oxide; Fluka). To maintain pH,
QQe + H —% Qe Qe —25 Qe (3) we used a mixture of buffers consisting of 2 mM Ches

[2-(N-cylohexylamino)ethanesulfonic acid; Sigma], Tris
whereki(2) and ke are the rate constants for proton and [tris(hydroxymethyl)aminometha}ne;’ Boehringer Ma_nnhgim],
electron transfer, respectively. Following the finding that the Hepes N-(2-hydroxyethyl)piperaziné¢-2-ethanesuifonic acid;
RC could be copurified with an externally bound?Zif15), Merck], and Mes (4-morp'hollneethanesgIfonlc acid; Calbio-
a systematic study of transition metal binding showed that ¢hem). The pH was adjusted by adding NaOH or HCI.
Zn?* and C&* bound stoichiometrically (pH 7.8) to the RC Different amounts of C%_T were aplded to the RC samples
surface. The binding of Cd inhibited the protonation step, S follows: CdGl was dissolved in water to make a stock
ka2 (€q 3), which made proton uptake the rate-controlling solution (§30 mM) .whose cqncentrauon was dete.rm!ned
step (L6). The exact mechanism of the inhibition has been a (£3%) using atomic absorption, and a series of dilutions
matter of debated( 13, 16). were made down to 0.1 mM. Typically, less than;ill)was

Subsequent internal proton transfer of flom Glu-L212 added ® a 1 mL sample. All reagents were of analytical
(eq 4) leads to the formation of quinol. Note that although 9rade.
Site-Directed Mutagenesis and Preparation of Reaction
(QQgH )—GIuH — (Q,QgH,)—Glu~ (4) Centers.The His-H126— Ala [HA(H126)], His-H128—

Ala [HA(H128)] and Asp-H124— Asn [DN(H124)] mutant
this H is taken up from solution during the first electron RCs were constructed as describ8d5). RCs fromRb.
transfer step (eq 2), it is not transferred to reducediftil sphaeroide$R26.1 and mutant strains were purified to a ratio
after the second electron transfer step (eq 3) A28YAB00 of <1.3 in LDAO, and the RC concentration was

The protons involved in the reactions described by egs determined from theA*® usinge = 288 mM™ cm™* as
1—4 are taken up from the Cytop|asm_ Several key compo- described 26) The QG site was reconstituted by addition of
nents of these pathways have been determined from studieg 3-4 times molar excess of,@in 1% LDAO, followed by
of the effects of site-directed mutations in isolated RC&(  dialysis against 15 mM Tris, 0.1 mM EDTA, and 0.04%
22). Three residues (Glu-L212, Ser-L223, and Asp-L213), dodecyl-p-maltoside (Dojindo, Gaithersburg, MD).
located near @ (<5 A) were shown to be crucial (reviewed Electron Transfer Measurementshsorbance changes in
in ref 23). The entry point of the protons was more recently response to a laser flash were measured using a setup of
identified to be near His-H126, His-H128, and Asp-H124 local design 27). Actinic illumination was provided by a
(Figure 1), which is the binding position of the proton transfer Nd:YAG laser (Opotek, Carlsbad, CA). The pseudo-first-
inhibitors Zr#* and Cd™ (10). The importance of His-H126  order rate constarkas® for electron transfer (eq 3) was
and His-H128 in facilitating proton transfer into the RC was determined from transient absorbance changes monitored at
subsequently established through site-directed mutagenesig¢50 nm following the second of two single laser flashes (
(9). = 800 nm). The transient spectral changes resulting from
The binding of metal ions inhibits proton transfer reactions the decay of the semiquinone absorbance at 450 Xt (
in other membrane-bound systems such as voltage-gatedl5, 25) were fitted to the sum of two exponential terms:
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AAL) = Ae ¥ + A (5) ‘ ’ ‘ '

where Ar and ke are the amplitude and rate constants,

a2

% SuM
respectively, for the fast component (given by the observed :, 309 | |
rate in the absence of added metal) awdandks are the = N

<

<4

amplitude and rate constant for the slow component (given oM
by the observed rate in the presence of saturating amounts
of metal). In this work we are mainly interested in the slow
component. The absorbance at times longer thag® is

due to the absorbance change of horse heart,ayhich is
used as an external reductant for the light-induced oxidized 0 20 20 c0 %0
RC donor, D. Conditions were M RCs, 30uM horse

heart cytc, and 0.1% dodecy$-p-maltoside at 2T°C. e o Effect of different rafi ¢ edon th ‘
et T ; H IGURE 2. ecCt of difterent concentrations O on the proton-
Fittings. All fittings were performed using the nonlinear coupled electron transfenQOs * 4 H' — Ox*QgH* — OaQgH-

fitting algorithm Origin 6.1 (OriginLab Corp.). . in the native RC. The observed kinetic behavior was fitted to the

Model for the Dependence off® on Cd* Concentration.  sum of two exponentials (eq 5). Modified from r&6. (Condi-
The dependence @6z on the concentration of Cd (eq tions: 14M RC, 10 mM Hepes, pH 7.5, 0.04% maltoside, and
4) was modeled with a simple binding curve equation (eq CdCL added to the concentrations indicated.)

6):

0 4

— time, [ms]

studies 11—13), except that we neglect binding of the metal

. Ag [Cd?'] ion to the singly and doubly protonated states (RCkP*
f(RCCd') = At A =— (6) or RCHH*Cd?* ) which are not observed in our experiments
[Cd™] +Kp (see Results).

wheref(RCCd") is the fraction of the RC population with  RESULTS
a bound Cd", [Cd?'] is the concentration of free €t and

Kp is the dissociation constarif)( At the higher concentra-
tions required to bind Cd at lower pH, there is likely some
nonspecific binding to the RC surface. This would result in
a small correction of the concentration of free?Cdn
solution. However, since [RCK Kp, this correction is
negligibly small.

Model for the pH Dependence ofKTo fit the observed
pH dependence dfp, we first propose a simple model based
on the known crystal structure of the €ebound complex
(10). This model entails the Cd interacting with one
titratable nitrogen atom in each of His-H126 and His-H128
as illustrated in the scheme:

Effect of Cd" on Reaction KineticsThe first step in
obtaining a dissociation constaf for Cd?' is to determine
the fraction of RCs with a bound €d For the RC, the
addition of Cd* decreases the rate of the second electron
transfer (eq 3). As shown previously, the rate of the overall
reaction decreases as the concentration off Qucreases
(Figure 2) and is described by an increase in the fraction of
RCs displaying a slow decaying component (eq13 (6,

24). It was also shown that the slower rate for the fraction
of RCs with a bound C4 is a consequence of a decrease in
the rate of proton uptakel6) caused by CH binding to
surface His 10). Thus, the observed reaction was fitted to
the sum of two exponentials as shown in eq 5. From the
RC +Cd* +2H' Z=> RCCd™ + 2H relative amplitude of the slower decaying component (eq 6),
Ky the fractiqn of RCs with a boupdledwas determined.

TKA(I) Determlnatlon_of the Dissociation Constan.kFrom a
y study of the fraction of RCs with a bound €das a function

of the Cd" concentration, we obtained a binding curve
RCH" + Cd*+ H' (M (Figure 3). The data were fitted to a classic binding curve

equation (eq 6), yielding a value for the dissociation constant

TKA(z) Kp. The fit of the data at pH 7 yielded a value fip° of
/ 0.4+ 0.1uM.

These measurements were repeated at different values of
pH ranging from 4.5 to 8.5 (Figure 4). Over this range the
values forks andks (eq 5) were sufficiently different (Figure

N

RCH'H' + Cd*

whereKa(1) andKa(2) are the proton dissociation constants 20 W . \Fit
for each of the two titrating nitrogen atoms [havinag1) 4) to allow the determination dfp from fits to the bl_nqhng
and [Ka(2), respectively] ant? is the dissociation constant ~data. Below pH 4.5 and above pH 8K became difficult
with both titrating sites deprotonated. The simplest model [0 determine becaus€, approached the solubility limit of
to fit our data includes direct competition betweer?Cand CcP* (lower pH) or of its hydroxide and carbonate forms

H* for the same site. From an analysis of the reactions, we (higher pH).
derive an expression fdt,®*{C*): Fitting the Obseved pH Dependencé.he values foKp

at different values of pH are shown in Figure 5. We analyzed
KD°b5(Cd2+) = the pH dependence using eq 8 which was obtained from the

(1 + 100KA(1)*DH+ 100KA(1)*DH100KA(2)*DH)KD0 (8)

2The Ka values in eq 8 are for the first and second protons,
o ) o ] respectively. Each value is a weighted average of the intrinsic p
This is the same equation as used to fit similar data in other values of the imidazole groups of the two His that share the proton.
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FicurRe 3: Binding curves generated from the concentration FIGURES: Dissociation constant of €d Kp, as a function of pH
dependence of the observed kinetics at different pH values asfor the native RC. The data were fitted to a model with one titrating
indicated. The fraction bound was determined from the relative Metal binding ligand (dashed line, eq &p= 7.3, Ky = 0.4
amplitude of the slow component (eq 6). The data were fitted to a #M) and o titrating metal binding ligands (solid line, eq &xg1)
single binding site model (eq 6) from which the value Koy was = 6.8, Ka(2) = 6.3, Kp® = 0.4 uM). Note that only the model
determined. Note that the binding curves are shifted to the right With two titrating ligands fits the observed data at all pH values,
with decreasing pH resulting in largip values at lower pH. This whereas the single titrating ligand model fits only above pH 6.
is due to a competition between the metal binding and proton Above pH~7.5 the values foKp remain essentially unchanged as
binding to the same sites; i.e., as the proton concentration increasedhe pH is increased. (Conditions: same as in Figure 2.)

at lower pH, higher concentrations of metal ions are needed to

achieve 50% binding. (Conditions: same as in Figure 2.) andtwo H™. Inclusion of the singly and doubly protonated
CP-bound states (RCHCP™ or RCH"'HTCd?" ) would
result in a curve that is less pH dependent at lower pH, which
is in contradiction with the datdp values for Cé" binding

to either RCH or RCH"H* would be greater than 10 mM
(see highest measured value for native RC at low pH in

10000 }

‘7';' Figure 5)3
g Effect of Site-Directed Mutations at the €Binding Site
x% on Kp. The two [Ka values determined above were assigned

to specific amino acid side chains. The RCCdrystal
structure showed that the metal ligates to His-H126, His-
H128, and Asp-H124. The pH dependence K§ was
measured in mutant RCs which carried either the His-H126
— Ala [HA(H126)] or His-H128 — Ala [HA(H128)]
substitutions (Figure 6a). The overall effect of either replace-
ment drastically changes the pH dependendémnfKp® (Kp
at high pH) is greater than in the native RC, and the pH
dependence is essentially absent over the observed pH range;
) _ the perturbation oKp® is greatest in the HA(H126) RC.
FIGURE4: Comparison of the pH dependencekgd® for the native The pH dependence #f was measured in a mutant RC
RC in the absence of €d and the presence of saturating?cd . . -
The rate constant in the absence ofCi$ ke and that+ C#* is Wh'Ch carried the ASp'Hq'ZALT Asn [DN(H124)] substitution )
ks (see eq 5). Note that the ratio of the rate constantslié over (Figure 6b). The behavior in the DN(H124) mutant RC is
the pH range from 4.5 to 8.5 over which th& data were more similar to that of the native RC than either of the two
determined and modeled. (Conditions: same as in Figure 2.) His mutants, with a slightly greater value fp° and a pH
dependence that is shifted to lower pH it unit.

100}

4 5 6 7 8 9 10 11

reaction scheme of eq 7. From the fit to the data, we obtain

for the three free parameters the following values: DISCUSSION
KDO =0.440.1uM The major function of the RC is to catalyze the light-
induced reduction of a quinone molecule to a quinol in the
pK,(1)= 6.8+ 0.5 Qg site of this membrane-bound protein. This process
requires the uptake of two protons from the aqueous solution
pK,(2) = 6.34 0.5 (eq 1) and transports them through proton transfer pathways
" . .
pKA(1) — pKA(2) = 0.5+ 0.3 (9) 3 This is equivalent to akoa shift greater than 5 units upon binding

of CcP' [i.e., logKp/Kp®) > 5]. Such a large shift cannot be explained
) . . . by an electrostatically inducedp shift of a more central amino acid
Attempts to fit the data to one titrating site, e.g., by (e.g., Asp-L213) due to Gd binding since the Coulombic interaction
eliminating the third term in eq 8, did not reproduce the steep (r = 14.4 eV£AG) would require the distanceto be <0.5 A even for

; a dielectric constard of 80 (or an even shorter distance for a lower
pH dependence dfp observed below pH 6 (see dashed line value ofe). Therefore, the proton displaced upon hinding ot Gtbmes

in Figure 5). In other words, the steep dependence wasfrom one of its ligands (e.g., His-H126, His-H128, or Asp-H124) rather
adequately described only by a competition betweef"Cd than from a farther amino acid.
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FIGURE 7: Structural schematic illustrating proton displacement by
Cc?* binding. Upon binding of CH at pH <6 two protons (2H)

are released, one from His-H126 and one from His-H128. Thus, at
pH < pKa(1), pKa(2) the binding of Cd&" is electrostatically
compensated by the release of two protons. Consequently, the
binding of Cd* at low pH competes with the binding of two
protons, which leads to the strong pH dependencK{Figure

5).

ence of Cd" binding to a mutant RC that lacked the
imidazole group of either His-H126 or His-H128 was
determined (Figure 6a). The observed changes in the pH
profiles of Kp show that both His-H126 and His-H128
contribute to the C# binding and its pH dependence in the
native RC. In contrast, the replacement of Asp-H124 with
Asn had relatively minor effects, in particular on the pH
dependence oKp (Figure 6b). From these results we

40 45 50 55 60 65 70 7.5 80 85 9.0 conclude that His-H126 and His-H128 are the main con-
— pH tributors to the pH titration oKp observed in the native RC.
FIGURE 6: (a) Dissociation constardp of C&?* as a function of Since His-H126 and His-H128 are the main contributors

pH in the His-H126— Ala [HA(H126)] and His-H128— Ala to the pH dependence &k (Figure 5), the fitted Ka values
E;'At(t';ﬂfill](;nmaﬂé RCS%)qum_par?d tot|the|?aﬂ\:je'R$I' NOEe . of 6.8 and 6.3 are related to those of His-H126 and His-
attine pr aepenaence K IS signiticantly alterec In the mutant 1128 However, we cannot assign one of these values to
ﬁ_ﬁ,ﬁ%g‘ﬁ é?eoérmids"’_‘ﬁ)llgggrﬂ?sﬂﬂzgﬁ ;'Ilaz ?HE('ZE%?A(‘B His-H126 and the othgr t(_) H|s—H_128 because th_e proton is
Dissociation constarp of Ci* as a function of pH for the Asp-  Shared between the His side chains. However, since the two
H124— Asn [DN(H124)] mutant RCH) compared to the native ~ pKa values are very similar, it is reasonable to assigia p
RC (@). Note that, in contrast to the approximate pH independence value of 6.8+ 0.5 to His-H126 and His-H128, and attribute
of Kp observed in the His mutant RCs, the pH dependend&of e |ower K. of the second proton to an electrostatic

in the Asp-H124— Asn RC is similar to that observed for the . . . L .
native RC with an~1 unit Ka shift to lower pH attributable to  Interaction between the His 6f0.5 K unit; i.e., the binding

the change in charge resulting from the amino acid replacement. Of the first proton shifts the binding of the second proton by
(Conditions: same as in Figure 2.) 0.5 pH unit. With this simple model, the entire pH depend-

ence ofKp was well fitted by eq 8 (Figure 5), indicating

that originate near the surface at two His side chains (Figurethat possible fractional proton release upori'Guinding by
1) (9, 10, 16). To obtain a complete understanding of the other nonligand titrating sites is negligible.
proton transfer process, a determination of the energy level The results discussed above lead to a simple picture of
of the various protonation states (i.eKqvalues) is required.  the binding of C&" as shown in Figure 7. Upon binding,
The identification of surface His at the proton pathway entry Cd?*™ displaces protons that are bound to the nitrogen atoms
point (9, 10) led us to determine theilfy values by studying  of His-H126 and His-H128. At pH< pKa, each His binds
the thermodynamic competition between the proton transfer one H" that is displaced by the binding of &d(Figure 7).
inhibitor C#* and Hf. To prove that the His side chains This results in the slope of2 for the pH dependence of
contribute to the observed pH dependence, measurementiog(Kp) (see pH<6 in Figure 5) and shows that &dbinding
were made using site-directed mutant RCs in which eachis electrostatically compensated. At pHpKa, each His is
His (i.e., Cd* ligand) was changed to a nontitratable side unprotonated, so Gtldoes not displace any*Hipon binding
chain. andKp becomes essentially pH independent (see>pH5

pKa of the Surface HisThe fit of the pH dependence of in Figure 5). At 6 < pH < 7, the steepness of the pH
Kp for Cc?™ (Figure 5) indicates that two titrating groups, dependence d{; varies in response to the protonation states
each with a a value near 7, are important for the binding of the His. We assume that Asp-H124 remains ionized
of Cc?*. Furthermore, at low pH the slope of the logarithm throughout this pH range.
of Kp versus pH approached 2, showing that two protons The changes in the values f#%:° of the mutant RCs
were released upon €dbinding. compared to the native RC reflect the different binding of

The apparentlg, values of 6.8 and 6.3 for the two protons Cd?". The slowing down of the kinetics observed upon
(eq 9) (approximately that of a proton bound to a His addition of Cd" in the mutant RCs shows that €dbinds
imidazole group) and the crystal structure of the metal-bound near the same proton entry point. However, we do not ob-
complex (Figure 1) suggested the involvement of His-H126 serve a pH dependence indicative of ligation to a protonated
and His-H128. To confirm this assignment, the pH depend- His. Therefore, in the single His mutant RCs,*Ceither
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binds at a different (but nearby) site or the His is not
protonated near pH 7.

The Ka of the His at the proton transfer entry point
provides an important parameter for refining the energy
profile of the proton transfer proces2§. It can be
summarized as follows: the proton transfer process involves
rapid reversible protonation of the His followed by proton
transfer uphill by~240 meV to an intermediate state. The
energy barrier reflects the difference iKp between the
surface His (a of 6.8) and the intermediate Kp of ~3;

28). This is followed by proton transfer to the terminal proton
acceptor group, which is either Glu-L212 (eq 2) a5 Q(eq
3).

Mechanism of Inhibition of the Bound &don H"
Transfer.The inhibition of proton uptake by the binding of
metal ions (e.g., Cd) has been previously show3, 16,

28, 29). In the native RC, proton transfég+ ) is not rate
controlling for eq 3, and hendgg®@ was not a direct measure
of ky+. Recently, using chemical rescue of a mutant RC
lacking both His-H226 and His-H128, the rate constant for
proton transfer was determined to b® x 10* s™* in the

pH range from 8.5 to 9.528). Note that, in the native RC,
kyq+ is ~20-fold greater thakag®. In contrast, in the presence
of a bound Cé&, proton transfer became rate controlling,
and hencekag@ = ky+2) ~ 40 s* (Figure 4). Hence, upon
Cc?* binding the observed changekrs® of ~20-fold (pH

8) is the result of an even larger400-fold change irky+.
Any proposed mechanism of inhibition must account for this
amount of reduction.

Two possible explanations for the mechanism of inhibition
of proton transfer by binding of Cd have been discussed:
(1) the metal ion binds to the His, thereby eliminating their
function as proton donors/acceptors in the proton transfer
step 9, 16); (2) the metal ion electrostatically inducekp
shift(s) of other functional group(s}8), as a consequence
of which protons are released. Although in principle both
(1) and (2) could contribute to the overall decrease of proton
transfer, the majority of the effect can be attributed to
explanation 1; i.e., the metal ion binding inhibits the His
functions as proton donors/acceptors. This conclusion is
based on the similarity of the 400-fold decreas&inupon
Cd?" binding (13, 16, 24) to the 200-fold decrease in RCs
in which the function of the His as proton donors was
eliminated by removal of the imidazole groups of His-H126
and His-H128 by site-directed mutagenesis (HisAla)
(double His mutant)q). The 2-fold difference between RCs
with a bound Cé&" and the double His mutant is small
compared to the main 400-fold effect and may be due to an
electrostatic or structural effect.

Additional results from this work provide further evidence
that favors mechanism 1 over mechanism 2. Below pH 6,
the binding of a C#& ion leads to a displacement of
approximatelytwo protons (Figure 5), showing that there is
no net change in charge upon binding of?Cdrhe results

also show that these protons are associated with His-H126

and His-H128. Thus, their ability to function as proton
donors/acceptors is severely inhibited as required by mech-

anism 1. In contrast, the necessary electrostatic change

required by mechanism 2 to affedtpvalues of other amino
acid groups is inconsistent with the charge compensatory
displacement of two protons. Furthermore, the pH de-
pendence of the charge recombination rate constgmt

Biochemistry, Vol. 42, No. 32, 2003631

(D"QaQe* <> D'Qa*Qg — DQaQgR) is essentially the same

in RCs with and without C&, indicating essentially no
change in the energy of the'@g™* state upon binding of
CcPt (29). It is difficult to attribute a 18-fold decrease in
ki) to an electrostatically inducedkp shift of internal
groups (required by mechanism 2) in the absence of a change
in the energy of the DQg* state.

Thus, the mechanism of inhibition of proton transfer by
Cc?* and other metals is predominantly a consequence of
competing with protons for binding to His-H126 and His-
H128.

Metal Binding in Other Enzymebk many other systems,
metal ion binding has been shown to inhibit function.
Divalent metal ions, in particular Z2h and Cd", have been
shown to inhibit the catalytic turnover in other proton-
transferring proteins, including several channels, e.g., voltage-
gated proton channel8@), the M2 channel31), and the
ligand gatedN-methylp-aspartate NR1/NR2A channefj,
and several proteins involved in proton transfer/translocation,
for example, carbonic anhydrase (where it was shown that
Cuw?* and Hg' bind to a histidine that reprotonates the?Zn
OH") (33), the cytochromebc, complex (12, 34), and
cytochromec oxidase 85, 36). In the avian cytochrombe;
complex, two Z&" binding sites were crystallographically
resolved, with the most likely inhibitory site showing ligation
of the Zrt* to at least one His3d). In cytochromec oxidase
Zn?* was suggested to bind to surface His close to the
entrance of a proton transfer pathwap) as well as at the
exit pathway 86). Inhibition of the exit pathway by Z1
and Cd" appears to compete with protons because the Zn
inhibition is 10-fold weaker at pH 6 than pH 73).
However, the metal ligands remain unidentified.

We suggest that the inhibition of catalytic activity by
binding of metal ions to many different enzymes is a
consequence of the common use of His as either a pH sensor
or a proton donor/acceptor grou@7j. His is a likely
candidate for these reactions since it pis near the
physiological pH~7, and its Ka can be “adjusted” over
several pH units by the local environmert @). In such
cases, information about the properties of functionally
important residues, in particulaKp values, can be obtained
from studies of the pH dependence of metal binding affinity
as reported here and elsewhet4, (12).
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