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ABSTRACT: Bifurcated electron transfer during ubiquinol oxidation is the key reaction of complex IlI
catalysis, but the molecular basis of this process is still not clear. E272 of the conserved cytoohrome
PEWY motif has been suggested as a ligand and proton acceptor for ubiquinol oxidation at center P. We
introduced the two replacement mutations, E272D and E272Q, into the mitochondrially encoded cytochrome
b gene by biolistic transformation to study their effects on substrate binding and catalysis. Both substitutions
resulted in a lower ubiquinol cytochrontereductase activity and affect th&, for ubiquinol. The E272
carboxylate stabilizes stigmatellin binding, and in accordance, both variants are resistant to stigmatellin.
Large structural changes in the cofactor environment as well as in the binding pocket can be excluded.
The mutations do not perturb the midpoint potentials of the heme groups. The sensitivity toward the
respective distal and proximal niche inhibitors HDBT and myxothiazol is retained. However, both mutations
provoke subtle structural alterations detected by redox FTIR. They affect binding and oxidation of ubiquinol,
and they promote electron short-circuit reactions resulting in production of reactive oxygen species. The
aspartate substitution modifies the environment of the reduced Rieske protein as monitored by EPR. Both
variants alter the pH dependence of the enzyme activity. Diminished activity at low pH coincides with
the loss of one protonatable group with E,mf ~6.2 compared to threekp values in the wild type,
supporting the role of E272 in proton transfer. The conserved glutamate appears to influence the accurate
formation of the enzymesubstrate complex and to govern the efficiency of catalysis.

Mitochondrial complex Il is a central component of on two spatial separated quinol/quinone binding si®s (
respiratory energy conversion. The homodimeric complex, (Figure 1a). The key step of the mechanism is the bifurcated
also termed ubiquinol:cytochroneeoxidoreductase (QCR), route of the two electrons released upon ubiquinol oxidation
resides in the inner mitochondrial membrane. Each monomerat center P. One electron is transferred into the high-potential
comprises three catalytic subunits: the Rieske-irsalfur chain consisting of ISP, cytochronog, and cytochrome.
protein (ISP), cytochrome;, and cytochromé. The latter The second electron is transferred via the low-potential chain,
is encoded by the mitochondrial genome. In the yeast namely, heméo. and hemdoy, of cytochromeb, to center N
enzyme, seven additional subunits per monomer are attachedt which quinone is reduced to semiquinone. A complete
to this catalytic corel, 2). QCR catalyzes the transfer of turnover of the enzyme requires the oxidation of two
electrons from the membrane-localized ubiquinol to the ubiquinol molecules, resulting in full reduction of the
water-soluble cytochrome This redox reaction is coupled  semiquinone. The electron transfer to cytochramiavolves
to the translocation of protons across the membrane. Thea large movement of the ISP head doma&ing). Reduction
mechanism described by the protonmotive Q-cycle dependsof ISP occurs in its-position docked onto cytochrontg

and a movement toward cytochrorogfacilitates electron
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Ficure 1: (a) Catalytic core of QCR and scheme of the Q-cycle.
The subunits cytochrome(blue), ISP (green), and cytochrorog
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gating model integrates E272 as a switch, which directs the
stabilization of substrate and reaction intermediates by
appropriate side chain conformatiobfy.

We substituted glutamate at position 272 of mitochondrial
cytochromeb from the yeasSaccharomyces cerisiae with
aspartate and glutamine to question the importance of the
exact side chain position and of its protonation capacity for
substrate binding and ubiquinol oxidation. The detailed
characterization of the variants supports the importance of
E272 for center P catalysis.

EXPERIMENTAL PROCEDURES

Media and Yeast Strain®remixed media were from
ForMedium. YPD [1% (w/v) yeast extract, 2% (w/v) peptone,
and 3% (w/v) glucose] and YPG [1% (w/v) yeast extract,
2% (w/v) peptone, and 3% (w/v) glycerol] were used for
growth of the yeast strains. The transformation medium
[0.7% (w/v) yeast nitrogen base, 3% (w/v) glucose, and 2%
(w/v) agar 1 M sorbitol, and 0.8 g/L complete supplement
mixture without uracil supplied from Anachem] was used
for the biolistic transformation. The recipient strain for
biolistic transformation was W303-1B/rhqMat «; ura
3—52,trp 1A2, leu 2-3 112, his3-11, ade2-1, can :-100
[no mt DNA]). The mit tester strains were CKL65 (Mat a,
leul, kart-1 [mit~ Cytb T46K]) and CKL57 (Mat a, leul,
karl—1 [mit~ Cytb L263stop]) with a rh® intronless
mitochondrial DNA. Wild-type strain CKWT was Mat a,
leul, kart1.

Site-Directed MutagenesiBiolistic Transformation, and
Selection of Mitochondrial Mutant®lasmid pBM5 carrying
the wild-type intronless sequence of the cytochrdngene
was mutagenized using the Quick Change site-directed
mutagenesis kit (Stratagene). The following primers were
used: 5CAT CTA TGG TAC CTG AAT GAT ACT TAT
TAC-3 and 3-GTA ATA AGT ATC ATT CAG GTA CAA
TAG ATG-3 for E272D and 5CAT CTA TGG TAC CTC
AAT GAT ACT TAT TAC-3' and 3-GTA ATA AGT ATC
ATT GAG GTA CAA TAG ATG-3' for E272Q. The
exchange was verified by sequencing. The mitochondrial

(vellow) are shown in transparent surface presentation with their pjgjistic transformation by microprojectile bombardment was

respective cofactors. The [2Fe-2S] cluster of ISP is presented as ; ;
green and magenta balls, and the phospholipid bilayer is denotedadapted from refl7. Three micrograms of the plasmid

with orange lines. Red arrows depict electron transfer, and black C&rrying the mutated cytochromre gene and 0. of
double-lined arrows mark proton uptake and release at center NYEP352 plasmid (which contains the URA3 gene, allowing
and center P, respectively. The inhibitor stigmatellin is bound at the selection of Uranuclear transformants) were mixed with

center P. The coordinates [PDB entry 1KY@p)] of yeast QCR
with bound cytochrome have been used. (b) Inhibitor and substrate

binding at center P. Structures of yeast QCR with bound stigmatellin

[blue, PDB entry 1EZV 1)] and HHDBT [yellow, PDB entry 1P84

50 uL of 0.7 um tungsten particles at a concentration of 60
mg/mL. The particles (Bio-Rad) were prepared and coated
with DNA according to the manufacturer’s protocol. Aliquots

(9)] have been superimposed. Both inhibitors are stabilized by of the coated particles were used for the transformation of

hydrogen bonds with E272 of cytochroh@nd H181 of ISP. The
proposed enzymesubstrate complex with ubiquinol is shown in

the inset with E272 and H181 as ligands and Y279 for positioning

of the substrate in the binding site (according to 9gf

recipient strain W303-1B/rifo Approximately 10 cells of

the recipient strain were evenly spread on transformation
medium that is selective for Utaransformants. The particle
bombardment was performed with a Biolistic PDS 1000/He

ligands of ubiquinol and as primary acceptors for the protons Particle delivery system (Bio-Rad), according to the manu-
released upon ubiquinol oxidation [numbering of residues facturer's recommendation.

according to yeast; Figure 11,(9, 13, 14)]. The rotational

Colonies of Urd transformants, which have received the

displacement of E272 observed in QCR structures with YEP352 plasmid, appeared after 8 days. Mitochondrial

different inhibitors or with nonoccupied center B, @, 9,

transformants (or synthetic rhalones) were identified by

15) led to the proposal that E272 upon protonation rotates crossing the Uracolonies with respiratory-deficient (mit

toward hemepy, facilitating a thermodynamically favorable
coupled protor-electron transfer in that direction, the initial
step for proton releasd,(9, 13, 14). A recent conformational

tester strain CKL65 (CobpT46K). Since the tester deficiency
mutation could be corrected by recombination with the
plasmid-derived mitochondrial sequence, mitochondrial trans-
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formants were identified by their ability to form respiratory- with the reconstituted enzyme. The concentration of the DQH
competent diploids when crossed with the tester strain. Thestock solution was spectroscopically estimated at the start
mitochondrial transformants were then subcloned and testedof the experiment.K,, values were obtained by linear
again. regression in an EadieHofstee plot.

For integration of the E272D mutation into the mitochon- | hwibitor Titrations. Reconstituted QCR was mixed with
drial genome, the mitochondrial transformant (syntheticYho \/ariaple concentrations of inhibitor to yield different inhibi-
was crossed to mittester strain CKL57 (Cobp L263stop).  or/QCR ratios. The mixture was incubated for 15 min at
Respiratory-competent diploids were subcloned, and intégra-room temperature before the activity assay was started as
tion of the mutation into the cytochronbegene was verified  yoscribed above. QCR was pre-reduced with DQH for
by sequencing. . . . . . titration with 5n-heptyl-6-hydroxy-4,7-dioxobenzothiazole

The E272Q mutation was integrated into the mitochondrial (HHDBT), and the reaction was started with cytochrame
DNA by crossing of the mitochondrial transformant to wild- ¢ ¢oncentration of the inhibitors was determined by their

type ;:raihn CKtWT (s, \](.?)).GDipIoids E)h?t exgibit%dislovi. extinction coefficient 8). Dilutions were carried out freshly
growth phenotype on were subcloned, and integration o+’ pefore the titrations,

of the mutation into the cytochrontegene was verified by o ~ o B
sequencing. Determination of the /e~ Stoichiometry.The H'/e

Purification of QCR.Wild-type and mutant yeast strains ~ Stoichiometry was determined by the oxidant-pulse method
were grown in YPG medium and harvested at late logarith- (20, 21) with the following modifications. Purified QCR was
mic phase. Mitochondrial membranes were prepared of areconstituted as described above and dialyzed against 103
60% (w/v) cell suspension in 250 mM sucrose, 50 mM MM KCland 104M Hepes-KOH (pH 7.2). The respiratory
potassium phosphate buffer (KPpH 7.3), 1 mM PMSF, 5 control rate (RCR) of the reconstituted _QCR was determined
mM EDTA, and 2% (w/v) BSA in a cell mill equipped with ~ @S the ratio of the turnover number in the presence and
glass beads (0.5 mm diameter). Cell debris was separated a@Psence of 1M carbonyl cyanidem-chlorophenylhydra-
5000y for 45 min. Membranes were collected from the Zzone (CCCP). Reconstituted QCR was quantified by redox
supernatant by ultracentrifugation at 150900r 60 min.  spectroscopy and diluted to 0.8/ cytochromec,. Decy-
The membranes were stored-a80 °C until further use. lubiquinol (40 «M), valinomycin (2ug/mL), horse heart

QCR was purified via two consecutive DEAE anion cytochromec (12 4M), and phenol red (3.4M) are added
exchange chromatographic steps as described previ@@ly (  to the reconstituted QCR, and the pH is adjusted to 7.2 by
Membranes were solubilized at a protein concentration of addition of HCI or NaOH. Ferricyanide {510 uM) is added,

10 mg/mL with 1.5% dodecyl maltopyranoside. The deter- and the acidification is followed at 55693 nm. Each pulse
gent was exchanged with 0.05% (w/v) undecyl maltopyra- experiment is calibrated by addition of-30 «M NaOH.

noside (UM) at the second DEAE step. Extinction coeffi-  Determination of the Turner Number at Different pH
cients of 17.5 mM* cm™* for ¢ heme (553540 nm,  values.The assay was carried out according to28fwith
ascorbate/ferricyanide) and 25.6 mMcm™ for b hemes 3 few modifications. Purified QCR was diluted to a concen-
(562-575 nm, dithionite/ferricyanide) were used for redox-  tration of 1M in a buffer containing 50 mM KP250 mM
spectroscopic quantification of QCR. NaCl, and 0.05% UM. The ubiquinol:cytochrorneeductase
Reconstitution of Purified QCRRurified QCR was re-  activity of 10 nM QCR and 3@M horse heart cytochrome
constituted in soy asolectin in a 1/10 protein/lipid molar ratio. ¢ was measured in assay medium containing 0.05% UM and
Detergent was removed by dialysis for 24 h against 100 MM gne of the following buffers at 20 mM: citric acid, Mes,
KCl and 3 mM Hepes-KOH (pH 7.2). Hepes, and Taps. The pH of the solution was adjusted with
Ubiquinol-Cytochrome ¢ Reductase Adly Assay.The  KOH from 5 to 9.5 with intervals of 0.25 unit. The reaction
ubiquinol-cytochrome reductase activity of purified QCR  \yas started by addition of 4, 8, 16, 24, and @2 DQH,
was assayed in 50 mM KRpH 7.4), 250 mM sucrose, 1 and the turnover number was corrected by the nonenzymatic

mM KCN, 0.05% UM, and 5Q:M horse heart cytochrome  activity. The data were plotted and fitted using ORIGIN 5.0
c at room temperature. The enzyme was diluted te-26% (OriginLab Corp.).

nM in the assay buffer, and the reaction was started with 40 . .

uM decylubiquinol (DQH). Reduction of cytochroneavas EPGRQszeggosﬁ)?\lPlg:f'Ed ESES(‘?/WL?AIJI in 50 mg/l KP& b

monitored at 556540 nm in dual-wavelength mode, and (P ), m atl, and ©.05% was reduced by
addition of excess pyrophosphate-buffered sodium dithionite

the rate of cytochrome reduction was calculated with an o ; :
extinction coefficient of 21.5 mWt cm™L. For estimation at 4°C, and the samples were immediately transferred to

of superoxide anion generation, the assay was supplementedfPR tubes (standard suprasil quartz, outside diameter of 4
with 50 units/mL catalase in the absence and presence of 507"M) and frozen in liquid nitrogen.
units/mL CuzZnSOD. The rate of superoxide anion formation ~ X-Band (9.4 GHz) continuous-wave (cw) EPR spectra
is equal to the SOD-sensitive rate of cytochrarmeduction. were measured on a Bruker E500 ELEXSYS spectrometer
Activity assays of reconstituted QCRs were carried out in using a standard rectangular Bruker resonator. The micro-
100 mM KCI, 3 mM Hepes-KOH (pH 7.2), 1 mM KCN, 2  wave frequency and magnetic field were measured using an
ug/mL valinomycin, 4Q«M decylubiquinol, and 5@M horse external frequency counter and a Bruker field controller,
heart cytochromec using 2.5-10 nM QCR. Turnover respectively. The instrument was equipped with an Oxford
numbers have units of moles of cytochromeeduced per  helium cryostat (ESR900). The X-band spectra were simu-
mole of QCR per second under steady-state conditions. lated using Win-Simfonia. The measuredvalues were
Determination of k, Values of DQHVariable concentra-  corrected for an offset against a knogrstandard (DPPH,
tions of DQH were used as substrate in the activity assay for which g = 2.00351+ 0.00002).
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Table 1: Properties of Wild-Type, E272Q, and E272D Yeast Strains and of the Respective Purifietl QCRs

wild type E272Q E272D
doubling time on respiratory medium (h) 320.2 9.4+ 0.3 3.4+ 0.1
QCR content [mg/mL mitochondrial membranes] (wt %) 3#48.32 (100) 1.98t 0.21 (58) 1.65+ 0.18 (48)
TN (s71) (wt %) 52.1+ 5.0 (100) 6.9+ 1.0 (13) 25.8+ 2.6 (49)
Km(DQH) (uM) 6.3 (RR=0.91y 3.2 (R2=0.89) 0.9 R =0.92y
Isd (stigmatellin) 1 resistant resistant
Isd(HHDBT) 1 0.57 0.75
H*/e” 2.01+0.07 1.97+0.12 1.98+0.15

2 The doubling time was measured in complete medium with 3% glycerol (YPG) for three individual cultures per strain. The QCR content was
determined in mitochondrial membranes by redox-spectroscopic quantificationtefythe hemes for three membrane preparations (see Experimental
Procedures). The turnover number (TN) was detected as the cytoclknmdactase activity of the purified enzymes as described in Experimental
Procedures. Three preparations per strain were used, and the activity measurements were repeated five times for each sample. The average error is
within 10% of the given value. Thi,, value was determined with an EadiElofstee plot of the activity against the quotient of activity and DQH
concentration. The parameter, for decylubiquinol (DQH) and the relative inhibitor valudsd[ = ICso(mutant)/IGy(wild type)] were determined
for QCR reconstituted in liposomes. Measurement of théeH stoichiometry was carried out by the oxidant-pulse method using reconstituted
QCR. The RCRs of the vesicles were between 3.3 and 4.5. Each pulse experiment was carried out six to eight times with two different enzyme
preparations? R? is the correlation coefficient of the linear regression.

SpectroelectrochemistnAn ultrathin layer spectroelec- tagenesis and biolistic bombardment. The characteristics of
trochemical cell for the VIS and IR was used as previously mutant strains and QCR variants are listed in Table 1. Both
describedZ4). Detergent-solubilized purified QCR was used mutations (E272D and E272Q) did not abolish respiration
at a concentration of70 mg/mL. Sufficient transmission  as shown by the mutants’ ability to grow on nonfermentable
in the 1806-1000 cn! range, even in the region of strong carbon sources. Both mutants have the same growth yield
water absorbance around 1645 ¢grwas achieved with the  as the wild-type strain (data not shown). However, monitor-
cell path length set to 68 um. The gold grid working ing the growth in nonfermentable media revealed that the
electrode was chemically modified Wwie. 2 mMcysteamine strain carrying the E272Q mutation has severe growth defects
and mercaptopropionic acid solution in a ratio of 1/1, and as deduced from its increased doubling time of 9.4 h. The
16 different mediators were added as reported previously doubling time of the E272D strain (3.4 h) was only slightly
(25) to a final concentration of 4b6M each{ exceptn-methyl- increased compared to that of the wild-type strain (3.2 h).
andn-ethylphenazonium sulfate, but adding neutral il8d [ Sequencing of the cytochrontegene from mitochondrial
= —307 vs the SHEZ6)]} to accelerate the redox reaction. DNA preparations prepared at different growth phases
At this concentration, and with a cell path length €10 confirmed that no reversion of the E272Q mutation occurred
um, no spectral contributions from the mediators in the (data not shown).

visible and infrared range could be detected in control  pmitochondrial membranes of E272D and E272Q prepared
experiments with samples lacking the protein, except for the f.om yeast cells harvested at the late exponential growth
PO modes o_f the phosphate buffer_between 1200 and 1000phase exhibited a decrease 650% in QCR content
cm™1, Potentials were measured W|tt_1 a Ag/AgCI/3 M KCI' measured by redox-spectroscopic analysis of fheeme
reference electrode and are quoted in reference to the SHEgntent. The mutations may cause increased sensitivity to
(PH 7). o . . proteolytic cleavage. However, SBRPAGE and Western
The red_ox titrations were p_erformed by stepwise setting ot analysis of the subunits cytochromme ISP, and Qcr8p
the potential steps and recording the spectrum after equilibra-o¢ \ilg-type and variant mitochondrial membranes indicated
tion. Typically, data were recorded at steps of 40 mV 4 |oss of subunits or assembly defects that could account
betvvoeen—0.4 and 0.2 V. All measurements were performed for the diminished QCR content (data not shown). E272D
at 5°C. The pH was adjusted in Tris buffer (pH 7.5). The 544 E2720Q could both be stably purified by the standard
reference electrode was calibrated with the cyclovoltammo- procedure. No loss of subunits or of activity was observed
gram of a buffered {Fe(CN)] solution before the potential  gyring purification as judged from SDFAGE and Western
titration was started. All electrochemical titrations were p|ot analysis, redox-spectroscopical heme quantification, and
reversible as controlled by directly comparing fully oxidized enzymatic activity assays performed at different stages of
minus fully reduced visible spectra at different points in the e procedure (data not shown). The cytochremeductase
experiments. Data analysis was carried O_Ut with & program gctivity of the fully purified complexes was compared. The
developed by S. Grzybek termed EHTIZ7[; the midpoint  £272D variant exhibited a 49% lower turnover number (TN)
potentials Em) and the numbem) of transferred electrons ¢ 26 4 3 51 than the wild-type complex (TN of 52 5
are obtained by adjusting a calculated Nernst curve to thesfl)_ At first glance, the TN of E272D does not correspond
measured absorbance change at a single wavelength, using, ihe only slightly elevated doubling time of the mutant
the best fit for data evaluation. Electrochemically induced gtyain in respiratory media. However, a metabolic control
diﬁerence spectra were recorded and processed as previousl&nawsis showed that respiration and QCR do not exclusively
described Z9). control the growth rate2@). The TN of the E272Q variant
RESULTS was drastically affected; with a value of # 1 s%, only
13% of wild-type TN is present, indicating that QCR became
Effect of E272 Mutations on QCR Stability and Function. a rate-limiting step. However, the low cytochromeeduc-
The E272D and E272Q substitutions were introduced into tase activity observed for E272Q is apparently sufficient to
the S. cereisiae cytochromeb gene by site-directed mu-  support respiratory growth.
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Binding of DecylubiquinolTo determine the impact of a
the side chain substitutions on substrate binding, ubiquinol:
cytochromec reductase activity of the purified wild-type and
variant QCRs was measured in the presence of varying 1
concentrations of decylubiquinol (DQH). The measurements
were performed with the complexes reconstituted in lipo-
somes, as quantitative binding of lipophilic ligands is more
accurately assessed in this state than in the detergent-
solubilized complex. Furthermore, DQH concentrations were
kept below 50uM to avoid micelle formation of the o 05 1 15 2 25
substrate. Both variants showed decreakgdvalues for Stigmatellin [nM]

DQH compared to that of the wild-type enzyme. For the

latter, aK, value of 6.3uM was determined, whereas E272Q b 100
and E272D exhibitedK,, values of 3.2 and 0.uM, g0
respectively. It should be noted that the paramisteis very
complex in QCR as the catalytic turnover is a combined
mechanism of quinol oxidation at center P and quinone
reduction at center N. In addition, the rate constant for
ubiquinol oxidation contributes to thi€,. Thus, the latter
cannot be interpreted as a dissociation constant or as a direct
measure of the affinity for the substrate. However, the
observed changes clearly indicate that the binding and the
utilization of the substrate ubiquinol at center P are affected S

by the E272 mutations. o , .
L - . Ficure 2: Relative inhibition of wild-type (wt) and variant QCR
Binding of Center P InhibitorsFor further analysis of by (a) stigmatellin and (b) THDBT. Ubiquinol:cytochrome
alterations in the center P substrate binding pocket, thereductase activities of wild-type and variant QCRs reconstituted in
efﬁcacy of the two distal-niche inhibitors stigmatellin and Ilposomes were measured in the presence of Increasing concentra-

. i . - tions of inhibitor (10 nM QCR). The activities without inhibitors
HDBT and of the proximal-niche inhibitor myxothiazol was were used as 100%: 52,7, and 25 for the wild type, E272Q,

analyzed by monitoring the influence of increasing inhibitor ang E272D, respectively. For each inhibitor concentration, an
concentration on cytochromereductase activity of wild-  average of five assays was used, and standard deviations are in the

type and variant QCRs. The assay was carried out with therange of 5-11%.

enzymes reconstituted in liposomes to ensure accurate . - _ _
measurements. suggests that the mutations at position 272 did not drastically

In the crystal structure of yeast QCR with bound stigma- alter the distal niche of the center P binding pocket.
tellin, E272 acts as direct ligand of the inhibitor via its ~ When the proximal-niche inhibitor myxothiazol was used
carboxylate group [Figure 1Hl)]. Aspartate or glutamine  t0 probe, the activity of the variant enzymes decreased upon
substitution results in resistance to stigmatellin which is addition of the inhibitor in the same manner as in the wild-
evident from the undisturbed cytochromeeductase activity ~ type enzyme (data not shown). In the crystal structure of
of the variants E272D and E272Q with increasing concentra- bovine QCR with myxothiazol bound to center P, the
tions of the inhibitor (Figure 2a). Even addition of ax2 ~ backbone amide of E271 (yeast 272) forms a hydrogen bond
103-fold stoichiometric excess of the inhibitor showed no With the amide oxygen atom of the inhibitof). The
effect on the two variants (not Shown), whereas addition of SenSitiVity of the E272 variants to myXOthiaZOI documents
a stoichiometric amount of stigmatellin to the wild-type that the mutation did not markedly alter the proximal niche.
enzyme inhibited the activity by>90%. The observed In QCR structures with bound stigmatellin, HDBT, or
resistance of the two E272 variants clearly reflects the myxothiazol, the side chain of E272 is found in different
importance of this residue for the binding of stigmatellin. orientations {, 9, 11). The substitutions apparently also did

HDBT b|nd|ng induces a different conformation of the not affect the f|eXIbI|I'[y of the side chain as both THDBT
E272 side chain. In the crystal structure of wild-type yeast @nd myxothiazol bind to the variant QCRs.
QCR with bound heptyl-HDBT (HHDBT), the backbone Redox Potentiometrfpotentiometric redox titrations were
nitrogen atom of E272 coordinates HHDBT via a water carried out to evaluate possible effects of the side chain
molecule and the glutamate side chain is rotated out of the substitutions on the redox potentials of the heme groups. The
pocket [Figure 1b9)]. HDBT inhibits QCR turnover without  midpoint potentials of thé hemes were well separated, and
a marked effect of the aliphatic side chain leng®9)( In no major changes were observed. Tgof hemeb, was
this study, tridecyl-HDBT (THDBT) was used. The substitu- found to be—47 mV for the wild type and-42 and—48
tions at position 272 did not confer resistance to THDBT as mV for the E272Q and E272D variants, respectively. Shifts
can be deduced from an increasing level of inhibition of QCR from the hemeby wild-type potential at 53 mV did not
activity upon addition of increasing concentrations of the exceed 20 mV. Therefore, the decreased QCR turnover
inhibitor (Figure 2b). Determination of the relative inhibitor number in both E272 variants cannot be attributed to a
titer [Is” = ICso(variant)/IGo(wild type)] even suggests that modification of theb heme properties. As expected, the
both variants are slightly more sensitive to THDBT as midpoint potentials of the; hemes were not affected (data
indicated by arsg value of<1 (Table 1). This result strongly  not shown).
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FiGUurRE 4: pH dependence of the turnover rate of cytochrame
04 reduction at 16uM DQH. The averages of four to six separate

experiments with two different enzyme preparations with their
wit E272D E272Q corresponding standard error are shown.

Ficure 3: Superoxide production in the wild type (wt) and E272

variants. The rate in the absence of SOD (black bars) is the 100%(23). Among those, thek, of ~5.7 was assigned to E272.

value. The decreased rate with SOD included in the assay is depictedTo challenge this assumption, turnover of wild-type, E272D,
with gray bars. The assay was carried out according to the standarqE272Q QCR was monitored at different pH values and

protocol with 10 nM QCR, 5QuM cytochromec, and 40uM . . . .
decylubiquinol supplemented with 50 units/mL catalase and 50 Varying concentrations of DQH. A typical profile of the pH-

units/mL CuzZnSOD. The values are the average of five measure- dependent turnover of the wild type and the two variants is
ments. The rates in the absence of SOD for the wild type, E272Q, shown in Figure 4. Nearly no cytochrontereduction for

and E272D are 52, 7, and 25'srespectively. E272D and E272Q at pH:6 could be detected. The wild-
type enzyme showed in the same pH range alread9%
SUperOXide ProductionThe electron bifurcation upon of the maximum turnover observed at pH 7.5. The same
ubiquinol oxidation at center P needs to be strictly controlled gifferences between the wild type and E272D and E272Q
to prevent electron short-circuit reactions that result in ygriants in the pH-dependent turnover profiles atpéiwere
superoxide formation5 6, 13, 30—-32). To analyze the  opserved for four additional DQH concentrations (4, 8, 24,
influence of E272 substitutions on this process, superoxide and 32,M, data not shown). At pH-6, the turnover number
formation of QCR was assayed as the superoxide dismutaseyf E272D and E272Q increased and reached its maximum
(SOD)-sensitive rate of the cytochroreeductase activity gt pH ~7.5 and decreased again for higher pH values, as
of the enzyme33). The difference between the reaction rate id the wild-type activity. In the pH range of-8.5, the
in the absence and presence of SOD yields the contributionyariants E272D and E272Q exhibit a pH profile similar to
of the cytochrome reduction by superoxide to the overall  that of the wild-type enzyme for all DQH concentrations
observed cytochrome reductase activity. In the wild-type  (data not shown).
enzyme, virtually no superoxide formation was detected.  pifferences between the wild-type and variant QCRs can
Apparently~30 and~50% of the cytochrome reduction  pe specified by determining the appareit,values from
in E272D and E272Q, respectively, can be attributed t0 the pH profiles. The apparent catalytic constant of the
superoxide (Figure 3). The highly enhanced generation of reaction Kq0p) Was determined for each pH value that was
superoxjde in the E272 variants suggests t'hat this residuemonitored. The values fdt.aopsWere calculated by fitting
has an impact on accurate electron bifurcation. the data obtained for the different DQH concentrations for
H*/e~ StoichiometryFour protons are released at center egch pH value to the Michaelisvienten equation. The plot
P upon oxidation of one ubiquinol according to the net of |og kcat,obs versus H concentration for the W||d_type
balance of the Q-cycle5]. Uncoupling of the Q-cycle is  enzyme, E272D, and E272Q was fitted with the following

characterized by a lowered StOiChiometry. The latter two equations according to the method of Covian and
was determined for reconstituted wild-type and variant QCR Moreno-Sanchez (Figure 5&).

by oxidant-pulse experiments, in which the proton release
at the side of center P is monitored (Table 1). AV&t ratio [HY] BHM?
of 2.01 was measured for the wild-type enzyme. E272Q and 109 Keat ops= 09| Akgo{ 1 + oK. + Kea KK
E272D have ratios of 1.97 and 1.98, respectively, i.e., within ' a+ 5 a1+""3
the deviation of the wild-type ratio and the experimental [H'] + [H'] + [H']
1)
O*Kal aKalKaZ aVKalKaZKa
[H']
Akca(l . aKﬂ)

error. The replacement of E272 with glutamine and aspartate log{ 1+

did not alter the ratio coinciding with the consideration that

superoxide anion formation at center P is unlikely to affect

proton release upon ubiquinol oxidation. However, this type 109 K4t ops= 109

of bypass reactions should lower the level of proton uptake

at center N and thus the pump efficiency. In agreement, lower | HT  HT Z)
og(l+ + (2)

respiratory control rates of 3:3.9 were determined for aK,,  ayK K,
E272D and E272Q compared to a rate of-4425 for wild-
type QCR. Equation 1 describes the dependencé.gf,nsof three K,
pH Dependence of the Turper. Three protonatable values. Equation 2 represents a twzpnodel. The data
groups are rate-limiting for catalysis in bovine heart QCR for the wild-type enzyme showed the best fit for eq 1 (Figure
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a  3.04 Table 2: Values Derived from Fitting Data in Figure 5
25 Keat (57%) B pKas pKa pKag®
h wild type 1480+ 132 0.17+0.03 9.5+ 0.2 7.5+0.1 6.2+0.3
E272Q 307 68 9.3+ 0.3 7.3+0.3 -
3 2.0 E272D 621+ 97 9.2+ 0.3 7.4+0.1 -
w]
w a Corresponds t@aKa:. P Corresponds t@yKaz € Corresponds to
)
X 1.5 pyKas
>
o LI rrrrrrrria TrrrrrrrTry rrrrrrrury rrrrrrTroTrda LI
= 404 T ] T T T T
0.5 T T 5 T 5 ;’
0.0 5.0x10°  1.0x10° 8
[H*] z
b 25- :
E
p
2.0 4 i
w
8 1'5— IIII|IIIIIIIII|!IIiIII.II|IIIIIIIII|IIIIIIIII|II
ks
&~ 0.32 0.34 0.36 0.38 0.4
o)) 1 D 7 Magnetic Field [T]
o FIGURE 6: Center P probed by electron paramagnetic resonance
05 (EPR) spectra of the ISP [2Fe-2S] cluster. EPR spectra of a 20
. uM protein solution reduced with a 1000-fold excess of pyrophos-
= phate-buffered dithionite were recorded. Spectra of purified wild-
0.0 . — S type (top), E272Q (middle), and E272D (bottom) QCR are shown.
0.0 5|,_(|3ij0' 1.0x10° Values forgy, gy, andg,; are listed in Table 3.
Table 3: Values for thg Tensor of the Dithionite-Reduced ISP in
c Wild-Type and Variant QCR
2.1 wild type E272Q E272D
Oz 2.025 2.024 2.017
2.04 Gy 1.894 1.895 1.891
0 Oxx 1.753 1.749 1.761
§ 1.5 - aThe error is+0.003 for allg values.
x%
o 101 the two-fK, curve yielded the best fit for both variants. The
o obtained K, values for E272D (K. = 9.2 and K. = 7.4)
0.5 Mo and E2720Q (Ka1 = 9.3 and K, = 7.3) are close to the
e obtained K, and K, values determined for the wild-type
yp

0.0 enzyme (see Table 2). Apparently, the catalysis of the E272

variants shows a pH profile different from that of the wild-
type enzyme. The alteration is most pronounced below pH
6.5, and the pH dependencelgf; ;nscould be best described

5.0x10° 1.0x10°
[H*]

FIGURE 5: Plots of logkcatonsVS proton concentration for the wild

type (a), E272Q (b), and E272D (c). The lkg: onsplot was fitted
to eq 1 with three<) and to eq 2 with two+¢+) pK, values. See
Table 2 for the values,; onsWas calculated by fitting the turnover
number at 4, 8, 16, 24, and 32M DQH for each pH to the
Michaelis—Menten equation.

by two pK, values. Compared to that of the wild-type
enzyme, the third apparenkg of 6.2 is redundant in E272D
and E272Q.

Center P Occupancy Monitored by EPR AnalySibe

EPR signal of the reduced ISP varies with the redox state of
the quinone pool and with the inhibitor occupancy of center
P (34). The g« signal of the reduced ISP is attributed to
interaction between ISP and the quinol binding pocké&}.(
Changes in the shape and position of the signals can be inter-
and E272Q data to eq 1 (threKvalues) was possible only  preted as alterations of the interaction of ISP with center P.
if large deviations were tolerated (see panels b and c of Continuous-wave EPR spectra of detergent-solubilized
Figure 5). The latter included large standard deviations for purified QCR were recorded. Both variants share similar
all variants (up to 100 times the estimated value) and negativefeatures with the wild-type enzyme with regard to the
values for one or more variants. In addition, only the chosen position and shape of the signals in the spectra of the
fitting yielded respectivé.; opsratios of variants to wild type  dithionite-reduced probes (Figure 6 and Table 3). The spectra
comparable to the steady-state measurements. In contrasfor E272Q and wild-type QCR are nearly identical, while

5a). The obtainedk, values for the wild-type enzyme Ka:
= 9.5, Ka2 = 7.5, and K3 = 6.2) are in good agreement
with the previously reported values for bovine QCR{p
=9.2, Kax=7.5, and a3 = 5.7) 23). Fitting of the E272D
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negative signal at 1727 crh The spectral region above 1710

@ cmtis characteristic for the(C=0O) vibration of protonated

' aspartic and glutamic acid8%). The signals observed here

for wild-type QCR reflect the contribution of at least one

aspartic or glutamic acid protonated in the oxidized form

(1746 cm?) and one residue protonated in the reduced form

1750 1740 ) (1727 cmt). Deprotonation of the acid can be observed at
fem 1566 and 1439 cni for the v(COO")2svibrational modes.

A clear assignment of the peak at 1746 érvas not possible

@ % previously, and the contribution of other residues in the
- binding pocket, e.g., E66, was discussaé)(
o In the FTIR difference spectra of E272Q (Figure 7b and

2 Figure 7 inset), a clear loss of intensity at 1746 ¢is seen.

['y]
(9] 8 This indicates that the contribution of a protonated aspartic
] or glutamic acid is lost. Comparison with the wild-type
= spectra suggests that the peak at this position in the wild-
I:: a
W

w
=+
[
—

type spectra is caused by protonated E272. In the spectra of
E272D (Figure 7c), the intensity at 1746 chwas lost and
a new peak for a carbonyl vibration at higher wavenumbers

’3;‘3085 o was observed. This new signal could include the contribution

()

of the introduced aspartate upshifted due to a weaker
hydrogen bonding or of a different acidic residue from the
binding pocket, protonated as a result of structural changes
Wavenumber / cm’” in the variant.
FiGURe 7. Oxidized-minus-reduced FTIR difference spectra of  Further differences relevant for protonation reactions are
wild-type (a), E272Q (b), and E272D (c) QCR. The inset shows reflected in deviations of absorption in the regions for the
the enlarged view of the spectral range from 1750 to 1735'cm (COO")*mode at 1566 crrt and the (COO)s mode at 1439
cmL. In both positions, intensity is lost in the E272Q variant.
In the E272D variant, strong variations around 1720 and 1550
cmtas well as in the amide | region can be seen, indicating
structural changes in the mutant enzyme.

T T T T T T T T T T T 1
1800 1700 1600 1500 1400 1300 1200

the g« signal in E272D marked by a vertical line in Figure
6 differs both in line shape and position from those of the
wild type and E272Q. For the latter two, the signal is slightly
broader and found at a higher field, whereas the peak for
E272D is narrower and shifted to a lower magnetic_field. DISCUSSION
Moreover, theg,; signal of E272D is also markedly shifted
to a higher magnetic field compared to those of the wild- E272 of the conserved cytochronbiePEWY motif has
type and E272Q enzymes. This shift may indicate a structuralbeen suggested as a ubiquinol ligand and proton acceptor
change within the center P binding pocket in the environment for the yet unknown enzymesubstrate complex at center P
of the ISP. of QCR. We introduced the two replacement mutations,
To monitor the influence of ubiquinol saturation on the E272D and E272Q, into the mitochondrially encoded cyto-
Ox band, antimycin-inhibited samples with a 100-fold excess chromeb gene by biolistic transformation to study the effects
of ubiquinol were measured. The inhibitor antimycin binds on substrate binding and catalysis.
specifically and with high affinity to center N and thus The resulting variants were able to grow on nonferment-
prevents quinetquinone exchange with center P. Upon able carbon sources, but E272Q had a slower growth rate.
addition of antimycin and quinol, no major changes in the This effect coincides with a lowered QCR turnover number,
wild type or E272Q variant were observed. The above- which is reduced by half for the E272D variant and in a
describedy,, shift for E272D is partially reversed, while the  more pronounced manner (by 87%) for E272Q. A similar
differences ingy remain (data not shown). effect was seen in bacterial QCR. The equivalent variants
For none of the complexes was a major difference betweenin Rhodobacter sphaeroidg&295D and E295Q) yielded
ascorbate- and dithionite-reduced samples noted (data nobnly 11% of the wild-type quinol oxidation rate for the
shown). aspartate an&4% for the glutamine substitution when the
Redox-Induced FTIR Spectroscopyr further character- ~ rates were measured in membrant3).(Clearly, aspartate
ization, redox-induced FTIR difference spectroscopic studies and glutamine substitutions of E272 disturb QCR activity,
were performed with detergent-solubilized purified QCR and the effect is more pronounced for the latter, indicating
(Figure 7). Intensity changes in the amide | region at 1652 that the charge at this position is important for catalysis. What
and 1632 cm! as well as in the amide Il region at 1550 is the molecular basis of this effect: is it a direct interference
1450 cnt! are observed in a comparison of the spectra of with quinol oxidation? Indirect effects due to perturbations
wild-type and variant QCR. These changes include signals of the heme environment can be excluded, as the mutations
from the polypeptide backbone and may thus reflect struc- caused no major changes in the midpoint potentials of the
tural changes induced by the mutations that are addressedwo b hemes. In theRh. sphaeroide€295Q variant, the
by the redox reaction. In addition, perturbations of individual potential of hemés. was lowered by 30 mV3g).
amino acids are likely. At 1746 cmy, a clear peak is Structural alterations in the quinol binding pocket were
observed in the wild-type spectrdg), together with a small ~ probed with center P-specific inhibitors. Resistance against
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stigmatellin was observed in reconstituted E272D and E272Q Different effects of the aspartate and glutamate substitution
variants, but sensitivity toward the proximal inhibitor can be observed not only in the EPR spectra of the reduced
myxothiazol was retained. Stigmatellin resistance was also ISP but also in the pre-steady-state heme reduction kinetics.
reported for the bacterial equivalents3( 39). Clearly, the Here, the reduction yield of the high- and low-potential chain
E272 carboxylate group and its exact position are important in the E272Q variant is unchanged compared to that of the
for binding of stigmatellin. Both variants exhibited high, even wild-type enzyme, but electron transfer in this variant occurs
slightly increased, sensitivity to the distal center P inhibitor at a slower rate. In contrast, E272D shows a decreased rate
THDBT. In the X-ray structure of yeast QCR, HHDBT is and a reduced yield for both chains (unpublished results).
coordinated by the NH backbone of E272. The inhibitor ~ The pH profile of E272D and E272Q clearly differs from
binds in its ionized form, and the glutamate side chain is that of the wild-type enzyme. At pH®6, catalysis in the
rotated outwardq). Therefore, HDBT binding is independent two variants is nearly abolished in contrast to that in wild-
of the side chain at position 272 and requires conformational type QCR. In the pH range from 6 to 9.5, the profile of the
freedom only so that the observed coordination pattern of variants is similar to that of the wild-type enzyme. Appar-
the wild-type enzyme can be maintained. The retained ently, a proton exchange step becomes rate-limiting in E272D
sensitivity to the distal center P inhibitor THDBT indicates and E272Q at pH<6 in contrast to that of the wild-type
that the mutations do not evoke large structural rearrange-enzyme, whereas no differences in rate limitation occur at
ments. More importantly, the substitution did not affect the pH >6. This difference in the pH profile is presumably
flexibility of the side chain, as can be deduced from the caused by the loss of a protonatable group. In yeast wild-
binding of both THDBT and myxothiazol, which require type QCR (this study) and in bovine QCRJ, three
different orientations of the side chain. The flexibility at this protonatable groups affect catalysis. The determinkg p
position is thought to be important for ubiquinol oxidation. Values are in good agreement, and the assignment of the
Existing models for the quinol oxidation rely on a reorienta- lowest K, to E272 was suggested for the bovine system.
tion of E272 6, 9, 13, 16). In both variants, this flexibility =~ This pKais lost in both E272 variants, as the pH dependence
is apparently retained, which allows us to focus on the Of keaionsCan be fully described by the two othel pvalues,
influence of shortening the side chain and of substituting Which are not affected by the substitutions. This supports
carboxylate with amide on the mechanism of the enzyme. tf}eEg%Za_SSignTem ang ClearI)(/)poir;]ts t(i an i[nli?]ft?fgzr;)'z%
On the basis of the coinciding binding sites of stigmatellin ob E2rz In proton exchange. Lne has 1o note tha
and quinone in the bacterial reaction centd)( the exh|b|ttsta p.'; prc;:‘ng s_|m.|lar to tha}t of Et272(t2,glth_ough tthet
stigmatellin-bound QCR has been proposed to mimic the aspartate side chain IS in principie protonatabe in contras
X o on . to the latter. One may speculate that the shorter side chain
enzyme-substrate complex with ubiquinol or a reaction in E272D perturbs proton exchange and thereby affects the
intermediate at center R,(5, 9, 13). The observed inhibitor

resistance for E272Q and E272D may therefore mirror a ratehof catalysis in a me;m;er similar to_thqt of E|272|Q' K
perturbed binding of the substrate ubiquinol resulting in the The consequences o t € tV]:/O substitutions Iceary marh
lowered QCR activity. In agreement with this consideration, E272 as an important residue for center P catalysis, and the
the enhanced superoxide production in the two E272 variantsfonowmg. Interpretation appears plausible. In E272D, t_he
indicates a disturbed quinol enzymeubstrate complex shor'ger side chain appargntly af_fects .the ubiquinol _b_mdmg
Improper binding of both ubiquinol and ISP to the bindiﬁg position and thereby the interaction with ISP, as ver.|f|eld by
pocket is thought to allow electron short-circuit reactions alteration of theg tensors observed by EPR. This coincides
resulting in superoxide formatior8Q, 31, 33). Though the With an alteredK, for decylut_)iquinol, a lowered QCR
data clearly indicate a disturbed enéyﬁﬁlbsfrate complex activity, and enhanced superoxide formation. In contrast, the
: g . '’ EPR spectra indicate that in E272Q the ISP binding appears

one has to question whethe_r Itis a d'“?Ct effect_ of E.272. T {0 be undisturbed and the reduction of the high-potential
whether structural perturbations occur in the quinol binding chain is largely unchanged. However, the markedly lower
pocket. QCR activity, the altereK, for decylubiquinol, and the

If the glutamate side chain is the direct ligand of ubiquinol, extent of superoxide generation, which is even higher than
shortening the side chain by aspartate substitution as wellin E272D, indicate that the ubiquinol oxidation is disturbed.
as neutralization to glutamine will destabilize the substrate |t is possible that the position of ubiquinol and, thus, the
and alter its position in the binding pocket. This will ISP environment are not affected but that the substitution
consequently disturb the enzymsubstrate complex thatis  perturbs electron bifurcation. The substitution does not
formed by the cytochromb portion of the binding pocket,  provoke major changes in the architecture of the binding
ubiquinol, and ISP docked in the position. This view is  pocket and in the side chain flexibility as judged by inhibitor
supported by the EPR analysis of the reduced ISP. In thetitrations, nor does it alter the heme potentials. Thus, the
purified enzyme, E272D has signals different from those of effects arise from the substitution of glutamate with glutamine.
the wild-type enzyme indicating changes in the environment The suggested role for E272 is to accept the proton released
of the reduced ISP. These changes may be caused bypon ubiquinol oxidation and to deliver it in the direction
structural perturbations at center P and/or by a disturbedof hemeb, parallel to the electron in a proton-coupled
binding mode of ubiquinol. Both phenomena could influence electron transferl( 9, 13, 14). We suggest that substitution
the electronic environment of the ISP, thus leading to shifts of the carboxylate with an amide abolishes this proton
in the EPR signals. Interestingly, the EPR spectra of the transfer in the E272Q variant and may thereby disturb
reduced ISP in the E272Q variant coincide with the signals electron transfer. The low-potential chain part of ubiquinol
of the wild-type enzyme, indicating that the electronic oxidation is thus likely the source of the electron short-circuit
environment in this variant remains unperturbed. reaction as detected by superoxide production in the E272Q
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variant. However, the E272Q substitution is not lethal;  In conclusion, aspartate and glutamate substitutions of
residual QCR activity is retained, and theé/e™ ratio remains E272 do affect binding and oxidation of ubiquinol, promote
unchanged (Table 1), indicating that other protonatable electron short-circuit reactions, and alter the pH dependence
residues in the vicinity such as H253)(provide an of ubiquinol oxidation. The residue appears to be important
alternative route for proton exit. This alternative is not for the accurate molecular construction of the enzyme
sufficient for pH values lower than 6.5, at which hardly any substrate complex and for prevention of electron short-circuit
QCR activities could be detected for E272D and E272Q. reactions, which would limit the efficiency of the enzyme
Glutamate at position 272 is fully conserved in mitochondrial and would produce deleterious reactive oxygen species. The
cytochromeb (41), and replacements in the conserved PEWY carboxylate position may steer the binding position of the
loop do not occur randomly but are linked to a few ubiquinol and thereby the proper docking of the ISP to center
phylogenetic clades4@). It has been proposed that in all P. The altered pH profile in both E272D and E272Q, which
organisms with a valine or a proline as an equivalentto E272, can be explained by the loss of a protonatable group with a
there is a glutamate in various positions of #fiop, which pK, of ~6, supports the suggested role of E272 in proton
may compensate for the exchang)( On the basis of a  exchange. Further studies are required to exclude possible
recent comprehensive phylogenetic study of “Rieske/cyto- indirect effects and to challenge the role of E272 as a direct
chrome b” complexes 44), we suggest that in5- and ligand of ubiquinol.
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