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Biochemical study on ubiquinone biosynthesis in E s c h e r i c h i a  c o l t  • 

I. Specificity of para hydroxybenzoate polyprenyltransferase. 

Zakia EL HA(~HIMI, Odil~e SAMUEL and Robert AZI~RAD'> . 
lns t i tu t  de Biochimie ,  Universit~ de Paris X1, 91 ~05-Orsay ,  France.  

(1-7-I974). 

Summarg. - -  Experimental conditions to determine polyprenyl pyrophosphate p-hydro- 
xybenzoate traI~sferase activity with [14C]p-hydroxybenzoate or [3H]polyprenyl pyro- 
phosphate have been e}aborated in order to test E. colt strains carrying a ubi A- mutation 
in the ubiquinone biosynthetic pathway. The nature of prenylation products formed 
by extracts of 3.8-1 strain in the presence of different polyprenyl pyrophosphates indi- 
eates that solubilized 3-polyprenyl 4-hydroxybenzoate deearboxylase is highay specific 
for its oetaprenyl substrate while p-hydroxybenzoate polyprenyltransferase is not. 

Ubiquinones are widely distributed in nature 
and form a family of 2-polyprenyl 3-methyt 
5,6-dimethoxy 1,4-benzoquinones differing only by 
the  polyprenyl side chain length [1]. This long 
hydrocarbon side chain gives the ubiquinones 
their lipophilic properties appropriate to their 
location within membranes where the quinonic 
ring functions in aerobic electron transport [1, 2]. 
In Escher ich ia  colt the main ubiquinone has a 
side chain consisting of eight isoprene units, 
beside traces of louver isoprenologs [3]. 

Seven classes of ubiquinone mutants have been 
isolated and described by Gibson et al. These mu- 
tants, blocked on the ubiquinone biosynthetic 
pathway, have been characterized : i) by the 
accumulation of ubiquinone precursors (3-octa- 
prenyl 4-hydroxybenzoic acid, 2-octaprenyl phe- 
nol, 2-octaprenyl 6-methoxy 1,4-benzoquinone, 
2-octaprenyl 3-methyl 6-methoxy 1,4-benzoqui- 
none, 2-octaprenyl 3-methyl 5-hydroxy 6-methoxy 
1,4-benzoquinone [4, 5, 6] and recently 2-octapre- 
nyl 6-methoxy phenol [7j, it) by direct bioche- 
mical identification of the missing enzymic reac- 
tion. This last method has been found particularly 
useful for identification of mutants (ubi A) blocked 
immediately after p-hydroxybenzoic acid, where 
no significant accumulation of this acid occurs ; 
in these mutants no activity of p-hydroxybenzoale 
octaprenyltransferase can be detected [7], For 
this purpose, Gibson and coworkers [8] have 
developped a quantitative enzymic test . . . .  

Abbreviations : PPHB : 3-polyprenyl 4-hydroxyben- 
zoate ; DMK-8 : desmethylmenaquinone-8 ; MK-8 : 
menaquinone-8 ; Q-8 : ubiquinone-8. 

To whom all eorrespondanee should he addressed. 

[14C]p-hydroxybenzoic acid and an endogenous 
polyprenyl precursor as substrates. The latter 
could be accumulated only in strains carrying a 
supplementary mutation in the common pathway 
of aromatic biosynthesis, i.e. unable to achieve 
both menaquinone and ubiquinone biosynthesis. 
This limitation prohibited the use of this bioche- 
mical test for mutants carrying only one mutation 
in the ubiquinone biosynthetic pathway. A similar 
test has been used by Budney and coworkers [9] 
either in animal cell-free fractions or in Rhodo- 
spir i l lum rubrum extracts, where the endogenous 
polyprenyl pyrophosphate "was replaced by a syn- 
thesizing system from Micrococcus Igsodeikt icus 
supplemented with isopentenylpyrophosphate. 

We describe here a method involving the con- 
densation of an exogenous labelled (or unlabelled) 
polyprenyl pyrophosphate with labelled (or unla- 
belled) p-hydroxybenzoic acid, catalyzed bv a 
cell-free bacterial extract. This method has been 
controlled using a 83-1 strain of E. colt grown in 
such conditions that the endogenous polypreny] 
precursor is/or is not accumulated, and a 2-45 
strain, a new mutant isolated in our laboratory, 
and proved by other methods to be a p-hydroxy- 
benzoate octaprenyltransferase-less mutant. 

In the second part of this paper we examine the 
nature of polyprenylation products formed by 
extracts of 83-I strain in the presence, either of 
the endogenous side chain Drecursor, or of eXo- 
~ . ~ , u ~  p u 1 2 ¢ l J r ~ t l y .  ] J ~ r o p | J o ~ p H u t ~ ,  11.11~ 1 ~ a u s t a  

obtained suggest that the respective in vitro speci- 
ficities of polyprenylating enzyme and polyprenyl- 
hydroxybenzoatedecarboxylating enzyme towards 
the side chain length are very different. 
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MATERIALS AND METHODS. 

Growth media, bacterial strains, cell-tree extracts. 
The 2-45 mutan t  was de r ived  f rom E. colt Klo by  

N-methy l -N ' -n i t ro -N-n i t rosoguanid ine  mutagenes is  
and  isola ted  as desc r ibed  by  Cox et al. [10]. I t  was 
grown on the min ima l  med ium of Vogel and 
Bonne t  [11] supp lemen ted  w i th  glucose 5 g/1. 
The 83-1 s t ra in  of E. colt W was g rown  in the 
same min ima l  m e d i m n  supp lemen ted  wi th  0.1 mM 
phcny la l an ine ,  0.05 mM tyros ine ,  0.1 mM t ryp to-  
phane ,  I i~M 2 ,3 -d ihydroxybenzo ic  ac id  and 0.1 ~M 
p-aminobenzo ic  acid.  W h e n  a cel l-free ext rac t  
w i th  no side cha in  p r e c u r s o r  was  needed,  this  
med ium was supp lemen ted  w i th  0.1 mM p-hydro -  
xybenzo ic  ac id  and 0.1 mM o-succ iny lbenzo ic  
acid.  

Most cul tures  were  grown in semi -anae rob ic  
condi t ions ,  in 2 1 flasks filLled wi th  1 1 vohunes 
and s t i r r ed  magne t i ca l ly  at 37 °. Aerobic  cul tures  
were  grown in the same volume condi t ions  at 37 ° 
in a New Brunswick  ro t a to ry  shaker .  

Cells were  harves ted  e i ther  in loga r i thmic  phase  
or  in s t a t iona ry  phase  as ind ica ted ,  by  cent r i fuga-  
t ion at 20,090 x g at 0°C for 10 rain, washed  wi th  
a 0,05 M potass ium phospha te  buffer  pH 7, then 
homogenized  by  sonica t ion  du r ing  3 minutes  at 
0°C (1 g of wet  cells pe r  ml of buffer  con ta in ing  
0.1 mM di th io thre i to l ) .  The cel l-free ext rac t  was 
ob ta ined  by cent r i fuga t ion  at 3,0,00 x g for  20 rain. 

Chemicals. 
p-hydroxy-[2,3,4,5-1~C]-benzoic ac id  (1.35 vxCi/ 

~mole) was p r e p a r e d  f rom [2,3,4,5-~4C]-toluene 
(specif ic  a c t i v i t y :  3.98 mCi/mmole, CEA Saclay)  
[~z], 

[1-3HI solanesyl  p y r o p h o s p h a t e  (specif ic  act i-  
v i ty  : 10 :~Ci/~mole), [1-3HI p h y t y l  p y r o p h o s p h a t e  
(specif ic  ac t iv i ty  : 1 ~Ci/i!xmole), and [1-3H] farne-  
syl p y r o p h o s p h a t e  (speci f ic  ac t iv i ty  : 4 ~Ci/~mole)  
were  p r e p a r e d  by  the method  of Cramer  and 
B5hm [13~ as desc r ibed  in [14]. 

2 -Nonapreny l  phenol  was ob ta ined  by  conden-  
sa t ion of solanesol  w i th  pheno l  in the p resence  of 
BF3-etherate in d ioxane  [15]. 

Assay for p-hgdroxgbenzoate octaprengltrans- 
~erase. 

The rou t ine  assay mix tu re  con ta ined  : 0.5 ml of 
enzyme ext rac t  (26 mg p ro t e in s /ml ) ,  10 ~moles of 
MgC12, 0.30 ~moles (0.4 ~Ci) of [1~C] p - h y d r o x y -  
benzoate  in po tass ium phospha te  buffer  0.0,5 M, 
pH 7 ; final volume : 0.65 ml. 

The rou t ine  assay mix tu re  wi th  exogenous [3H] 
p o l y p r e n y l  p y r o p h o s p h a t e s  was supp lemen ted  

wi th  10 nmo~es of each p y r o p h o s p h a t e ;  final 
volume : 0.7 ml. 

Each  assay was  done in dupl ica te  at 37°C for 
1 hour .  The r eac t ion  was  s topped  by  add i t i on  of 
ac id i f ied  acetone (2.4 ml of acetone p lus  0.1 ml of 
5 N HCI) [83. 

The tubes were  cen t r i fuged  at 5,000 x g for  
10 minutes .  The pel le ts  were  washed  twice  wi th  
acidified acefone, the wash ings  were  combined 
and  the acetone evapora ted .  Then,  1 ml of wa te r  
was  added  and the solut ions were  ex t rac ted  twice  
wi th  hexane.  The hexan ic  f rac t ions  were  com- 
b ined  and dr ied .  An al iquot  was counted  in a 
P a c k a r d  Tr i -Carb  sc in t i l l a t ion  spec t rome te r  and  
ano ther  al iquot  was  app l i ed  on TLC pla te  for  a 
r a d i o c h r o m a t o g r a p h i c  analys is  of the reac t ion  
produc ts .  

Chromatographic techniques. 
Hexan ic  ext rac ts  were  c h r o m a t o g r a p h e d  on 

Si l icagel  F2~ 4 pla tes  in benzene (solvent A) or  in 
acetone- l ight  pe t ro leum (B.P. 40°C - 60°C), 3:7 
(v/v)  (solvent B) [161, and  on pa ra f f in - impregna-  
ted W h a t m a n  n ° 1 p a p e r  in a para f f in -sa tura ted  
ace tone-wate r  mix ture ,  9:1 (v/v)  [171.5 m m  (TLC) 
or  10 mm (paper  ch ro tamogram)  bands  were  
counted  in the usual  toluene sc in t i l l a t ion  mixture .  

Quinone extraction. 
Whole  cells were  ha rves ted  and s t i r r ed  in ace- 

tone,  then cent r i fuged  at 20,0~00 x g. The ace ton ic  
supe rna tan t  was evapora t ed  to d ryness  and  the 
res idue  ex t rac ted  severa l  t imes wi th  hexane.  Ubi- 
quinone  and menaqu inone  f rac t ions  were  separa-  
ted by  TLC of the hexan ic  ex t rac t  in a benzene-  
ch lo ro fo rm mixture ,  1:1 (MK-8, Rf = 0.65 ; Q-8, 
Rf = 0.35), and each of them pu r i f i ed  again by  
TLC in benzene.  

Menaqainone and desmethglmenaquinone esti- 
mation. 

The menaqu inone  f rac t ion  was reso lved  into 
menaquinone-8  and desmethy lmenaquinone-8  by  
descend ing  r e v e r s e  phase  p a p e r  c h r o m a t o g r a p h y  
dur ing  16 h (MK-8, Rf : 0.1 ; DMK-8, Rf = 0.13). 
In  most cases, the MK:DMK ra t io  was ob ta ined  
wi thou t  p r e l i m i n a r y  sepa ra t ion  us ing a dual-  
wave length  spec t ropho tome te r  (Perkin  E lmer  
mode l  356). 

RESULTS. 

Characterization o[ the 2-45 mutant. 
This mutan t  has  been shown to c a r r y  at least  

two muta t ions  : 

i) it  is unable  to c a r r y  out ub iqu inone  b iosyn-  
thesis,  though not accumula t ing  any pheno l i c  or  
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quinonic  precursor  of ub iqu inone  ; addi t ion  of 
p-hydroxybenzoic  acid in the culture medium has 
no effect on ub iqu inone  produc t ion  and it was 
verified that [~4C] p-hydroxybenzoic  acid is not 

Biosynthesis o[ ubiquinone-8 and menaqui- 
none-8 in 83-1 strain : 

Strain 83-1, blocked between dehydroqu in ic  
acid and dehydrosh ik imic  acid E19], is unable  to 

TABLE L 

Formation of ubiquinone, menaquinone and desmethylmenaquinone in aerobic 
and anaerobic cultures o[ E. coli K~ and 2-45 strain. 

Strain Growth conditions 
Quinones formed (~moles/g dry weight) 

Q 8 MK-8 DMK-8 

E. coli K,.~ acrobie 0.63 0 12 0.29 
- s e m i - a n a e r o b i c  0 . 3 2  0 . 4 4  ~ 0.01 

E. coli 2-45 aerobic or 0.00 0.00 0.36-0.40 
semi-anaerobic 

TABLE II. 

Restoration of menaquinone and ubiquinone synthesis in E. coli 83-1 
grown on p-hydroxybenzoate and on o-succinylbenzoate. 

Expe- 
riment 
number 

p-hydroxybenzoate 
~M 

0 
0 
0 
0.01 
1 

10 
100 

o-snceinylbenzoate 
~M 

0 
100 
100 
100 
100 
100 
100 

MK-8 + DMK-8 
~mole/g dry weight 

<q~ 0.01 
0.65 
0.70 
0.58 
0.39 
0.35 
0.23 

Q-8 
~.mole/g dry weight 

0.01 
0.01 
0.01 
0.33 
0.36 
0.40 
0.42 

used to produce any labelled ub iqu inone  precur-  
sor. These features were taken as an ind ica t ion  
of the absence of po lyprenyl  pyrophosphate-  
p-hydroxybenzoate  polyprenyl t ransferase  activity 
in this mutant .  

ii) the m e n a q u i n o n i c  fract ion of this mutan t  
was const i tuted exclusively of desmethylmenaqui-  
none-8 (table I) despite the anaerobic  growth con- 
di t ions resul t ing from ub iqu inone  deficiency. It 
has been shown in  various bacteria,  that in  such 
condi t ions  only menaqu inones  are f o u n d ;  des- 
me thyhnenaqu inones  are formed only in aerobic 
condi t ions  [18]. Similar  results (table I) have been 
obtained wi th  the E. coli paren t  strain. No modi-  
fication of the qu inone  d is t r ibut ion  pat tern  was 
observed when  the growth medium was supple-  
mented  wi th  1 mM L-methionine.  This mutan t  
was thus considered to be also defective for 
S-adenosylmeth ionine-desmethylmenaquinone  me- 
thyl t ransferase  activity. 

BIOCHIMIE, 1974; 56, n ° 9. 

synthesize quinones  when  grown on a min ima l  
medium supplemented  as described in  Materials 
and Methods. In  these condi t ions,  a s ta t ionary 
phase was obta ined after 40 hours. When  the 
med ium was supplemented  wi th  0.1 mM p-hy- 
droxybenzoate,  full growth was obtained after 
20 hours  and  ubiquinone-8  was formed. When  
0.1 mM o-succinylbenzoate,  a me na qu i none  pre- 
cursor  [20], was added, menaquinone-8  was for- 
med at the same rate as in the wild- type s t ra in  
(table II). By using increas ing  amounts  of p-hy- 
droxybenzoate  in  the presence of 0.1 mM o-succi- 
nylbenzoate,  it was possible to demonstrate  a com- 
peti t ive effect between ub iqu inone  and (menaqui-  
none + desmethylmenaquinone)  product ion.  

E. coli 83-1 cells grown wi thout  p -hydroxyben-  
zoate did not yield ub iqu inone  but were supposed 
to accumulate  the side chain precursor  [21]. They 
were harvested in  the late logar i thmic  phase and 
a cell extract  was prepared  and incubated  wi th  
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[~4C]p-hydroxybenzoate according to the method 
of Young el al. [8]. A TL,C plate in benzene of the 
hexane extract of the incuba t ion  mixture  exhibit-  
ed three radioact ive peaks : a p-hydroxybenzoate  
trace which  did not m ig ra t e ;  a second band  
(Rf = 0.2) agreeing wi th  the expected migra t ion 

1~ cpm, 

1 2 0 0  

8 0 0  

4O0 

'~cpm 

6 0 0  

4 0 0 .  

A 

2 0 0 .  

m lb 25 3b 

1~ cm 

| 

cm 

FIG. 1. - -  A) TLC radiochromatogram of 30 win. incu- 
bation products of a 83-1 E. colt extract 
with [1~C] p-hgdroxybenzoate. 

B) Paraffin-impregnated paper chromalo- 
gram of the same experiment. 

The arrows indicate the position of authentic speci- 
mens of : 1, p-hydroxybenzoate ; 2, 2-nonaprenyl phe- 
nol. 

nol ; the second one (Rf = 0.8) was a mixture  of 
p-hydroxybenzoate  (Rf = 0.75) and 3-octaprenyl 
4-hydroxybenzoate.  Table III shows the relative 
incorpora t ion  of [14C]p-hydroxybenzoate in  these 
precursors  for incuba t ion  times ranging from 20 
to 60 minutes .  

These results corroborate  those of Young et al. 
[8, 21] concern ing  the accumula t ion  of a C40-ubi- 
qu inone  side chain precursor  in mutants  blocked 
in the common pa thway  of aromatic  biosynthesis .  
In  one of these mutants ,  Hamil ton et al. [21] have 
described the format ion of 3-octaprenyl 4-amino- 
benzoate, resul t ing from po lypreny la t ion  of 
p-aminobenzoate,  in the absence of p-hydroxy-  
benzoate, and shown that the po lyprenyl  pyro-  
phosphate  p-hydroxybenzoate  p01yprenyltransfer-  
ase was able to use p-aminobenzoate  as substrate 
instead of p-hydroxybenzoate.  Thus the effect of 
p-aminobenzoate  concent ra t ion  in  cultures of 83-1 
was investigated, by incuba t ing  cell-free extracts 
of these cultures with [14C]p-hydroxybenzoic 
acid, in  order to detect any depletion of the endo- 
genous po lyprenyl  precursor  pool. It was found 
(fig. 2) tllat the maximal  rate of E14Clp-hydroxy - 
benzoate p reny la t ion  was obtained wi th  cells 
grown wi th  0.1 ~M p-aminobenzoate  ; this rate de- 
creased rap id ly  for cells grown with higher  
p-aminobenzoate  concentra t ions ,  ind ica t ing  the 

for a 3-polyprenyl  4-hydroxybenzoate [211; a 
th i rd  band  (Rf = 0..6) cor responding  to an authen- 
tic specimen of 2-nonaprenyl  phenol  (fig. 1A) ;  
total incorpora t ion  in  both ub iqu inone  precursors  
was about 1.9 p. cent. A parallel  exper iment  wi th  
boiled extract showed only the p-hydroxybenzoate  
peak. When the same extract was chromatogra- 
phed on paraff in- impregnated paper  (fig. 1B), two 
peaks were obtained,  one (Rf = 0.4) migra t ing 
just ahead of the 2-nonaprenyl  phenol  specimen 
(Rf = 0.3) was identif ied to the 2-octaprenyl phe- 

TABLE III. 

Kinetics of I~C incorporation into ubiquinone 
precursors during incubation of 83-1 extracts 
with [I~CI p-hydroxybenzoate.  

0 
20 min 
40 min 
60 min 

14C incorporation in 

PPHB 
cpm 

0 
820 

1200 
2 9 3 0  

2-octapreuy| phenol 
epm 

0 
50 

100 
200 
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Fro. 2. - -  Effect of p-aminobenzaote concentration 
during growth of E. colt 83-1 on the in vitro prenyla- 
tion of p-hydroxybenzoate. 
--O--©--Incorporation into 3-octaprenyl 4-hydroxy- 

benzoate and 2-octaprenyl phenol. 
• - - • - -  Incorporation into 3-octapreny] 4-hydroxy 

benzoate. 
- -A-A--Incorporat ion into 2-octaprenyl phenol. 
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exhaus t ion  of the endogenous  p o l y p r e n y l  p recu r -  
sor  du r ing  the growth  in the p resence  of h igh  con- 
cen t ra t ions  of p-aminobenzoate .  I t  is to be noted 
that  small  changes in the p -aminobenzoa te  con- 
cen t ra t ions  used for a romat ic  mutan t  cul tures  
(for example ,  from 0.1 to 1 t~M) may  lead  to a 
large di f ference in the amount  of p o l y p r e n y l a t e d  
p roduc t s  fo rmed  subsequent ly  f rom [ l¢Cjp-hydro-  
xyhenzoate .  F o r  this  reason,  p -aminobenzoa te  con-  
cen t ra t ion  was a lways  ma in t a ined  to 0.1 ~M in 
subsequent  exper iments .  The loss of p r eny l a t i ng  
act iv i ty  for lower  p -aminobenzoa te  concen t ra t ions  

same condi t ions ,  wi thout  the add i t i on  of solane-  
sy l -py rophospha t e  (C). When  an ex t rac t  of 2-45 
s t ra in  was incuba ted  unde r  the same cond i t ions  
(D and E), no i n c o r p o r a t i o n  was ob ta ined  e i ther  
wi th  or wi thou t  solanesyl  py rophospha t e ,  thus 
conf i rming  the p rev ious ly  assumed enzymic  defect  
local iza t ion.  A complementa t ion  expe r imen t  (F) 
w i th  a mix tu re  of 83-1 and 2-45 extracts ,  in the 
absence  of so lanesyl  py rophospha t e ,  shows  a large 
i nc o rpo ra t i on  in 2 -oc taprenyl  4 -hydroxybenzoa te ,  
w h i c h  ind ica tes  that  2-45 s t ra in  is able to a accu- 
mulate  the  endogenous  chain  p recur so r .  

T.~LE IV. 

Synthesis of polyprenyl p-hydroxybenzoate with 83-1 and 2-45 strain extracts. 

Extract from 

A 83-1 

B 83-1 

C 8311 . . . . .  

D 2-45 

Additions 

[1~C] p-hydroxybenzoate 
and ['~ H] solanesyI-PP 

[1~C] p-hydroxybenzoate 

[I~C] p-hydroxybenzoate 

[1~C] p-hydroxybenzoate 
and {a HI solanesyl-PP 

E 2-45 [t4C] p-hydroxybenzoate 

F 2-45 -~- 83-1 [t4C] p-hydroxYbenzoate 5,750 
5,650 

Incorporation in 2-p01ypreuyl 
4-hydroxybenz0ate 

14C-dpm ~H-dpm 

1,840 1,870 

0 

4,100 

0 0 

0 

0.5 ml of extract of 2-45 strain (29 mg proteins/ml) and/or  0.5 ml of extract of 83-1 
strain (35 mg proteins/ml) grown with (A, B, F) or without (C) p-hydroxybenzoate and 
o-suecinylbenzoate, were incubated as described in Materials and Methods with [14C]p- 
hydroxybenzoate (0,.3.0 ,ttmoles ; 720,000 cpm) and [aH]solanesyl pyrophosphate (10 
nmoles ; 70,00# cpm) when indicated. Incubation : 30 win. at 37°G. The reaction was 
stopped with acidified acetone and 2-polyprenyl 4-hydroxybenzoates extracted and purified 
as described in the experimental part. 

can be exp la ined  by a general  metabo l ic  d is tur-  
bance  a r i s ing  from p-aminobenzoa te  l imi ta t ion .  

Biochemical test for p-hydroxybenzoate octa- 
prenyltransf erase. 

Table IV shows that  an ext rac t  of 83-1 s t ra in ,  
grown wi th  p - h y d r o x y b e n z o a t e  and o-succinyl -  
benzoate,  i.e. unable  to accumula te  the endogenous  
s ide chain  p recu r so r ,  as shown in expe r imen t  B, 
is able to synthes ize  2 -nonapreny l  4 -hydroxyhen-  
zoate when  incuba ted  wi th  p - h y d r o x y b e n z o a t e  
plus solanesyl  py rophospha t e ,  a h igher  homolog  
of the endogenous  p o l y p r e n y l  p r e c u r s o r  (A). 
I n c o r p o r a t i o n  of 14C (from [14C]p-hydroxyben-  
zoaie) is 40 p. cent  of the  i nco rpo ra t i on  ob ta ined  
in 2 -oc taprenyl  4 -hydroxybenzoa te  when  an 
ext rac t  of cells g rown wi thou t  p -hyd roxybenzoa t e  
and o-succinylbenzoate  is incubated ,  unde r  the 

Prenylated products formed by 83-1 extracts : 
When  the p r e n y l a t e d  p r o d u c t s  fo rmed  from the 

endogenous  s ide chain  p r e c u r s o r  and  [x4C]p-hy- 
d roxybenzoa te  by  cel l-free ext rac ts  of 83-1 s t ra in ,  
ha rves ted  in s t a t ionary  phase,  Were c o m p a r e d  to 
those p rev ious ly  desc r ibed  from cells ha rves t ed  in 
loga r i thmic  phase  (vide supra), it  t u rned  out  that  
the  peak  ra t io  of 3-oc taprenyl  4 -hydroxybenzoa te  
and  2-oc taprenyl  pheno l  was genera l ly  i nve r t ed  
(fig. 3). However ,  when  the amounts  of p r e n y l a t e d  
p r o d u c t s  formed in the same cond i t ions  by  a 
3,000 g cent r i fuged  cel l-free ex t rac t  and  the cen- 
t r i fugat ion  pel le t  of son ica ted  83-1 s t ra in ,  harves-  
ted in loga r i thmic  phase,  were  c o m p a r e d  (table V), 
only  50 p. cent  of p - h y d r o x y b e n z o a t e  p o l y p r e n y l -  
t ransferase  and 30 p. cent o f  PPHB deca rboxy la se  
ac t iv i ty  are r ecove red  in the superna tan t ,  i nd ica t -  
ing a d i f ferent ia l  ex t rac t ion  of "the two enzymes.  
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A compar ison of activities in  the cell-free extract  
and the homogenate at different stages of growth 
suggests that the previously  found differential  
ratio of the two enzymic activities is only a re- 
flect of a difference in  enzyme extract ion at dif- 
ferent growth times. Moreover, a loss of PPHB 
decarboxylase activity occurred when  logar i thmic 
phase 83-1 ceils were kept frozen a few days 
before cell-free extract p r e p a r a t i o n :  in  some 
cases, no more [~4C] octaprenyl  phenol  was for- 
med. 

cpm 
C 14 

I O O 0  

500  i 

8 0 0  " ~  

5 lO 15 c .  

4 0 0  . A 

J ~  ll,i , m 

Vm. 3. - -  Effect of growth stage on the enzymatic 
activity of the cell-free extract from E. coli 83-1. TLC 
radiochromatogram (in benzene) of the hexane extract 
of the incubation mixture from ceils harvested in : 

A : middle logarithmic phase. 
B : stationary phase. 
The arrows indicate the position of authentic speci- 

mens of : 1, p-hydroxybenzoate ; 2, 2-nonaprcnyl phe- 
nol. 

[14C]p-hydroxybenzoate and various added [aH] 
po lyprenyl  pyrophosphates  [14], was investigated. 
Table VI shows that for equally high eonccntra-  

3H dpm ~4cdpm 

3,00C 

2,000 

1,000 

3Hdpm 

r ,-- 

5041 

-300  

100 

,s cm 

~%dpm 

2,00f . 500  

-3OO 
1,000 

.100 

~, ld *3 26 30 ~2 40 cm 

Fro. 4. - -  Formation of PPHB and polyprenylphenol 
from [sH] solanesyl pyrophosphate and [l$C]p-hydro- 
xybenzoate by a 83-1 extract obtained from a loga- 
rithmic phase culture (grown without p-hydroxyben- 
zoate). 

A : TLC radiochromatogram (in benzene) of the 
hexanic extract of the incubation mixture. 

B : Paraffin-impregnated paper chromatogram. 
The arrows indicate the position of authentic speci- 

mens of : 1, solanesyl pyrophosphate ; 2, p-hydroxy- 
benzoate ; 3, nonaprenyl phenol. 

TABLE V. 

Incorporation of radioactivi ty  f rom [1J, CJp-bydroxybenzoate  into PPHB and octa- 
prenylphenol  by a cell-free extract (3,000 g supernatant) and a 3,000 g pellet 
front 0.5 ml  of sonicated 83-1 cells (grown wi thout  p-hydroxybenzoate) .  

3.000 g pellet 
3.000 g supernatant 

• ProteinSmg7.5 

I 14.5 

PPHB 
epm 

560 
912 

Incorporation in 

Oetaprenylphenol 
cpm 

720 
310 

PPHB 
-t- Octaprenylphenol 

epm 

1280 
1220 

The nature  of p renyla ted  products  formed by 
extracts of 83-1 s t ra in  grown wi th  p-hydroxyben-  
zoate and  o-succinylbenzoate,  i.e. lacking the endo- 
genous side chain  precursor ,  incuba ted  wi th  
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t ions of po lyprenyl  pyrophosphates ,  the farnesyl  
homolog is a better side chain donor  than  the 
phyty l  and the solanesyl homologs. In  each case, 
all the radioact ivi ty  was associated only wi th  the 
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cor respond ing  po lypreny l  p-hydroxybenzoate  ; no 
incorpora t ion  could be detected in any po lypreny l  
phenol ic  compound,  even when  the best condi-  

sis of p reny la ted  products  by TLC and reverse  
phase ch romatography  showed that  the oc taprenyl  
phenol  peak was only ~4C-labelled, whi le  the 

TABLE VI. 

Incorporation from various [.~Hjpolgprenyl pyrophosphates 
into PPHB with 83-1 extracts. 

Polyprenyl pyrophosphate added 

dpm nmoles 

1 [all] farnesyl 132,000 15 

2 [aH] phytyl 36,000 15 

3 [aH] solanesyl 350,000 15 

4 [all] phytyl 12,000 
24,000 
36,000 
48,000 
60,000 

120,000 
240,000 

5 
10 
15 
20 
25 
50 

100 

_ PPHB formed 

dpm nmotes 

11,400 1.3 

1,670 0.71 

1,500 0.064 

338 0.14 
1,470 0.61 

735 0.31 
645 0 . 2 7  
510 0.21 
400 0.17 
265 0.11 

I, 2, 3 : 1 ml of enzyme extract from cells grown with p-hydroxybenzoate and o-suceinyl- 
benzoate (30 mg proteins/ml) was incubated at 37°C for 50 min. with MgC12 (10 t~moles), 
[14C]p-hydroxybenzoate (150 nmoles) and [aHIpolyprenyl pyrophosphate in a final volume 
of 1.2 ml. 

: 0.5 ml of the same enzyme extract ; MgCI2, 10 gmoles ; final volume : 0.8 ml. 
3-polyprenyl 4-hydroxybenzoates were extracted as described in experimental part and 

recovered after TLC with solvent B [16] : 3-farnesyl 4-hydroxybenzoate, Rf = 0.4; 
3-phytyl 4-hydroxybenzoate, Rf = 0.4 ; 3-solanesyl 4-hydroxybenzoate, Rf = 0.5 ; 
2-polyprenyl phenols, Rf ---- 0.9. 

Amounts of PPHB formed were determined from the specific activities of [aH] precursors. 
The same calculation from [14C]p-hydroxybenzoate gave simil.ar results, but lower 
amounts of PPHB were found, probably resulting from a dilution of [14C]p-hydroxyben- 
zoate by unlabelled p-bydroxybenzoate carried along in the cell free extract. 

t ions for such an incorpora t ion  were  real ized 
( logar i thmic phase cells, fresh extracts,  vide 
supra). 

When increas ing amounts of phyty l  pyrophos-  
phate  were  incubated  wi th  [14C~p-hydroxyben- 
zoate, no saturat ion curve could be obtained : con- 
eentra t ions  of pyrophospha te  ester h igher  than 
12 ,~M produced  a strong inhib i t ion  of the prenyla-  
tion reaction.  

Competition between the octaprenyl precursor 
and synthetic solanesyl pyrophosphate. 

In order  to obtain more in format ion  about the 
uti l ization of the endogenous oc taprenyl  precur -  
sor or of an exogenous po lypreny l  pyrophosphate ,  
an extract  of 83-1 strain,  g rown wi thout  p-hy- 
droxybenzoate  and harves ted  in logar i thmic  
phase, was incubated wi th  [14C]p-hydroxyben- 
zoate and [1-aH]solanesyl pyrophosphate .  Analy- 
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3-polyprenyl  4-hydroxybenzoate  peak conta ined 
3H and 14C-labelling (fig. 4). Ident ica l  results were  
obtained in compet i t ion  exper iments  wi th  [1-aH] 
phytyl  or [1-aH]farnesyl  py rophospha te  as exo- 
genous precursor .  These results confirm the pre- 
viously found incorpora t ion  of C1~, G20, and C45 
pyrophospha te  esters into the cor respond ing  
PPHB but not in po lypreny l  phenols  even under  
condi t ions  where  large amounts  of oc taprenyl  
phenol  are formed from the endogenous precur -  
sor. 

In a compet i t ive  exper iment ,  increas ing  concen-  
trat ions of [3H] solanesyl  pyrophospha te  were  
incubated  wi th  a cell-free extract  of s ta t ionary 
phase cells of 83-1 strain, g rown wi thout  p-hy- 
droxybenzoate ,  i.e. accumula t ing  o c t a p re n y l  pyro-  
phosphate  but unable to conver t  3-octaprenyl  
4-hydroxybenzoate  to oc taprenyl  phenol .  Different  
3H/14C ratios were  obtained in the mix ture  of 
3-nonaprenyl  and 3-octaprenyl  4-hydroxyben-  
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zoates ; us ing the specific activity of [14C,]p-hy- 
droxybenzoate  as a measurement  of the amount  
of PPHB formed and the specific activity of 
[aH]solanesyl pyrophosphate  for the measure- 
ment  of the amount  of 3-nonaprenyl  4-hydroxy- 
benzoate, it was possible to compare the respec- 
tive amounts  of p reny l  derivatives formed compe- 
t i t ively from each precursor  in the same experi-  
ment.  Table VII shows that the endogenous octa- 
p reny l  p recursor  is preferent ia l ly  incorpora ted  
even in the presence of high concent ra t ions  of 
exogenous solanesyl pyrophosphate  (up to 77 rtM). 
However a significant  decrease of 3-octaprenyl 
4-hydroxybenzoate and of total PPHB format ion 
occurs in  the presence of concent ra t ions  of sola- 
nesyl  pyrophosphate  up to 2,0 ~M ; higher concen- 
t rat ions do not result  in fur ther  inh ib i t ion  and  
about 30 p. cent of the activity remain  unchanged.  

DISCUSSION. 

It has been shown that the presence of p-hy- 
droxybenzoate  octaprenyl- t ransferase  activity is 
easily detected in  E. colt by the formation of label- 
led 3-nonaprenyl  4-hydroxybenzoate in an incu-  
bat ion mixture  con ta in ing  a cell-free extract  to 
which  is added labe l led /or  unlabel led p-hydroxy-  
benzoate and un labe l l ed /  or labelled solanesyl- 
pyrophosphate  as an exogenous side chain donor. 
This activity has been found in  E. colt 83-1 supple- 
mented with p-hydroxybenzoate ,  i.e. unable  to 
accumulate  the endogenous side chain precursor  ; 
no activity was found in E. colt 2-45, a ubiqui-  
none-less mutan t  unable  to use p-hydroxybenzoate.  
A very efficient reconst i tuted biosynthet ic  system 
could be obta ined by mix ing  a ceil-free extract  of 
83-1 and 2-45 strains,  ind ica t ing  that accumulated 
octaprenyl  pyrophosphate  from 2-45 s t ra in  was a 
good precursor  for the octaprenyl t ransferase  sys- 

tern of 83-1. This result  is very different from that 
obtained by Young et al. [83 where  very low 
complementa t ion  effects were observed, even wi th  
menaquinone- less  s trains wh ich  accumulate high 
amounts  of oc taprenyl  pyrophosphate .  It is to be 
noted that 2-45 strain;  though unable  to produce  
ubiquinone ,  does not overproduce desmethylmena-  
qu inone  and can probably  accumulate  oc taprenyl  
pyrophosphate  to a s imilar  extent as menaqui-  
none-less mutants  described by Young et al. The 
results described above allow to conclude that the 
2-45 s t rain is a p-hydroxybenzoate  octaprenyl-  
transferase-less mutant .  

A careful s tudy of the accumulated interme- 
diates formed from the endogenous side chain  
precursor  and  labelled p-hydroxybenzoate  by the 
cell-free extract showed that the harvest  t ime was 
cri t ical  for a full recovery of octaprenyl  phenol  
synthesis.  Octaprenyl  phenol  formation was 
higher  in  young cells and near ly  undetectable  
dur ing  the s ta t ionary phase. On the contrary,  
near ly  constant  amounts  of PPHB were recovered 
all along the growth period. In fact these results 
reflect probably  a difference in extract ibi l i ty  of 
the two enzymes from cells at different growth 
stages : p-hydroxybenzoate  polyprenyl t ransferase  
seems to be more easily solubilized than the decar- 
boxylase activity especially in s ta t ionary phase 
Cells. Moreover the latter activity is lost when  
harvested cells are kept frozen. 

When  exogenous [3H~ po lyprenyl  pyrophos-  
phates were used as s ide-chain donors in the 
absence of endogenous octaprenyl  pyrophosphate  
(strain 83-1 grown wi th  p-hydroxybenzoate) ,  all- 
label was found only in  PPHB, no detectable 
label l ing being associated wi th  po lyprenyl  phenol.  
Short chain pyrophosphates  (phytyl-, farnesyl) 
were far more effective as po lypreny l  donors than 
solanesyl-pyrophosphate.  In  a competit ive expert- 

TABLE V][[. 

Competitive utilization of endogenous oclaprenyl pyrophosphate 
and exogenous [SH]solanesyI pyrophosphate in cell-free extracts of 83-1 strain. 

[3H] solaoesyl  
pyrophosphate 

dpm nmoles 

0 0 
1 ~ 6 , 0 0 0  5 
2 9 0 , 0 0 0  1 2 . 5  
580,000 25 

1160,000 50 

Radioactivity in PPItB formed 

l~E dpm 

696 
432 
300 
500 
426 

3H dpm 3H/~/~C 

~ 0  1.22 
! 750 2.5 
I 1320 2.6 

1240 2.8 

Total 
PPHB 

nmcles _ 

] O.26 
0.15 
0.10 
0.17 
0.14 

3-nonapreny] 
~-hydroxy- 
benzoate 
nmoles 

0.023 
0.032 
0.056 
0.053 

3-octaprenyl 
4-hydr0xy- 
benzoate 
nmoles 

0 . 2 6  
0 . 1 2  
0 . 0 7  
0.11 
0 . 0 9  

0.5 ml of enzyme extract (36 mg proteins/ml), from cells grown without p-hydroxyben- 
zoate, are incubated with 10 ,~moles of l~gCl~ and 0.15 ~mole (0.2 ~Ci) of [ 1 4 C ] p - h y d r o x y -  
b e n z o a t e  ; f inal  v o l u m e  : 0.65 ml .  
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ment  it was possible to compare  the re la t ive  donor  
eff iciency of exogenous solanesyl pyrophospha te  
and of endogenous oc taprenyl  pyrophosphate .  The 
results indicate  that the octaprenyl  homolog was 
preferent ia l ly  u s e d ;  some compet i t ive  inh ib i t ion  
appears  to occur  wi th  high amounts  of solanesyl  
pyrophospha te  (table VII). These results can be 
put together  wi th  the inhibi t ion s imilar ly  occur-  
r ing  when  high concent ra t ions  of an exogenous 
po lypreny l  pyrophospha te  is used in the absence 
of endogenous p recu r so r  (table VI). A s imilar  
short  chain po lypreny l  pyrophospha te  ut i l izat ion 
has been descr ibed previous ly  in a yeast system 
using an endogenously  synthesized po lypreny l  
pyrophospha te  mix ture  [16]. The polyprenyl t rans-  
fcrases of R. rubrum or l iver  mi tochondr i a  have 
been essentially tested wi th  a mixture  of long 
chain po lypreny l  pyrophosphates ,  obtained f rom 
the M. lysodeikticus or an endogenous polymeriz-  
ing enzyme [9, 22]. In our system, the use of pure  
synthet ic  po lypreny l  pyrophospha tes  demons- 
trates clearly the non-specif ic i ty  of the alkylat ing 
enzyme wi th  respect  to the po lypreny l  side chain 
l e n g t h ;  the h igher  act ivi ty  noted here wi th  
shorter  isoprenologs s t r ikingly recal ls  that  obser- 
ved for desmethyhnenaquinone-methylase ,  another  
menlbrane-bound enzyme from M. phlei [17]. 

In te rpre ta t ion  of s imilar  results have led Rud- 
ney and coworkers  to at tr ibute the specifici ty of 
the chain  length of bacter ia l  or mammal ian  ubi- 
quinones to the avai labi l i ty  of one (or two) long 
chain po lypreny l  pyrophosphate(s)  endogenously 
synthesized [22]. However ,  our results show that, 
when  var ious  exogenous [3HI po lypreny l  pyro-  
phosphates,  d i f fer ing from the C~o homotog, are 
in t roduced  into the system, in the absence of the 
endogenous p recursor  or in compet i t ion  wi th  it, 
all the label coming from the synthet ic  pyrophos-  
phate is local ized in PPHB, whi le  only the endo- 
genous oc taprenyl  pyrophospha te  allows the for- 
mat ion of po lypreny l  phenol  (fig. 4). These results 
s ignify that solubil ized PPHB decarboxylase  is 
h ighly specif ic  for 3-octaprenyl  4-hydroxyben-  
zoate, whereas  po lyprenyl t rans fe rase  is not. Thus, 
the or igin  of the speci f ic i ty  of side chain length 
in ubiquinoncs  is not only dependent  on the role 
of the po lypreny l  pyrophospha te  synthesis system, 
but p robably  involves  also a cont r ibut ion  of the 
str ict  specif ic i ty  of the decarboxyla t ing  enzyme. 
This  fact br ings up new questions about the for- 
mat ion of traces of shor ter  ub iqu inone  honmlogs 
previous ly  descr ibed by Daves el al. in E. colt [3]. 
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R~suM~. 

Des conditions expdrimentales permettant la mesure 
de l'aetivitfi polypr6nylpyroph~sphate p-hydroxyben- 
zoate transf6rase ~ partir de [14C]p-hydroxybenzoate 
on de [aH]-polypr6nytpyrophosphate ont 6tfi mises au 
point afin de tester la mutation ubi A- dans des couches 
de E. coli incapabl,es de synthfitiser l'ubiquinone. La 
nature des produits de prfinylation formds par les 
extraits de la souche 83-1 en presence de diffdrents 
polypr6nyl pyrophosphates, montre que la 3-polypr~- 
nyl 4-hydroxybenzoate d6earboxylase est fortement 
spbeifique pour son substrat oetapr6nylique landis que 
ta p-hydroxybenzoate polypr6uyltransf6rase ne l'est 
pus. 
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