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ABSTRACT: The cytochrome (cyt) bc; complex (cyt be;) plays
a major role in the electrogenic extrusion of protons across the ytochromec

membrane responsible for the proton motive force to produce R Fe/z,wbunit
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ATP. Proton-coupled electron transfer underlying the catalysis 2 b278
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coupling and associated proton efflux pathway(s) remains un-
clear. Herein we studied Zn”" -induced inhibition of Rhodobacter
capsulatus cyt bc; using enzyme kinetics, isothermal titration
calorimetry (ITC), and electrochemically induced Fourier trans-
form infrared (FTIR) dlfference spectroscopy with the purpose
of understanding the Zn*" binding mechanism and its inhibitory
effect on cyt bc; function. Analogous studies were conducted
with a mutant of cyt b, E295, a residue previously proposed to
bind Zn>* on the basis of extended X-ray absorption fine-structure spectroscopy. ITC analysis indicated that mutation of E295 to
valine, a noncoordinating residue, results in a decrease in Zn>" binding affinity. The kinetic study showed that wild-type cyt bc, and
its E295V mutant have similar levels of apparent K, values for decylbenzohydroquinone as a substrate (4.9 = 0.2 and 3.1 £ 0.4 uM,
respectively), whereas their K; values for Zn>" are 8.3 and 38.5 uM, respectively. The calorimetry-based Ky, values for the high-
affinity site of cyt bc are on the same order of magnitude as the K; values derlved from the kinetic analysis. Furthermore, the FTIR
signal of protonated acidic residues was perturbed in the presence of Zn>", whereas the E295V mutant exh1b1ted no significant
change in electrochemically induced FTIR difference spectra measured in the presence and absence of Zn*". Our overall results
indicate that the proton-active E295 residue near the Q , site of cyt b, can bind directly to Zn*", resulting in a decrease in the
electron transferring activity without changing drastically the redox potentials of the cofactors of the enzyme. We conclude that E295
is involved in proton efflux coupled to electron transfer at the Q , site of cyt bc;.

heme b,

In the respiratory and photosynthetic chains of organisms,
electrons are transferred sequentially from low-redox potential
donors to high-redox potential acceptors, in events coupled to
the translocation of a proton across the membrane. The process
maintains a transmembrane electrochemical proton gradient
(ApH), which is used to drive the synthesis of ATP."> The
concerted movement of protons and electrons is a common
feature of many energy-transducing complexes, including the
photosynthetic reaction center (RC), cytochrome (cyt) b,
complex (cyt bcy), and cyt ¢ oxidase (Cox). Among them, cyt
be, is one of the components that generates a proton gradient
across the membrane by the uptake and release of protons on
both sides of the lipid bilayer in a manner coupled to electron
transfer.>* According to the Q cycle mechanism, a hydroquinone

(QH,) molecule is oxidized at a QH,-oxidizing (Q_,) site of cyt
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bey to produce two electrons. The first electron goes to the high-
potential chain comprised of the Rieske Fe—S protein and cyt ¢,
while the other electron enters into a low-potentlal chain fully
confined to cyt b hemes by and by Eventually, the high-

potential chain in phototrophic bacteria conveys the first electron
from QH, to a terminal acceptor (i.e., either Cox in respiration or
a photo-oxidized RC in ghotosynthesm) via cyt ¢, (and cyt ¢, in
Rhodobacter capsulatus).” "' The second electron from Q_H2 is
transferred to the Q; site via the two hemes, by and byy, to reduce a
Q to an intermediate SQ.>"> Upon oxidation of a second QH, at
a Q, site, another electron is used to reduce the SQ at the Q; site
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to QH,. Consequently, a complete turnover of cyt bc; consumes
one Q and two protons at the n side of the membrane to generate
a QH,, an event concomitant with oxidation of two QH,
molecules at the Q , site(s) to release four protons to the p side
of the membrane, resulting in the formation of a proton gradient
(ApH) and a membrane potential (A1)) across the membrane.
The bifurcated electron transfer reaction at the Q , site between
the high- and low-potential chains of the enzyme is a unique
functional characteristic of cyt bc; through which the free energy
difference between Qg0 and the electron acceptor is used to
generate ApH and A1). In membrane proteins, protons are known
to move through ordered chains of water, but how the rate and
direction of proton movement is controlled and coordinated with
coupled electron transfer is not understood. In particular, little is
known about the proton uptake and release events of cyt bc;.

Several approaches have been used to identify the proton
transfer pathway(s), starting with cyt b, which plays a key role in
both electron transfer and proton release and uptake activities.> '
Initially, the use of dicyclohexylcarbodiimide (DCCD), a well-
known carboxyl-modifying reagent, suggested that the cyt b D187
residue of Rhodobacter sphaeroides cyt bc; might be involved in
proton translocation."> Subsequent studies'> demonstrated that
this residue was unlikely to be involved in the protonogenic
reactions of cyt bc;. Rather, DCCD caused inhibition of the Fe—S
protein-mediated electron transfer reactions between the Q , site
and cyt ¢; as well as the QH,, oxidation at the Q , site."* Molecular
modeling studies of DCCD-treated cyt bc; proposed that con-
formational changes caused by DCCD binding to E163
(mitochondrial numbering) in the cd, loop of cyt b of chicken
cyt bey could generate new hydrogen bonds between E272 and
D253 and Y274 residues to affect the rotation and protonation of
E272 (corresponding to R. capsulatus E295),"® which was thought
to be important for capturing a proton derived from QH, oxidation
at the Q, site."” Nevertheless, the proton transfer pathway in the
bacterial cyt be; still remains unclear.

Earlier observations have indicated that transition metal ions
such as Zn>* and Cd** can inhibit the proton transfer activity of
the bacterial RC."*° When Zn*" binds to the RC, the rate of
transfer of a proton to E212 of RC subunit L was decreased,
becoming a rate-limiting step.”” In addition, the X-ray crystal
structure of the RC bound to Zn*" revealed that the Zn>"
binding cluster of D124, H126, and H128 of RC subunit H was
involved in the pathway of the delivery of the first proton to Qg
at the entry point.”' Furthermore, the second proton supplied to
(QgH) by E212 also shares the same entry point of the first
proton, close to the metal binding cluster.*° Similarly, the proton
uptake pathways (i.e., the D and K channels) in Cox were studied
using Zn”" and Cd*" binding experiments.”>** These and other
related works indicated that identification of transition metal
binding sites in energy-transducing components provides an
incisive approach to identifying the residues involved in proton
transfer pathways. Previously, we probed the local structure of
Zn*" bound stoichiometrically to noncrystallized cyt be, species
purified from bacteria and mitochondria using Zn K-edge
extended X-ray absorption fine-structure spectroscopy
(EXAFS),** which provided results consistent with the crystal
structures of the same cyt b¢; forms bound to Zn>".** EXAFS
data demonstrated that the R. capsulatus cyt be; Zn*" binding site
exhibited a distinct hexacoordination and pseudo-octahedral
geometry, which included residues H276, D278, N279, and
E295. This binding mode is different from the four-coordinate
tetrahedral Zn>" binding site observed in the mitochondrial cyt

[2Fe-2S]

Figure 1. Close-up of the three-dimensional structure of the cyt b
subunit of R. capsulatus cyt bc, bound with stigmatellin (Protein Data
Bank entry 1ZRT).* For visual convenience, the Fe—S protein and cyt
¢, catalytic subunits have been omitted. The cyt b subunit (gray) is
rendered transparent, and its H276, D278, N279, and E295 residues
proposed to act as Zn>" ligands®* are shown as sticks. The [2Fe-2S]
cluster, hemes by, and ¢;, and the Q, site inhibitor stigmatellin are shown
as sticks.

be; species, but remarkably, the locus of metal ion binding was
identical (Figure 1). The metal binding residues are close to the p
side of the membrane surface, suggesting that this locus could
represent the proton exit domain(s) of the Q , site. In light of the
earlier works suggesting that mitochondrial E272 (E29S in R.
capsulatus cyt bc,) is tightly involved in QH, oxidation,”’26 we
examined the effect of Zn"" binding to cyt bc;. We conducted
inhibitory kinetics, isothermal titration calorimetry analyses, and
electrochemically induced Fourier transform infrared (FTIR)
difference spectroscopy with the wild-type (WT) enzyme and its
E295V mutant variant in the presence and absence of Zn>". Our
overall findings indicate that the Zn*" binding ligand E295 of cyt
b affects the catalytic activity (i.e., ke,t) of cyt bey, suggesting that
it modulates rapid electron transfer in a manner coupled to the
release of a proton from the Q , site of the enzyme.

B MATERIALS AND METHODS

Growth Conditions and Purification of cyt bc;. R. capsulatus
strains were grown at 35 °C in mineral-peptone-yeast extract
(MPYE) enriched medium supplemented with 10 #g/mL kana-
mycin under semiaerobic and dark respiratory conditions.”” The
wild-type and mutant cyt bc,, as well as the two-subunit cyt bc;
subcomplex lacking the Fe—S protein, were purified from
chromatophore membranes derived from cells grown under
the respiratory conditions as described previously.”**” Briefly,
chromatophore membranes prepared in 50 mM Tris-HCI buffer
(pH 8.0) and 100 mM NaCl were solubilized with dodecyl
maltoside (DDM) to a final concentration of 1 mg of DDM/mg
of total proteins. The mixture was stirred gently for 1 h at 4 °C
and then ultracentrifuged (120000g for 2 h) to eliminate non-
dispersed membranes. The supernatant was loaded onto a
DEAE-Biogel A column (2.6 cm X 32 cm) pre-equilibrated with
50 mM Tris-HCl buffer (pH 8.0) containing 20% glycerol, 0.01%
(w/v) DDM, and 100 mM NaCl (buffer A). The column was
washed with 5—6 column volumes (CVs) of buffer A containing

4264 dx.doi.org/10.1021/bi200230e |Biochemistry 2011, 50, 4263-4272



Biochemistry

150 mM NaCl, and then the remaining photosynthetic pigments
were washed with 3—4 CVs of the same buffer until ared band on
top of the column became visible. The adsorbed cyt bc, proteins
were eluted with 4 CVs of a linear 150 to 400 mM NaCl gradient
in the presence of 0.01% (w/v) DDM. Fractions were monitored
for their absorption at 280 and 420 nm, and at 500—600 nm for
their dithionite-reduced minus ferricyanide-oxidized optical dif-
ference spectra, and those containing the highest concentrations
of ¢- and b-type cyts were pooled and concentrated using an
Amicon Diaflo apparatus equipped with a PM30 membrane. The
concentrated sample (~2 mL) was passed through a Sephacryl
S400 size-exclusion column (40S mL), pre-equilibrated with
10 CVs of SO mM Tris-HCI buffer (pH 8.0) containing
150 mM NaCl, 20% glycerol, and 0.01% (w/v) DDM. Fractions
containing cyt bc; were pooled, concentrated using Amicon
Ultra (S0K molecular weight cutoff) centrifugal filter devices
(Millipore Co.), and stored at —80 °C in the presence of 20%
glycerol until further use. The concentration of cyt bc; was
estimated from reduced minus oxidized difference spectra with
an extinction coefficient of 28.5 mM ' cm ™" for the dithionite-
reduced cyt b (at 560 nm vs 570 nm).>® Protein concentrations
were determined using the bicinchoninic acid method® with
bovine serum albumin as a standard. Sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (15%) was conducted as
described in ref 31, and prior to being loaded, samples were
solubilized in 62.5 mM Tris (pH 6.8), 2% SDS, 0.1 M dithio-
threitol, 25% glycerol, and 0.01% bromophenol blue with sub-
sequent incubation at 60 °C for 10 min.

Enzyme Kinetics. Decylbenzohydroquinone (DBH,):cyt re-
ductase assays were performed as described in ref 29. Reaction
mixtures (2 mL) contained S0 mM sodium phosphate buffer
(pH 7.4), 40 uM horse heart cyt ¢, 2 mM KCN, 0.1 g¢/L DDM,
and 2.3 nM purified cyt bc;. The reductase reaction was started by
addition of DBH, in dimethyl sulfoxide (final concentration of
40 uM). Michaelis—Menten kinetics was performed as described
above in a stirred cuvette thermostated at 20 °C using various
concentrations of DBH, as a substrate ranging from 0.5 to
40 uM. The decylbenzoquinone (DB) concentration was deter-
mined spectroscopically using an extinction coefficient of
16 mM ' cm ', and the solution is fully reduced with sodium
borohydride.>* For Zn>" inhibition kinetics, up to 0.2 mM
ZnSO, from stock solutions of 0.1, 1, 10, or 100 mM
(2—10 uL) was added to the reaction mixtures containing 2.3
nM purified cyt be; in a stirred cuvette to give the desired final
concentration and preincubated for 1 min before the reaction
was started by the addition of 40 uM DBH,. Thereafter, the
reduction of cyt ¢ was monitored at 550 nm for 1 min to yield an
initial rate of the enzyme reaction. One unit of cyt bc; activity was
defined as the amount of enzyme that produced 1 gmol of
reduced cyt ¢/min under the assay conditions.

Isothermal Titration Calorimetry Analysis. Zn*" titration
experiments were performed at 25 °C using a high-sensitivity VP-
ITC microcalorimeter (MicroCal LLC, Northampton, MA).
The ZnSO, solutions were prepared in 50 mM Tris-HCI buffer
(pH 8.0) containing 150 mM NaCl, 20% glycerol, and 0.01%
(w/v) DDM, yielding final concentrations ranging from 350 to
700 uM. The reference cell was filled with deionized water. Each
experiment was started with a small injection of 1—2 uL, which
was discarded from the analysis of the integrated data, to prevent
artifacts due to the diffusion through the injection port occurring
during the long equilibration period, locally affecting the protein
concentration near the syringe needle tip. Care was taken to start

the first addition after baseline stability had been achieved. In
each individual titration, S #L of the ZnSO, solution was injected
into a solution of the wild-type and E295V mutant cyt bc;
(10—12 uM) diluted in the same buffer using a computer-
controlled 310 #L microsyringe. Allowing a time interval of
300 s between each Zn> " injection ensured chemical equilibrium
of the system. For a control experiment, the metal solution
without enzyme was titrated under the same conditions. Inte-
grated heat data were fitted by a nonlinear least-squares mini-
mization algorithm using MicroCal Origin.

FTIR Spectroscopic Analysis. FTIR difference spectra were
recorded as a function of the applied potential using a Vertex 70
spectrometer (Bruker Optics) equipped with an MCT detector
and a globar light source. The difference spectra were recorded in
the 1800—800 cm ™' range using a previously described electro-
chemical cell.®® Although using ZnSe windows instead of CaF,
allow the difference spectra to be recorded from 1800 to
650 cm ™', here the spectra were recorded between 1800 and
800 cm ™ *.>* To accelerate the redox reaction, we used a mixture
of mediators as described previously.>> The protein was equili-
brated at an initial electrode potential, and a single-beam
spectrum was recorded. Then the final potential was applied,
and a single-beam spectrum was again recorded after equilibra-
tion. Equilibration generally took less than 10 min for the full
potential step from —0.292 to 0.708 V versus the standard
hydrogen electrode (SHE). The difference spectra presented
here were calculated from two single-beam spectra, with the
initial spectrum taken as a reference. Typically, 2 X 256 inter-
ferograms at 4 cm ™" resolution were co-added for each single-
beam spectrum and Fourier-transformed using triangular apodi-
zation and a zero-filling factor of 2. At least 35 difference spectra
were averaged.

UV—Vis Spectroscopic Analysis. The UV—vis difference
spectra of all the samples were recorded on a Cary 300 spectro-
meter using the same electrochemical cell as for the FTIR
difference spectroscopy equipped with CaF, windows. The
UV—vis potentiometic oxidative titrations of the cyt bc; samples
were performed by following the evolution of the Soret band of
the heme absorbance. The absorbance values were then plotted
versus the applied potential.

B RESULTS

Kinetics of Wild-Type and cyt b E295V Mutant cyt bc;. The
kinetic parameters of wild-type cyt bc; were studied and com-
pared with those of its E295V mutant derivative. First, to
establish the ratio of enzyme to substrate (i.e., cyt be; vs DBH,)
necessary to have a reliable initial velocity, we monitored the
reduction of horse heart cyt ¢ (the electron acceptor) at different
DBH, concentrations (the electron donor) at 550 nm under
standard assay conditions. The study demonstrated that both the
wild-type enzyme and its E295V mutant exhibited good linearity
of the reaction rate over a 1 min interval using an [S]/[E] ratio of
>10* We analyzed the kinetic data to determine the K,,, values for
DBH, and V,,,, using double-reciprocal plots and fit the data
with a simple Michaelis—Menten equation (Table 1). The wild-
type cyt b, featured a K, of 4.9 uM for DBH, as a substrate and a
Vinax value of 42.4 yumol min~" mgfl. The E295V mutant had a
slightly lower K., value (3.1 #M) than the wild-type. This value is
similar to that of the E272Q mutant of yeast cyt be; (3.2 uM)*°
and is slightly lower than that of the yeast cyt bc; E272V mutant
(42 uM),¥’ indicating that the E295V mutation does not cause
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Table 1. Kinetic Parameters of cyt bc; from R. capsulatus and Various Organisms

enzyme source K, (uM) Vinax (44mol min " mgfl) ke (571 Vinan/ K (umol min ™" mg71 uM ) ref
R. capsulatus* WT 49+ 02" 424+ 038 852 £ 13.1 8.6 this study
E295V 31+04 10.6 + 0.4 343 £ 45 3.4
Saccharomyces cerevisiae® wT 6.3 ND* 521 +£35.0 ND* 36
E272Q 3.2 ND* 69+ 1.0 ND*
S. cerevisiae WT 4 ND* 61 (15.3)¢ 37
E272V 42 ND* 26 (6.2)°

“ Determined with the purified enzyme. ®Data are means =+ standard deviations. * Not determined. ¢ Note that these numbers correspond to Ky (keat/

K,,) as defined in ref 37 and not to V,,,,/K,,.

any significant difference in the QH, binding affinity, a finding
that is consistent with previous EPR data for different E295
mutants.?® It has been shown, using light-activated kinetics with
chromatophore membranes derived from R. capsulatus, that the
E295V mutant exhibits an ~4-fold decrease in the rate of heme
by reduction.®® Similar decreases in V.., for E295V compared to
that of the wild-type were observed in this work (Table 1). The
kinetic data thus confirmed that the E295V substitution did not
alter significantly the binding affinity of QH, molecules at the Q ,
site of cyt bcy, but it rather decreased conspicuously the catalytic
efficiency (Vinax/Km) of the enzyme during Q , catalysis. This
result implies that substitution of E295 to V perturbs the Q,
site, generating a rate-limiting step in either electron or proton
transfer. The observation that the yeast E272V or bacterial
E295V mutant did not show any significant effect on the Q
site-mediated reverse electron transfer rate®” or the Q site-
mediated cyt by reduction rates,*® respectively, suggests that no
alteration of the electron transfer pathway is caused by the E295V
mutation. In addition, the physicochemical properties of cyt bc,
(i-e.) Ep 7 of hemes by, and byy or redox sensitive s?ectra) were not
altered by mutation of E295 in bacterial cyt bc;.>*® On the other
hand, the rate of reduction of by of E295Q at different pH values
in bacterial mutants*® and the turnover rate of cyt ¢ reduction in
E272D and Q at pH <6 in yeast*® mutants were significantly
decreased as compared to those of the corresponding wild-type
enzymes. These findings pointed out that the observed catalytic
defect might be linked to the proton-active carboxylate group of
E295, although this effect was not seen with the yeast E272P and
E272V mutants.*’”

Zn*" Inhibition Kinetics of cyt bc,. Previous EXAFS spec-
troscopy of Zn”" stoichiometrically bound to cyt be;,** together
with several other studies,'””****" suggested that steps of pro-
tonation and deprotonation of E295 are closely linked to the rate-
limiting Q , site proton exchange. The Zn>" binding assay using
eukaryotic cyt bc; suggested that this enzyme has multiple inde-
pendent Zn*" binding sites with different affinities.” From the
binding assay with radiolabeled Zn>*, bovine cyt bc, was found to
have two types of binding sites with different stoichiometries and
affinities at pH 7.2: a high-affinity site (n = 1.1 £ 0.1 Zn*t /e Ky =
0.13 #M) and several low-affinity sites (n = 3—4 " e Ky =
2.3 uM).* Chicken cyt be, has a higher K; (3 4M) than the bovine
enzyme, and crystallographic studies initially indicated two different
Zn”" binding sites.”> However, subsequent analyses revealed that it
has only one site (see Protein Data Bank entry 3h1k, remark 280).
Accordingly, Zn*" -inhibitory kinetics studies were performed with
purified bacterial wild-type and E295V mutant enzymes at various
Zn>* concentrations. Simple inhibition curves were obtained when
purified R. capsulatus cyt bc, was titrated with Zn>* in 40 mM Tris-
HCI buffer (Figure 2). The inhibition curves were fitted by a

100 - o WT
O E295V

80 -

Relative activity (%)
3

O T T T T T
0 5 10 15 20

[Zn?], _, (uM)

free

Figure 2. Inhibition of purified R. capsulatus cyt be; by Zn>*. DBH,:cyt
¢ oxidoreductase activities of the wild-type and E295V mutant enzymes
with a DBH,:cyt be; concentration ratio of >10* were assayed at various
Zn>" concentrations in 40 mM Tris-HCl buffer (pH 7.5). Relative wild-
type and E295V mutant enzyme activities observed in the presence of
increasing concentrations of Zn*" are shown with uninhibited 100%
activities being approximately 31 and 10 gmol of cyt ¢ reduced min ™"
mg ', respectively (Table 1). The concentration of free Zn*>" in the
Tris-HCl buffer was obtained from the equation [Zn]g.. = [Zn],/(1 +
[Tris]o/Krys), where [Zn], and [Tris], are the initial concentrations of
zinc and Tris, respectively, and Kt = 2.3 £ 0.2 mM.>°

standard inhibition equation assuming either one or two indepen-
dent tyge(s) of inhibition site(s). The K; could be obtained by fitting
the Zn*" dependence with a single homogeneous inhibition site:
v =Via/ (1 + [Z0°7]/K) (eq 1). At >0.2 mM Zn”*, only 10% of
the original activity remained (Figure 2), but there was no
additional decrease in activity up to 0.6 mM Zn>". In 40 mM
Tris-HCl buffer at pH 7.5, wild-type cyt bc, exhibited a Kj value of
0.9 x 10~ ° M for Zn>", which is lower than that of chicken cyt
b, On the other hand, E295V exhibited a K; value of 2.6 x 10~ °
M, which is approximately 3-fold higher than that of the wild-type
(Figure 2 and Table 2). In addition, some residual activitzr (30%) of
E295V was observed even at >0.2 mM Zn>". The Zn"" binding
affinities of the wild-type and the mutant cyt bc, derivative were
determined more directly using microcalorimetry.

Zn*" Binding Properties of cyt bc; Studied by Isothermal
Titration Calorimetry. ITC measurements were taken with a
goal of (i) detecting, using an independent approach, the
presence of a high-affinity Zn>* binding site in wild-type cyt
bey, (ii) determining the dissociation constant (Kp) of the Zn**
complex, and (jii) comparing the binding properties of wild-type
cyt be; with those of the E295V mutant derivative. The ITC
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Table 2. Inhibition of Purified cyt bc, by Zn*"

enzyme source K (M) Kp (M) complete inhibition («M) ref
bovine 1077 (pH 7.0) 1077 (pH 7.0), >2 x 10 © [Zn*T]> 5 39
avian 3x107° not determined 200 (<20%) 25
bacteria 0.9 x 107° (pH 7.5) 0.5 x 107¢ 200 (<10%) this study
01 0 50 100 150 200 [Figure 3B (®)] had two Klzvalues of0.5 X 10 °M (Kp; =0.50
T T T T T T T + 0.07 uM) and 6.8 x 10 ° M (Kp, = 6.8 £ 0.9 uM) with a
00; : stoichiometry n; of 1.13 & 0.03 for the high-affinity site and a
’ stoichiometry n, of 3.7 &= 0.2 for a few lower-affinity binding sites
Y o : __ (Figure 3B and Table 2). The two binding events are driven by
K favorable enthalpic factors (AH; = —5.6 &= 0.2 kcal/mol, and AH,
S | | = —1.4 £ 0.2 kcal/mol, respectively). A second independent set of
3 027 _ data (not shown) acquired for the wild-type enzyme at a compar-
1 1 able concentration of total protein yielded a titration essentially
037 7] coincident with that shown in Figure 3B, indicating that the results
) A were highly reproducible. It has been noted that the K, of the high-
04 rr T PrT T affinity Zn>* binding site of bovine cyt bc, was essentially identical
= 0 7 to the inhibition constant (K;) under all conditions tested.’® A
] i ) similar situation is found here for bacterial cyt be;. Zn*" binds
E 27 b stoichiometrically to a high-affinity cyt bc, site, characterized by a
;E i i dissociation constant, Kp (0.5 x 10~ M), that is on the same
° 47 ] order of magnitude as the K; (0.9 X 10 ® M) determined by
E i i measuring the inhibition kinetics of Zn>* under similar conditions
3 6 7] (Figure 2). Therefore, we infer that binding of Zn*" to the high-
~ i i affinity site of cyt be; caused its inhibition, whereas the additional
8 B low-affinity binding sites did not seem to induce additional
(') ' é "4 é ' é ' 1'0 ' 1'2 "4 inhibition of the catalytic activity. The presence of a few low-

Molar Ratio

Figure 3. Binding of Zn>" to wild-type and E295V cyt be; as deter-
mined by ITC titrations. (A) Raw titration data represent the thermal
effect of 5 uL injections of 500 uM Zn>" into a solution of 9.7 M wild-
type enzyme. (B) Normalized heats of reaction, derived from the
integration of raw data (like those shown in panel A for the wild-type),
as a function of the Zn*":cyt bc, molar ratio, for the wild-type (®) and
E295V mutant (O) cyt bc, enzymes. The total protein concentrations
were 9.7 and 11.1 uM for the titrations performed with the wild-type and
E295V mutant enzyme, respectively. The solid lines represent the best
fits of the integrated data to a model that includes two noninteracting
sets of binding sites. The corresponding values of the number of sites
per protein complex and of the dissociation constants are as follows:
ny = 113 & 0.03, Kp, = 0.50 £ 0.07 uM, n, = 3.7 £ 0.2, and Kp, =
6.8 £ 0.9 uM for the wild-type, and n; = 1 (fixed), Kp, = 1.00 & 0.36
UM, ny =9.1 £0.5, and Kp, = 3.5 &= 1.6 uM for the E295V mutant. See
the text for further details.

measurements were performed by adding Zn>" to the cyt bc;
suspensions in the Tris-HCl buffer (pH 7.5). The occurrence of
binding events was revealed by the presence of exothermic peaks
that followed each Zn*" addition as shown in Figure 3A. The
titrations obtained from the integrated heat data for the wild-type
and E295V mutant cyt bc; enzymes are compared in Figure 3B.
Titrations were fitted to two different models characterized
either by a single set or by two sets of independent, noninteract-
ing binding sites. Each set had a number (1) of binding sites per
protein complex, possessing the same intrinsic dissociation
constant (Kp). Both in the wild-type and in the E295V
mutant enzyme, the inclusion of a second binding event im-
proved significantly the quality of the fit. When the data were
fitted by using the two-site model equation, wild-type cyt bc;

affinity binding sites was also detected in eukaryotic cyt bc,.*”

A quite distinct binding ITC pattern was observed in the
E295V mutant, for which the titration [Figure 3B (O)] suggested
that saturation of Zn*" binding is attained at higher metal:
protein ratios. Again, as observed in the wild-type complex, the
one-site model was unable to describe adequately the titration,
revealing the presence of additional binding sites. A blind fit to
the data according to the two-site model, in which the free
parameters of the fit were the number of binding sites (n;), the
enthalpy change (AH;), and the dissociation constant (Kp,) (for
each set i of binding sites), yielded an 1, of 1.97 £ 0.08 and a
Kp of 0.55 & 0.09 uM for the higher-affinity set, with a AH,
of —9.9 £ 0.7 keal/mol, and 7.1 = 0.3 (1,) of low-affinity binding
sites per cyt bc,, characterized by a Kp, of 5.81 & 1.22 yuM and a
AH, of —2.6 = 0.3 kcal/mol. However, an equivalently §ood fit
to the data, as judged from the essentially unaffected y~ value,
could be obtained by reducing the number of free parameters, i.e.,
by fixing the stoichiometry of a set of binding sites to a unitary
value, as found in the case of wild-type cyt bc; for the high-affinity
site. This choice resulted in a stoichiometric high-affinity binding
site characterized by a Kp; of 1.0 X 10~° M (1.00 #+ 0.36 uM)
and an enthalpy change AH; of —28 = 4 kcal/mol, in addition to
9.1 & 0.5 (n,) low-affinity sites characterized by a Kp, of 3.5 X
10 ° M (3.5 & 1.6 uM) and a AH, of —0.9 = 0.5 kcal/mol.
Although the two fits are essentially equivalent on a purely
statistical basis, the physical interpretation of the latter fit is
simpler, because it appears rather unlikely that the substitution of
E295 leads to the high-affinity binding of two Zn>" ions in the
same binding pocket or in its vicinity. The physically meaningful
assumption of a unitary stoichiometry for a set of binding sites
results in the increase by a factor of 2 in the dissociation constant
(Kp,) of the high-affinity Zn>* binding site in E295V compared
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to that of the wild-type. Such an effect is consistent with a
comparable increase in the value of the inhibitory constant (Kj),
as evaluated from the Zn>" inhibition kinetics (Figure 2).
Together with the inhibition kinetics, the ITC analysis thus
indicated that substitution of E295 to V weakens the binding
of Zn*" to the Q, site of cyt bc;, supporting the notion that
E295 belongs to the metal ligand cluster.**

The dissociation constants and thermodynamic parameters
provided in this study do not take into account possible events of
proton transfer linked to metal binding, or the presence in
solution of complexes between the metal ions and the buffer.
This treatment is beyond the scope of this study. However, the
values of the measured equilibrium constants compare well with
those reported in the literature and determined using ITC or
other methodologies, which, in principle, should also take into
account similar effects. These values are therefore used only for
comparison of native and mutant cyt bc; enzymes.

Redox-Induced FTIR Difference Spectroscopy. To investi-
gate further whether Zn”" inhibition occurs via E295 at the Q ,
site of cyt bcy, we performed the redox-induced FTIR difference
spectra analyses using wild-type cyt bc,, its E29SV mutant, and a
cyt be; subcomplex lackmg the Fe—S protein,” in the presence
and absence of Zn*" (Figure 4). The redox-induced FTIR
difference spectra provide information about the protonation
state of acidic residues or quinone binding, as described
previously.>>*****" The positive and negative signals in the
spectra correlate with the oxidized and reduced forms of the
enzyme, respectively. Figure 4 shows an overview of the oxidized
minus reduced FTIR difference spectra of wild-type cyt bc;, the
E295V mutant, and the cyt bc; subcomplex lacking the Fe—S
protein. The spectra are dominated by signals from the free and
bound quinones and include the amide I and amide II bands as
well as signals from 1nd1v1dual amino acids. Purified wild-type cyt
be; with and without Zn*" retained their bound quinones as
judged by their intense signals observed at 1288 and 1263 cm ™,
ascribed to the methoxy side chain (the C—O modes) of
quinones. Alternatively, the signal at 1263 cm™ ' may also be
contributed indirectly by heme by or cyt ¢; 0(C,,,—H) vibration.
The spectral region between 1750 and 1700 cm™ ' includes
information about the protonated Asp/Glu residues and can be
used as a good indicator of the environment of these redox active
amino acids. The oxidation-induced protonation of acidic resi-
dues gives rise to a positive signal at 1739 cm ™', which was
previously assigned to the v(C=0) vibration of D278 and E295
residues in cyt be,.”**%3%3%* The negative signal observed at
1720 cm™' can be assigned to the v(C=O) vibration of
protonated acidic residues. The presence of a pair of signals,
1739(+) em™ ' and 1720(—) cm ™', is typical of the modification
of the environment of redox active acidic residues upon redox
reaction.”” In fact, the higher the frequency, the more hydro-
phobic the environment of the acidic residue. The downshift of
the negative signal indicates that the acidic residue is involved in
stronger H-bonds or is more exposed to the solvent in the
reduced form. This behavior points toward a conformational
change of the residue upon redox reaction. A positive signal can
be seen at 1706 cm ™. This signal was tentatively assigned to an
acidic residue located in the cyt b subunit of Paracoccus
denitrificuns.38’43 Furthermore, this signal can arise also from
the U(C O) vibration of the heme propionates. Upon addition
of Zn>", the intensity of thlS signal decreased. In addition, the
positive mode at 1739 cm ™' shifts to 1745 cm ™', indicating that
protonated Asp/Glu residues form stronger H-bonds upon

g WT
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-1739 V(C=0)

180 1600 1400 1000 80
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Figure 4. Oxidized minus reduced FTIR difference spectra of R.
capsulatus wild-type cyt be, (top), the E295V mutant (middle), and
the cyt be; subcomplex lacking the Fe—S protein subunit (bottom) in
the absence (—) and presence (- +) of 200 M Zn>" at pH 8.0. For
further details, see the text.

reduction. Clearly, the FTIR spectra of wild-type cyt bc; showed
direct interaction(s) between acidic residue(s) and Zn*"
Compared to the FTIR difference spectrum of the wild-type,
the spectrum of the E295V mutant showed weaker signals in the
spectral region for the protonated acidic residues, indicating that
the E29S residue is responsible for the signals observed at 1739
and 1720 cm™ ' in the difference spectrum of the wild-type. On
the other hand, addition of Zn>" to E295V did not show any
redox-dependent signal as seen in the spectrum of the wild-type,
suggesting that the E295 residue is a direct Zn>" ligand as well as
representing a proton exit group in cyt bc;. The redox-dependent
secondary structure modifications can be seen in the region of the
amide I band ** The most prominent signal observed at
1650 cm ™', assigned to the v(C=0) vibrational mode of neutral
fully oxidized quinones, was slightly altered by Zn>" binding in
the wild-type spectra, and in that for the E295V mutant enzyme,
the signal was found to be slightly shifted and to have alarger half-
width (Figure 4). The signals from the deprotonated heme
propionates are expected in the so-called amide II region from
1560 to 1500 cm ™, but they overlap with the side chain
contribution of deprotonated acidic residues.*"* Note that these
contributions could be seen as negative signals in the difference
spectraat 1560 and 1536 cm™ ! for wild-type cyt be,. The positive
signal at 1547 cm ™' can be assigned to the amlde II vibration as
well as to the v3g vibration of heme b;. Upon Zn>" inhibition, a
positive signal appears in the difference spectrum at 1571 cm ™'
that can be assigned to the ¥(COO ™)™ vibration of deproto-
nated acidic residues. ThlS signal could arise from the acidic
residues that bind Zn>". This observation leads to the conclusion
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Figure S. Effects of H—D exchange on the FTIR difference szpectra of
wild-type cyt be, in the absence and presence of 200 uM Zn”*: (top)
FTIR difference spectra of wild-type cyt bc; recorded at pD 8.0 (—) and
pH8.0 (- - -) and (bottom) FTIR difference spectra of wild-type cyt bc;
in the presence of Zn>" recorded at pD 8.0 (—) and pH 8.0 (- - - ). See
the text for further details.

that the relevant acidic residue binds Zn>" via its carboxyl
moiety.

H—D exchange leads to an uncoupling and downshift
of the amide II band to ~1450 cm ™', thus clarifying the signature
of the deprotonated acidic residues as well as the heme propio-
nates. The difference spectra of the wild-type and Zn*" -inhibited
cyt by recorded at pD 8.0 are presented in Figure S. These
spectra show that the signal observed at 1536 cm™ ' in the
difference spectrum of the wild-type is absent after H—D
exchange. Indeed, this signal arises from the amide II modes,
downshifted upon H—D exchange. Another major spectral
change was observed at <1400 cm !, at 1390, 1384, and
1362 cm ™! in the wild-type. These signals include the coordi-
nates from the quinone ring motions, ¥(COO™)* of Asp/Glu
(heme by;) or the heme propionate. When Zn>* bound to cyt
bey, only two signals at 1407 and 1388 cm™ ! remained visible in
the spectrum. However, in the spectrum of the E295V mutant
enzyme, no signal was evident in this spectral region, indicating
that there was no effect of Zn>" binding on the E295 residue and
the hemes.

The specific porPhyrin ring motions can be observed between
1000 and 800 cm ™ and are sensitive to pH.***>*® The difference
spectrum of the wild-type contains a negative signal at 964 cm ™"
and a positive signal at 930 cm ™, assigned to the ring deforma-
tion vibration of the imidazole.*”* Tt is thus likely that the
coordinating His of the heme groups gives rise to these signals.
Upon addition of Zn”", these signals lose intensity, suggesting
that the relevant His residue(s) is not perturbed by the reaction
any longer. The redox sensitive signal appearing at 835 am s
shifted toward 827 cm™ ' upon reduction. This signal was
previously assigned to the y(C,,—H) vibration of the porphyrin
ring.** The frequency of the y(C,,—H) vibration depends also
on the pH. At high pH, the 835 cm ™" signal is found at a high
frequency, and at low pH, it is found at a low frequency (i.e.,
827 cm™'). This behavior indicates that the heme propionates
are in the protonated state in the oxidized form and deprotonated
in the reduced state. The inhibition induces the splitting of the
negative signal into two signals at 825 and 815 cm . Thus, the
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Figure 6. Redox midpoint potentials of heme cofactors of wild-type cyt
be, in the absence and presence of Zn*". UV—vis optical absorbance
difference spectra (A) of the wild-type, E295V, and the cyt bc,
subcomplex lacking the Fe—S protein in the presence and absence of
200 uM Zn*". Voltametric redox equilibrium titrations of heme
cofactors of wild-type cyt bc; in the absence (B) and presence (C) of
200 #M Zn>". Potentiometric titrations were performed in 100 mM
Tris-HCl and 100 mM KCl (pH 8.0). The E,; values for cyt ¢; and cyt b
obtained from the absorption difference in the Soret region (y-band at
428 nm in panel A) and the normalized data were fit to a Nernst equation
with three n = 1 components. Mediators were used as described for the
FTIR studies.

addition of Zn*" modifies the protonation state of the propio-
nates and/or the His that coordinate the iron of the hemes. The
heme signature of the E295V mutant is similar to that observed
for the inhibited wild-type, indicating that this mutation has an
effect similar to the effect of inhibition on the protonation state of
the hemes.
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UV—Vis Difference Spectroscopy and Titration of cyt bc,
Hemes. The UV—vis redox difference spectra of the wild-type,
the E295V mutant, and the cyt bc; subcomplex lacking the Fe—S
protein were compared in the presence and absence of Zn*" with
respect to the y-band at 428 nm and o-bands at 524, 552, and
558 nm (Figure 6A). All enzymes were fully oxidized in S min at
500 mV versus SHE and fully reduced within 7 min at —500 mV
versus SHE, indicating that either mutating E295 or the absence
of the Fe—S protein does not affect the redox behavior of hemes b
and ¢, of cyt be, (Figure 6A). On the other hand, addition of Zn>t
slowed the reduction observed as the fully reduced samples were
obtained 10 min after the application of the reducing potential
(data not shown) while the oxidation rate remained unaffected.

UV —vis titrations were performed by monitoring the absor-
bance of the Soret band of the wild-type enzyme in the presence
and absence of Zn>" to determine the effect of Zn*" binding on
the midpoint potentials of the hemes of cyt bc, (Figure 6B,C).
The oxidative titration curves showed that Zn>" inhibition does
not significantly affect the midpoint potentials of the b-type
hemes, whereas the midpoint potential of E295V mutant heme ¢,
seemed to be slightly shifted in the presence of Zn*". However,
we note that the equilibration time is typically very long for heme
¢1, leading to an error larger than that seen for the other hemes.

l DISCUSSION

The vectorial translocation of protons across the membrane
for the generation of ApH involves cyt bc;, whose proton transfer
pathways are not well defined. The E29S residue found in the
highly conserved PEWY motif of the cyt b subunit of cyt bc;
might play an important role in the release of protons when QH,
oxidation occurs. Clearly, mutation of this residue affects the
electron transferring activity of cyt bc; as shown in several studies
with bovine, yeast, and bacterial cyt be,.17%63637 Nevertheless, its
role in either Q—QH, binding for the formation of the enzyme—
substrate (ES) complex'”® or proton release associated with
H,O molecules near the Q, site***”*® remained less clear.
Considering these possibilities, here we performed Zn>" inhibi-
tion studies using steady-state kinetics, ITC analysis, and redox-
induced difference FTIR spectroscopy with both the native form
and the E295V mutant derivative of cyt bc;.

The kinetic parameters of cyt bc; were obtained as a first
approximation using a simple Michaelis—Menten kinetics with
DBH, as a substrate to compare the E295V mutant with the wild-
type enzyme under steady-state conditions (Table 1). E295V has
a 4-fold lower V., value than the wild-type, whereas its K, value
for DBH, was only marginally lower. Thus, its lower V.,
affected its apparent catalytic efficiency, Vi,,/Ky,. Previously,
E29S was proposed to be an important residue for the formation
of an ES complex at the Q , site through formation of a H-bond
with the OH group of stigmatellin that might mimic a reaction
intermediate (i.e., either SQ or QH,) based on the crystal
structures of cyt bcl.17’36 However, substitution of E295 with
various amino acids revealed a robustness of the cyt bc; electron
transferring activity,”® suggesting that this residue may not be
involved in substrate binding to form the ES complex but might
rather influence later steps of proton transfer directly or
indirectly.”” This suggestion was confirmed by our kinetic data
(Table 1). Indeed, addition of Zn>" in the micromolar concen-
tration range severely inhibited wild-type cyt bc;, whereas E295V,
featuring a K; value 4-fold higher than that of the wild-type, was
less sensitive to Zn>" (Figure 2). These kinetic results, pointing

to a role of E295 in the inhibitory binding of Zn>", are consistent
with cyt be; metal binding properties determined by ITC
(Figure 3). Indeed, in wild-type cyt bc;, ITC analysis showed
the presence of a high-affinity Zn>" binding site, characterized by
a dissociation constant (Kp) on the same order of magnitude as
the inhibitory constant (K;) derived from the kinetic study under
similar conditions. Interestingly, a similar matching between the
Kp of the high-affinity Zn®" binding site and K; has been
previously observed for bovine cyt bc,, using a different approach
to determine the binding parameters, under the conditions
tested.>* As observed in eukaryotic cyt bc;,* in the case of
bacterial cyt bc;, the ITC analysis revealed additional Zn*"
binding sites that are characterized by a dissociation constant
10 times higher than that of the inhibitory high-affinity site.
These sites are likely to reflect less specific interactions with the
metal ion and are unrelated to Zn”>" inhibition of the catalytic
activity. Furthermore, analysis of the data of the titration effected
with the E295V mutant indicates that the Zn*" binding is
weakened compared to that of the wild-type, paralleling the
weaker inhibition observed in the kinetic studies. Consequently,
both kinetic and ITC data support the previous proposal based
on EXAFS analysis** that E295 is one of the Zn>" ligands, further
suggesting that the E295 residue, as the Zn*" ligand, is involved
in the release of protons by cyt bc;.

We further investigated the involvement of residue E29S in
Zn>* binding using both redox-induced FTIR difference and
UV—visible redox difference spectra of the wild-type and E295V
mutant complex in the absence and presence of Zn>*, and we
determined the midpoint potentials of heme b and ¢ cofactors of
cyt be; (Figure 6). The electron transfer rate reflected by the
redox behavior of cyt b and cyt ¢ showed that Zn>" slowed the
electron transfer activity of cyt bc;. This was also supported by
the observation that the typical infrared signature (<1000 cm ")
of the porphyrin ring of the Zn>*-bound wild-type enzyme was
similar to that of E295V without Zn>", indicating that E295
might provide favorable conformational changes for the occur-
rence of bifurcated electron transfer at the Q , site. However, the
loss of such changes, due to the presence of Zn*" orthe Eto V
substitution, did not alter the redox potentials of heme b and ¢,
cofactors even in the presence of Zn*" (Figure 6B,C). Thus,
these data indicated that neither substrate binding (K,,) nor ES
complex formation (lower E,) requires E295 necessarily.”
Rather, as previously suggested,zs’37 upon binding and oxidation
of QH, at the Q, site, this residue seems to contribute to the
formation of a pathway associated with H,O for proton release
during Q, catalysis. Regardless of the presence or absence of
Zn>*, substitution of E295 weakened the signals of the proto-
nated acidic residue in both oxidized and reduced forms (at 1746
and 1722 cm ™', respectively) as well as the signals of deproto-
nated residues in the reduced form, typically observed in the
wild-type. On the other hand, the wild-type enzyme inhibited by
Zn>" also lost these signals, indicating that Zn*" interfered
directly with protonation and deprotonation of E29S in cyt bc;.
In addition, Zn>" could bind the E295 residue directly via the
carboxylate moiety as observed from the ¥(COO™) vibrational
mode at 1560 cm ™" (Figure 4). Earlier FTIR studies showed that
in P. denitrificans cyt bc; bound to stigmatellin, E295 is H-bonded
to the carbonyl group of this inhibitor in the oxidized form.*® The
FTIR spectroscopic data strongly suggested that protonation and
deprotonation of E295 might be important for displacement of
its carboxylate side chain at the Q, site, resulting in the
modification of the relative hydrophobicity of the Q, cavity

4270 dx.doi.org/10.1021/bi200230e |Biochemistry 2011, 50, 4263-4272



Biochemistry

facing the outer membrane surface, which is strongly associated
with H,O molecules. Consequently, it appears that a perturbed
protonation and deprotonation state of E295, by either mutation
or Zn>" binding, prevents a facilitated movement of the side chain
of this residue toward the propionate group of heme b;. This
would hamper the rapid release of a proton from the Q, site,
resulting in slower electron transfer to the low-potential chain.

Notably, the removal of the Fe—S protein from the cyt b,
induced inaccessibility of Zn>" to E295 (Figure 4). Although the
Fe—S protein is not likely to participate in Zn>* binding directly, it
is possible that a conformational change in the ef loop, due to the
absence of the Fe—S protein, might drastically modify the location
of the PEWY motif, resulting in the displacement of E295 toward
the more hydrophobic inner portion of the membrane, hampering
Zn*" accessibility. Other cyt b residues such as H276, D278, and
N279 that act as ligands to Zn> " were additionally groposed to act
as proton exit paths on the basis of EXAFS studies.”* Recent FTIR
data with D278 in P. denitrificans cyt bc, indicated that even in the
presence of stigmatellin, this residue remains protonated in the
oxidized form, but its vibrational frequency shifts in the reduced
form.*® Therefore, the role of these residues in proton pathways of
cyt bey needs to be examined using site-directed mutagenesis
coupled to an analogous experimental approach as described here.
These studies are underway in our laboratories.
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