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ABSTRACT: In the cytochromee oxidases, the role of subunit Il is to provide the electron entry site into
the enzyme. This subunit contains both the binding site for the substrate, cytocbrame the Cy

redox center, which is initially reduced by cytochromeCytochromebo; and other quinol oxidases that

are members of the hemeopper oxidase superfamily have a homologous subunit Il, but thesiBiis

absent, as is the docking site for cytochromeSpeculation that subunit Il in the quinol oxidases may
also be important as an electron entry site is supported by the demonstration several years ago that a
photoreactive substrate analogue, azido-Q, covalently labeled subunit Il in cytodhogmia the current

work, a sequence alignment of subunit Il of henwepper quinol oxidases is used as a guide to select
conserved residues that might be important for the binding of ubiquinol to cytochsosneResults are
presented for point mutants in 24 different residue positions in subunit Il. The membrane-bound enzymes
were examined by optical spectroscopy and by determining the activity of ubiquinol-1 oxidase. In each
case, theK, for ubiquinol-1 was determined as a measure of possible perturbation to a quinol binding
site. The only mutant that had a noticeably alteikgdfor ubiquinol-1 was W136A, in which thkK,, was

about sixfold increased. Thus, W136 may be at or close to a substrate (ubiquinol)-binding site in
cytochromebo;. In the cytochromec oxidases, the equivalent tryptophan (W121 Raracoccus
denitrificang has been identified as the “electron entry site”.

Cytochromeébo; from Escherichia colis a member of the  proton pump machinery is also contained within subunit I.
heme-copper oxidase superfamily that includes the cyto- In the cytochrome oxidases, one role of subunit Il is clearly
chromec oxidases I). These enzymes all catalyze the to provide electrons to subunit I. The binding site for
4-electron reduction of dioxygen to water and are proton cytochromec is located on the surface of a large hydrophilic
pumps, generating a protonmotive for@®.( Cytochrome  COOH-terminal domain of subunit 1110, 11, which is
bos, however, does not utilize cytochroneeas a substrate  anchored to the membrane by two Ntérminal transmem-
but instead catalyzes the 2-electron oxidation of ubiquinol-8 prane helices. Also contained within subunit Il is thesCu
in the cytoplasmic membrane df. coli The enzyme  redox center, which accepts electrons from cytochrored

contains one copy each of four subun@. (Subunits I, Il,  passes them along to the low-spin heme within suburi | (
and Il are homologues to those found in other hem@pper 6

oxidases, whereas subunit IV is unrelated to the subunits of
the cytochrome oxidases4). Because the structure of the
cytochromec oxidases from bovine heart mitochondri (
6) and from the bacteriunParacoccus denitrificang7, 8)

have been determined by X-ray crystallography, a reasonablec®nter. The structure of the COOH-terminal hydrophilic
model of the structure of subunits I, 11, and I1l of cytochrome domain has been determined by X-ray crystallograji, (

bos can be maded). Subunit I, which has the highest and is clearly closely related to the homologous domains of
sequence homologies among the hemepper oxidases, the cytochrpme: omdgses @, 7). Indeed, by S|te-d|recteq
contains both the active site (a hermopper bimetallic ~ Mutagenesis, the Gusite has been restored to the subunit Ii
center) and a low-spin heme component whose function is domain and to cytochromso; (15). We therefore postulate

to transfer electrons to the hemeopper centerl(, 2). The that the role of subunit Il in the quinol oxidases may be
analogous to that of the equivalent subunit in the cytochrome
T This work was supported by a grant from the U.S. Department of ¢ oxidases, i.e., providing electrons to the metal centers

Energy, DEFG02-87ER13716 (R.B.G.), and by the Academy of Finland \ithin subunit 1. However, whereas cytochromis water-
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Subunit Il has two transmembrane helices, both in contact The parent DNA template was nicked and digested with 1

with subunit I, and the hydrophilic domain sits on the top of
subunit | (on the periplasmic surface for cytochrob)

uL each ofMspl andHhal for 45 min, followed by 1uL of
exonuclease Il at 37C for 45 min. The mixture was heated

and forms a cap over the heme centers that is essentially ato 70°C for 10 min, and then transformed into strain Imr

the membrane interfacé,(7). Support for a role for subunit
II'in the binding of ubiquinol in cytochromko; is provided
by the use of a photoreactive substrate analogue, azido
(16, 17). Upon photolysis in the presence of purified
cytochromebo;, azido-Q is covalently linked to subunit I
(16). To further localize the binding site for ubiquinol within
subunit I, we tried two approaches. In one, we used the
covalent attachment of azido-Q, presumably at a ubiquinol-
binding site, to identify a peptide likely to participate in
ubiquinol binding. By mass spectroscopy, a trypsin fragment
consisting of residues 16878 of Subunit Il was determined
to be linked to azido-Q 17). In the second, parallel

which allows methylated DNA to be propagated.
Once the desired mutations were identified on M13 phage

'Qoy single-stranded DNA sequencing, the fragments contain-

ing the mutations were cloned back intyo operon in
plasmid pMC31 20). After subcloning, all mutations were
confirmed by double-stranded DNA sequencing. GL1) (
was used to propagate both wild-type and mutant plasmids.

Complementation Analysis of the Mutant Plasmicze-
netic complementation was conducted with the procedure
previously described?Q). The host strain used for comple-
mentation analysis was either RG1Z8)( or GO105 @2),

approach’ we used site-directed mutagenesis' directed aWh|Ch cannot grOW aerobica”y on nonfermentable substrates

selected residues within subunit I, to determine which
residues are functionally important and might be involved
in ubiquinol binding. Here, we report the results of the
mutagenesis study. Of the 24 different sites within subunit
Il that we altered by mutagenesis, only 1 (residue W136)

appeared to be functionally important and was thus poten-

tially a candidate for direct involvement in the binding of
ubiquinol.

MATERIALS AND METHODS
Materials. The restriction enzymeKpnl, Sal, Hindlll,

because of mutations in both thgoandcydoperons of the
chromosomes. Overnight aerobic growth on succinate-
lactate-minimal plates at 37C was the criterion used to
determine the presence of a functional cytochrdiog

Cell Growth and Membrane PreparatiorStrain GO105
(22) was used as the host strain for further characterization.
Typically, a single colony harboring a mutant plasmid or
the wild type was inoculated into 10 mL of liquid LB
supplemented with ampicillin (10@g/mL) and kanamycin
(50 ug/mL). After overnight aerobic growth, the 10-mL
culture was used to inoculatl L of LB with 0.3%

andMsp were purchased from Bethesda Research Labora-p | -lactate, 200uM CuSQ,, and the antibiotics mentioned

tories (BRL) . The restriction enzyni¢hal, T4 DNA ligase,
and T4 DNA kinase were from New England Biolabs. T4

above. The cells were grown at 3C in 2-L baffled flasks
with vigorous shaking. After the cell density was increased

DNA polymerase, exonuclease lll, and sequenase kits werepy ~.70 Klett units (determined with a red filter), the cells

obtained from U.S. Biochemicals. The nucleotides dATP,
dGTP, dCTP, dTTP, andMe-dCTP were from Pharmacia
LKB Biotechnology. ATP and phenylmethylsulfonyl fluo-
ride (PMSF) were from Sigma. Oligonucleotides used for
mutation or sequencing were obtained from the Biotechnol-
ogy Center at the University of lllinois. Ubiquinone-1 was
a gift from Hoffmann-LaRoche AG (Basel, Switzerland).
Mutagenesis. Single-stranded M13 DNA was prepared
according to the procedures of Messing and colleagl@®s (
Mutagenesis was performed as describ&é),(with the
following modifications. The mutagenic primer {5 pmol)
was 3-phosphorylated with 1 unit of T4 nucleotide kinase
in a 30uL reaction containing 100 mM Tris-HCI, 10 mM
MgCl,, 7 mM dithiothreitol, and 1 mM ATP, at pH 8.0. After
incubation at 37C for 30 min, the reaction was stopped by
heating to 70°C for 10 min. We then mixed 2L of 0.1
ug/uL M13 DNA template with 2uL of the above reaction
mixture, added L of H,O and 1uL of 10x React 2 (BRL)
buffer (500 mM Tris-HCI, 100 mM MgGl and 500 mM
NaCl, pH 8.0) and incubated the mixture at®5for 5 min.
After the mixture cooled at room temperature for 15 min,

were harvested by centrifugation and then washed with 10
mM Tris-HCI, pH 8.0. The washed cells from a 1-L culture
were resuspended in 20 mL of buffer containing 10 mM Tris-
HCI, 0.5 mM PMSF, leupeptin 0.6g/mL, 5 mM MgSQ,

and DNAse 4ug/mL. The cell suspension was passed twice
through a French pressure cell at 1200 psi (8.28 MPa), and
cell debris and most of the outer membrane were removed
by centrifugation at 90@®for 30 min, followed by a second
centrifugation at 25 0Gfor 30 min. The supernatant was
centrifuged at 160 0@Pin a 60-Ti rotor for 1.5 h. The red
cytoplasmic membranes were collected and homologized in
2 mL of ice-cold 50 mM potassium phosphate buffer (pH
7.5) with leupeptin (0.5xg/mL) for subsequent characteriza-
tion.

Oxidase Actiity Assay. Ubiquinol-1 oxidase activity at
37°C was measured with a model 53 YSI oxygen electrode
(Yellow Springs Instrument Co., Yellow Springs, OH) and
a temperature-controlled 1.8-mL electrode chamber (Gibson).
The buffer for this assay on membrane samples was 50 mM
Tris and 1 mM EDTA, pH 7.4, containing 2 mM dithio-

the second DNA strand was synthesized by adding to theerythritol and 15QuM ubiquinone-1. For assays with the

same tube @L of 10x React 1 (BRL) buffer (500 mM Tris-
HCl and 100 mM MgC], pH 8.0), 19uL of mixed dNTPs
solution (1.33 mM each of dATP, dGTP, dTTP, and
5-methylated-dCTP, plus 2.67 mM ATP) Ll of T4 DNA
ligase, and 5 units of T4 DNA polymerase. Water was added
to the mixture to bring the total volume to 10Q.. After
incubation for 90 min at 37C, the extension and ligation
reactions were terminated by incubation at@Xor 10 min.

purified oxidase, the buffer contained 50 mM Hepes, 1 mM
EDTA, 0.01% dodecyl maltoside, 2 mM dithiothreitol, and
150 uM ubiquinol-1 (pH 7.4). The concentration of,@n

the air-saturated buffers at this temperature was assumed to
be 250uM. The reaction was initiated by injectingi&. of
appropriately diluted membrane preparations or pure en-
zymes. The background drift prior to the addition of
oxidases was subtracted from the results.
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Ficure 1: Sequence alignment of subunit Il of the bacterial quinol oxidases. Residues that are totally conserved are boxed. The sequences

are from the quinol oxidases frof. coli (4), Acetobacter acetf35), Bacillus subtilis(36), andP. denitrificans(37).

Protein Purification:Wild type and W136A mutants were
purified according to the published procedure of Minghetti

et al. 3.

Proton Pumping AssayProton pumping was measured

as previously describe@4, 25.

Miscellaneous.Protein concentration was determined with
the bicinchoninic acid method (Pierce Chemical Co.). Opti-
cal spectroscopy was carried with a DW2000 tVis

previously described2g).
RESULTS

of residues within subunit Il of cytochrontm; for structural

or functional importance.

alignment of four ubiquinol oxidases within the heme
copper superfamily. Excluded from this list are the quinol the periplasmic COOH-terminal domain, i.e., encompassing
oxidases from the archaebacteria, which have unique properthe other two clusters of conserved residues: D135 to Q145

ties and are grouped in a separate phylogenetic categjory (

29). As Figure 1 shows, a number of residues are conserved
within the quinol oxidases; some of these are also highly
conserved in the cytochrome oxidases (not shown).
Although residues common to the quinol oxidases are
scattered throughout the sequences, three clusters are ap-
parent, roughly E89 to 199, D135 to Q145, and Y184 to
M189 (E. coli numbering). By comparison with the struc-
tures of the cytochrome oxidases¥, 7, 8, we determined
spectrometer (SLM Instruments). The heme composition of the first cluster (E89 to 199) to be located near the
purified mutant cytochroméo; oxidases was analyzed as cytoplasmic side of the membrane within the second trans-
membrane helix. Therefore, those residues are not likely to
be involved in the binding of ubiquinol, which is expected
to be oxidized at the periplasmic surface of the membrane.
Site-directed mutagenesis was used to screen a large sdProtons from the oxidation of ubiquinol are released into
the bacterial periplasm9( 30, and the metal centers are

Figure 1 shows a sequence located toward this side of the membrage®). Therefore,
we selected the targets for mutagenesis from residues within

and Y184 to M189 (Figure 1). The selected residues do not
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Table 1: Summary of Properties of Site-Directed Mutants of 0.016 b
Subunit 1l of Cytochromebos 0.014] e W136A
relative relative 0.012 o WT
comple- oxidase specific  expressiofy Kwm, ' 1
mutant  mentation activity?, % % uM 0.01
WT yes 100 100 38 E
D135N yes 118 90 56 2 0.008
W136A yes 72 99 242 0.006
K137M yes 95 93 44 ]
w138V yes 63 52 45 0.004
F139A yes 72 88 39 1
F140A yes 95 106 59 0.002
Y142F yes 95 83 48 O:
R
;igx {/Zz 1%35 58% 3;316 0 002 004 006 008 01 0.12
E144Q ves 120 64 67 _ s
Q145A yes 97 84 73 Ficure 2: A Lineweaver-Burk plot showing the dependence of
T149A yes 95 104 58 the steady-state kinetics of the ubiquinol-1 oxidase activity on the
P156A yes 97 83 37 concentration of ubiquinol-1 for the purified wild type (WT) and
V170A yes 109 64 66 W136A mutant of cytochroméo;. The data were analyzed to
P177A yes 118 76 81 obtain theK,, values, which are threefold higher for the W136A
Y184F yes 94 67 34 mutant. TheK, values in Table 1 were obtained by using
Y184V yes 106 69 43 membrane-bound enzymes, in which case there is a sixfold increase
A185V yes 102 103 59 due to the W136A mutation.
M186A yes 104 108 75
G188A yes 103 86 52 Table 2: Proton Pumping Stoichiometry of Selected Mutants of
M189A yes 117 93 54 Cytochromebos
Y203A yes 98 101 63
Y203F yes 109 115 31 H*/e™
G205A yes 110 79 65
Y210F yes 100 115 61 mutant pH 6.0 pH 7.0 pH 8.0
G212A yes 76 81 45 WT 1.6-2 1.3-1.6 1-1.3
M218A yes 88 90 59 W136A 1.719 1518 1
2 - — - - W138V 1.7~1.85 1.3-1.7 0.9
The specific activity of the wild-type oxidase from the parent Y142F 1.5-2 1.4-15 1-1.3

plasmid was taken as 100%. Ubiquinol-1 oxidase activity was expressed
per mole of CO-binding hemes0All assays were performed with
membrane preparationDetermined by the relative CO-binding units ~ was also determined by using the purified wild-type and
in membrane samples, using an absorptivity of 135 Thivh™. W136A mutant oxidases. Each has an identical maximal
turnover number\{may, ~1200 electrons per second, but the
include all of those that are conserved in the quinol oxidases Kn for ubiquinol-1 is threefold higher for the W136A mutant
in this region but are spread through the region fre80 (Figure 2). The reason the influence of the mutation is less
to 230. The residues were also selected without regard forafter purification (threefold increase iKy) than in the
their positions in the structure of the hydrophilic domain of membrane-bound form (sixfold increase) is not known, but
subunit 1l of cytochromebos (14) to provide a potentially ~ both increases ik, were consistent, as determined with
wider range of phenotypes. In addition, several of the several independent preparations of the enzyme.
residues selected are not fully conserved. Although no other mutants showed a significant change
Table 1 summarizes the properties of the mutants. All of in theKg, for quinol, two mutations displayed a lower specific
the mutants are expressed to approximately the same amourfictivity than that of the wild type: W138V and Y142V (but
and are functional, both by genetic complementation and by Not Y142F) (Table 1). In each case, the strains harboring
biochemical assay. Since a subtle perturbation to the these mutant oxidases grew slowly, and the specific quinol
ubiquinol binding site might not be apparent in a single Oxidase activities were-60% of that of the wild type.
measurement of catalytic velocity, we determined the However, theKy for ubiquinol-1 was not altered in either
dependence of activity on the concentration of ubiquinol-1. case. As with W136A, neither W138V nor Y142F showed
The data in all cases could be interpreted in terms isf,a  any spectroscopic perturbations.
for ubiquinol-1. As shown in Table 1, only the W136A  Finally, proton pumping assays (at pH 6.0, 7.0, and 8.0)
mutation had &, significantly different from that of the ~ were performed with cells containing the W136A mutant
wild-type control. The W136A mutation had a sixfold and with cells containing W138V or Y142F (Table 2). No
increase of th&, of the oxidase for ubiquinol-1, consider-  difference from wild-type behavior was observed. These
ably more than the fluctuations ik, values observed for ~mutations have no influence on the proton pumping stoi-
the other mutant oxidases. chiometry of cytochroméo; or on its pH-dependenc2y).

The W136A oxidase was solubilized and purified for
further analysis. Spectroscopic studies, including the reduced-DISCUSSlON
minus-oxidized spectrum and the CO-reduced-minus-reduced Our motivation in this study was to obtain information
spectrum, showed no difference from the results for the wild- about the location of the ubiquinol-binding site(s) of cyto-
type oxidase. There is thus no indication of any perturbation chromebaos;, given the finding that a photoreactive ubiquinol
to either the low-spin heme or the hemeopper binuclear  analogue, azido-Q, covalently labels subunit1f)( Pre-
center. The dependence of the ubiquinol-1 oxidase activity sumably, some of the residues making up the ubiquinol-
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Cuy 165-178

5
Ficure 3: Structure of the hydrophilic COOH-terminal domain of
subunit 1l of cytochromébo; from E. coli (14). The location of
tryptophan-136 is indicated along with the peptide that has been
implicated in the binding site for ubiquinolLY). Also shown is
the reconstructed site where the bimetalliGite is located. This
redox site is not present in wild-type cytochrotye but is present
in the related cytochrome oxidases.

binding site would be common to the set of related quinol
oxidases. The sequence alignment of subunit Il of the
ubiquinol oxidases indicates a number of conserved residues
some of which are also common to the much larger set of
the related cytochrome oxidases. Residue C25 is one of
the residues conserved in the set of four quinol oxidases.
We previously showed3() that in theE. coli oxidase the
posttranslational processing results in cleavage of the protein
C25 and covalent addition of lipids to this residue, anchoring
the modified NH-terminus of the subunit to the membrane.
However, this NH-terminal modification is not important
for the interaction of the enzyme with ubiquin@1j).

Of the 27 mutants examined in the current study, only
the W136A mutation resulted in a significant, albeit modest,
effect on theK, of ubiquinol-1. We conclude that W136 is
probably located at or very close to a ubiquinol-binding site
in cytochromebos. Concurrent with this work, we also
determined that the azido-Q photolabel covalently binds to
peptide residues 165178 in subunit Il, implicating some
portion of this peptide in the binding of ubiquind'q). Figure
3 shows a model of the structure of cytochrornes,
highlighting both this peptide as well as W136. Clearly,

these are close to each other, which suggests a ubiquinol- o,

binding site near the interface between subunits | and II.
Since quinol is oxidized by the metal centers in subunit I,
and since the binding site must be accessed from the lipid
bilayer, this location for the binding site is plausible. Some
evidence suggests that cytochroim@ contains two sites

for binding ubiquinol 82, 33: One site has high affinity
and appears not to readily exchange with free ubuqia®| (
34), whereas the second site has lower affinity and appears
to be a traditional substrate-binding site. Presumbly, W136A
perturbs the low-affinity site, which would be expected to
result in an altered, for the substrate. A model of this
site has been generated by molecular modeling, docking a
ubiquinone close to both W136 and the peptide -16%8

(17). Four of the seven residues that were predicted to be
within 5 A, but further than 3 A, from the docked quinone
were coincidentally altered by mutagenesis in the current
work: D135, V170, Y210, and M218. The mutations at
these sites (Table 1) did not alter tKg, for ubiquinol-1,

Ma et al.

however, which suggests they are not directly involved in
or required for the binding of ubiquinol, presumably because
they are too far away. Additional sites will be targeted for
mutagenesis to further examine the model.

The current data are also consistent with recent studies
from the group of Anraku (Sato-Watanabe et al., unpub-
lished) in which mutants resistant to quinol analogues were
isolated and mapped. Given that these mutations were all
within the hydrophilic domain of subunit I, the work
independently suggests a quinol-binding site in the region
near W136 and the Gudomain.

Of particular interest, the residue equivalent to W136 in
the cytochrome oxidase fromP. denitrificans W121, has
been shown to be functionally important in mediating
electron transfer from cytochronteto Cus (11). W121 is
located within the binding domain for cytochroraen the
surface of subunit Il. A significant role for W136 in the
substrate-binding site of cytochrorhe; would represent an
interesting functional evolution from the cytochronoe
oxidases to the quinol oxidases.
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