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Abstract

Coq3 O-methyltransferase carries out both O-methylation steps in coenzyme Q (ubiquinone) biosynthesis. The degree to
which Coq3 O-methyltransferase activity and expression are dependent on the other seven COQ gene products has been
investigated. A panel of yeast mutant strains harboring null mutations in each of the genes required for coenzyme Q
biosynthesis (COQ1^COQ8) have been prepared. Mitochondria have been isolated from each member of the yeast coq
mutant collection, from the wild-type parental strains and from respiratory deficient mutants harboring deletions in ATP2 or
COR1 genes. These latter strains constitute Q-replete, respiratory deficient controls. Each of these mitochondrial
preparations has been analyzed for COQ3-encoded O-methyltransferase activity and steady state levels of Coq3 polypeptide.
The findings indicate that the presence of the other COQ gene products is required to observe normal levels of O-
methyltransferase activity and the Coq3 polypeptide. However, COQ3 steady state RNA levels are not decreased in any of
the coq mutants, relative to either wild-type or respiratory deficient control strains, suggesting either a decreased rate of
translation or a decreased stability of the Coq3 polypeptide. These data are consistent with the involvement of the Coq
polypeptides (or the Q-intermediates formed by the Coq polypeptides) in a multi-subunit complex. It is our hypothesis that a
deficiency in any one of the COQ gene products results in a defective complex in which the Coq3 polypeptide is rendered
unstable. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Coenzyme Q (ubiquinone or Q) is a prenylated
benzoquinone lipid that is found in membranes
throughout the cell, and functions in a wide variety
of enzyme-mediated redox reactions. Q is best appre-
ciated for its role in respiratory metabolism, where it

functions in the inner mitochondrial membrane of
eukaryotic cells as a transporter of electrons and
protons in complexes II and III [1]. Q also functions
in a trans-plasma membrane electron transport,
where it enables cells to reduce extracellular com-
pounds, such as ascorbyl radicals [2,3]. This plasma
membrane redox function of Q appears to play an
important role in cells with defects in mitochondrial
respiration, where it participates in pathways that
oxidize NADH, in order to regenerate NAD� for
glycolytic metabolism [4]. In the inner membrane of
Escherichia coli, Q functions in the trans-plasma
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membrane electron transport system that plays a
dual role in both respiration and in the introduction
of disul¢de bonds in periplasmic proteins mediated
by the dsb system [5,6]. The redox chemistry of Q
also enables it to function as a potent antioxidant,
where it has the capacity to act directly as a chain
terminating antioxidant or can act in concert with K-
tocopherol by reducing K-tocopheroxyl radicals [7].

In general, cells rely on de novo biosynthesis for
their supply of Q [8]. The yeast Saccharomyces cere-
visiae provides a valuable model for characterizing
the eukaryotic Q biosynthetic pathway. The avail-
ability of eight complementation groups of Q de¢-
cient mutants has greatly facilitated the recovery and
characterization of the genes required for Q biosyn-
thesis [9,10]. As shown in Fig. 1, Q is synthesized
from the precursors 4-hydroxybenzoic acid and poly-
isoprene diphosphate [8]. The 4-HB:polyprenyldi-
phosphate transferase, encoded by the COQ2 gene
[11], generates compound 5 in both the yeast and
rat Q biosynthetic pathway. Further modi¢cations
of the aromatic ring involve a decarboxylation step,
three hydroxylation steps and three methylation

steps to produce the fully substituted benzoquinol
ring, QH2. Both the C- and O-methyltransferases
involved in Q biosynthesis have been identi¢ed [12^
14]. The Coq3 polypeptide carries out both O-meth-
ylation steps in Q biosynthesis [15].

The Coq3 polypeptide is located within the matrix
of the mitochondria, where it is peripherally associ-
ated with the inner membrane [15]. The other Coq
polypeptides are also localized to mitochondria [10].
Attempts to solubilize Coq3p in an active form from
yeast mitochondria have not yet been successful [15].
In addition, expression of yeast Coq3p in E. coli
ubiG mutants (de¢cient in both O-methyltransferase
steps of Q biosynthesis; [16]) does not restore Q bio-
synthesis, nor does it generate detectable O-methyl-
transferase activity with either the farnesylated ana-
log of 6 (Fig. 1) or with the prokaryotic farnesylated
catechol substrate (A.Y. Hsu, unpublished data). To-
gether, these data indicate that Coq3p may require
other yeast polypeptide components for its activity
or stability.

Several lines of evidence argue for an interdepend-
ence of the COQ gene products: (1) a single early

Fig. 1. The eukaryotic Q biosynthetic pathway. Dimethylallyl diphosphate (1) and isopentenyl diphosphate (2) provide the precursors
for the assembly of all-trans polyprenyl diphosphate (3), as catalyzed by Coq1. The prenylation of 4-hydroxybenzoic acid (4) is cata-
lyzed by Coq2 to form 3-polyprenyl-4-hydroxybenzoic acid (5). The other intermediates in the pathway are 3,4-dihydroxy-5-polypre-
nylbenzoic acid (6), 3-methoxy-4-hydroxy-5-polyprenylbenzoic acid (7), 2-polyprenyl-6-methoxy-phenol (8), 2-polyprenyl-6-methoxy-
1,4-benzoquinol (9), 2-polyprenyl-3-methyl-6-methoxy-1,4-benzoquinol or 5-demethoxyubiquinol (10), 2-polyprenyl-3-methyl-5-hydroxy-
6-methoxy-1,4-benzoquinol or demethyl-QH2 (11), coenzyme QnH2 (12). In S. cerevisiae, n = 6 and compound 5 is referred to as 3-hex-
aprenyl-4-hydroxybenzoate (HHB). S. cerevisiae gene products are identi¢ed as Coq.

BBAMCB 55599 31-3-00

A.Y. Hsu et al. / Biochimica et Biophysica Acta 1484 (2000) 287^297288



intermediate in the Q biosynthetic pathway (5) accu-
mulates in strains harboring mutations in COQ3,
COQ4, COQ5, COQ6, COQ7 or COQ8, suggesting
that the absence of one COQ gene product prevents
the function of the others [17]; (2) a yeast strain
harboring a point mutation in the COQ7 gene
(coq7-1 ; G104D) accumulates intermediate 10, while
yeast strains harboring null alleles of coq7 produce
only 5, the earlier intermediate [18]; and (3) yeast
strains harboring certain point mutations in the
COQ5 gene are rescued by expression of the E. coli
Coq5 homologue, UbiE, however, the presence of E.
coli UbiE does not rescue mutant strains harboring
null alleles of coq5 [19]. These ¢ndings are compat-
ible with the coordinate regulation of the COQ gene
products, in a manner that is similar to the synthesis
of £agella proteins [20]. Alternatively, the distinct
phenotypes manifested by yeast strains harboring ei-
ther null or point mutations are compatible with a
multi-subunit complex of the COQ-encoded en-
zymes. Precedent for this second scenario is provided
by the multi-subunit complexes of the respiratory
electron transport chain. For example, yeast strains
harboring mutations in one of the structural genes of
complex IV, cytochrome oxidase, contain markedly
decreased steady state levels of several of the other
components of complex IV, due to their rapid pro-
teolytic degradation [21]. Such rapid proteolytic deg-
radation of the unassembled components is also ob-
served in strains containing mutations in genes
encoding subunits of complex III (QH2-cytochrome
c reductase) [22], complex II (succinate dehydrogen-
ase) [23] and in complex V (F1/F0 ATPase) [9].

The degree to which O-methyltransferase activity
and expression are dependent on the other COQ
gene products is the subject of this present study.
A complete panel of yeast coq null mutants have
been prepared, and the e¡ect of the null mutations
on the COQ3-encoded O-methyltransferase activity,
polypeptide and RNA levels has been evaluated. The
data presented here indicate that Coq3 O-methyl-
transferase activity and polypeptide levels depend
on the presence of each of the other COQ gene prod-
ucts. At present, we favor the model that the low
steady state level of the Coq3 polypeptide results
from its enhanced degradation, resulting from either
a defective or unassembled complex of Q biosyn-
thetic enzymes.

2. Materials and methods

2.1. Yeast strains and growth media

The genotypes and sources of the mutant and
wild-type yeast strains are shown in Table 1. Media
for growth of yeast were prepared as described [12].
Yeast null mutant strains were generated by the one-
step gene replacement procedure [28]. Segments of
DNA containing either disruption or deletion muta-
tions of the targeted genes were either generated
from plasmids containing the null mutation or were
PCR-ampli¢ed from the genomic DNA of designated
null mutants. The deletion mutation in the COR1
gene was constructed by replacing a 0.25 kb KpnI/
XbaI fragment internal to the COR1 open reading
frame (ORF) (1.37 kb) with a 1.7 kb HIS3 cassette
as described [25]. A deletion in the ATP2 gene was
prepared by removal of the 0.84 kb BamHI/KpnI
fragment internal to the ATP2 ORF and insertion
of a 2.9 kb LEU2 cassette [26]. Disruption mutations
were introduced in the COQ1 and COQ2 genes by
the insertion of a 1.15 kb HIS3 into CvnI and PstI
sites of the respective ORFs. Deletion of either the
COQ3, COQ5 or COQ7 gene was performed as de-
scribed [14,12,18,27]. Disruption of the COQ4 gene
was generated by the insertion of a 0.85 kb TRP1
cassette into the SphI site of COQ4 ORF (accession
number AF005742, GenBank) (A.Y. Hsu, unpub-
lished data). A 0.414 kb BglII fragment containing
part of the COQ6 ORF (3146 to +268, accession
number AF003698, GenBank) was replaced with a
1.7 kb HIS3 cassette to construct both W303vG63
and CENvCOQ6 (A. Tzagolo¡, unpublished data).
W303vCOQ8 and CENvCOQ8 were generated by
replacement of a 1.1 kb A£II/SunI fragment internal
to the COQ8 ORF with a 1.15 kb HIS3 cassette as
described (T.Q. Do and A.Y. Hsu, unpublished
data). The presence of the gene disruption allele in
each strain was indicated by the lack of growth on
non-fermentable carbon sources, rho� status and
veri¢cation of the presence of the disrupted allele
by either Southern blotting or by PCR analysis of
genomic DNA.

2.2. Preparation of mitochondria

Yeast strains were grown at 30³C in YPGal (1%
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yeast extract, 2% peptone and 2% galactose) to an
OD600 of 4.0, and mitochondria were isolated ac-
cording to Ya¡e [29]. The ¢nal mitochondrial pellets
were resuspended in mitochondria isolation bu¡er
(0.6 M mannitol, 20 mM HEPES^KOH, pH 7.4)
with 0.5 mM PMSF and 10% glycerol (v/v) and
stored in aliquots at 380³C. In selected preparations,
protease inhibitors were included during cell lysis,
mitochondrial isolation and storage at the following
¢nal concentrations: benzamidine, 1.0 mM; pepsta-
tin, 2 Wg/ml; and leupeptin, chymostatin, aprotinin
and antipain each at 1 Wg/ml. The protein concen-
trations of the mitochondria samples were deter-
mined by the BCA method (Pierce), and the same
concentration of glycerol was used in preparing a
standard curve to correct for the glycerol interference
with the BCA assay.

2.3. In vitro O-methyltransferase assay

Each reaction mixture (250 Wl) contained 50 mM
sodium phosphate, pH 7.0, 1.0 mM ZnSO4, 0.2 mM

3,4-dihydroxy-5-farnesylbenzoic acid (in 5 Wl metha-
nol), 100 Wl of the mitochondrial suspension (con-
taining from 0.70 to 1.00 mg protein) and 60 WM
of radiolabeled S-adenosyl-L-[methyl-3H]methionine
(NEN-DuPont, speci¢c activity was adjusted to 560
mCi/mmol with unlabeled S-adenosyl-L-methionine,
Sigma). The reactions were carried out at 30³C for
60 min with mitochondria isolated from coq null mu-
tant strains, and 30 min for reactions containing mi-
tochondria isolated from wild-type, atp2 or cor1 mu-
tants. These times were found to be within the linear
range of the O-methyltransferase assay. To terminate
the reaction, 2 Wl of glacial acetic acid was added,
and lipids were extracted twice with 0.5 ml of chloro-
form. The extract was then dried under a stream of
N2 gas, resuspended in methanol and analyzed by an
isocratic reverse phase high performance liquid chro-
matography system with C18 column (Alltech Li-
chrosorb, 5 WM, 4.6U250 mm) and 9:1 methanol/
water as mobile phase at a £ow rate of 1 ml/min as
described by Poon et al. [15,30]. One ml fractions
were collected, mixed with 10 ml of £uor (Safety

Table 1
Genotypes and sources of S. cerevisiae strains

Strains Relevant genotype Source or reference

D273-10B MATK, met6 [24]
W303.1A MATK, ade2-1, his3-11, leu2-3,112, trp1-1, ura3-1 R. Rothsteina

W303.1B MATK, ade2-1, his3-11, leu2-3,112, trp1-1, ura3-1 R. Rothsteina

KW303vCOR1 W303-1B, cor1: :HIS3 [25]
CC304.1 W303-1B, atp2: :LEU2 [26]
W303vCOQ2 W303-1A, coq2: :HIS3 [11]
CC303 W303-1B, coq3: :LEU2 [26]
W303vCOQ4 W303-1A, coq4: :TRP1 This work
W303vCOQ5 W303-1B, coq5: :HIS3 [12]
W303vG63 W303-1B, coq6: :HIS3 A. Tzagolo¡b

W303vCOQ7 W303-1B, coq7: :LEU2 [18]
W303vCOQ8 W303-1A, coq8: :HIS3 This work
CEN.PK2-1C MATK, ura3, his3, leu2, trp1 [27]
CENvCOR1 CEN.PK2-1C, cor1: :HIS3 This work
CENvATP2 CEN.PK2-1C, atp2: :LEU2 This work
CENvCOQ1 CEN.PK2-1C, coq1: :HIS3 This work
CENvCOQ2 CEN.PK2-1C, coq2: :HIS3 This work
CENvCOQ3 CEN.PK2-1C, coq3: :LEU2 This work
CENvCOQ4 CEN.PK2-1C, coq4: :TRP1 This work
CENvCOQ5 CEN.PK2-1C, coq5: :HIS3 This work
CENvCOQ6 CEN.PK2-1C, coq6: :HIS3 This work
CEN.MP3-1A CEN.PK2-1C, coq7/cat5: :HIS3 [27]
CENvCOQ8 CEN.PK2-1C, coq8: :HIS3 This work
aDepartment of Human Genetics, Columbia University, New York, USA.
bDepartment of Biological Sciences, Columbia University, New York, USA.
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Solve, RPI, Mount Prospect, IL, USA) and subjected
to scintillation counting. The counting e¤ciency of
3H was 40.5%. Radioactivity present in fractions 7^9
(or in some analyses 8^10) represented material that
co-eluted with the methylated product standard, 3-
methoxy-4-hydroxy-5-farnesylbenzoic acid. The sum
of the radioactivity in these fractions, minus the
background radioactivity (de¢ned as fractions 6, 11
and 12), was used to calculate the Coq3 O-methyl-
transferase activity (expressed as cpm/mg protein/h).

2.4. Western analysis of Coq3 polypeptide

Equal amounts of protein from isolated mitochon-
dria were separated by electrophoresis on 12% poly-
acrylamide sodium dodecyl sulfate (SDS)^Tris^gly-
cine gels and subsequently transferred to Hybond
ECL nitrocellulose (Amersham Pharmacia Biotech).
Western analysis with the ECL system was carried
out as described by Amersham Pharmacia Biotech
except that 10 mM Tris, pH 8.0, 154 mM NaCl,
0.1% Triton X-100 was used as the washing bu¡er.
A¤nity-puri¢ed antibodies to a GST-Coq3 fusion
protein [15] were used at a ¢nal concentration of
1.0 Wg/ml, and alkaline phosphate-conjugated goat
anti-rabbit secondary antibodies (Amersham Phar-
macia Biotech) were used at a 1:2000 dilution.

2.5. RNA isolation and Northern analysis

Yeast total RNA was isolated from the yeast
strains prepared from the CEN.PK2-1C background
as listed in Table 1. Yeast was grown in YPGal me-
dia, incubated at 30³C with shaking, harvested when
cell density reached an OD600 of 1.0 and RNA was
isolated by the hot acidic phenol method as described
[31]. RNA was analyzed by electrophoresis on form-
aldehyde gels [32], transferred to Biodyn (ICN) nylon
membranes and baked for 2 h at 80³C. A DNA
segment containing the COQ3 gene was ampli¢ed
by PCR with primers pBC3-1 (5P-TAAATTTCT-
GAGCTCGCCCCCGGGTATTTCATTTG-3P) and
pBC3-2 (5P-CGCGGGATCCATTCAGTCTCTGA-
ATAGCCA-3P) and genomic DNA from the wild-
type yeast strain D273-10B. The resulting PCR prod-
uct, containing the entire COQ3 ORF and 650 bp 5P
non-coding sequence, was labeled by random prim-
ing with [K-32P]dCTP (3000 Ci/mmol, ICN Biochem-

icals) and the Oligolabeling kit (Amersham Pharma-
cia Biotech). Unincorporated nucleotides were
eliminated with NucTrap push column (Stratagene).
An actin speci¢c probe was prepared similarly by
PCR with forward primer pACT1 (5P-ATGTG-
TAAAGCCGGTTTTGC-3P) and reverse primer
pACT2 (5P-TTAGAAACACTTGTGGTGAA-3P) to
generate 1.083 kb yeast actin DNA product contain-
ing the entire ORF for labeling. Hybridization was
performed at 57³C for 18 h as described [33]. Blots
were washed twice with 2USSC, 0.1% SDS at room
temperature, and twice for 15 min each (55³C) with
0.2USSC, 0.1% SDS, and analyzed with a phosphor-
imager (Molecular Dynamics, version 4.0).

3. Results and discussion

3.1. Coq3 O-methyltransferase activity is decreased in
the coq1, coq2, coq4, coq5, coq6, coq7 and coq8
null mutants

Yeast strains were constructed that harbored null
mutations in one of the COQ genes, or in either the
ATP2 or COR1 gene (Table 1). The latter two genes
encode subunits of either complex III (the Cor1 sub-
unit of the bc1 complex) or complex V (the L-subunit
of the F1 ATPase), and provide respiratory de¢cient
control strains [25,34]. Two di¡erent laboratory
`wild-type' yeast backgrounds were employed, in or-
der to assess whether the genetic background might
introduce variability in the assays of O-methyltrans-
ferase activity.

Mitochondria were prepared and assayed for the
amount of O-methyltransferase activity with a farne-
sylated analog of compound 6 (Fig. 1) as substrate,
as described in Section 2. As shown in Fig. 2A, 6 :O-
methyltransferase activity was greatly decreased in
each of the coq null mutants. The 6 :O-methyltrans-
ferase activity was also decreased in the atp2 and
cor1 null mutant strains relative to wild-type, how-
ever, this decrease was not nearly as dramatic as that
observed for the coq mutants. The second O-methyl-
ation step of Q biosynthesis was also assayed in the
coq4 null mutant strain. As observed in assays of the
¢rst O-methyltransferase step, the coq4 null mutant
strains were found to have only 4% of the wild-type
level of 11 :O-methyltransferase activity (data not

BBAMCB 55599 31-3-00

A.Y. Hsu et al. / Biochimica et Biophysica Acta 1484 (2000) 287^297 291



shown). A similar degree of impairment in these two
steps is not surprising, since the Coq3 O-methyltrans-
ferase is responsible for both O-methylation steps of
Q biosynthesis [15].

Assays of 6 :O-methyltransferase activity were also
performed on mitochondria isolated from mutants
constructed in a di¡erent background (CEN.PK2-
1C). As shown in Fig. 2B, there was a consistent
trend among the mutant strains; atp2 and cor1 had
the highest levels of O-methyltransferase activity, fol-
lowed by coq6 and coq4. O-Methyltransferase activ-
ity levels in the coq1, coq2, coq7 and coq8 mutant
strains were signi¢cantly decreased relative to the
cor1 null mutant. However, considerable variation
in the level of O-methyltransferase activity was ob-
served in mitochondria isolated from both yeast
strains, resulting in the large S.D.s shown. We then
investigated the source of this variability. As shown

in the inset of Fig. 2B, the variability cannot be
attributed to the O-methyltransferase assay itself,
since measurements of activity within a given prepa-
ration of mitochondria are reproducible. Puri¢cation
of mitochondria from the coq6 mutant strain in the
presence of various protease inhibitor cocktails was
carried out to address the possibility that mitochon-
dria isolated from the coq mutants exhibit an en-
hanced susceptibility to proteases. However, the in-
hibitors tested (see Section 2) had no e¡ect on
reducing the large variation observed in measure-
ments of 6 :O-methyltransferase activity. The coq mu-
tants are known to be sensitive to certain types of
oxidative stress [26,17] and it seemed possible that
the O-methyltransferase activity might be prone to
oxidative damage. To test this idea, either 0.5 mM
trolox (a water soluble analog of K-tocopherol) or 15
WM Q6 (a concentration which restores growth of
each of the coq mutant strains on non-fermentable
carbon sources) was added to the growth media. In
addition, the e¡ect of freezing and thawing on the
samples was studied. However, none of these adjust-
ments solved the problem of the inherent high vari-
ability experienced in assaying the amount of O-

6

Fig. 2. Yeast mutants harboring deletions in any COQ gene
have decreased levels of Coq3 O-methyltransferase activity.
Yeast coq, atp2 and cor1 null mutants were generated in two
yeast genetic backgrounds, W303 (A) and CEN.PK2-1C (B).
The activity of the Coq3-mediated 6 :O-methyltransferase in mi-
tochondrial preparations from these yeast strains was measured.
The in vitro assays were performed with 3,4-dihydroxy-5-farne-
sylbenzoic acid (6) as the methyl acceptor substrate and S-ad-
enosyl-L-[methyl-3H]methionine as described in Section 2. Fol-
lowing incubation, lipids were extracted and analyzed by
reverse phase high performance liquid chromatography and the
radioactivity was determined in each 1 ml fraction. The radio-
activity co-eluting with the 3-methoxy-4-hydroxy-5-farnesylben-
zoic acid standard, compound 7, provided a measure of O-
methyltransferase activity (expressed as pmol methyl groups/h/
mg protein). The O-methyltransferase activity from each strain
is expressed as percentage of the wild-type activity. A and B
represent the average values ( þ S.D.) from three sets of mito-
chondrial preparations. The average wild-type activity (100%)
in A was 24.48 þ 4.53 pmol/h/mg protein and in B was
7.20 þ 2.37 pmol/h/mg protein. An asterisk (*) designates that
activity is signi¢cantly di¡erent from the cor1v control strain;
P = 0.05. The inset in B shows duplicate determinations of O-
methyltransferase activity for each of two separate preparations
of mitochondria from the coq4 null mutant strain CENvCOQ4.
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methyltransferase activity in the respiration defective
yeast strains. Similar problems with variability in as-
says of NADH oxidase and NADH-cytochrome c
reductase have been reported by others when study-
ing respiration defective yeast mutants [35].

3.2. The steady state level of Coq3 polypeptide is
decreased in coq mutant strains

The above results indicate that the presence of the
other COQ genes is required to observe normal levels
of O-methyltransferase activity. Such a requirement
could re£ect the involvement of the other COQ gene
products in the expression or stability of the Coq3
polypeptide. In order to investigate this possibility,
levels of the Coq3 polypeptide were evaluated by
Western analysis with an antibody speci¢c for yeast
Coq3p [15]. Fig. 3 shows that decreased levels of the
Coq3 polypeptide are present in mitochondria pre-
pared from the coq null mutants. Within the coq mu-
tant panel, Coq3p levels are present at highest levels
in the coq4 and coq6 mutants. When this analysis
was performed with two other sets of independently
isolated mitochondria from the CEN.PK2-1C back-
ground, the same trend was observed. Coq3p levels
were dramatically decreased in the coq mutant panel
relative to wild-type, cor1 or atp2 mutants, but were
highest in the coq4 and coq6 null mutants (Fig. 4).
However, there does not appear to be a strict corre-

lation between the amount of Coq3 polypeptide and
the level of O-methyltransferase activity. This is ap-
parent from the values presented in Fig. 3, legend;
when the O-methyltransferase activity was normal-
ized to the amount of Coq3p, the O-methyltransfer-
ase activity is still greatly reduced. Figs. 2^4 show
that the atp2v and cor1v respiratory de¢cient control
mutant strains appear to have decreased O-methyl-
transferase activity but not a decreased level of
Coq3p. Perhaps in the absence of respiration there
may be a decreased need for coenzyme Q, and the
activity of enzymes in the Q biosynthetic pathway is
subject to repression. In summary, two classes of coq
null mutants can be identi¢ed: (1) those with very
low or absent Coq3p and O-methyltransferase activ-
ity (e.g. coq1, coq2, coq5, coq7 and coq8) ; and (2)
those with relatively high Coq3p and detectable O-
methyltransferase activity (coq4 and coq6).

3.3. COQ3 RNA levels are not decreased in the panel
of coq mutants

To examine the possibility that a lack of one of the
COQ gene products results in a lower level of COQ3

Fig. 3. Analysis of the levels of steady state Coq3 polypeptide
in yeast strains harboring deletions in COR1, ATP2 or one of
the COQ genes. Mitochondria were prepared from wild-type
and mutant yeast strains of the CEN.PK2-1C background as
described in Fig. 2. Samples of mitochondria (100 Wg of pro-
tein) were separated by SDS^polyacrylamide gel electrophoresis
and then analyzed by Western blotting with antibodies to
Coq3p as described in Section 2. The following values designate
the respective levels of O-methyltransferase activity and Coq3
polypeptide expressed as percentage of wild-type (100%): cor1v,
(65/95); atp2v, (39/108); coq1v, (5.0/7.3); coq2v, (3.0/9.9);
coq3v, (1.0/0) ; coq4v, (7.8/47); coq5v, (9.1/20); coq6v, 27.1/61);
coq7v, (2.8/22) and coq8v, (5.0/9.2).

Fig. 4. Yeast mutants harboring deletions in any COQ gene
have decreased levels of steady state Coq3 polypeptide. Three
independent preparations of mitochondria isolated from wild-
type and mutant yeast strains of the CEN.PK2-1C background
were subjected to Western blotting as described in Fig. 3. The
relative amounts of Coq3 polypeptide were quanti¢ed by densi-
tometric scanning with an Alpha Imager 2000 system. The aver-
age þ S.D. (in arbitrary units) is plotted as percent of the signal
present in wild-type yeast. An asterisk (*) designates that activ-
ity is signi¢cantly di¡erent from the cor1v control strain;
P = 0.05.
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RNA, Northern blot analysis was performed. As
shown in Fig. 5, COQ3 steady state RNA levels
are not decreased in any of the coq mutants, relative
to either wild-type or respiratory de¢cient control
strains. In fact, the level of the COQ3 mRNA is
signi¢cantly increased in the coq deletion mutant
panel (coq1, 2, 4^8) and even more so in the atp2
and cor1 deletion mutant strains. These results are
quite striking and are in the opposite direction as
might be predicted from the activity and protein lev-
els of Coq3p. The ¢nding of elevated levels of COQ3
RNA suggests that either the translation of the Coq3
polypeptide is decreased or that Coq3 polypeptide is
produced at normal levels but is less stable.

3.4. Is a multi-subunit complex involved in
Q biosynthesis?

The data presented here show that Coq3p O-meth-
yltransferase activity is greatly decreased in coq1,
coq2, coq4, coq5, coq6, coq7 or coq8 null mutant
strains. The coq null strains also have greatly de-
creased levels of the Coq3 polypeptide, yet levels of
COQ3 RNA are not decreased. The data are consis-
tent with two models: (1) an involvement of the
COQ gene products in regulating the Coq3 polypep-
tide at the level of translation; and (2) an involve-
ment of the Coq polypeptides (or their lipid prod-
ucts) in a multi-subunit complex. In the latter case, a
de¢ciency in any one of the COQ gene products

would result in a defective complex in which the
Coq3 polypeptide is rendered unstable. Analysis of
the rates of Coq3 polypeptide synthesis and degra-
dation should distinguish between these two models.
Our attempts to solubilize Coq3 activity and deter-
mine the native molecular weight by sonication or
detergent treatment have not yet met with success
[15].

We have previously postulated the involvement of
a multi-subunit complex in converting 5 to Q [18].
This model is consistent with the accumulation of 5
as the sole predominant intermediate detected in
each of the coq null mutants (coq3^coq8) [17]. This
model is also consistent with the observation that the
activity of the COQ1 and COQ2 encoded enzymes is
independent of the other COQ gene products [36].
However, it is notable that both the coq1 and coq2
null mutants each have profoundly decreased levels
of O-methyltransferase activity and Coq3 polypep-
tide (Fig. 2^4). Are these polypeptides also part of
the postulated multi-subunit complex? While possi-
ble, this scenario does not seem likely, because
COQ1 homologues from a diverse array of species
have been shown to restore Q synthesis in yeast coq1
null mutants [37,38]. For example, the Haemophilus
in£uenzae ispB gene (GenBank accession no.
U32770; 28% amino acid identity with S. cerevisiae
Coq1) encodes a heptaprenyl diphosphate synthase
in demethyl-menaquinone biosynthesis but does not
participate in Q biosynthesis because H. in£uenzae
does not produce Q [39]. Similarly, the ddsA gene
from Gluconobacter suboxydans encodes a decaprenyl
diphosphate synthase with relatively low sequence
identity to yeast Coq1 (DDBJ accession no.
AB006850; 26% amino acid identity with S. cerevisi-
ae Coq1) [40]. Expression of either the H. in£uenzae
ispB gene or the G. suboxydans ddsA gene in a coq1
null mutant strain of S. cerevisiae restores respiration
and the synthesis of either Q7 or Q10, respectively
[38]. These and other experiments by Okada et al.
[37,38] show that the Q isoform produced (Q5 to
Q10) depends solely on the type of COQ1 homologue
being expressed. It seems unlikely that each of these
distinct Coq1 homologues would function to recon-
stitute a multi-subunit complex. An alternate, more
probable model is that the lipid product formed by
Coq1 and Coq2 (e.g. compound 5) may provide the
component required for the assembly or stability of

Fig. 5. COQ3 RNA levels are not decreased in the other yeast
coq null mutants. Yeast total RNA was prepared as described
in Section 2 and 20 Wg was analyzed on each lane of a denatur-
ing agarose gel and blotted to a nylon membrane. Hybridiza-
tions were performed as described in Section 2 with the 32P-la-
beled probes corresponding to COQ3 (upper panel) or to yeast
actin (lower panel).
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the complex. In this model, the low level of Coq3p
and O-methyltransferase activity detected in the coq1
and coq2 yeast mutant strains may result from the
absence of 5, as opposed to the absence of the Coq1
or Coq2 polypeptides.

Compound 5 is readily detected in wild-type yeast
[30]. In fact, when cells are cultured in glucose con-
taining media in the presence of [U-14C]-4-hydroxy-
benzoic acid and harvested at log phase, there is 4-
fold more radioactivity recovered in 5 than in Q [30].
Compound 5 is also the predominant Q-intermediate
in rat heart mitochondria [41]. While the accumula-
tion of this intermediate may serve as a stockpile of a
biosynthetic intermediate committed to Q, it may
also act as an important component of the Q bio-
synthetic complex and aid in either the assembly or
stability of such a complex. Precedent for this idea
derives from the work by Knoell [42,43] in the study
of Q biosynthesis in E. coli. Although the ubi mu-
tants of E. coli each accumulate distinct intermedi-
ates that are diagnostic of the blocked step [44], there
is evidence that the Ubi polypeptides form a complex
together with a pool of the prokaryotic Q biosyn-
thetic precursor, 2-octaprenyl phenol [42,43].

The genetic analysis of the di¡erent types of coq
yeast mutants indicates that some components may
play relatively peripheral roles in complex assembly
or stability. For example, the yeast COQ3 gene can
be functionally replaced by human, rat, Arabidopsis
or E. coli COQ3 homologues [45^47,16]. In each
case, the rescue is less optimal than with the wild-
type yeast gene; for example, rescue with the human
homologue requires its presence on a multi-copy
plasmid, yet growth is much slower and levels of Q
are decreased about 70% [45]. Similarly, the COQ7
gene can be functionally replaced by human, rat and
Caenorhabditis elegans homologues, when present on
multi-copy plasmids [48^50]. These studies suggest
that certain polypeptide components are readily re-
placed by homologues from di¡erent species, and
that their function in the complex assembly or stabil-
ity may not be critical, or may be indirect (as postu-
lated for Coq1p above). While the rescue of each of
the other coq mutants is still under investigation, it is
clear that the yeast COQ5 gene cannot be replaced
by its E. coli homologue, ubiE. In fact, from the
analysis of speci¢c point mutant alleles, it is clear
that the yeast COQ5 gene product plays a second

function in stabilizing yeast Coq3p [19]. Thus, some
of the components may provide crucial roles in the
assembly or stability of the putative complex, while
others may require the complex for their activity but
are themselves only peripheral components.
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