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ABSTRACT: Cytochromebo is a member of the heme-copper terminal oxidase superfamily and serves as

a four-subunit ubiquinol oxidase in the aerobic respiratory chaiEsaherichia coli To probe the location

and structural properties of the ubiquinol oxidation site, we isolated and characterized five or 10 spontaneous
mutants resistant to either 2,6-dimethyl-1,4-benzoquinone, 2,6-dichloro-4-nitrophenol, or 2,6-dichloro-4-
dicyanovinylphenol, the potent competitive inhibitors for the oxidation of ubiquinol-1 [Sato-Watanabe,
M., Mogi, T., Miyoshi, H., lwamura, H., Matsushita, K., Adachi, O., and Anraku, Y. (1994Biol.

Chem 269, 28899-28907]. Analyses of the growth yields and the ubiquinol-1 oxidase activities of the
mutant membranes showed that the mutations increased the degree of the resistance to the selecting
compounds. Notably, several mutants showed the cross-resistance. These data indicate that the binding
sites for substrate and the competitive inhibitors are partially overlapped in the ubiquinol oxidation site.
All the mutations were linked to the expression vector, and 23 mutations examined were all present in the
C-terminal hydrophilic domain (PP&His®19 of subunit Il. Sequencing analysis revealed that seven
mutations examined are localized near both ends of the cupredoxin fold. Met248lle, Ser258Asn, Phe281Ser,
and His284Pro are present in a quinol oxidase-specific (Qox) domain and proximal to low-spibheme

in subunit | and the lost Gusite in subunit Il, whereas 1le129Thr, Asn198Thr, and GIn233His are rather
scattered in a three-dimensional structure and closer to transmembrane helices of subunit Il. Our data
suggest that the Qox domain and thesGund of the cupredoxin fold provide the quinol oxidation site

and are involved in electron transfer to the metal centers in subunit I.

Cytochromebo is a four-subunit ubiquinol oxidase in the mechanismg). Cytochromebd, an alternative two-subunit
aerobic respiratory chain dscherichia coli(see refsl—4 ubiguinol oxidase in the aerobic respiratory chain, is structur-
for recent reviews) and belongs to a superfamily of the heme- ally unrelated to cytochrombko (1, 2) and does not pump
copper terminal oxidase5<7). The enzyme catalyzes the protons 8).

four-electron reduction of dioxygen with two molecules of  gypynit | binds all the redox metal centers, low-spin heme
ublqumo_l—8 (@QH2)! and can estabhsh a proton electrochemlj b, high-spin heme, and Cw, and serves as a reaction field
cal gradient across the_ cytoplasmic membrane not only via ¢, redox-coupled proton pumping<4). Hemeo and Cu
scalar protolytic reactions but also via a proton pump form the heme-copper binuclear center where dioxygen
reduction takes placel{-4). Functional assembly of the
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PC16, 2,6-dichloro-4-dicyanovinylphenol; PC24, 2-chloro-4,6-dinitro- ;
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electron transfer from the (site to hemeb.

Cytochromec oxidase is another member of the heme-
copper terminal oxidaseS+€7). The binuclear purple copper ~ recovered by centrifugation at 180@p@or 1.5 h, and
center (Cu) present in the C-terminal hydrophilic domain suspended in 10 mM Tris-HCI (pH 7.4) containing 3 mM
of subunit Il serves as an electron input site and mediatessodium EDTA and 10% sucrose.
one-electron transfer from ferrocytochrorndo low-spin Quinol Oxidase Assay Quinol oxidase activity was
hemea in subunit | 3—27, see ref28 for a review). The  determined spectroscopically at 25 as described previously
ligands of Cu have been determined by site-directed (14, 45. The reaction mixture contains 50 mM Tris-HCI
mutagenesis studie3—25) and crystallographic studies (pH 7.4), 0.1% sucrose monolaurate SM-1200 (Mitsubishi-
(29-32) and are located at one end of the cupredoxin fold Kasei Food Co., Tokyo), and8y/mL membrane proteins.
(Greek keyp-barrel structure), which is proximal to herae  The reaction was started by the addition of ubiquinols, and
(29-32). Cytochromec oxidases and quinol oxidases share the activity was calculated with a molar extinction coefficient
subunits |, Il, and Ill and carry out a similar mechanism for of 12 250 at 275 nm for an oxidized form of ubiquinones
dioxygen reduction and redox-coupled proton pumping, (46). Effects of ubiquinone analogues were examined after
despite differences in electron donors, substrate oxidationpreincubation of the enzyme with the analogues af@5
sites in subunit 1, bound heme species in subunit I, and for 1 min. Double reciprocal plot analysis was carried out

unbroken cells and sphaeroplasts were removed by centrifu-
gation at 12000 for 5 min. Crude membranes were

subunit structures5( 6). Structural similarities of the
oxidases and the organization of the oxidase operQri#3-

37) strongly indicate that eubacterial quinol oxidases have
evolved from cytochrome oxidase of Gram-positive bacteria
(7), which has been further derived from the redox enzymes
for anaerobic nitrate respiratior8B&§—40). Subunit Il of
quinol oxidases retains two transmembrane helices and th
cupredoxin fold in the C-terminal hydrophilic domain but
lacks almost all ligands of GU33—37). Therefore, quinol
oxidases may have acquired the §e by minor modifica-
tions of subunit Il or addition of a unique structural domain
to the C-terminus of subunit II.

Here, we report for the first time the isolation and
characterization of th&. coli cytochromebo mutants that
were resistant to three potent Qite inhibitors, either 2,6-
dimethyl-1,4-benzoquinone (DMBQ) or substituted phenols.
Growth phenotypes and enzymatic properties of the ubiquino-
ne analogue-resistant mutants indicated that the mutation
were related to the (site. Locations and properties of the
mutations suggest that the quinol oxidase-specific (Qox)
domain and/or the Guend of the cupredoxin fold in the
C-terminal hydrophilic domain of subunit Il provide the Q
site, which is proximal to hemb in subunit I.

MATERIALS AND METHODS

Bacterial Strains and PlasmidsST2592/pMFO4 Acyo
Cm AcydKm'/cyot Ap'"; ref 41) can express the plasmid
borne cytochroméo as a sole terminal oxidase and was

used for isolation of the quinone analogue-resistant mutants.

S

at final concentrations of B, from 25 to 150uM or the
Q.H; analogues from 5 to 100M.

Determination of Growth Yield of Intact CellsStrain
ST2592/pMFO4 or /pHN3795-1 was grown aerobically at
37 °C for 2 days in 5 mL of minimal medium A4()
supplemented with 15g/mL sodium ampicillin, 0.5%

odium succinate, and the ubiquinone analogues at final
concentrations of 5 to 70@M. Alternatively, cells were
grown anaerobically in a sealed j&1j. The absorbance at
650 nm of the culture medium was determined with a
Shimadzu UV-160 spectrophotometer before and after
centrifugation at 5009and at 4°C for 10 min. The growth
yield was defined as the net absorbance change.

Screening of Spontaneous Mutants Resistant to Quinone
Analogues ST2592/pMFO4 cells were grown aerobically
at 37 °C for 3-5 days in 5 mL of minimal medium A
supplemented with 0.5% sodium succinate, a§/mL
ampicillin and inhibitors, either 20@M PC15, 100uM
PC16, or 20uM DMBQ. After single colony isolation on
LB-glucose-ampicillin plates, plasmids were recovered from
the mutant candidates and used for retransformation of
ST2592. The transformants were grown anaerobically on
LB-glucose-ampicillin plates and then grown aerobically in
the above-mentioned liquid medium for 15 h to confirm that
the mutations were linked to plasmid DNAs.

Identification of Point Mutations Conferring Resistance
to Ubiquinone AnaloguesThe 1.1 kbNarl—Nhd [—299
to +801,; the nucleotide number from the transcription start
site @8)] and the 2.5 kiiNhd —EcdRl (802—3347) fragments

A single copy expression vector pMFO4 carries the wild- were isolated from the mutant pMFO4 and replaced with
type cytochroméo operon and contains a gene-engineered the counterparts of the wild-type pMFO4. Alternatively, the
Nhd site in the 3 portion of thecyoAgene 41). pHN3795-1 4.5 kb Kpnl—Kpnl (328—4803) fragment of the mutant
(cya" Ap), a derivative of pBR322, carries the 10 kb plasmids was substituted by the corresponding fragment of

BanmHI—Puwull fragment containing thecyo operon 42).
pBR4-09B and pHNFO11P-O9BLQ) are derivatives of
pHN3795-1 and pMFO4, respectively, and carry ty®

pBR4-09B to give pBR4-KK. The 0.80-kBanmHI—Nhd
(20—801) fragment of pBR4-KK containing the 0.47 kb
Kpnl—Nhd fragment of the mutant plasmids was subcloned

operon where eight gene-engineered unique restriction sitesat the corresponding sites of pHNFO11P-0O9B. The 0.32

have been introduced withi{, 43 and outside X0) the
coding sequences.

Preparation of Crude Membranesk. coli cells were
aerobically grown in a rich mediun#4) containing 15ug/

kb Nhd—Sal (802—1167) fragment of pBR4-KK was

replaced with the counterpart of the wild-type pBR4-O9B
to give pBR4-NH. Subsequently, the derivatives of pMFO4,
pHNFO11P-09B and pBR4-09B were used for comple-

mL sodium ampicillin and harvested at the late exponential mentation tests. Finally, nucleotide sequences of the 0.47
phase of growth (Ao = 0.6). The cells were washed and kb Kpnl—Nhd or the 0.32 kbNhd —Sal fragment carrying
treated with lysozyme-EDTA, and the resultant sphaeroplaststhe mutations were determined by plasmid direct sequencing
were disrupted by two passages through a French Press. Thavith a model 373A DNA sequencer or a Prism 310 Genetic
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Analyzer (Applied Biosystems Inc.) using custom-made
primers.

Miscellaneous Determinations of protein concentration
and heme content were as described previously 44.
PC15 (2,6-dichloro-4-nitrophenol), PC16 (2,6-dichloro-4-
dicyanovinylphenol), and PC31 (2,6-dichloro-4-cyanophenol)
(14, 49, 50, 2-EtO-Q (2-ethoxy-3-methoxy-5-methyl-6-
geranyl-1,4-benzoquinone), and 3-EtQ-@-methoxy-3-
ethoxy-5-methyl-6-geranyl-1,4-benzoquinonéj)(were syn-
thesized as described previously. MBQ (methyl-1,4-
benzoquinone) and DMBQ were obtained from Tokyo Kasei
Co., and HHQNO (2-heptyl-4-hydroxyquinoling-oxide)
was purchased from Sigma. ;@nd Piericidin A were
generous gifts from Eisai Co. Ltd. (Tsukuba) and N.
Takahashi (University of Tokyo), respectively. Other chemi-
cals were commercial products of analytical grade.

RESULTS

Screening of @ Site Inhibitors for Isolation of Quinone
Analogue-Resistant MutantsTo identify the potent Qsite
inhibitors that can be used for isolation of the ubiquinone
analogue-resistant mutants, the effect of piericidin A, HHQNO
(51, 52, benzoquinones (MBQ and DMBQ), and substituted
phenols (PC15, PC16, and PC31)) on respiration of the
ST2592/pMFO4 cells with succinate was examined. MBQ
and DMBQ at 1Q«M or PC15 and PC16 at 1QM reduced
the succinate oxidase activity of the carbon-starved cells to
2—4% of the control value whereas the effects of piericidin
A, HHOQNO and PC31 at 100M were insignificant (9%
97% residual activities). Thus, MBQ, DMBQ, PC15, and
PC16 are permeable to tke colimembranes and can inhibit
cytochromeboin the intact cells. Subsequently, succinate:
Q1 reductase activity of the cytoplasmic membrane vesicles

Sato-Watanabe et al.
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Ficure 1: Effects of ubiquinone analogues on the growth yield of
a terminal oxidase-deficient mutant ST2592 harboring a single copy
vector pMFO4 (solid line) or a multicopy vector pHN3795-1
(broken line). Cells were aerobically grown in minimal medium A
supplemented with 0.5% succinate and 15 or A@0mL sodium
ampicillin in the presence of quinone analogues at concentrations
as indicated.

values for the ubiquinone analogues were elevated to about
50, 220, and 40@&M, respectively, due to the gene dosage
effect (Figure 1). These results provide further support for
their primary inhibition site at the terminal oxidase.

Isolation and Growth Properties of Quinone Analogue-
Resistant Mutants From the aerobic culture of ST2592/
pMFO4 in the presence of either 201 DMBQ, 200 uM
PC15, or 10uM PC16, we isolated independently five or
10 spontaneous mutants resistant to each quinone analogue
(Table 1). Retransformation of ST2592 with recovered
plasmids confirmed that all the mutations were linked to

was determined in the presence of the ubiquinone analoguesplasmid DNAs. All the mutants grew normally in the

MBQ, DMBQ, and PC16 had a small effect on succinate
dehydrogenase (86L00% residual activities), but PC15

minimal-succinate medium in the absence of the ubiquinone
analogues as did the wild-type (i.e.,-897% of the wild-

competed the ubiquinone reduction site and reduced succi-type control), except the mutants PC152 and DMBQ-

nate:Q reductase activity to 6% of the control level.
Accordingly, PC15 can simultaneously inhibit succinate
dehydrogenase and cytochroiipein succinate respiration
of the intact cells.

Effect of Quinone Analogues on Aerobic Growth of E. coli
Cells To determine the concentration of the quinone
analogues that is sufficient for the suppression of the aerobic
growth, we examined their effect on the growth yield of
ST2592/pMFO4, which can express the plasmid-borne
cytochromeébo as a sole terminal oxidase. The growth yields

in the presence of the quinone analogues were evaluated a
a net absorbance change of the culture medium at 650 nm

after 12 h growth in the minimal-0.5% succinate medium.
We found that DMBQ, PC15, and PC16 completely sup-
pressed the aerobic growth of the cells at final concentrations
of 20, 200, and 10@M, respectively (Figure 1), but did not
affect at all the anaerobic growth (data not shown). Due to
the degradation in the culture medium, MBQ had no effect
on the growth yield. Thés, values, defined as the inhibitor
concentrations required for 50% reduction of the growth
yield, were determined to be about 6, 70, and80 for
DMBQ, PC15, and PC16, respectively (Figure 1), which are
at least 1 order of magnitude greater than thgivalues for
the QH; oxidation @4). In ST2592/pHN3795-1, théso

S2 that reduced their growth yields to 52 and 66%,
respectively. The substituted phenol-resistant mutants except
PC15-S3, —S10, PC16-S8 to —S10 were sensitive to
DMBQ, and all the DMBQ-resistant mutants except DMBQ
S2 were sensitive to both PC15 and PC16 (Table 1). The
Iso values of PC15S3 and—S8 for PC15 increased from
70 uM of the wild-type value to 200 and 22@M,
respectively, whereas that of DMB¢51 showed only a
slight change (9@M) (Figure 2). Thels values of PC15

S3, PC15-S8, and DMBQ®-S1 for DMBQ shifted from 6

M of the wild-type control to 29, 14, and 2LM,
respectively (Figure 2). Unexpectedly, PCI1S3, —S10,
PC16-S8 to—S10 and DMBQ-S2 showed cross-resistance
(Table 1).

Enzymatic Properties of Mutant MembraneBhe expres-
sion levels and the enzymatic properties of the mutant
oxidases were examined using crude membranes. Western
blotting analysis with the anti-cytochromeo antiserum
showed the expression levels of subunits | and Il were
comparable to those of the wild-type membranes (data not
shown), suggesting that the analogue-resistant mutations did
not affect the stability of the enzyme.

Effects of the mutations on the;R, oxidase activity were
kinetically examined in details (Table 1). Because of our
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Table 1: Effects of Q Site Inhibitors on the Aerobic Growth of Quinone Analogue-Resistant Mutants and onltheORQidase Activity of the
Mutant Membranes

growth yield (%) Ki (uM)?
mutant none PC15 PC16 DMBQ PC15 PC16 DMBQ Ky (uM)?3, QiH2

wild-type 100 (0.994) <1 1 1 3.4 3.0 0.31 36

PC15-S1 100 (0.938) 82 94 1 62 26 0.30 32
PC15-S2 100 (0.932) 78 71 1 47 35 0.21 27
PC15-S3 100 (0.932) 47 75 84 18 13 1.2 29
PC15-S4 100 (0.936) 57 18 1 18 20 0.28 37
PC15-S5 100 (0.948) 39 27 1 105 87 0.31 36
PC15-S6 100 (0.945) 61 23 3 17 18 13 33
PC15-S7 100 (0.937) 91 16 1 21 21 0.54 40
PC15-S8 100 (0.925) 58 22 1 19 25 13 51
PC15-S9 100 (0.953) 66 98 2 24 24 0.30 43
PC15-S10 100 (0.934) 78 92 31 24 25 6.2 45
PC16-S1 100 (0.905) 80 85 1 23 44 0.46 33
PC16-S2 100 (0.513) 84 90 2 24 18 0.21 32
PC16-S3 100 (0.915) 72 69 1 17 31 0.72 56
PC16-S4 100 (0.962) 31 37 1 28 29 0.14 43
PC16-S5 100 (0.914) 65 43 1 19 42 0.31 28
PC16-S6 100 (0.915) 84 90 1 15 23 0.24 43
PC16-S7 100 (0.897) 22 48 1 14 16 0.26 26
PC16-S8 100 (0.951) 68 31 94 32 36 9.7 21
PC16-S9 100 (0.915) 8 14 88 14 18 1.2 32
PC16-S10 100 (0.861) 58 100 95 115 108 21 27
DMBQ-S1 100 (0.896) 2 4 53 3.7 3.7 3.3 25
DMBQ-S2 100 (0.648) 3 100 90 20 19 1.7 33
DMBQ-S3 100 (0.954) 1 2 90 4.2 3.8 24 28
DMBQ—-S4 100 (0.964) 2 4 50 1.2 0.8 4.3 22
DMBQ-S5 100 (0.942) 1 1 45 3.9 3.6 3.7 43

@ Q:H oxidase activity of the crude membranes was determined in the presence@¥11®015, 100uM PC16 or 10uM DMBQ at the protein
concentration of gg/mL. Kinetic parameters were determined by double-reciprocal plots at;thead@ncentrations of 25150uM. ? The mutants
were aerobically grown overnight in the presence of either2a0PC15, 100uM PC16, or 20uM DMBQ. The growth yields were determined
as a net absorbance change of the culture medium at 650 nm and are expressed as a percentage of the control value in the absence of the quinone
analogues.

PC15 and PCL16 increased-34-fold and 4-36-fold, re-
spectively, in comparison of those for 3.4 and 3,
respectively, of the wild-type control. These results suggest
that the binding site recognizes the overlapping structure of
these two substituted phenols, and are consistent with our
previous proposal that the substituent at the 4-position
protrudes from the phenol ring-binding sited. In contrast,
— : — v - the K value for DMBQ remained almost unchanged except
1 " pcis vy 1000 PC15-S3,—S6,—S8,—S10, PC16-S3, and—S8 to—S10.
TheK; values in these mutants increased-268-fold from
0.31 uM of the wild-type control, and that of PC15510
was even larger than those of the DMBQ-resistant mutants
(6.2 vs 1.74.3 uM). It should be noted that the cross-
resistance of the (B, oxidase activities in PC1556,—S8,
and PC16-S3 was inconsistent with the growth phenotypes
(Table 1).

In the DMBQ-resistant mutants, ti& values for DMBQ

! T e 1ome were 5.5-19-fold larger than the wild-type control and those
[DMBQ] (M) for substituted phenols varied from 0.8 to 20 (Table 1).

FiGURE 2: Effects of PC15 and DMBQ on the growth yield of the DMBQ—S4, which has the larged{; value among the

PC15-resistant and DMBQ-resistant mutants. Cells of ST2592/ DMBQ-resistant mutants, showed weak hypersensitivity to

PMFO4-PC15-S3,—PC15-S8 or -DMBQ-S1 were grown aero-  the substituted phenols, and DMB@2 exhibited the cross-

bically as described in the legend to Figure 1. resistance as expected from the growth yield.

strategy for the screening of the ubiquinone analogue- Next, we examined the kinetic properties of the mutant
resistant mutants, we found only slight variations in kae enzymes for the oxidation of £, analogues with a bulky
values for QH; (36 uM of the wild-type vs 2156 uM of ethoxy group at either the 2- or the 3-position of the
the mutants). Modes of the inhibition by DMBQ, PC15, ubiquinone ring (Table 2). As we have previously shown
and PC16 in the mutant membranes were all competitive for the wild-type enzyme 45), the replacement of the
against QH, as reported for the wild-type enzym#&4j. In 2-methoxy group with an ethoxy group decreased the affinity
the substituted phenol-resistant mutants, khevalues for for substrate 36-fold and theVnyax values to about one-

______ A) PC15

0.4 —8— PC15-S3
{ —e— PC15-S8
0.2 -{ —*— DMBQ-S1
4 —*— Wild-type

Absorbance at 650 nm

B) DMBQ
0.8

04+ —m— PC15-S3
1 —— PC15-S8 ‘\
02 —a— DMBQ-S1
1 —*— Wild-type

Absorbance at 650 nm
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Table 2: Kinetic Properties of the Quinone Analogue-Resistant Nhd —EcaRl, and the 0.32 kidhd —Sall fragments revealed
Mutant Enzymes in the Oxidation of the,i) Analogues that the 0.32 kilNhd —Sal fragment corresponding to L&¢
His®®® of subunit Il and MetSef?! of subunit | contained

K (uM :
" = o(ﬂ H) S EOON the mutations for PC15S1, —S2, —S5, —S6 and—S9,
mutant QH, EOQH,  2EO-Qf, PC16-S2, —S3, —S5, —S8 to —S10, and DMBQ-S1 to
wgd—typse ;g (1887 15 (180) 526(23% —S5. Since Hi&-His> of subunit | including helix 0 (GI-
pCis-Si (100) 1(99) (18) Thr35, ref 41) was not required for the @I, oxidase activity
PC15-S2 13 (100) 17 (92) 55 (14) . :
PC15-S3 26 (100) 25 (100) 81 (23) and the N-terminus of subunit | can be fused to the
PC15-S4 13 (100) 14 (93) 80 (26) C-terminus of subunit Il without loss of the activity (53),
ng:;g? ﬁf 888; 12 888; g‘ll ggg all the mutations must be linked to the C-terminal hydrophilic
i 6_Hijc31 i
PC15-58 23 (100) 22 (76) 80 (17) domain (Pré°-His®) of subunit II. _
PC15-S10 16 (100) 14 (83) 67 (19) Subsequently, sequencing analysis determined the PC15
PC16-S6 14 (100) 16 (87) 72 (18) S3, —S5, —S10, PC16-S1, —S6, DMBQ-S3, and—S5
Egig—g?o % (&88)) ﬁ ((égg)) ;% gég mutations as lle129Thr, Ser258Asn, Asn198Thr, Met248lle,
DMBO—S1 21 (100) 16 (68) 92 (20) GIn233His, H|3284Gln, qnd Phe281Ser, respectively (F|gqre
DMBQ-S2 22 (100) 17 (73) 89 (22) 4) In a three-_dlmenSIOHaI mOdEI for the tW_O-SUbUhIt
DMBQ-S3 26 (100) 26 (85) 118 (19) cytochromebo (Figure 5), the mutations are localized near
DMBQ—S4 27 (100) 27(93) 103 (18) both ends of the cupredoxin fold in the C-terminal hydro-
DMBQ—S5 25 (100) 27(91) 80 (14) philic domain of subunit Il. 1le129Thr, Asn198Thr, and
? Relative Vinax values (percentage of the.i) oxidase activities) GIn233His are rather scattered and closer to transmembrane
are indicated in the parentheses. helices of subunit Il, whereas Met248lle, Ser258Asn,
) Phe281Ser, and His284Pro are proximal to the lost Cu
N""B“m“‘*"li"'fj"e'*/s"" ECI"R‘ Kpnl Sphl binding site in subunit 11 25) and to hemeb in subunit |
‘A| cyod | cyoB T - (Figure 5). It should be noted that subunit Il of terminal
= A [eroC [ow] ore quinol oxidases contains a unique structural domain (Qox
Subunit I Subunitl  Subunit Il Heme O synthase domain) with the 60 amino acid residue long at the
Subunit IV . .
| I C-terminus (Figure 4). In cytochromieo, the ay-£11-03
Narl —_ structure has been identified in the Qox dom&t)( The
| | localization of Met248lle, Ser258Asn, Phe281Ser and
] — | Kpnl His284Pro within or near the Qox domain and their proximity
] EcoRI to both the lost Cp site and hemé suggest the functional
Nhel Sall 1kb importance of the Qox domain in the oxidation of substrates.
Ficure 3: Physical map of the cytochronbe operon ¢yoABCDE However, the Qox domain is not well conserved in quinol

and restriction fragments used for subcloning of the quinone oxidases (Figure 4), and the ubiquinone analogue-resistant
analogue-resistant mutations. The gene-engindéaettl (10 and  ytations did not affect thi,, values for substrates (Tables
Nhd (41) sites are indicated by asterisks. The mutations for PC15 1and 2). Theref th d . d/or the end of
S3,-S7,-S8, —S10, PC16-S1, —S5, and—S6 were comple- and 2). Therefore, the Qox domain and/or tha €nd o

mented by the 1.1 kblarl—Nhd, the 0.47 kbkpnl—Nhd, andthe ~ the cupredoxin fold appear to provide the &Qte at the
4.5 kbKpnl—Kpnl fragments, and those for PC151,—S2,—S5, periplasmic surface of the membrane.

—S6, —S9, PC16-S2, —S3, —S5, —S8 to —S10, DMBQ-S1 to

—S5 by the 4.5 kiKpnl—Kpnl, the 2.5 kbNhd —EcadRl, and the DISCUSSION

0.32 kbNhd —Sal fragments. Segments carrying the mutations are ) )

indicated by thick bars. Recent crystallographic studies on bacter29,(32 and

mammalian 80, 54 cytochromec oxidases confirmed the

fifth of the Q:H, and 3-EtO-@H: oxidase activities, sug-  axial ligands of the metal centers determined by site-directed
gesting that the mutations examined did not affect the mutagenesis studies on subunitd+@) and Il (23, 28, 55,
recognition of the ubiquinone ring. These data indicate that 56). The atomic structures of cytochrome oxidases
the binding sites for substrates (i.e..HQ and QH) and provided us with new insights into molecular mechanism of
two kinds of the competitive inhibitors (DMBQ and substi- redox-coupled proton pumping, dioxygen reduction, and
tuted phenols) are partially overlapped in the sgte. electron transfer from cytochronego hemea through Cu.

Identification of Point Mutations To localize the ubiquino-  The structural similarity of thé&. coli cytochromebo with
ne analogue-resistant mutations, we constructed a series ofytochromec oxidase was shown by electron diffraction
recombinant plasmids and carried out genetic complemen-studies & 6 A resolution §7) and preliminary X-ray
tation tests (Figure 3). The derivatives of pMFO4, pHNF11P- (diffraction studies at 3.5 A resolutior5®). Accordingly,
09B, or pBR-09B were introduced into a terminal oxidase- the identification and the characterizations of the substrate
deficient mutant ST2592, and then transformants were oxidation site in quinol oxidases would allow us to under-
cultured aerobically in the presence of the quinone analoguesstand the facile two-electron oxidation of quinols and a gating
used for the first selection. Complementation tests revealedmechanism of electron flux allowing the one-electron transfer
that the 1.1 kiNarl—Nhd, the 0.47 kbKpnl—Nhd, and the  from quinols to the metal centers in subunit I.
4.5 kb Kpnl—Kpnl fragments from PC15S3, —S7, —S8, As demonstrated for the cytochrorhe complex (see refs
—S10, PC16-S1, —S5, and—S6 contained the mutations. 2 and59 for reviews), mutational and biochemical studies
Thus, these mutations are present in the overlapping 0.47

kb Kpnl—Nhd fragment corresponding to Pfelys*>* of 2T. Mogi, K. Inoue, M. Sato-Watanabe, K. Saiki, and Y. Anraku.
subunit Il. Analysis with the 4.5 kKpnl—Kpnl, the 2.5 kb Unpublished results.
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p1l B2 B3 3/10-helix
P. denitrificans (CtaC) ---fLVIKAIG HPpWYWSYEYP NDJVAFDALM LEKENLADAG YSEDEYLLAT 158
P. denitrificans (QoxA) HRPLPVQVVA MDWRKWLFIYP EQGIASVm—w —cmmcmmmee mmmmeeem 176
Br. japonicum (CoxW) GSPVRIQAVS LDWKWLFIYP DQRIATV-—= ——o—mcmeme mmmmmmmeee 124
B. subtilis (QoxA) KEPLVVYATS VDWKWVFSYP EQDIETVe== mmemmmm——— c——ce————— 158
A. aceti (CyaA) TKPLHVEVVA LDWKWLFIYP EQGIATV-—— mwmoemm—mee —mmm e 152
E. coli (CyoA) EKPLTIEVVS] MDWKWFFLYP EQGEATV}-- —---mmmmme mmmmmmmeem 150
* B B2 B3
I1el29Thr
(PC15-53)
B4 BS B6 B7 if:]
P. denitrificans (CtaC) DNPVVVPVIGK [RVLVOVIATLD vIHAWIJPAF AVKQDAVPGR IRQLWHSVDQ 208
P. denitrificans (QoxA) -NEMAVPVDR PVEFTLTSTS VMNAFYIPAM AGMIYAMPGM ETKLNGVFNH 225
Br. japonicum (CoxW) -NTLTVPAGA ELNFQLTSSS VMNVFFTPQI, GSMIYTMNGM VTKLNLRADN 173
B. subtilis (QoxA) ~-NYLNIPVDR PILCKISSAD SMASLWIPQI GGOKYAMAGM LMDQYLQADK 207
A. aceti (CyaA) -NQLAIPVNT PIDFNITSDS VMNSFFIPRL GSMIYAMAGM QTQLHLLASE 201
E. coli (CyoA) ~-NETAFPANE PVYFKVIONS WINSFFIPRL GSQIYAMAIGM QTRLHLIANE 199
pa B5 B6 p7 p8 *
Asnl98Thr
(PC15-510)
B9 p10 aC
P. denitrificans (CtaC) E[GVYFGCSE LCGINHAYMP [IVVKAVI-SOE KYEAWLAGAK EEHAA 252
P. denitrificans (QoxA) PGEYRGIASH YSGHGFSGMH FKAHAT~-DEA GFDAWIEKAR ASGGTL-DRP 273
Br. japonicum (CoxW) ~ EGKLQGLSAH FSGDGFPDMM FDVNVI-SPL SFPDWVASTA KSDTVL-CEE 221
B. subtilis (QoxA) VGTYEGRNAN FTGEHFADQE FDVNAV-TEK DFNSWVKKTQ NEAKL--TKE 254
A. aceti (CyaA) PGDYLGESAN YSGRGFSDMK FHTLAV-SGD EFNAWVEKVK SSSEQL-DSQ 249
E. coli (CyoA) HGTYDGISAS YSGPGFSGMK FKAIAMPDRA AFDOWVAKAK QFPNTMSDMA 249
B9 10 * al *
Gln233His Met248Ile
(PC16-56) (PC16-S1)
P. denitrificans (QoxA) RYLELEAPSE ~NVPPMDFAE VDPHLFQRIV NMCVEPGKIC MAEMMALDAQ 322
Br. japonicum (CoxW) SYKKLMQQGI -ERGRPTYRL EDPRLFDLIA TQHIPPGPGP ELLSDAGR-- 268
B. subtilis (Q0xA) KYDELMLP-E -NVDELTFSS THL~—————- -KYVDHGODA EYAMEARKRL 300
A. acet (CyaA) TYPKLAAPSE -NPVEY-FAH VEPGMFNTIV AKY-NNGMVM DKSTGRMIQV 296
E. coli (CyoA) AFEKLANPSE YNQUVEY~HSN VKHDLFADVI NKHMAHGKSM DMTQPEGEHS 298
a2 * pilt a3 * K
Ser258Asn Phe281Ser His284Gln
(PC15-85) (DMBQ~S5) (DMBQ-S3)
P, denitrificans (Q0xA) GGTGLAGTMN MTRLTYDKDQ RRGTRAPVLG WEPFQVASFC TPEDSALMFG 372
Br. japonicum (CoxW) PHSGGHDAR 2717
B. subtilis (QoxA) GYQAVSPHCK TDPFENVKKN EFKKSDDTEE 324
A. aceti (CyaA) QQSAMSDNMK E 307
E. coli (CyoA) AHEGMEGMDG SHAESAH 315

Ficure 4: Locations of quinone analogue-resistant mutations in the C-terminal hydrophilic region of subunit Il. Amino acid sequences of
the C-terminal hydrophilic domains aligned are cytochramxidase fromP. denitrificans[the mature CtaC of cytochronass (5)] and

quinol oxidases fronP. denitrificans[QoxA of cytochromebag (34)], Br. japonicum[CoxW of cytochromebbs (36)],3 B. subtilis[QoxA

of cytochromeaas-600 (37)], A. aceti[CyaA of cytochromebas (35)], andE. coli [CyoA of cytochromebo (33)]. The residue X at position

238 of CoxW @6) was GIn® The Cw ligands, Hid8l, Cy£16 Cys20 His?24 Met??’, and Gl@#*8 (29, 32 are shown in blue. Conserved
residues in quinol oxidases are highlighted in red. Secondary structure elements of the maturg2C#a@ (he soluble CyoA domain
(Prot?>-Ala283, ref 31) are labeledp-Strands for cupredoxin fold are indicated in blue, and the quinol oxidase-specific Qox domain in red.
The quinone analogue-resistant mutations are shown below the CyoA sequence.

using quinone-related inhibitors are useful for identification cytochromebo (51, 52. To probe the structural features of
of the quinone redox sites and elucidation of the reaction the quinol oxidation (Q) site of cytochromebo, we have
mechanism. However, until recently, only a few potent carried out structurefunction studies using a wide variety
competitive inhibitors are known for the;R, oxidation by of benzoquinones, substituted phenolst, (18, and Q
derivatives 45) and identified MBQ, DMBQ, PC15, PC16,
and PC31 as the novel Gite inhibitors (4). We found
also that transposition or replacement of one of the methyl

3P. H. Tsatsos, K. Raynolds, E. F. Nickels, D.-Y. He; & Yu,
and R. B. Gennis. Unpublished results.
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A)Cytochromebo B) Cytochrome coxidase

Ficure 5: Three-dimensional structures for two-subunit preparations of cytochiborard bacterial cytochromeoxidase. Side chains of

the quinone analogue-resistant mutations in CyoA and theliGands in CtaC (side chains of Hf8, Cy<16 Cys2His??4 and Met?’, the

main chain carbonyl of GR}®) are highlighted. A structure model for cytochrotm@was constructed based upon the coordinates of four-
subunit preparation odias-type cytochromee oxidase fromP. denitrificans(29) and those of the soluble CyoA domai®lj as reported
previously ¢, 43. Transmembrane helices 0, XllI, and XIV of subunit | are not included in the model since they are absent in the counterpart
of the Paracoccusoxidase §). His?®* of subunit Il was omitted from the model, because this residue is just outside the crystal structure of
the soluble CyoA domaim3{). The coordinates for two-subunit preparatioraag-type cytochrome oxidase were taken from Ostermeier

et al. 32).

groups of DMBQ resulted in marked reduction of the thelsyvalues of the aerobic growth on succinate andikhe
inhibitory activity (14), showing that the Q site can values of the @H, oxidation for the selecting compounds
specifically recognize one €0 group with two methyl (Table 1). Large differences between thgandK; values
groups as the ortho substituents. In substituted phenols,are attributable to permeability in the outer membrane that
chlorine is the most effective as both ortho substituents, andis mostly covered with hydrophilic lipopolysaccharide or to
the electron-withdrawing ability of the para substituent multidrug-efflux pumps present in the cytoplasmic membrane
determines the inhibitory activity, probably due to stabiliza- (60). Cross-resistance in the PC15- and PC1l6-resistant
tion of an anionic form 14). The methoxy group in the  mutants is consistent with our previous proposal that the
2-position of ubiquinone ring is recognized more strictly than binding site for substituted phenols recognized the overlap-
that in the 3-position by the Qsite @5). On the basis of  ping substituting groups on the phenol rintd). Several

our structure-function studies, we postulated that the Q mutants showed cross-resistance against DMBQ and sub-
site asymmetrically recognizes exogenous ligands and thatstituted phenols, suggesting that their binding sites are
this property could account for the sequential and directional partially overlapped in the Qsite. Since all the quinone
one-electron transfer from ubiquinols at the €te to heme analogue-resistant mutants can grow aerobically with en-
b. The high-affinity ubiquinone binding site,Qdiscovered dogenous @H, in the membrane, none of the mutations
by Sato-Watanabe et allg), mediates electron transfer from largely affected theK, values for the @H, and QH;

the Q site to hemeb (18, 20. derivatives (Tables 1 and 2).

Among seven Qsite inhibitors examined in the present Genetic complementation test showed that the mutations
study, only DMBQ, PC15, and PC16 were able to inhibit are localized in either the 0.47 kilpnl—Nhd fragment
succinate respiration of the intact cells and showed bacte-(Prd?6-Lys?>® of subunit I1) or the 0.32 kiNhd —Sal (Leu?*
riostatic effects on the aerobic growth (Table 1). Spontane- His?'® of subunit Il and MetSeP?! of subunit I). Deletion
ous mutants resistant to these ubiquinone analogues increasestudies on subunit?land gene fusion experiment§3j
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favored the presence of the mutations in *®Ridis3® of
subunit Il. Sequencing analysis revealed that the mutations
are localized near both ends of the cupredoxin fold (Figure
5). Met248lle (PC16S1), Ser258Asn (PC1355), Phe281Ser
(DMBQ—S5), and His284Pro (DMBQS3) are present
within or near the Qox domain and proximal to the losiCu
site 25, 37 in subunit Il and hemé in subunit I. In our
two-subunit model for cytochromiao (Figure 5), Met*€in
o, interacts with Led&’® and Asp’®in as, Sef*® in au/f11
loop with Lyst¥7in f3,, and Ph&tin az with Asnt®in S5/
loop and AsA®8 in fS1i/as loop. Hig®4 though not in the
model, is present next to the C-terminuscaf (Figure 4).
Substitutions of Mét® Sef®, Phé®l, and Hig®* could
perturb the Qox domain or the &®end of the cupredoxin
fold. In contrast, lle129Thr (PC1553), Asn198Thr (PC15
S10), and GIn233His (PC1656) are rather scattered around
another end of the cupredoxin fold and closer to transmem-
brane helices of subunit Il (Figures 4 and 5). '4%n f;
interacts with Ty¥?in 5,/3; loop and Valét and Phé3in
Bs, and Asi®8in gy loop with Asrt®8in 54/s loop. Thus,
the mutations at If&° and Asi®® would affect the Cn end
structure through perturbation of the cupredoxin fold.
Substitution of Hig* by Pro could alter the secondary
structure ofay, thereby perturbing the cupredoxin fold
through interactions oft; with the cupredoxin fold.
Furthermore, recent cross-linking studies with the azido-
ubiquinone showed the proximity of the ubiquinone ring to
Val'6>-Argl’8 (8s/s loop region) and possibly Létf-Met?"©
(02-B11-03 region) of subunit IF These fragments are present
in the Cw, end of the cupredoxin fold and the Qox domain,
respectively (Figure 4), and are close to our Met248lle,
Ser258Asn, Phe281Ser, and His284Pro mutations.

substitution of the conserved T in 51/, loop (i.e., the
Cuy end) with Ala largely decreased the affinity for
substraté. These findings indicate the importance of the,Cu
end of the cupredoxin fold and the Qox domain in substrate
binding.

In cytochromec oxidase fromP. denitrificans, Trp'?!
(Trp®® in cytochrome bo) exists in a surface-exposed
hydrophobic patch and is within 3.2 A of the Cligand
Met??” (Met?19) in B10 and in hydrogen-bond distance to the
Cu, ligand Hig®! (Asnt’) in 6 (29, 39. The proposal that
Trp?! mediates electron transfer from cytochromi@ Cu,

(29, 39 was recently verified by site-directed mutagenesis
studies 61). Alternatively, Trg3%® of cytochromebo may
serve as an electron-transfer pathway to subunit | or a part
of binding site for the ubiquinone ring. In cytochrome
oxidases, a hydrogen bond system including?Hién P.
denitrificang of subunit Il, a peptide bond between Afg

and Ard"#in loop XI-XII of subunit I, and a propionate of
hemea has been proposed for electron transfer from @u
hemea (29, 30. Substitution of Hi&* by Phe in quinol

oxidases (Figure 4) indicates the presence of an alternative 12,

pathway for electron transfer from the Qite to hemeb.
In conclusion, enzymatic properties of the quinone analogue-

resistant mutant oxidases, locations of these mutations (this

study), cross-linking studies with the azido-ubiquinoh®) (

4J. Ma, A. Puustinen, M. Wikstra, and R. B. Gennis. Unpublished
results.
5M. A. Surpin, and R. J. Maier. Personal communication.
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and site-directed mutagenesis studies on subuhitatior

the assignment that the (Gite is provided by the Qox
domain and/or the Guend of the cupredoxin fold in subunit

II. It was postulated that quinol oxidases except cytochrome
bd are derived from cytochromeoxidase through duplica-
tion of the oxidase operon in Gram-positive bacteria and have
spreaded to Proteobacteria by lateral gene trangfer)(
This study suggests that the transformation of cytochrome
oxidase to quinol oxidase can be achieved by addition of
the Qox domain to the C-terminus of subunit Il and/or minor
modifications of the Cuy end of the cupredoxin fold.
Accordingly, quinol oxidases and cytochromeoxidases
must share pathways for intramolecular electron transfer and
the molecular machinery for dioxygen reduction. Detailed
structural and functional studies on the §ite and random
mutagenesis studies with theyQsite-specific quinone
analogues (18) will provide us a clue for understanding the
unigque catalytic and electron-transfer mechanisms in terminal
quinol oxidases.
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