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ABSTRACT. Cytochromebdis a quinol oxidase dEscherichia colunder microaerophilic growth conditions.
Coupling of the release of protons to the periplasm by quinol oxidation to the uptake of protons from the
cytoplasm for dioxygen reduction generates a proton motive force. On the basis of sequence analysis,
glutamates 99 and 107 conserved in transmembrane helix 11l of subunit | have been proposed to convey
protons from the cytoplasm to herdet the periplasmic side. To probe a putative proton channel present

in subunit | ofE. coli cytochromebd, we substituted a total of 10 hydrophilic residues and two glycines
conserved in helices | and HV and examined effects of amino acid substitutions on the oxidase activity
and bound hemes. We found that Ala or Leu mutants of Arg9 and Thrl15 in helix I, Gly93 and Gly100
in helix Ill, and Ser190 and Thr194 in helix V exhibited the wild-type phenotypes, while Ala and GIn
mutants of His126 in helix IV retained all hemes but partially lost the activity. In contrast, substitutions
of Thr26 in helix I, Glu99 and Glul07 in helix 1ll, Ser140 in helix IV, and Thr187 in helix V resulted in

the concomitant loss of bound herbgs (T187L) orbsgs-d (T26L, E99L/A/D, E107L/A/D, and S140A)

and the activity. Glu99 and Glu107 mutants except E107L completely lost the bgge center, as
reported for hemésgs ligand (His19) mutants. On the basis of this study and previous studies, we propose
arrangement of transmembrane helices in subunit I, which may explain possible roles of conserved
hydrophilic residues within the membrane.

Cytochromebdis one of two terminal ubiquinol oxidases pumping activity and does not belong to the hernepper
in the aerobic respiratory chain &scherichia coliand is terminal oxidase superfamily. Recently, it has been reported
predominantly expressed under microaerophilic growth that cytochromebd is involved in the survival and growth
conditions (see refs—3 for reviews). It catalyzes dioxygen  of strict anaerobes in oxic environmeng—(11) and in the
reduction with two molecules of ubiquinol-8, leading to the virulence and survival of pathogenic bacteria in host mam-
release of four protons from quinols to the periplasm. malian cells {2—14).
T_hrough a putat_ive proton channel, four protons used for Cytochromebd has been isolated as a heterodimeric
dioxygen reduction are taken up from the cytoplasm and gyiqase [CydAB inE. coli (6, 15, 16)] and is distributed
delivered to the dioxygen reduction site at the periplasmic ¢,m archaea to eubacteria. On the basis of spectroscopic
side of the cytoplasmic membrané)(On the basis of  ,nq|igand binding studies, three distinct redox metal centers
sequence analysis, Osborne and GenBlissiggested that  |,5.e peen identified as henbess, hemebsss, and hemed
conserved Glu99 and Glul07 in helix Il of subunit | are (see refL7 for a review). Unlike cytochrombo, cytochrome
partof sucha proton channel. Th‘_JS’ cytochrdrgenerates  pqqqeq not contain a tightly bound ubiquinone-8. Hdmg
an electrochemical proton gradient across the membraneIS a low-spin protoheme IX and is ligated by His186 (helix
through apparent vectorial translocation of four chemical V) and Met393 (helix VII) of subunit | (CydA) 18, 19)
protons during dioxygen redu_ctic_)r6£8)._ In contrast o (Figure 1A). Reduced henigsg has absorption peaké at 428,
cytochromebo, an alter_n.at|ve ubiquinol oxidase under highly 531, and 561 nm at room temperature. Inhibitor binding
aerated growth conditions, cytochrorbe has no proton studies indicate the proximity of hentgsg to the quinol

oxidation site 21, 22). Hemebsgs is a high-spin protoheme
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Ficure 1: (A) Topological model and (B) amino acid residues found at relevant positions of subunit I. (A) Transmembrane helices and
hydrophobic segments were predicted by PSlpred (http://bioinf.cs.ucl.ac.uk/psipred/) and SOSUI (http://sosui.proteome.bio.tuat.ac.jp/
sosuiframe0.html), respectively, and represented by rectangles and gray highlighting, respectively. In contrast, the new joirt3nethod (
(http://mbs.cbrc.jp/papia-cgi/ssp_menu.pl) predicts the presence of twooshetices [k (Metl—Phe22) andd (Leu25-Leu42)] in helix

| and an additional helix (Glu162Lys183) between helices IV and V. Fourteen invariant residues are highlighted, and highly conserved
residues are in bold. His19 serves as the axial ligand for Hgpgeand His186 and Met393 serve as the axial ligands for heyiewhich

accepts electrons from quinols. Mutagenized residues other than Arg9 are encircled. The epitope for mAb, proteolytic cleavage sites, and
the azidoquinol-cross-linked site in Q-loop are denoted with arrows. The GitidB7347 region in the Q-loop contains internal repeats
(Pro266-GIn287 and Pro303Lys323) and shows a weak similarity (23.1% identical) to the C-terminal tail domain of moesin, which
binds F-actin and the N-terminal FERM (band 4.1 protein and ezrin/radixin/moesin homology) domain in eukaryof€)cdlls(numbering

of amino acid residues is that of Zhang et &). (B) One hundred fifty-six of 212 subunit | sequences in the GTOP database (http://
spock.genes.nig.ac.jpgenome/gtop-j.html) have all three ligands for helbgg and bsgs and are used for sequence analysis.

cated the axial ligand of hengewould not be an ordinary  cytochromebd (38). These observations indicate the presence
histidine or cysteine and is either a weakly coordinating of the quinol oxidation site in the N-terminal region of
protein donor or a water molecule. Electron nuclear double- Q-loop.
resonance studie81) also suggested that herdedoes not In contrast to the quinol oxidation site, the hethigand
contain a nitrogenous ligand. When dioxygen binds, the axial still remains to be determined. Fourteen strictly conserved
ligand apparently dissociates from hechand remains off residues in cytochromtad are all present in subunit | (Figure
in the formation of the oxoferryl state8@). On the other 1A). Possible nitrogenous herddigands are Arg9, His126,
hand, electron paramagnetic resonance studies with NO asand Arg448. However, mutagenesis studie8 @9) elimi-
a monitoring probe showed that the proximal ligand of heme nated the possible role of the latter two residues. To probe
d is a histidine in an anomalous condition or other nitrog- a putative proton channel in subunit | connecting hehe
enous amino acid residugq). Topological analysis suggests the cytoplasm, we examined effects of substitutions of 10
that all the hemes are located at the periplasmic side of hydrophilic residues in helices | and HV and two glycines
transmembrane helice4)( Electron paramagnetic resonance in helix Ill (Figure 1B) on the oxidase activity and heme
studies indicate that henfigss and hemad are oriented with binding. We found that Glu99 and Glu107 in helix Il are
their heme planes perpendicular to the membrane plane,essential for binding of the henfiggs-d binuclear center and
whereas hembsgsis oriented with its heme plane at an angle the enzyme activity. On the basis of this and previous studies,
of ~55° to the membrane plan&2). we propose arrangement of transmembrane helices in subunit
To understand the energy transduction mechanism of!, Which may explain possible roles of conserved Glu99,
cytochromebd, it is essential to identify the quinol oxidation Glu107, His126, and Ser140.
site (proto_n release site) at the per_|plz_ism|9 side of the EXPERIMENTAL PROCEDURES
cytoplasmic membrane and the hedibinding site (proton
uptake site) connecting to the cytoplasm through a putative Mutagenesis and Expression of Cytochrome Awhino
proton channel. In loop AVII (Q-loop) of subunit I, acid substitutions were introduced with QuickChange XL
binding of monoclonal antibodies KLAAIEAEWET 262 (Stratagene) using pNGZyd" Tef?) (40) and synthetic
(33, 34) and proteolytic cleavage with trypsin at Tyr290 or oligonucleotides (Table S1). Thrl5, Thr26, Thr187, and
chymotrypsin at Arg298 35, 36) suppressed ubiquinol  Thr194 were substituted with Leu, Arg9, Gly93, Gly100,
oxidase activity (Figure 1A). Photoaffinity labeling studies Ser140, and Ser190 with Ala, and Glu99 and Glul107 with
with azidoquinols identified that Glu280 is a part of the Leu, Ala, and Asp, and His126 was substituted with Ala and
binding pocket for 2- and 3-methoxy groups on the ubiquino- Gln and Glu280 with Asp. Mutations were confirmed by
ne ring @7). Site-directed mutagenesis studies indicated that DNA sequencing. For isolation of defective mutant enzymes,
Lys252 and Glu257 are involved in the quinol oxidation by ST4683/pMFO9 Acya:CnR Acyd:KmR/cyo™ AmpR) was
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transformed with mutant pNG2, and transformants were Aerobic Reduction of Cytochrome bd by Ubiquinolfd
aerobically grown overnight in IM medium supplemented enzyme solutions (1M heme B) in 50 mM sodium
with 0.5% glucose, 12 bg/mL tetracycline, and trace metals phosphate (pH 7.4) containing 0.1% SML were added
(38). R9A, T15L, T26L, H126A, H126Q, S140A, T194L, ubiquinol-1 and dithiothreitol to a final concentration of 200
and E280D were expressed in ST4683 harboring mutantuM and 5 mM, respectively. Absorbance changes at 561 and
pNG2 plasmids. 630 nm were monitored at 28C with a V-550 U\+-vis

Isolation of Mutant Cytochrome b@ells were suspended  Spectrophotometer.
in 50 mM Tris-HCI (pH 7.4) containing 10 mM Na-EDTA,
1 mM phenylmethanesulfonyl fluoride (Sigma) and 0.5 mg/ RESULTS
mL lysozyme (Sigma) and disrupted by sonication. Enzymes
were solubilized from cytoplasmic membranes with 2.5%
(w/v) sucrose monolaurate (SML)(Mitsubishi-Kagaku
Foods Co., Tokyo, Japan) and purified by anion-exchange
high-performance liquid chromatography on a TSKgel Su-
perQ-5PW column [21.5 mm (inside diametet)15 cm;
Tosoh, Tokyo, Japan] in 50 mM sodium phosphate (pH 6.8)
containing 0.1% (w/v) SML and 0.1 mM phenylmethane-
sulfonyl fluoride @8). Defective mutant enzymes were
further purified by rechromatography or as the flow-through
fraction by passing through a Ni-NTA His-Bind Superflow , i )
(Novagen) column. Purified enzymes were concentrated to  All the helix | mutations on plasmid pNG2 complemented

~50 mg/mL by ultrafiltration with Amicon Ultra-15 (MWCO @ defect of the aerobic growth of the quinol oxidase-deficient
of 50 kDa) and stored at80 °C until they were used. mutant ST4683 Acyo Acyd), indicating that the mutant
oxidases retain the enzyme activity. We characterized

cytoplasmic membranes and enzymes and found that R9A
and T15L did not affect the heme binding and oxidase
activity (Table 1 and Figure 2B). T26L reduced the level of
hemed binding and the oxidase activity to approximately

Properties of Helix | MutantsSubunit | (CydA) consists
of nine transmembrane helices with the N-terminus in the
periplasm 4). One hundred fifty-six of 212 CydA sequences
in the GTOP database have all three ligands for hbgage
(His186 and Met393) anbses (His19) (Figure 1B), so we
assumed that their cytochrorhd is functionally expressed.
Among them, Arg9, Thrl5, His19, and Thr26 are conserved
in helix I. In our structure model for subunit I, Arg9, Thrl5,
and His19 face the periplasm whereas Thr26 is completely
embedded within the membrane (Figure 1A).

Determination of Heme and Protein Contehieme B
content was determined with the pyridine hemochromogen
method, and heme D content was estimated from redox
difference spectra using a molar extinction coefficient

(€e2s-6s1) Of 27 900 ¢1). Protein concentrations were deter- ¢’ o wild-type level. Absorption spectra of the air-

mined by .the BCA method (Plerce_). , oxidized (as-prepared) and fully reduced forms of T26L

Absorption Spectroscopbsorption spectra of the air-  ghqwed the decrease in the peak intensity at 440, 596, 627,
oxidized and sodium hydrosulfite-reduced forms of mutant 5,4 640 nm (Figure 2C and Table S2), indicating the loss
enzymes were determined with a V-550 BVis spectro- of the hemebgesd binuclear center. '

photometer (JASCO, Tokyo, Japan) at a final concentration
of 10 uM in 50 mM sodium phosphate (pH 7.4) containing
0.1% SML.

Spectroscopic Assay of Quinol Oxidase Aitfi Quinol
oxidase activity was determined at 26 by monitoring the
absorbance change at 278 nm and calculated using an

By assuming the ping-pong bi-bi mechanism, we carried
out kinetic analysis of the oxidation of ubiquinol-1 by mutant
enzymes and determined kinetic parameters without or with
substrate inhibition by using eq 1 or 2, respectively)(

2
extinction coefficient of 12 3004Q). The reaction mixture v = Vel S| 1)
(1 mL) contained 50 mM sodium phosphate (pH 7.4), 0.1% sz + K, [S] + [S]?
SML, and 12.5-125 nM purified cytochromebd. The
enzyme concentration was estimated from the heme B Vv X[S]Z
content, by assuming that cytochrorhd contains twob v= ma - 2)
hemes. The reaction was started by the addition of a reduced K24+ K [S]+ |1+ @ [S]2

oo ) ) S m m
form of ubiquinone-1, a kind gift from Eisai Co. (Tokyo, K

Japan), at a final concentration of 2@M. For kinetic

analysis, the concentration of ubiquinol-1 was varied from whereK; andn are the constant for substrate inhibition and

33 to 400uM. Kn and Vmax values were estimated with  the Hill coefficient, respectively. In contrast to the quinol

Kaleidagraph version 3.5 (Synergy Software). oxidation site (Q-loop) mutants (r86 and E280D in Table
Polarographic Assay of Oxidase Adgty. Oxygen con- 2), which showed the increaseH, T26L exhibited a 2-fold

sumption was assessed with a YSI model 5300 biological decrease irKy, and a 4-fold decrease Mma, Which were

oxygen monitor (YSI Inc., Yellow Springs, OH) in a closed associated with substrate inhibition (Table 2 and Figure 3B).

stirred glass vessel (3 mL) at 2&. Reaction was started Properties of Helix Il MutantsIn cytochromebd, Glu99

by the addition of 3Q.L of the enzymes (10@M heme B)  and Glu107 are strictly conserved in the middle of trans-

to 2.97 mL of 100 mM sodium phosphate (pH 7.4) containing membrane helix IIl (Figure 1A) and are likely candidates

0.1% SML, 0.2 mM TMPD K,N,N',N'-tetramethylp-phe-  for key residues in the proton uptake chanr®l Because
nylenediamine), and 5 mM sodium ascorbate. The dissolvedof small side chain size, Gly93 and Gly100 may form a

oxygen concentration at 2% was assumed to be 23M. pathway connecting the periplasm to Glu99 (Figure 1A). We
expressed helix 1l mutants in cytochronm®-expressing
1 Abbreviations: SML, sucrose monolaurate; TMPR,N,N',N'- strain ST4683/pMFO9/Xcyo Acydcyo’) harboring mutant

tetramethylp-phenylenediamine. pNG2 and found that G93A and G100A exhibited the wild-
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Table 1: Heme Contents and Oxidase Activity of Mutant Cytochrduthe

cytoplasmic membranes isolated cytochrdude
heme content (nmol/mg of protein) heme content (nmol/mg of protein)
location in subunit | hemb hemed hemedhemeb hemeb hemed hemed/hemeb oxidase activity (QH./S)
wild type 4.28 1.96 0.46 13.1 6.28 0.48 234
helix | ROA® 4.47 2.03 0.45 10.8 5.67 0.53 252
T15L2 4.25 2.15 0.51 13.3 5.54 0.42 236
T26L2 4.82 1.47 0.30 131 3.86 0.29 99.3
helix 111 G93A 4.85 1.99 0.41 16.4 7.22 0.44 262
E99L 4.85 <0.01 <0.01 11.4 0.19 0.02 16.1
E99A 1.07 <0.01 <0.01 1.81 0.01 <0.01 29.5
E99D 1.25 <0.01 <0.01 144  <0.01 <0.01 1.3
G100A 4.89 2.53 0.52 17.1 8.41 0.49 238
E107L 5.03 0.98 0.19 16.9 4.89 0.29 19.8
E107A 1.37 <0.01 <0.01 1.26 0.03 0.02 8.7
E107D 1.44 <0.01 <0.01 1.52 0.06 0.04 19.8
helix IV H126A2 5.24 2.58 0.49 16.6 8.20 0.49 82.8
H126Q 4.81 2.39 0.50 18.1 8.75 0.48 82.1
S1404& 5.63 2.78 0.49 16.7 5.17 0.31 139
helix V T187L 3.89 1.86 0.48 10.7 6.64 0.62 100
S190A 4.96 2.40 0.48 17.7 9.08 0.51 238
T19412 5.25 2.77 0.53 16.6 8.16 0.49 267
loop VI-VII K252A¢ 5.15 2.39 0.46 18.2 8.20 0.45 8.3
E2800¢ 4.81 2.48 0.52 17.7 8.87 0.50 8.0

aExpressed in ST4683 harboring mutant pNG2. Other mutants were expressed in ST4683/pMFO9 harborinfgpiitage activity was
determined with 20@M ubiquinol-1 and expressed as the turnover number by assuming that all the mutant enzymes coffitéientes. Because
of the difficulty in estimating hemd content in Glu99 and Glu107 mutants, the specific activity per heéigeeve erroneous estimatéData taken
from ref 38.
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Ficure 2: Absorption spectra of the air-oxidized (as-prepared) (- - -) and fully reduegdofms of subunit | mutants. Absolute spectra

of the isolated enzymes were recorded in 50 mM sodium phosphate (pH 7.4) containing 0.1% SML before (- - -) and after reguction (
with sodium hydrosulfite. The enzyme concentration waglbheme B. The insets show the second-order finite difference spectra for the
Soret peak.

type phenotypes (Table 1), indicating that both Gly93 and intensity at 440 and 595 nm originating from ferrous heme
Gly100 are dispensable for the catalytic functions. bses (Figure 2D,F). Kinetic analysis of the oxidation of
In contrast, Glu99 and Glu107 mutations severely reduced ubiquinol-1 by E107L, which retains 60% of hentk
the oxidase activity and eliminated hemdinding except revealed the large decreaseMiay (5% per twob hemes or
E107L (Table 1). Visible absorption spectra for E99L and 9% per hemad) (Table 2 and Figure 3B). Replacement of
E107L showed that the decrease in the peak intensity at 630strictly conserved Glu99 and Glul07 with Asp resulted in
and 640 nm originating from ferrous and oxygenated heme nonfunctional enzymes, as found for Glu280 at the quinol
d, respectively, was accompanied by a decrease in the pealoxidation site (Table 1). Thus, not only negative charge but
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Table 2: Kinetic Parameters for Oxidation of Ubiquinol-1 by

Isolated Subunit | Mutants
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exhibited 70-80% of the wild-type activity, while E107L
reduced the oxygen uptake activity to 19% (per tweemes)
or 31% (per hema) of the wild-type level, indicating the

Vmax Vma)JKm Ki .

Ko (M) (QHaS) (QiHas1uMY) (M) n defect at the hembsgs-d binuclear center.
wild type 123 445 (468 3.62 (100) PR Aerobic Reduction of E107L by Ubqu|_r10I—Recer_1tIy,
R9A 47  566(539)  12.0 (333) 301 15 Zhang et al. 48) reported that anaerobic reduction of
T26L 53 112 (190) 2.11 (58Y 464 4.0 cytochromebd by ubiquinol-1 and dithiothreitol was very
G93A 96  442(502) 4.60 (127) 481 59 slow and not to be related to the catalytic function. Thus, to
G100A 103 400 (407) 3.88 (107) c ¢ probe effects of the E107L mutation on the transfer of
E107L 34 24 (41 0.71 (20% 569 4.6 ) i .
H126Q 36 319 (330) 8.86 (245) 200 45 electrons from quinols to hemes, we examined aerobic
S140A 18 143 (23D 7.94 (219) 336 3.7 reduction of mutant enzymes (101 heme B) with 20Q«M
T187L 84 160 (129) 1.90 (52) c c ubiquinol-1 in the presence of 5 mM dithiothreitol, which
E280D 1356  545(544)  0.40 (11% 50 2.1

2 Vmax Values per heme are given in parenthesesNo substrate

inhibition.

can keep substrates as a reduced form. The aerobic reduction
of hemes was monitored at 561 (helse?" andbse£*") and

630 nm (hemad?"). As reported previously4@), the wild-
type enzyme showed a rapid reductiorbdfemes, followed
also side chain size is important at these positions. A residualby the reoxidation with dioxygen and a re-reduction after
activity found in defective enzymes like E9Q9L may be partly the depletion of dioxygen in the reaction medium (Figure
due to the contribution from the henbbbtype enzyme,  4A). The time course of hemd reduction at 630 nm
which has been shown to be functionalBacillus subtilis indicates that transfer of an electron from hemgg to heme
(44) and in CIO (cyanide-insensitive oxidase) frétseudomo-  d is not the rate-limiting step for heme reduction with
nas aeruginosg45) and other bacteria4g). quinols (Figure 4B). K252A, the quinol oxidation site
Properties of Helix IV MutantsHis126 and Ser140 are mutation 88), suppressed the reoxidation and re-reduction
highly conserved in helix IV (Figure 1B) and may be of both hemed andd because of a slow electron supply
involved in proton uptake channel. We found that all three from ubiquinol-1 to hemédssg In E107L (hemed/hemeb
mutations on plasmid pNG2 complemented the defect of the = 0.29), the amplitude of hemie re-reduction was much
aerobic growth of ST4683, indicating that His126 and Ser140 larger than that for hemd. This may be partly due to the
are not essential for activity. H126A and H126Q bind all contribution of the hemésqs-d-deficient population, where
three hemes but reduced the oxidase activity to 60 and 70% hemebsss may have the altereBl, value and would not be
respectively, of the control level (Table 1 and Figure 2G). oxidized with dioxygen. It is also possible that reduction of
S140A showed an-40% decrease in oxidase activity and hemebsgs requires charge compensation with a supply of
the hemebsgs-d binuclear center (Table 1 and Figure 2H). chemical protons, from a protonatable group at the cyto-
Kinetic analysis of helix IV mutants revealed the decrease plasmic side of the hemissos-d binuclear center49). This
in both Ky, and Vimax, Which was accompanied by substrate portion could correspond to the hemee-reduction, which
inhibition (Table 2). is coupled to the electron supply from heings (23—25).
Properties of Helix V MutantsThri87, Ser190, and In contrast to the wild type and K252A, two-thirds of heme
Thr194 are not well-conserved in subunit | (Figure 1B), but d in E107L remains reduced. Because of the absence of
they could provide a hydrophilic pathway on helix V proteinaceous counter charges within the membrane, both
connecting the periplasm to herbegss, which is bound to Glu99 and Glul07 are likely protonated, which is indicated
His186. To test their possible roles in oxidase activity, we by FTIR studies §0). The direct electron donor to hende
constructed T187L, S190A, and T194L mutants and ex- must be still present in E107L, allowing the reduction of
pressed T187L and S190A mutations in ST4683/pMFO9/ hemed. But the slow supply of chemical protons from the
pNG2 and the T194L mutation in ST4683/pNG2. We found channel and electron from herbgs would suppress dioxy-
that S190A and T194L were fully active, whereas T187L gen reduction. Glu99 and Glu107, which have been sug-
reduced the hemk content and oxidase activity to 80 and gested to be involved in the proton uptake chanBglrfay
43%, respectively, of the wild-type levels (Table 1). Spec- play such a crucial role in the dioxygen reduction by
troscopic analysis of the fully reduced T187L revealed a cytochromebd. Future work is needed to address this issue.
partial loss of hemddsss, indicated by the decreased peak DISCUSSION

intensity at 428 and 561 nm (Figure 2I). If we could assume
To understand the energy transduction mechanism of

that the hemdisgs-d center in T187L is intact, a relative
content of hemdssg will be 0.62 per hemael (i.e., 4.1:6.6: cytochromehd, it is essential to identify the proton release
6.6 bssghsesd). Our observations suggest that Thrl87, site (quinol oxidation site) and the proton uptake site (heme
Serl190, and Thrl94 in helix V are dispensable for the d-binding site), which are expected to be at the periplasmic
catalytic function. and cytoplasmic side, respectively, of the cytoplasmic
Ascorbate/TMPD-Dependent Oxygen Consumption by membrane. Topology studies placed all three axial ligands
E107L.Effects of the E107L mutation on the oxygen uptake for hemebsss andbsgs at the periplasmic ends of transmem-
by the hemésgs-d binuclear center were examined polaro- brane helices in subunit 4). Since hemel forms the diheme
graphically. By assuming that two heme B molecules are binuclear center with hemissgs (26—28), all three hemes
bound to the mutant enzymes, we estimated the ascorbate&ppear to be located at the periplasmic side. Thus, the role
TMPD oxidase activity. Reduced TMPD can donate electrons of proton uptake channel connecting hedrte the cytoplasm
to hemes from a site after the quinol oxidation si&®)( is important for the dioxygen reduction at the hehigsd
K252A and E280D (the quinol oxidation site mutants) binuclear center.
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Ficure 3: Dependence of ubiquinol oxidation by subunit | mutants on the ubiquinol-1 concentration. (A) Without substrate inhibition:
wild type (@), G100A (a), and T187L M). (B) With modest substrate inhibition: T268®}, E9Q9L (a), and E107L M). Curve fitting was
carried out with Kaleidagraph by using eq 1 or 2.
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Ficure 5: Helical wheel projection model for the reaction center
on subunit I. Invariant residues are encircled, and highly conserved
residues are in bold. Electrons are transferred from the quinol
L I . | L I . oxidation site in the Q-loop to hentethrough hemddssg andbsgs.

0 50 100 150 200 Protons used for dioxygen reduction are taken up from the
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FiGure 4: Time course of aerobic reduction bfhemes (A) and assumed to mediate the proton translocation. Spontaneous mutations
hemed (B) in mutant enzymes. Aerobic reduction of the mutant in subunit Il 61) and proximity mapping studies using an artificial
enzymes (1&M heme B) was carried out at 2& in the presence  protease{2) indicated that helices | and Il of subunit Il are close
of 200 uM ubiquinol-1 and 5 mM dithiothreitol and monitored at  to the Q-loop of subunit I.
561 and 630 nm.
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Quinol Oxidation Site in Loop VI/VII (Q-logp Binding IX in the oxidase activity. R448A reduced the level of heme
of monoclonal antibodies 2KLAAIEAEWET 262 (33, 34) d binding 39), and E445A kept hembsgs in a ferric state
and proteolytic cleavage at Tyr290 or Arg2985( 36) even with excess hydrosulfite49). Belevich et al. 49)
suppressed ubiquinol oxidase activity, indicating the presencesuggested that Glu445 is one of the two redox-linked
of the quinol oxidation site in Q-loop (Figure 1A). Via protonatable groups required for charge compensation of the
photoaffinity labeling studies with azidoquinols, we have hemebses-d binuclear center upon its two-electron reduction.
recently demonstrated that Glu280 in the first internal repeat  Structure of the Hemes§-d Binding Site Electron nuclear
is a part of the binding pocket for 2- and 3-methoxy groups double-resonance studie3lj suggested that henwdoes
on the ubiquinone ring3y7). Further, we have identified by  not contain a nitrogenous ligand. Resonance Raman studies
site-directed mutagenesis that conserved Lys252 and Glu25729, 30) indicated the axial ligand of henmgtwould not be
in the N-terminal region are involved in the binding and an ordinary histidine or cysteine and is either a weakly
oxidation of quinols 88). Accordingly, the binding site for ~ coordinating protein donor or a water molecule. Histidine
the quinone ring is comprised of Lys252, Glu257, and mutagenesis studies on subunits | and1i8)(showed that
Glu280 in the Q-loop and serves as a proton release site ofH19L and H19R eliminated the herbgys-d binuclear center
cytochromebd (Figure 5). In addition, Zhang et al39) while H186L resulted in a loss of hentgss. In addition,
demonstrated the importance of conserved Trp441 andHis126 in helix IV could be substituted with Arg, Thr, or
Glu445 in helix VIII and Arg448 and Trp451 in loop VH Leu and His314 in the second internal repeat of the Q-loop
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with Leu (18), and we show here that Arg9 and His126 ACKNOWLEDGMENT
cannot be the axial ligand of hen#® On the basis of
spectroscopic propertie%-31), His19 and His186 in
subunit | can be assigned to axial ligands for hdmgand

bsss, respectively. Methionine mutagenesis studies on subunit
| identified Met393 as an additional ligand to hetregs (19).
Substitutions of nearby Arg391 did not affect the heme
binding but induced an-220 mV decrease in the midpoint
potentials of heméssg, indicating that a positive charge at
Arg391 stabilizes the reduced form of helmgs (48).
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