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1. The polyprenylphenol and quinone complements of the non-photosynthetic
Gram-negative bacteria, Pseudomonas ovalis Chester, Proteus mirabilis and 'Vibrio
01' (Moraxella sp.), were investigated. 2. Ps. ovalis Chester and Prot. mirabilis
were shown to contain 2-polyprenylphenols, 6-methoxy-2-polyprenylphenols, 6-
methoxy-2-polyprenyl-1,4-benzoquinones, 5-demethoxyubiquinones, ubiquinones,
an unidentified 1,4-benzoquinone [2-polyprenyl-1,4-benzoquinone (?)] and 'epoxy-
ubiquinones'. 'Vibrio 01' was shown to contain only 5-demethoxyubiquinones,
ubiquinones and 'epoxyubiquinones'. 3. It was established that in Ps. ovalis
Chester 2-polyprenylphenols, 6-methoxy-2-polyprenylphenols, 6-methoxy-2-poly-
prenyl-1,4-benzoquinones, 5-demethoxyubiquinones and 2-polyprenyl-1,4-benzo-
quinones (?) are precursors of ubiquinones. 4. Intracellular distribution studies
showed that in Ps. ovalis Chester ubiquinone and its prenylated precursors are

localized entirely on the protoplast membrane. 5. Investigations into the oxygen
requirements for ubiquinone biosynthesis by Ps. ovalis Chester showed that the
organism could not convert p-hydroxybenzoic acid into ubiquinone in the absence
of oxygen, although it could convert a limited amount into 2-polyprenylphenols.
6. Attempts were made to prepare cell-free preparations capable of synthesizing
ubiquinone. Purified protoplast membranes of Ps. ovalis Chester were found to be
incapable of carrying out this synthesis, even when supplemented with cytoplasm.
With crushed-cell preparations of Ps. ovalis Chester, organism PC4 (Achromobacter
sp.) and Escherichia coli, synthesis was observed, although this was attributable
in part to a small number of intact cells present in the preparations.

It is now well established that p-hydroxybenzoic
acid is a precursor of ubiquinone in both photo-
synthetic and non-photosynthetic Gram-negative
bacteria (Rudney & Raman, 1966; Whistance,
Dillon & Threlfall, 1969b). In contrast, the path-
way(s) by which this acid is incorporated into
bacterial ubiquinones is (are) not clearly defined.
The greatest advances in respect of the problem
have been made by K. Folkers, H. Rudney and
their co-workers who detected in (Parson & Rudney,
1965), and subsequently isolated from (Olsen et at.

1966; Friis, Daves & Folkers, 1966; Friis, Nilsson,
Daves & Folkers, 1967), the lipids of the photo-
synthetic bacterium, Rhodospirillum rubrum, a

series of decaprenyl-substituted phenols and quin-
ones which are believed to be intermediates in the
biosynthesis of ubiquinone-10 in this organism
(Scheme 1). At present, however, there is experi-

mental evidence of such a role for only two of the
compounds, 2-decaprenylphenol and 6-methoxy-

* Present address: Department of Medical Biochemis-
try, University of Manchester, Manchester, U.K.

2-decaprenylphenol (Parson & Rudney, 1965;
Olsen et al. 1966).

Recently Whistance et al. (1969b) have examined
a number of non-photosynthetic Gram-negative
bacteria for the presence of polyprenylphenols of
the type known to be precursors of ubiquinone in
R. rubrum. Of the 22 organisms examined all (ten) of
the facultative anaerobes and half (six) of the obli-
gate aerobes contained both 2-polyprenylphenols
and 6-methoxy-2-polyprenylphenols, whereas the
other six obligate aerobes contained neither.
Radiochemical studies with p-hydroxy[U-14C]-
benzoic acid provided some evidence that in the
polyprenylphenol-containing organisms, Escherichia
coli, Pseudomonas ovalis Chester and P8eudomonas
fluorescens (the remainder were not examined),
these compounds are ubiquinone precursors. In
addition, it was shown that the latter organisms and
the non-prenylphenol-containing organism 'Vibrio
01' (Moraxella sp.), contain a number of poly-
prenylquinones which become highly labelled on

administration of p-hydroxy[U-14C]benzoic acid.
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Scheme 1. Proposed pathways for the biosynthesis of ubiquinone from p-hydroxybenzoic acid in R. rubrum
(after Daves, Friis, Olsen & Folkers, 1966; Friis et al. 1967).

On the basis of their chromatographic properties
some of these quinones were tentatively identified
as 5-demethoxyubiquinones, a quinone series the
nonaprenyl form of which is known to occur in Ps.
ovalis (Imamoto & Senoh, 1968) and the decaprenyl
form of which is believed to be a ubiquinone-10
precursor in R. rubrum (Friis et al. 1966).

In the present paper further studies on the bio-
synthesis of ubiquinone from p-hydroxybenzoic
acid by the non-photosynthetic Gram-negative
bacteria, Ps. ovalis Chester, Proteus mirabilis and
'Vibrio 01', are described. These investigations
were concemed with (a) the nature of the inter-
mediates on the biosynthetic pathway, and (b) the
intracellular location of ubiquinone and its prenyl-
ated precursors. A preliminary report on some
aspects of this work has appeared previously
(Whistance, Brown & Threlfall, 1969a).

EXPERIMENTAL

Radiochemicals
L-[Me-14C]Methionine (56.8mCi/mmol) and L-[U-14C]-

tyrosine hydrochloride (5.5 mCi/mmol) were obtained from
The Radiochemical Centre, Amersham, Bucks., U.K.
p-Hydroxy[U-'4C]benzoic acid (4.27 mCi/mmol) was
prepared by alkaline fusion of L-[U-_4C]tyrosine (Parson
& Rudney, 1964). The crude product was purified as
described by Whistance, Threlfall & Goodwin (1967).

Biological methods
Source, growth and maintenance of organisms. Pseudo.

monas ovalis Chester (A.T.C.C. 17474) was obtained from
the American Type Culture Collection. Proteus mirabilis
(N.C.I.B. 5887) and 'Vibrio 01' (Moraxella sp.; N.C.I.B.
8250) were obtained from the National Collection of
Industrial Bacteria.

Cells were grown aerobically on the medium described
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BIOSYNTHESIS OF UBIQUINONE IN BACTERIA
by Whistance et al. (1969b). Cultures of up to 10 litres
in volume were grown in a New Brunswick Fermenter
(Whistance et al. 1969b); cultures of greater than 10 litres
in volume were grown in the fermenter assembly described
by Robinson (1964).

All organisms were maintained by periodic subculture
on nutrient agar slopes (Whistance et al. 1969b).

Harve8ting and determination ofdry weight of cell8. These
were accomplished by using the methods described by
Whistance et at. (1969b).

Preparation of protoplast membranes. These were
prepared by an adaptation of a method described by
Nagata, Mizuno & Maruo (1966). After harvesting and
washing by resuspension in 0.05M-tris-HCl buffer, pH 8.0,
the cells (from 21 of growth medium) were suspended in
0.05M-tris-HCI buffer, pH 8.0, containing 1M-sucrose (to
give a turbidity reading of 4 in an EEL colorimeter).
Lysozyme (40,ug/ml) and EDTA (400,ug/ml) were then
added and the suspension was allowed to stand for 30min
at room temperature. At the end of this time the suspen-
sion was centrifuged for 30min at 29700g in a Sorvall
RC-2B refrigerated centrifuge. The resulting protoplast
pellet was resuspended in 50ml of 0.05M-potassium phos-
phate buffer, pH7.0, containing 5mM-MgSO4,7H20 and
then treated with a few crystals of deoxyribonuclease to
lower the viscosity. After standing for 30min the suspen-
sion of lysed protoplasts was centrifuged for 1 h at 94000g
in a Spinco model L preparative centrifuge; this gave a
membrane pellet and a protoplasmic supernatant.
Finally, the protoplast membranes were washed a
further four times with phosphate buffer to ensure the
removal of all traces of protoplasm.

Exposure of cell8 to '4C-labelled 8ub8trates. Washed
cells were suspended in an appropriate volume of 0.05M-
potassium phosphate buffer, pH 7.0, and transferred to a
conical flask containing the radioactive substrate.
Depending on the nature ofthe experiment, the suspension
was then incubated with either (a) shaking on a Gallen-
kamp Orbital Shaker (300rev./min), (b) aeration provided
by bubbling compressed air (21/min) through a coil of
perforated polythene tubing (sealed at one end) lying on
the bottom of the flask, or (c) gently purging with 02-free
N2. Further details are given in the Results section.

Analytical methods
Extraction andpreliminaryfractionation oflipid. The lipid

was extracted from the cells by the procedure ofWhistance
et al. (1969b). A preliminary resolution of the lipid extract
into various isoprenoid phenol- and quinone-containing
fractions was achieved by chromatography on a column
ofacid-washed alumina (Brockman grade III) (M. Woelm,
Eschwege, Germany; anionotropic) developed by stepwise
elution with 0.25, 1, 3, 5, 8, 12 and 20% (v/v) E/P.* The
elution sequence of the compounds under investigation is
given in Table 2.

Purification of quinones and phenols. All the quinones
and phenols studied were purified by a combination of
adsorptive and reversed-phase chromatography on thin-
layers of Kieselgel G (E. Merck A.-G., Darmstadt,
Germany). Details ofthe preparation ofthe thin layers and

* Abbreviation: E/P, solution of diethyl ether in light
petroleum (b.p. 40-60'C).

Table 1. Reversed-phase thin-layer system for the
identification of 5-demethoxyubiquinones and 6-

methoxy-2-polyprenyl-1,4-benzoquinones

Quinones were isolated from Ps. ovalia Chester and
Prot. mirabilis.

Rp values on paraffin-impregnated Kieselgel
G layers developed with aq. 90% acetone

Homologue 6-Methoxy-2-nprenyl-
N n 1,4-benzoquinone
4 tetra
5 penta
6 hexa
7 hepta
8 octa
9 nona

0.50
0.43

Demethoxy-
ubiquinone-N

0.72
0.66
0.60
0.54
0.47
0.38

of the recovery from them of compounds of this nature
have been reported previously (Threlfall & Goodwin, 1967;
Whistance et at. 1969b).

1. Large-scale analysis. (a) 2-Polyprenylphenols and
6-methoxy-2-polyprenylphenols. Details of the purifica-
tion of these compounds have been reported by Whistance
et al. (1969b).

(b) 6-Methoxy-2-polyprenyl-1,4-benzoquinones. The
8%-E/P fraction was chromatographed on thin-layers
(impregnated with Rhodamine 6G) developed with ben-
zene-chloroform (1:1, v/v). In this system, with low plate
loadings, a partial separation of 6-methoxy-2-polyprenyl-
1,4-benzoquinones (RF 0.42) from 5-demethoxyquinones
(RF 0.45) can be achieved. The 6-methoxy-2-polyprenyl-
1,4-benzoquinones were separated from remaining traces
of 5-demethoxyubiquinones and resolved from each other
by chromatography on reversed-phase thin-layers
developed with aq. 90% (v/v) acetone (Table 1). Finally,
to remove paraffin, each homologue was chromatographed
on a thin-layer developed with benzene.

6 - Methoxy - 2 - polyprenyl - 1,4 - Benzoquinones were
characterized on the basis of their u.v. spectra (Fig. 2).
The lengths of their side-chains were determined by
reversed-phase chromatography (Table 1) against a
sample of known chain length (nonaprenyl-; isolated
from Ps. ovalis Chester in the course of this investigation).

(c) Ubiquinones and 5-demethoxyubiquinones. The
5%-E/P fraction was chromatographed on thin layers
(impregnated with Rhodamine 6G) developed with
benzene-chloroform (1:1, v/v). With low plate loadings
it is possible to obtain a complete separation ofubiquinones
(RF 0.53) from 5-demethoxyubiquinones (RF 0.45) in this
system. The ubiquinones were purified and identified by
the procedures described by Whistance et al. (1969b). The
5-demethoxyubiquinones were combined with those from
the 8%-E/Pfraction and then resolved by chromatography
on reversed-phase thin layers developed with aq. 90%
(v/v) acetone (Table 1). Finally, to remove paraffin, each
homologue was chromatographed on a thin layer and
developed with benzene.

5-Demethoxyubiquinones were characterized on the
basis of their u.v. spectra (Fig. 1), their Rp values on
reversed-phase thin layers (Table 1) and the u.v. spectra
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of their chromenols (Fig. 2) (the method by which the
quinones were converted into their chromenols is given
below).

2. Radiochemical experiments. The procedures em-
ployed were similar to those described above, but because
of the small amount of cells used in the incubations with
radiochemicals, it was not possible to isolate sufficient 6-
methoxy-2-polyprenylphenols, 6-methoxy-2-polyprenyl-
1,4-benzoquinones and 5-demethoxyquinones to estimate
the amounts present spectroscopically. However, since
we were usually interested in only the total incorporation
(c.p.m.) of radioactivity into each compound, this did not
pose a serious problem.

Chemical conver8sion of 5-demethoxyubiquinone to 7-
demethoxyubichromenol. 5-Demethoxyubiquinone (0.1-
3 mg) wasrefluxed for6hin 1 ml offreshly distilled pyridine.
At the end of this time the mixture was diluted with
saturated NaCl solution and extracted withlight petroleum
(b.p. 40-60°C). 7-Demethoxyubichromenol (RF 0.30) was
separated from unchanged 5-demethoxyubiquinone (RF
0.45) by chromatographing the light-petroleum extract on
thin layers developed with benzene-chloroform (1:1, v/v).
The yield of purified product was about 80%.

Reaction of 6-methoxy-2-polyprenyl-1,4-benzoquinone
with cy8teine. A purified sample of 6-methoxy-2-poly-
prenyl-1,4-benzoquinone (0.04,umol) was dissolved in
0.5ml of ethanol. A 1.61AI portion of 0.2M-cysteine
in 0.1 M-sodium phosphate buffer, pH 7.6, was then added
to both the sample and reference cell, and the u.v. spectra
was determined after 0, 5, 10 and 20 min.

Chemical degradation8. 14C radioactivity in the methoxyl
group of 6-methoxy-2-nonaprenyl-1,4-benzoquinone was
determined by Zeisel degradation (Spiller, Threlfall &
Whistance, 1968).

Spectrophotometric e8timation of quinones and phenol8.
(a) Ubiquinones, 5-demethoxyubiquinones and 6.

methoxy-2-polyprenyl-1,4-benzoquinones. These were
estimated by measuring the fall in extinction at their
wavelength of maximum absorption when an ethanolic
solution of the quinone was treated with NaBH4 under
the conditions described by Threlfall & Goodwin (1967).
In all cases the o,xid. -red. value of ubiquinone (12250;
Lawson, Threlfall, Glover & Morton, 1961) was used to
calculate the amounts present.

(b) 2-Polyprenylphenols and 6-methoxy-2-polyprenyl-
phenols. 2-Polyprenylphenols were assayed in cyclo-
hexane by using a molar extinction coefficient of 2000
(Amax. 272nm) (Imamoto & Senoh, 1967). 6-Methoxy-
2-polyprenylphenols were assayed in cyclohexane by
using the same coefficient (Amax 273.5nm).

Spectrophotometry. All u.v. spectra were determined in
a Unicam SP. 800 spectrophotometer. Absorption maxima
were determined accurately in a Beckman DK-2A
spectrophotometer.

Radioas8ay. The methods employed have been reported
by Threlfall, Whistance & Goodwin (1968) and Whistance
et al. (1967). All counts were corrected for background
and instrument efficiency.

Solvent&. Light petroleum (b.p. 40-60°C), benzene
(A. R.) and diethyl ether were dried over sodium wire and
redistilled; ether was also distilled over reduced iron
immediately before use. Spectroscopic solvents were of
the appropriate grade; all other solvents were of A.R. or
equivalent grade.

RESULTS
Isolation of possible polyprenylphenol and quinone

precur8ors of ubiquinone. The organisms selected
for study were the prenylphenol-containing strict
aerobe, P8. ovalti Chester, the non-prenylphenol-
containing strict aerobe, 'Vibrio 01', and the
prenylphenol-containing facultative anaerobe, Prot.
mirabiti8. This choice was determined by the fact
that the radiochemical studies had provided some
evidence of the presence in these organisms of
compounds with properties expected of 2-poly-
prenyl-1,4-benzoquinones and 5-demethoxyubi-
quinones (Whistance et al. 1969b; G. R. Whistance
& D. R. Threlfall, unpublished work).

(a) P8. ovalti Chester. The wet cell mass (1.6kg)
from 3101 of aerobically grown culture was
extracted by our usual procedure to give 20.5g of
lipid. After removal of the more polar lipids by
passage through a colunm of Brockmann grade III
acid-washed alumina (SOOg) developed with ether,
the lipid extract (1g) was chromatographed on a
column of Brockmann grade III acid-washed
alumina (200g) developed with increasing amounts
of diethyl ether in light petroleum (b.p. 40-60°C).
The distribution ofthe various phenols and quinones
in the fractions obtained from this chromatography,
together with details of their purification by
adsorptive t.l.c., are given in Table 2. The quanti-
tative aspects of the analysis are given in Table 3.
As in a previous investigation (Whistance et al.

1969b), the 1%. and 3%-E/P fractions were found
to contain 6-methoxy-2-polyprenylphenols and
2-polyprenylphenols respectively. Reversed-phase
t.l.c. and staining with Gibbs reagent (Whistance
et al. 1969b) shoywed that the homologues of both
compounds, from tetra- to nona-prenyl, were
present. In the cases of 2-nonaprenylphenol,
2-octaprenylphenol and 6-methoxy-2-nonaprenyl-
phenol sufficient amounts were isolated to obtain
u.v. spectra; these were identical with those of
authentic samples (Imamoto & Senoh, 1967;
Daves et al. 1967). The identities of 2-nonaprenyl-
phenol and 6-methoxy-2-nonaprenylphenol were
confirmed by mass spectrometry, the samples
having parent ions at m/e 706 and 736 respectively.
The 5%-E/P fraction contained ubiquinone and

a quinone complex having a u.v. spectrum similar
to that of 5(6)-demethoxyubiquinone. Reversed-
phase t.l.c. of the complex showed it to consist of
seven components having the RF values expected
of 5(6)-demethoxyubiquinones-4-9 (Table 1). The
u.v. spectra (Fig. 1) ofthese compounds determined
in cyclohexane (AAmax. 266 and 272nm) and ethanol
(Amax. 270nm, changing to Ama.. 292nm after
treatment with sodium borohydride) were identical.
Further, when determined in the appropriate
solvents their absorption maxima corresponded
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Table 2. Isolation ofpossible polyprenylphenol and quinoneprecursors of ubiquinone by column and adsorptive

t.l.c. of a lipid extractfrom Ps. ovalis Cheater
Lipid extract (1 g) was chromatographed on a column of Brockmann grade III acid-washed alumina (200g)

developed by stepwise elution with increasing amounts of diethyl ether in light petroleum. Polyprenylphenols
and quinones were isolated from the column fractions by chromatography on thin layers of Kieselgel G
developed with the solvents listed below.

RF values on Kieselgel G layers

Compounds eluted

6-Methoxy-2-polyprenylphenols
2-Polyprenylphenols
Ubiquinones
5-Demethoxyubiquinones
5-Demethoxyubiquinones
6-Methoxy-2-polyprenyl- 1,4-benzoquinones

12
20 'Epoxyubiquinones'
100

Ethyl
Benzene-chloroform acetate-benzene

Benzene (1:1, v/v) (3:22, v/v)

0.65
0.52

0.53
0.45
0.45
0.4

0.55
and
0.65

Table 3. Polyprenylphenols and quinones present in Ps. ovalis Che8ter

A wet cell mass (equivalent to 314g dry wt.) from 3101 of aerobic growth medium was examined by the
procedures described in the text. N.D.: not detected.

Content (,umol/lOOg dry wt.)

Homologue 2-nprenyl
N n phenol
4 tetra
5 penta
6 hexa
7 hepta
8 octa
9 nona
Total

++

3.20
3.82

6-Methoxy-
2-nprenylphenol

-i-++++
0.16
0.19

closely to those reported for authentic 5- and
6-demethoxyubiquinones (Imamoto &.Senoh, 1968;
Daves, Wilczynski, Friis & Folkers, 1968). The mass
spectrum of the principal component showed peaks
at m/e 766 (M+ 2; due to a dismutation reaction in
the spectrometer), 764 (M), 749 (M -15; loss of a

methyl group), 695 (M- 69; loss of a terminal
isoprene unit), M-69-68", where n = 1-7 (loss of
seven internal isoprene units) and 205 (base peak).
These values are identical with those reported for
5(6)-demethoxyubiquinone-9 (Imamoto & Senoh,
1968). To establish which of the two isomers was

present the quinones were converted into their
corresponding chromenols and the u.v. spectra
(Fig. 3) of these determined [7- and 8-methoxy-
ubichromenols can be readily differentiated by their

u.v. spectra (Daves et al. 1968)]. In all cases the
spectra were identical with that reported for
7-demethoxyubichromenol (Daves et al. 1968).
The 8%-E/P fraction contained 5-demethoxy-

ubiquinones and small amounts of 5(6)-methoxy-
2-nonaprenyl-1,4-benzoquinone. The identity of
the latter quinone was established as follows: (1) its
u.v. spectra (Fig. 2) in cyclohexane (Amax. 264.5 and
shoulder at 273 nm) and ethanol (Ama1 267nm,
changing to Amax. 291 nm after sodium borohydride
treatment) were those expected for a 5(6)-methoxy-
2-polyprenyl-1,4-benzoquinone. (2) It reacted with
eysteine (reaction followed spectrophotometrically),
indicating the presence of an unsubstituted position
in the ring adjacent to the polyprenyl side chain
[compare with 5-demethoxyubiquinone whichshows

Column
fraction
(% E/P)

0.25
1
3
5

8

6-Methoxy-
2-nprenyl-1,4-
benzoquinone

N.D.
N.D.
N.D.
N.D.

Present
0.12
0.12

5-Demethoxy-
ubiquinone-N

+
++

6.27
7.28

Ubiquinone-N
+
++

90
105
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Fig. 1. U.v. spectra of 5-demethoxyubiquinone-9 isolated
from P8. oval8 Chester: -..., in cyclohexane; - , in
ethanol [before (0) and after (R) treatment with NaBH4].
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Fig. 3. U.v. spectrum in cyclohexane of 7-demethoxy-
ubichromenol-8 formed by base (pyridine)-catalysed
cyclization of 5-demethoxyubiquinone-9 isolated from
P8. ovaliB Chester.

.8 \ 0)
/x _

.6 _

.4 II

.2 (R)

240 260 280 300 320
A (nm)

Fig. 2. U.v. spectra of 6-methoxy-2-nonaprenyl-1,4-
benzoquinone isolated from P8. ovali8 Chester: ----, in
cyclohexane; -, in ethanol [before (o) and after (R)
treatment with NaBH4].

no reaction with cysteine (Whistance et al. 1969a)].
(3) Its mass spectrum was that expected for 2-
nonaprenyl-5(6)-methoxy- 1 ,4-benzoquinone, show-
ing peaks at m/e 752 (M+2; dismutation reaction in
the spectrometer), 750 (M), 735 (M-15; loss of a
methyl group), 681 (M-69; loss of a terminal
isoprene unit), 681-681.7 (M-69-68,, where n is
1-7; loss of seven internal isoprene units) and
191 (base peak). (The latter can be attributed to the
molecular ions I and II.) (4) On Zeisel degradation
of [14C]quinone which had been biogenetically
labelled from L-[Me-"4C]methionine all the radio-
activity was recovered in tetramethylammonium
iodide. Although these observations clearly estab-
lish that the quinone is either 6-methoxy-2-nona-
prenyl-1,4-benzoquinone or 5-methoxy-2-nona-
prenyl-1,4-benzoquinone, they do not allow a

differentiation to be made between the two. How-
ever, the finding that its u.v. spectrum in ethanol

o 0

CH8SO + CH3O0

(I) (II)

is similar to that of 3-methoxytoluquinone
(Ama1. 265nm) and differs significantly from that of
4-methoxytoluquinone (Ama.. 260nm) indicates that
it is 6-methoxy-2-nonaprenyl-1,4-benzoquinone.
The 12%-E/P and ether fractions had u.v.

spectra similar to that of ubiquinone. Adsorptive
t.l.c. with development with ethyl acetate-benzene
(3: 22, v/v) enabled the isolation from each fraction
of two quinones (RF values 0.55 and 0.65). On
reversed-phase chromatography on thin layers
developed with aq. 85% (v/v) acetone each quinone
was further resolved into three quinones (approxi-
mate RF values 0.20, 0.25 and 0.30). These
properties suggested we were dealing with a group of
epoxyubiquinones, compounds first reported to
occur naturally in Rhodo8pirillum rubrum (Friis,
Daves & Folkers, 1967). Support for this was ob-
tained from the mass spectra of the two principal
quinones from the 20%-E/P fraction, which in each
case showed peaks at m/e 812 (M+2), 810 (M) and
235 (base peak), i.e. those expected for epoxy-
ubiquinones-9.

(b) Prot. mirabilis and 'Vibrio 01'. The lipids

1970124
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BIOSYNTHESIS OF UBIQUINONE IN BACTERIA
Table 4. Polyprenylphenols and quinones present in 'Vibrio 01' and Prot. mirabilis

Wet cell masses of 'Vibrio Cl' (equivalent to 32 g dry wt.) and Prot. mirabilis (equivalent to 70g dry wt.) were
examined by the procedures described in the Results section. 2-Polyprenylphenol, 6-methoxy-2-polyprenyl-
phenol and ubiquinone homologues are given in order of decreasing concentrations. In each case the principal
homologue was judged to constitute more than 85% of the total amount of homologues present. N.D.: not
detected.

Prot. mirabili8 'Vibrio 01'

Compound(s)*
2-Polyprenylphenols
6-Methoxy-2-polyprenylphenols
6-Methoxy-2-polyprenyl-1,4-benzoquinones
5-Demethoxyubiquinones
Ubiquinones
'EpoxyubiquinoneFs't

Content
(,umol/lOOg
dry wt.) Homologues

9 8,7,6,5,4
0.6 8,7,6,5,4
0.1 8
0.2 8

71 8,7,6,5,4
2 8 (?)

* In Prot. mirabilis menaquinones and demethylmenaquinones are also present (Whistance et al. 1969).
t This term is used to denote a complex mixture of quinones in the 12%-E/P, 20%-E/P and ether fractions that
had u.v. spectra similar to that of ubiquinone.

obtained from wet cell masses of 'Vibrio 01 '
(325g) and Prot. mirabilis (350g) from 541 aerobic
cultures were examined by the chromatographic
and u.v. spectroscopic procedures described above.
The results ofthe analyses are given in Table 4.

Conversion of 2-polyprenylphenols, 6-methoxy-2-
polyprenylphenols, 6-methoxy-2-polyprenyl-1,4-ben-
zoquinones and 5-demethoxyubiquinones into ubiquin-
ones in Ps. ovalis Chester. Evidence that in Ps.
ovalis Chester these compounds are precursors of
ubiquinones was obtained from a suitable pulse-
labelling experiment (Table 5). It was found that on
incubating cells previously exposed to p-hydroxy-
[U-14C]benzoic acid with unlabelled p-hydroxy-
benzoic acid the radioactivity lost from 2-poly-
prenylphenols, 6-methoxy-2-polyprenylphenols, 2-
polyprenyl-1,4-benzoquinone (?), 6-methoxy-2-
polyprenyl-1,4-benzoquinones and 5-demethoxy-
ubiquinones could be completely accounted for by
the increase in radioactivity in the ubiquinones
(Table 5). Further, the loss of radioactivity from
thesepolyprenylphenols andquinoneswassomarked
that there can be little doubt that they are all
intermediates in the biosynthesis of ubiquinone. It
may be noted that in the second part (and presum-

ably the first part also) of the incubation a marked
synthesis of ubiquinone took place.

Requirement of oxygen for ubiquinone biosynthesi8s
in Ps. ovalis Chester. Whistance et al. (1967) and
Spiller et al. (1968) found that in the absence of
oxygen maize shoots and baker's yeast were unable
to synthesize ubiquinone from p-hydroxybenzoic
acid. Parson (1965) observed a similar effect with
E. coli. It was decided therefore, for comparative
purposes, to investigate the effect of the presence or

absence ofoxygen on the biosynthesis ofubiquinone
in Ps. ovalis Chester. It was found that in the
absence ofoxygen the incorporation ofradioactivity
into the compounds examined was markedly de-
creased, the total incorporation falling from 33.5%
to 1.3% (Table 6). The ratios of total radioactivity
incorporated into each compound under aerobic and
anaerobic conditions show that the fall in incor-
poration is greater the more oxygenated the com-

pound. Thus the greatest fall is seen for ubiquinone,
followed in order by 6-methoxy-2-polyprenyl-
1 ,4-benzoquinones plus 5-demethoxyubiquinones,
2-polyprenylphenols and 6-methoxy-2-polyprenyl-
phenols. This inhibition ofubiquinone biosynthesis
can also be seen in the amounts of ubiquinone
present; thus the cells from the aerobic incubation
contained 3.71,mol as opposed to 2.85,umol in the
cells from the anaerobic incubation.

Intracellular distribution of ubiquinone and its
prenylated precursors in Ps. ovalis Chester. Previous
investigations had provided evidence that in
non-photosynthetic Gram-negative bacteria ubi-
quinone is associated entirely with the protoplast
membrane (Bishop & King, 1962; Rebel,
Sensenbrenner & Mandel, 1964). It seemed likely,
therefore, that the prenylated precursors of
ubiquinone would be located at the same site. To
investigate this, cells of Ps. ovali Chester (9g wet
wt.) were suspended in 100ml of 0.05M-potassium
phosphate buffer, pH 7.0, containing 2 ,Ci of
p-hydroxy[U-14C]benzoic acid and incubated for
4h at 30°C with constant shaking. At the end of
this time the cells were harvested and fractionated
into protoplast membranes and cytoplasm. Ex-
amination of the lipids from these two components

Content
(=mol/100g
dry wt.)
N.D.
N.D.
N.D.
0.4
14
8

Homologues

9
9, 8, 7, 10, 6, 5
9 (?)
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Table 5. Conversion of 2-polyprenylphenols, 6-methoxy-2-polyprenylphenols, 6-rnethoxy-2-polyprenyl-1,4-
benzoquinones and 5-demethoxytibiquinones into ubiqutinones in Ps. ovalis Chester

Cells from 201 of aerobic growth miedium were suspended in 150 ml of 0.05M-potassium phosphate buffer,
pH7.0, containing 5,uCi of p-hydroxy[U-14C]benzoic acid. The suspensioni was theii inicubated in a 500ml
conical flask for 3 h at 320C in the Orbital shaker. At the end of this period half the cells 'were takeii for analysis.
After washinig with buffer the remaining cells were resuspenided in 50 mln of 0.05 Ni-potassium phlosphalte buffer,
pH 7.0, containing 500 finol ofp-hydroxybenzoic aci(d and acrate(d for 3 h.

Rad(lioactivity (('L .)

Comoinpo(Is
2-Polyprenylpleimols

6-Metlhoxy-2-polyprenylphenols
2-Polyprenyl-1,4-benzoquinones (?)*
6-Methoxy-2-polyprenyl-1,4-benzoquinoines
5-Demethoxyubiquinones
Ubiquinoncs

Total

Cells inieubatedt
with p-hydroxy-

[U-14C]benzoic acid
131200

(sp. radioactivity 468000
c.p.m./,umnol)

1640
41000
22350
19750
58000

(sp. radioactivity 13 840
c.p.m./23mol)

273 940

Cells incubate(d witlh
p-hydroxy[ U- 4C]benzoic

acid followed by
p-lhydroxybenzoic acid

12100
(sp. radioactivity 41200

c.p.m./Itmol)
0

1500
2540
8040

249700
(s). radioactivity 42 300

c.p.m.//Lmol)
273880

* It should be noted that in a previous inivestigation (Whistance et al. 1969b) this quiinone was incorrectly referred
to as Compound D; the correct reference should have been Compound A. Similarly, 5-demethoxyubiquinonie-9 was
referred to as Compound C (now known to be 6-methoxy-2-nonaprenyl-1,4-benzoquinone) instead of Compound D.

Table 6. Requirement of oxygen for ubiquinone biosynthesis in Ps. ovalis Chester
Cells obtained from 51 of aerobic growth medium were suspended in 100ml of 0.05M-potassium phosphate

buffer, pH7.0. Half the suspension was then incubated with 1 tCi ofp-hydroxy[U-14C]benzoic acid for 4 h with
aeration. The other half was incubated with 1 ,Ci ofp-hydroxy[U-14C]benzoic acid for 4 h with genitle purging,
with O2-free N2.

Radioactivity (c.p.in.)

Compound(s)
2-Polyprenxylplhenols
6-Methoxy-2-polyprenylpheiiols
6-Methoxy-2-polyprenyl-1,4-benzoquiiionies
plus 5-demethoxyubiquinones
Ubiquinones

Inicorporationi (% of radioactivity adninlistered)

Cells (equivalent to
2.9g dry wt.) incuba-
ted in the presence of

oxygen (air)
55000
3300

578514

98500
sl. radioactivity 8970

c.p.5i./Fol)
33.5

Cells (equivalent to
3.Og dry wt.) incuba-
ted in the absence of

oxygen
19900
1650

16530

20
(sp1. radioactivity 7

c.1.m./3umol)
] .3

Ratio of radioactivity
(c.p.m.)

inicorporated
(aerobic/anaerobic)

1:0.36
1:0.50
1:0.03

1:0.00

showed that radioactivity was present mainly in
the lipids of the protoplast membranes, where it was
associated almost entirely with 2-polyprenyl-
phenols (102 150 c.p.m.), 6-methoxy-2-polyprenyl-
phenols (2720c.p.m.), 2-polyprenyl-1,4-benzoqui-
nones (?) (11000 c.p.m.), 6-methoxy-2-polyprenyl-
1 ,4-benzoquinones (12 100 c.p.m.), 5-demethoxy-
tibiqLuinones (22 500 c.p.m.) and ubiquinones (51 850
c.pn.m). A small amount of radioactivity

(2200c.p.in.) was present in the cytoplasmnic lipid
fraction, where it appeared to be associated with the
above coinpounds; however, these were present in
amounts too small to be detected by chemical means.

Attempts to prepare cell-free systems capable of
synthesizing ubiquinone. Attempts were made to
prepare cell-freo systems of E. coli, organism PC 4
and Ps. ovalis Chester capable of incorporating
p-hydroxy[U-14C]benzoic acid into ubiquinone or

126 19370
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its prenylated intermllediates. It was found that
highly purified membranes of Ps. ovalis Chester
prepared by a comnbination ofthe action of lysozyine
anid osinotic shock did not incorporate p-hydroxy-
[U-_4C]benzoic acid into ubiquinone or its preny-
lated precursors. Furthermore, no incorporation
was obtained when the nmembranes were supplo-
iented witlh a fiactioni firomi tlho cytoplasm.

Cell-free systemiis prepared by usinig the Frencl
pressure cell were found to carry out incorporations
in the order of 0.1% for l's. ovalis Clhester, 1% for
organism PC4 an(d 4% for E. coli. Althouglh these
inicorporations could bo attributed in part to intact
cells in the preparations (2-5% at the end of the
incubation), the number of cells present was not
sufficient to account for the total.

DISCUSSION

Investigationis into the polyprenylpllenol anid
quLinone cormplements ofPs. ovalis Clhester and P'rot.
mtrabilis established thatthey contain 2-polypronyl-
phenols, 6-methoxy-2-polyprenylphenols, 6-meth-
oxy-2-polyprenyl- 1,4-benzoquinones [a family of
quinones the existence of which in Nature has only
previously been indicated by mass-spectroscopic
studies on a complex lipid fraction from R. rubrum
(Friis et al. 1966)], 5-demethoxyubiquinones,
ubiquinones, 'epoxyubiquinones' and an umidenti-
fied 1 ,4-benzoquinone and 2-polyprenyl-1 ,4-bon-
zoquiinone(?)] (Tables 1, 2, 3 and 5 and Whistance
et at. 1969b). In Ps. ovalis Chester 2-polyprenyl-
plhenols, 6-mnethoxy-2-polyprenylphenols, 6-meth-
oxy-2-polyprenyl- 1 ,4-benzoquinones,5-demethoxy-
ubiquinones and the unidentified 1,4-benzoquinones
were showin to be precursors of ubiquinones (Table
5). More recently, these compounds have also been
shown to be ubiquinone precursors in Prot. mirabilis
(G. R. Whistance & D. R. Threlfall, unpublished
work). Although no evidence could be found of the
presenec of 5-hydroxy-6-methoxy-3-inethyl-2-poly-
prenyl- 1 ,4-benzoquinone, the above findings suggest
that in Ps. ovalis Chester and Prot. mirabilis one
pathway of ubiquinone biosynthesis is simnilar to
pathway A outlined in Scheme 1. The detection in
both organisms of another 1,4-benzoquinono
precursor of ubiquinone, possibly 2-polyprenyl-
1,4-benzoquinone, indicates that they also possess
at least one other pathway.

Studies on the polyprenyl and quinone com-
plement of 'Vibrio 01' showed it to contain detect-
able amounts of only 5-demethoxyubiquinones,
ubiquinones and 'epoxyubiquinones' (Table 4;
Whistance et al. 1969b). The apparent absence of
2-polyprenylphenols, 6-mnethoxy-2-polyprenyl-
phenols and 6-mnethoxy-2-polyprenyl- 1 ,4-benzo-
quinones suggests that in this organism, and indeed
all other organisms not possessing the aforemen-

tioned comiipounds, prenylation is a late step in
ubiquinone biosynthesis.

It was established that in ls. ovalis Chester
ubiquinlone and its prenylated precursors are
localized entirely oIn the protoplast membranie. This
is not uinexpected in view of the lipophilic nature of
the compounds uinder investigation anid indicates
that the overall synthesis of ubiquinone fromn
p-hydroxybeinzoic acid takes place at this site.

In an investigation into the oxygeni requirement
for ubiquinione biosynthesis by P's. ovalis Clhester it
was found that the absenice of oxygen1 almIost
completely inhibited the incorporationi of 14C radio-
activity into ubiquirnone fromn p-hydroxy[U-'4C]-
benzoic acid, although soino radioactivity was
incorporated into 2-polyprenylphenols (Tablo 6).
A similar observation has been made by Parson
(1965) working with E. coli. These findings, together
with tlle fact that maize shoots (Whistance et al.
1967) and baker's yeast (Spiller et al. 1968) are also
unable to synthesize ubiquinone from p-hydroxy-
benzoic acid under anaerobic conditions, indicate
an obligatory requirement for atmospheric oxygen
for ubiquinone biosynthesis in aerobic organisms.
Attempts to prepare cell-free preparations

capable ofsynthesizing ubiquinone fromp-hydroxy-
benzoic acid met with limited success. Purified
protoplast membranes of Ps. ovalis Chester were
found to be incapable of synthesizing ubiquinone
or any of its prenylated precursors, even when
supplemented with a fraction from the cytoplasmn.
This suiggests that irreparable damage to tlho
synthesizing centres occurred during preparation of
the membranes. Crude crushed-cell preparations,
on the other hand, were found to synthesize ubi-
quinone and its precursors, although a part of the
synthesis can probably be attributed to small
numbers of intact cells (2-5%) in the preparations.
Raman, Rudney & Buzzelli (1969) encountered
similar difficulties in their studies withi R. rubrum.
However, they succeeded in overcom-iing thein and
obtained a cell-free preparation capable of carrying
out the prenylation of p-hydroxybenzoic acid, i.e.
the first step in the conversion of this acid to
ubiquinone (Schelne 1).
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Council. We thank Dr N. M. Packter (Uniiversity of
Leeds, Leeds, U.K.) for supplying samples of simple
methoxytoluquiinonies, Dr J. A. Ballantine (University
Colleg,e of Swansea, U.K.) for arranigiiig for the mass-
spectral determinations and Miss Marian E. Williams for
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