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Abstract-The preparation of a cell-free homogenate and 10000 g particulate fraction with polyprenylpyrophos- 
phate-p-hydroxybenzoate polyprenyltransferase activity from 0 to ‘I-day-old blocks of compressed baker’s yeast 
is described. The synthesis of 4-carboxy-2-triprenylphenol from p-hydroxybenzoate and FPP by the particulate 
fraction has been studied in some detail. In particular it has been shown that the transferase catalysing the reac- 
tion is activated by Mg’+, has a pH optima of 7 and is inhibited by phosphate buffer. Intracellular distribution 
studies have established that in freshly grown cells of Saccharomycrs carkbrrgemis the greater part of the poly- 
prenyl transferase activity is present in the mitochondria. 

INTRODUCTION 

THERE are now several pieces of experimental evidence1.2 to support the view that the 
nature of the pathway leading from p-hydroxybenzoate to ubiquinone in yeasts is similar 
to the pathways which operate in bacteria and mammals.3,4 Thus Ah Law et al.’ have 
isolated 5-demethoxyubiquinones from a number of yeasts and have shown them to be 
precursors of ubiquinones in Sacclza~orn~lt~~~s cerraisiar and S. cu~lsher~qrnsi.s and, more 
recently, Thomas and Threlfall’ have demonstrated that cell-free homogenates and mito- 
chondrial preparations of S. carlshergensis contain an enzyme (polyprenylpyrophosphate- 
p-hydroxybenzoate polyprenyltransferase) that is able to form 4-carboxy-2-polyprenyl- 
phenols from p-hydroxybenzoate and polyprenylpyrophosphates. 

In the present paper we report on the preparation and properties of a particulate frac- 
tion with polyprenylpyrophosphate-p-hydroxybenzoate polyprenyltransferase (p-hydroxy- 
benzoate polyprenyltransferase) activity from blocks of compressed baker’s yeast and the 
intracellular distribution of p-hydroxybenzoate polyprenyltransferase activity in S. curls- 
hergensis. 

Abbreviations: FPP, mans-trans-farnesylpyrophosphate; IPP, isopentenylpyrophosphate; MLE, Micrococcus 
lysodrikticus extract; MLE-IPP, MLE that has been preincubated with IPP. 

’ AH LAW, THK~LFALL. D. R. and WHISTANTL. G. R. (1971) Bioclzeul. J. 123, 33 1. 
’ THOMAS, G. and THRELFALL, D. R. (1973) Biochrm J. 134, 811. 
3 THRELFALL, D. R. and WHISTANCE, G. R. (1971) Asprcts of Tvrpenoid Chemisrry and Biochemistry (GOODWIN, 

T. W., ed.), pp. 357-404, Academic Press, London. 
4 MOMOSE, K. and Run~rv. H. (1972) J. Biol. Chain. 247, 3930. 

1x3 



R I: S C 1.7’s 

In the preliminary study which established that p-hydroxybenzoate polyprenyltransfer- 
ase activity is associated with yeast mitochondria, cell-free fractions were prepared by sub- 
jecting suspensions of freshly-harvested cells of S. cwlsherycwsis which had been ground 
with neutral alumina in a mortar to a scheme of differential crntrifugation.’ To obviate 
the relatively expensive and time-consuming procedure of growing cells and the wide vari- 
ations in the quality and yields obtained by the above procedure of cell-disruption. it was 
decided to investigate the use of(a) blocks of compressed baker’s yeast as a source of par- 
ticulate preparations for experiments in which mitochondrial integrity is not essential and 
(b) a tissue disintegrator as a means of obtaining a more standard preparation. 

Accordingly suspensions of cells from a 4-day-old block of baker’s least were subjected 
to different periods of mechanical grinding by Ballotini beads in a Mickle High Speed Tis- 
sue Disintegrator and the 1OOOOy particulate fractions assayed for protein content and 

ability to form CHCl, soluble ‘“C-compounds from p-hydroxy-[7- ‘JC]benzoate and MLE 
that had been preincubated with IPP (MLE ~IPP) to provide a source of protein bound 
polyprenylpyrophosphates (Table l).* The results showed that exposure of the cells to 
mechanical grinding for 10 min at 0’ gave a good yield of IOOOOg particles Lvith specific 
activities comparable to those obtained with the best preparations from fresh yeast cells. 
Subsequent studies showed that for the period &7 days from purchase the age of the yeast 
block had little effect on the specific activities of the preparations. 

TABLE I. RELEASE ok f~Krmfh AVI) p-IIII’DKOXYBI:SZOA II. POLE ~Kf.is\r f TK~~SFI fw3 ~(‘rn’11 ‘I f-Km H.AKf,K’S YEAST 

fiY ML<‘fIANI(‘AL C;KlNl~l\~i 

Period of Cell-free 
mechanical homogwatc 

grinding Protcin 
(min) (mg; 6.4 g fr. wt) 

1OOoOg Partlculatc fraction 
Transferase activity 

Protun (nmol; IO mg 
(mg 6.4 g fr. \vt I protein. 30 min) 

Incubations for the assay of transfcrasc activity consisted of 3 ml of MLE IPP (I 14 /lmol). 2 ml of 005 M 
phosphate buffer, pH 7.1. 13.4 nmol ofp-hydrosy-(7-‘“Clbcn~o~~tc (7.7 /Ki./mol). IO mg of protein and 100 irmol 
of MgCIL. The mixtures were incubated for 30 min 

The biosynthetic capabilities of the cell-free homogenates and 10000 y particulate frac- 
tions from blocks of baker’s yeast were investigated by incubating them with p-hyd- 
roxy-[U-‘“Clbenzoate and either IPP or MLE IPP. and determining the nature of any 

CHCl, soluble 14C-products (Table 2). It was found that both the cell-free preparation 
and 1OOOOg particulate fraction gave rise to CHCl, soluble ‘5C-products when MLE-IPP 
was used as a source of polyprcnylpyrophosphatcs. but that only the cell-free preparation 

* Evidence that the polyprenylpyrophosph~ltes are protcin bound 111 the MLE IPP supplement has been pro- 
vided by the demonstration that on chromatography of MLI: ( I-‘“C-JIPP on Sephadeu GIOO most of the 
radioactivity is eluted co-incident \c.lth the protem in the void volume ITIIO%IS. G. and TffKf Lf ALL.. II. R.. unpllb- 
lished observations). 
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TABLE 2. SYNTHESIS OF 4-CARBOXY-2-POLYPRENYLPHENOLS FROM p-HYDROXY-[U-‘4C]~~~~~~~~ AND MLE-IPP 
OR IPP OR FPP BY CELL-FREE PREPARATIONS OF BAKER’S YEAST 

PrCltt?in 
(me) 

Source of 
side-cham Di- 

4.Cdrboxy-2.polypl-enylphenols (nmol/lO mg protein/hr) 
Tri- Tetra- Penta- Hexa- Hepta- Octa- Nona- Deca- 

Cell-free homogenate 
Cell-free homogenate 

Washed 10000 particles g 
Washed IOOOOy particles 
Weshed IOOoOy piirticles 

IO.6 
IO.6 

9.7 
9.7 
8.9 

IPP _ 2.4 _ tTace trace - _ _ 

MLEmlPP 0.04 @OX 0.77 o-25 0.07 0.09 O-72 24 0.52 
IPP 
MLE IPP 0 ?I O-22 2 0 094 0. I x 0 23 I.82 5-99 1.43 
FPP 22 __ 

The first 4 preparations were obtained from the same yeast homogenate. Incubations I, 3 and 5 consisted of 

5 ml of 0.05 M phosphate buffer, pH 7.1, 16.2 pmol of p-hydroxy-[U-“‘C]benzoate, 8.9-10.6 mg of protein, 
100 pmol MgCI,, and either 7.5 pmol of IPP or 1 pmol of FPP. Incubations 2 and 4 consisted of the components 
listed in Table 1. The mixtures were incubated for 1 hr. 

(due to the presence of a FPP synthesizing system) could use IPP as a potential source 
of side-chains. As expected if the transferase activity is present in the mitochondria, the 
1OOOOg particulate fraction had a higher specific activity than the cell-free preparation. 
Adsorptive TLC established that the radioactive compounds present in the CHCl, extracts 
had the properties expected of 4-carboxy-2-polyprenylphenols. Reversed-phase TLC of the 
radioactive phenols recovered from the adsorptive TLC step was used to resolve the 
homologues from each other (Fig. 1). The identities of the phenols were established by 

Time, min 

FIG. I. RAI)IOTHKOMATOGKAM SCANS OF KFVERSW PHASI, TL CHROMATOGRAMS OF PARTLY PURIFIED 

14C-~~~~~~s. 

Partly purified 4-carboxy-2-polyprenylphenols from cell-free homogenates that had been incubated 
with p-hydroxy-[LJ-“‘Clbenzoate and either MLE-IPP (--) or IPP (-----) were chromatographed 

OF paraffin-impregnated silica gel 0 developed with 80% aq. acetone. 

FIG. 2. SYNTHESIS OF 4-CARBOXY-2-POLYPRENYLPHENOLS (o-_-b) AND 4-CARBOXY-2-TRIPRENYLPHENOL 

(6 0) BY A 15000 <, PARTICULATE FRACTION. 

Incubations for the assay of p-hydroxybenzoate polyprenyltransferase activity consisted of 3 ml of 
MLE-IPP (1 I.4 pmol), 2 ml of 005 M phosphate buffer, pH 7.1, 16.2 pmol of p-hydroxy-[U-“C]ben- 
zoate (7.7 mCi/mmol), 10.5 mg of protein and 100 pmol of MgCl,. Incubations for the assay of p-hyd- 
roxybenzoate triprenyl-transferase activity consisted of 3 ml of 0.05 M phosphate buffer, pH 7.1, 
16.2 nmol of p-hydroxy-[U-“‘Clbenzoate (7.7 mCi/mmol), 1 nmol of FPP, 10.5 mg of protein and 
100 pmol of MgCl,. To aid in the comparison of the curves the values for the amounts of 4-carboxy-2- 

triprenylphenol produced have been multiplied by 5. 



comparing their mobilities with that of authentic 4-carboxy-2-octaprenylphenol; the iden- 
tifications weregreatly helped by the fztcts that (a) in the incubations containing MLE--IPP 
the complete sequence of di- through to decaprenyl homologues was produced and (b) the 
principal products were present in sufficient amounts to be stained with Gibbs’ reagent 
(Fig. I ). Confirmation of the chemical identities of the phenols produced was obtained by 

the same methods as those used to characteri/c the phenols produced by S. cwlslwrgc~nsis' 
i.e. the demonstration that (a) theq Lvcrc decarboxylated to ’ 'C'-compounds having the 
TLC properties of the appropriate 7-polyprenylphenols by cell-free preparations of Rho- 
rlos/~ir~il/u/n ~rhr~r~z and (b) they could he labelled from IT-hydroxy-[7-‘“C’]benzoate and 

from MLE-[ I-‘“C]IPP. 

The experiments described above provided good evidence that the composition of the 
available polyprenylpyrophosphates determines which 3-carboxy-2-polyprenylphenols are 
synthesized by the yeast preparation. Confirmation that the enzyme uses preformed poly- 
prcnylpyrophosphatcs was provided by the demonstration that when a 10000 (1 particulate 

fraction is incubated with I)-hydrox~-[C’-‘“C’lbenroatc and FPP the product is 4-carboxy- 
2-triprenylphenol (Table 2). At this stage it was dccidcd to LISJ this system for the rest of 
this part of the study, since it provided the most defined one that had been tested. Ideally. 
hexaprenylpyrophosphate should have been used since ubiquinone-(1 is the constitutive 
ubiquinone of baker’s yeast.’ Unfortunately. the heaaprcnol required for the chemical syn- 
thesis of hexaprenylpyrophosphate is not available from commercial sources. 

The degree of binding of the 4-carboxy-2-triprenylphcnol produced in the above reac- 
tion to the particulate components of the incubation mixture was investigated by subject- 
ing incubation mixtures to 1OOOOOg fbr 20 min before analysis. In all cases it was found 
that more than 90:,, of the incorporated activity was associated with the 100000 c/ pellet. 
This suggested that i/7 vitro the product of the reaction is not released from the mitochon- 
drial membranes. 

Time. The first f:ictor to be investigated was the effect of time on the rate of formation 
and yield of 4-carboxy-2-triprenylphenol (Fig. 2). As a comparison the effect of time of the 
formation of 4-carboxy-2-polyprenylphenols from /~-hydroxy-[I!-‘5C]benzoatc and 

MLE- IPP was also determined (Fig. 2). 
The curves obtained for the amounts of 4-carboxy-7-polyprcnylphenols produced with 

time were of the expected type. Rather surprisingly, however. since the amounts of poly- 
prenylpyrophosphates present in the two types of incubation media were approximately 
the same, it was found that the synthesis of 4-carboxy-2-triprcnylphenol in the incubation 
containing FPP ceased after I?“,, of the available I’-hydroxy-[LT-‘SC’]benznate had been 
utilized. whilst the synthesis of 4-carboxy-2-polyprenylphenols in the incubation contain- 
ing MLE IPP continued until 72”;, of the available /,-1i4dro~~-CU-‘1C’]hen~oate had been 
utilized. The reasons for these difrerences arc not clear. although one possibility is that 
the physical state in which the polyprenylpyrophosphates are presented is important. 

For the rest of the work using FPP it was decided to use IO mg or less of protein’_? ml 
of incubation mixture and to incubate for 30 min. 

Co77w7mrio77 0fFPP. O\:er the range 0 2 Lrmol of FPP:? ml of incubation mixture the 
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expected type of relationship between [FPP] and reaction rate was obtained (Fig. 3). The 
apparent limiting rate observed at the highest [FPP] was, however, due in part to precipi- 
tation of some of the components of the incubation mixture during the course of the reac- 
tion: because of this 1 pmol of FPP/3 ml of incubation mixture was used for the remaining 
assays. 

I 
FPP cont., /.unol/3 ml- 

I I I 
0 100 200 300 

Mg*’ cont.. j.unoV3mC 

5 6 7 8 9 IO 

PH 

FIG. 3. EFFECT OF [FPP] (O-0) AND [Mg’+] (-0) ON THE RATE OF 4-CARBOXY-2-TRIPRENYL- 
PHENOL FORMATION BY A 15OOt3 9 PARTICULATE FRACTION. 

Incubations consisted of 3 ml of 0.05 M phosphate buffer, pH 7.1, 16.2 pmol of p-hydroxy-[U- 
i4C]benzoate (7.7 mCi/mmol), 4.3 mg of protein and either 100 pmol of MgCI, and variable amounts 
of FPP or 1 pmol of FPP and variable amounts of MgCl,. The mixtures were incubated for 30 min. 

FIG.~. EFFECTOF ~HONTHE RATEOF FORMATION OF ‘kARBOXY-2-POLYPRENYLPHENOLS(e0) AND 

4-CARBOXY-&TRIPRENYLPHENOL(b.)BYA l5ooog PARTICULATEFRACTION. 

Incubations for the assay of 4-carboxy-2-polyprenylphenol activity consisted of 3 ml of MLE-IPP 
(11.4 pmol) (prepared in the absence of buffer), 2 ml of Universal buffer (Britton and Robinson type),5 
16.2 pmol ofp-hydroxy-[U-“%]benzoate, 15 mg of protein and 100 nmol of MgCl,. The mixtures were 
incubated for 1 hr. Incubations for the assay of 4-carboxy-triprenylphenol activity consisted of 3 ml of 
Universal buffer, 16.2 pmol of p-hydroxy-[U-‘%]benzoate (7.7 mCi/mmol), 1 pmol of FPP, 4.3 mg of 
protein and 100pmol of MgCl,. The mixtures were incubated for 30min. To aid in the comparison 
of the curves the values for the rates of formation of 4-carboxy-2-triprenylphenol have been multiplied 

by 2. 

Concentration of Mg’+. M ” g acted as an activator. Maximum activation was obtained 
at lOO-200pmol of Mg2+/3 ml of incubation. The inhibitory effect of high [Mg”+] was 
due in part to the precipitation of some of the components of the reaction mixture. 

pH. The effect of pH on the rate of reaction was studied for incubations containing either 
FPP or MLE-IPP (Fig. 4). In both assay systems the pH optimum was found at or about 
pH 7. 

Concentration ofphosphate buffer. It had been reported that activity in rat liver prep- 
arations is inhibited by phosphate.6 Similarly, it was found that in the yeast system [phos- 
phate buffer] influenced the rate of reaction (Fig. 5); the reaction being some 10% inhibited 
(by extrapolation) under the assay conditions used. 

’ MCKENZIE,H. A.(1969) Datafor Biochemical Research (DAWSON, R. M. C., ELLIOTT, D. C., ELLIOTT, W. H. 
and JONES, K. M., eds.), pp. 476506, Oxford University Press, London. 

’ SCHECHTER, N., NISHINO, T. and R~JWEY, H. (1973). Arch. Biochrm. Biophvs. 158, 282. 



It is worth recording here that in incubations containing MLE--1PP. the rates were 
reduced when phosphate buffer was replaced by Tris-HCl buffer (Fig. 5). 

KF. Momose and Rudney4 found that the rate of synthesis of 4carboxy-I-nonaprenyl- 
phenol from p-hydroxybenzoate and IPP by rat mitochondrial systems was markedly 
stimulated on the addition of KF. However. in none of the yeast systems tested was any 

stimulation observed. 

0 0 I 02 

Buffer cm, b.4 

prenylphrnol activity consisted of the same component5 as tllosz listed in Fig. 3 with the exception 01” 
the Universal buffer Nhich WI\ rcpiaccd bq cithcr phosphate butkr (A) or Tris-HC‘I bufkr (o--- 01. 

The values ohtamed in this part of the cxperimcnt have hecn multiplied hy 10 I. 

Intracellulur distritmtim oj’trumf~rase uctirity in cdls qf S. carlsbergensis 

Previous studies in which S. car1shrtyrrr.si.s homogenates containing no osmoticum were 
subjected to a scheme of differential centrifugation had suggested that the transferase acti- 
vity was mainly confined to the mitochondria.’ To confirm these findings suitably buffered 
and osmotically stabilized homogenates prepared from freshly-harvested cells of S. c~ls- 
hergerrsis by mechanical disintegration were fractionated by differential centrifugation, and 
the fractions analysed for transfcrase activity and two mitochondrial marker enzyme sys- 
tems. NADH-oxidase and succinate--oxidase (Table 3). 

The results show that the distribution of transfcrase activity closely follows the distribu- 
tion of the mitochondrial marker enzymes. the greater part of it being present in the 
15OOOy fraction. These findings serve to confirm that the transferase activity is almost 
completely confined to the mitochondria, although its presence in small amounts in other 
organelles cannot be excluded completely. 
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TABLE 3. INTRACELLULAK DISTRIBUTION OF P-HYDKOXYBENZOATE POLYPKENYLTRANSFEKASE ACTWITY IN ~-DAY- 
OLD S. curlsbergrnsis 

Fraction 
Protein 

(mg) 

Succinic 
oxidase 
(“/;; total 
activity) 

NADH 
oxidase 
(T<, total 
activity) 

Transfera,se activity 
(nmol/lO mg (% total 
protein/hr) activity) 

Debris and nuclear 0.8 @l 0.4 2.0 0.2 
Mitochondrial 28.6 81.8 72.2 17.7 76.8 
Microsomal 18.0 15.3 26.2 6.3 22.2 
Supernatant 84.0 2.8 1.2 0.1 0.8 

Incubations for the assay of transferase activity in the mitochondrial, microsomal and supernatant fractions 
each consisted of 3 ml of MLE-IPP (7.5 pmol), 2 ml of 0.05 M phosphate buffer, pH 7.0, 23.3 pmol of p-hydroxy- 
[U-‘4C]benzoate (7.7 &X/~mol), IO mg of protein and 100 pmol of M&l,. The incubation for the assay of trans- 
ferase activity in the supernatant fraction contained l/5 of each of the standard components listed above and 
0.6 mg of protein. The mixtures were incubated for I hr. 

DISCUSSlON 

The first part of this study established that it is possible to prepare cell-free homogenates 
and particulate fractions having p-hydroxybenzoate polyprenyltransferase activity from 0 
to 7-day-old blocks of compressed baker’s yeast by mechanical grinding. The specific ac- 
tivities of the preparations are similar to those obtained with preparations from freshly 
grown yeast cells. 

In a previous study it was found that S. carlsbergensis preparations supplemented with 
MLE-IPP as a source of protein bound polyprenylpyrophosphates produced the hexa- 
(1793, hepta- (1 lo/,), octa-*(8x), nona- (5223 and deca- (I 204) prenyl homologues of 4-car- 
boxy-2-polyprenylphenol.’ In the present study, however, both baker’s yeast and S. carls- 
bergensis preparations when supplemented with MLE-IPP produced the di- through to 
deca-prenyl homologues with tetra (15x), penta- (7x), octa- (14x), nona- (46%) and deca- 
(11%) prenyl homologues as the predominant forms (Table 2 and Fig. 1). The reason for 
this change in pattern is not clear: although, it may be due to either the use of a different 
batch of MLE or some, as yet undetermined, variation in the conditions used for the prein- 
cubation of the MLE with IPP. 

As expected the cell-free homogenate, due to the presence of a very active FPP synthe- 
sizing system, produced substantial quantities of 4-carboxy-2-triprenylphenol when sup- 
plemented with IPP (Table 2 and Fig. 1). Occasionally, in these incubations, small quanti- 
ties of di-, hexa- and heptaprenyl homologues were produced. Thus establishing that the 
enzymes necessary for producing a polyprenylpyrophosphate with the same side-chain as 
the principal constitutive ubiquinone (ubiquinone-6) are present in the preparation. The 
10000 g particles (which contain most of the transferase activity), however, could not make 
use of IPP as a side-chain precursor. This result is in contrast to the results obtained with 
animal mitochondria,4 which can synthesize 4-carboxy-2-polyprenylphenols with the same 
side chains as the constitutive ubiquinones, and when considered in conjunction with the 
fact that cell-free homogenates are capable of producing 4-carboxy-2-hexaprenyl-pyro- 
phosphate from p-hydroxybenzoate and IPP would suggest that hexaprenylpyrophos- 
phate required by the transferase is not synthesized in yeast mitochondria. It may be of 
course that, as suggested previously, the IOOOOg particles cannot use IPP due to the loss 



or inactivation of one or more of the enzymes required for the synthesis of hexaprenylpyro- 
phosphate.’ This aspect is now the subject of further investigation. Tho above findings 
show that in common with Rsp. whrurn. animal.” bean and S. ~~~r~/.shc~~~~~/~rr.si.s polyprcnyl- 
transferases,’ the baker’s yeast transferase shows littlc specificity with regard to the length 

of the polyprenyl side-chain it transfers to p-bydrox~bcnroatc. 
The requirement of the enzyme for preformed polCprc”\lpy7-ophosphatcs was confirmed 

by the demonstration that the 10000 g particulate fraction products 3-carboxq-3-triprenyl- 
phenol when incubated with p-hqdroxyhen7Oatc and FPP (Table 3). It is of interest that 

this phenol is produced in only some 20 30”,, of the amounts of the phenols produced 
when MLE~ IPP is used as a source ofsidc chains, even though the concentrations ofpoly- 
prenylpyrophosphates in the incubation mixtures are probably ver> similar (Fig. 2). A 
possible explanation for this difference is that in the case of the incubations containing 
FPP the alcoholpyrophosphatc is cithcr adsorbed onto the particulate fraction or precipi- 

tated out of solution during the course of the incubation. whilst in the cast of the incuba- 
tion containing MLE- IPP the protein bound alcohol 17”i-ophosphntcs rtimain constantly 
available to the enzyme. 

The factors affecting the synthesis of 4-carbox~-3-tl-iprcnylplle1i01 from /Aydroxybcn- 
zoatc and FPP bq the 10000 y particulate transfcrasc were studied in some detail. It \vas 
found that for a fixed concentration of p-hydrox~~-[U-‘lC~benzoate the rate of reaction 
was proportional to the concentration of FPP over the range 0~~ 1 /mol’? m1 of incubation. 
above this range the rate plateaued due in part to the precipitation of some of the com- 
ponents of the reaction mixture (Fig. 3). The transfcrasc was activated by Mg’ ’ ions (Fig. 
3), had a sharp pH optima at or about 7 (Fig. 4). and was inhibited bq phosphate buffer 
(Fig. 5). KF, a compound that had been reported to IWVC a marked stimulator!: e@cct on 
the synthesis of 4-carboxy-2-nonaprenylphcnol from I’-hydrox~,bcnzoate and IPP in rat 

liver mitochondria,’ had no effect on the rate of reaction or final yield of products. 
The last part of the study established that in freshly grown cells of S. c.~17./.sht~~.~/c~77.siS the 

greater part of the transferasc activity is associated with the mitochondria. although its 
presence in other cell organclles cannot bc excluded (Table 3). This finding \vhen consi- 
dered in conjunction ivith the fact that 5-dcmcthoxyt~biquinone-h is localized mainly in 
the mitochondria- would seem to provide evidence that the yeast mitochondria contain 
all of the enzymes reqAred to convert p-hydroxybenroatc into ubiquinonc. 

This investigation, thcrcforc. establishes that the propertics of the yeast p-hydroxq’bcn- 
zoatc polyprenyltransfcrase are almost identical to those that have been described for the 
animal transferase.“,” Throughout this study no evidence for the presence of 4-carboxy-2- 
polyprcnylphenol decarboxylase. the next enzyme on the pathnay leading from /I-hydrox- 
ybenzoate to ubiquinonc, in any of the preparations has been obtained. This is not entirely 
surprising, since it has been found that R/7or~a,spiri//r~n7 rd~r~r~~~, Cl7~177trtir~r71 sp. and P,SCW~O- 
I~O~~~S,~IUOTI~SI’L~IIS decarboxylases arc very labile and rapidly losc their activity in the pres- 
encc of 0, (G. Thomas and II. K. Threlfall. unpublished obscr\,ations). 
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obtained from Schwarz-Mann. Orangcburgh, New York, U.S.A. Triammonlum-[l-‘4C]IPP (60 mCi/mmol) was 
purchased from The Radiochemical Centre, Amersham. 

Synthrsis oJ’lPP und FPP. Trilithium IPP was synthesized from isopentenol (Aldrich Chemical Co., Mil- 
waukee, Wisconsin, U.S.A.) by the method of Cornforth and Pdpjak.’ FPP was synthesized from trans-trans-far- 
nesol (Ralph Emmanuel. Wembley, U.K.) by the method of Cramer and BBhm” as used by Cornforth and Pdp- 
jak.’ The concn of FPP present in the stock solns used for incubation studies was determined by assaying the 
inorganic phosphate liberated on boiling in 5 M HZS04 for 10 min by the method of Fiske and SubbaRow.” 

Biological material. S. carlshergensis Herb I.M.I. 80178 was grown under the conditions described by Ah Law 
and Threlfall.’ Blocks of compressed baker’s yeast (S. crrrcisiar) (N.G. & SF., Fermentation Products, Dock 
Road, Felixstowe. U.K.) were purchased from a local supermarket and stored at 3’ until required. 

Preparation oJ’cell-Jixv hornoyrwtes and 1OOOOg particulatc,~actions,from baker’s yeust. Baker’s yeast (9 g) was 
suspended in 12 ml of ice-cold 0.05 M phosphate buffer, pH 7.1. with gentle stirring. Fifteen ml of the suspension 
was then divided equally between two 15 ml Pyrex vessels each of which contained 1 g of Ballotini beads (no. 
8) and shaken at max amplitude on a Mickle High Speed Tissue Disintegrator (Mickle Laboratory Engineering 
Co., Gomshall. U.K.) for IO min. The resultant homogenates were transferred to a centrifuge tube which con- 
tained 15 ml of ice-cold 0.05 M phosphate buffer, pH 7.1, and fractionated by centrifuging twice at 1OOOg for 
5 min and, if required, once at 10000 g’for 20 min. The 10000 g ppt. was washed by resuspension in 0.05 M phos- 
phate buffer, pH 7.1 and resedimented at 10000 y for 5 min. The 1000 9 supernatant and 10000 9 ppt. were desig- 
nated cell-free homogenate and IOOOOy particulate fraction respectively. 

Fractionation qf S. carlsbergensis. Two-day-old cells (24 g fr. wt) from 2.5 I of growth medium were harvested 
by centrifugation, suspended in I2 ml of 0.05 M phosphate-EDTA buffer, pH 7.2. which was 0.25 M with respect 
to mannitol and disrupted by mechanical grinding in a Mickle High Speed Tissue Disintegrator under the same 
conditions as those described in the previous section. The homogenate was then fractionated by centrifugation 
at 500 y for 5 min. 1000 9 for 5 min, I5000 g for 25 min and 120000 9 for 40 min. The 1000 9, 15000 g and 
1200009 ppt.s were designated cell debris and nuclear fraction, mitochondrial fraction and microsomal fraction 
respectively. The I20000 y supernatant was designated supernatant fraction. 

Radiochrn~ical asscty of’p-hyd~osyhrrlzoqrr pol!:pr~r?yltransf~rase a&city. The details of the various incubation 
procedures used for the assay of transferase activity are given in the Results. The components in 0.05 M phos- 
phate buffer, pH 7.1, were always added in the order: 005 M phosphate buffer, pH 7.1, MLE-IPP or Li, IPP 
or FPP. p-hydroxq-[‘JC]benzoate, protein, Mg’+ (as MgCl,). In those incubations supplemented with MLE- 
IPP the MLE was prepared and preincubated with IPP under the conditions described by Raman c’t ~11.‘~ The 
mixtures were incubated in air for the appropriate period of time at 30’ with gentle agitation. At the end of the 
incubation period the reaction was stopped by the rapid addition of 15 ml CHCl,-MeOH (1: 2) and, after allow- 
ing the mixture to stand for 2 hr. the lipids were extracted by the method of Galliard rt al.13 The resultant lipid 
extract was taken up in 2 ml petrol. (b.p. 4@ 60”) and 1 ml assayed for radioactivity. The radioactivity present 
in the lipid extracts was associated entirely with 4-carboxy-2-polyprenylphenols (see below) and was used to cal- 
culate the amounts of 4-carboxy-2-polyprenylphenols produced in the incubations. 

Idrntijcatio~~ qfrudioacticr compounds present in the lipid extracts. The nature and cham lengths of the 14C- 
compounds present in the lipid extracts were determined by a combination of adsorptive and reversed phase 
TLC.’ In all of the extracts examined the only ‘V-compounds present were 4-carboxy-2-polyprenylphenols. 

Conversion of 4-cc~rho~!~-2-pol~pr~~fyll,lzrnols to 2-polypr~rfylphenols by R. rubrum prrparations. This was car- 
ried out by the procedure described by Momose and Rudney.4 The 2-polyprenylphenols produced were extracted 
from the incubation mixtures by the method described above and characterized by reversed phase TLC.14 

NADH- and succinic osidasr activity. These were determined by a polarographic procedure.’ 
Protein rstirnution. Protein content was estimated by the method of Lowry et rrl.” Crystalline bovine serum 

albumin was used to prepare the standard curve. 
Radioassay. Lipid samples were assayed for radioactivity in a Beckman Liquid Scintillation Spectrometer. The 

samples. after evaporation of any solvent, were taken up in IO ml of toluene containing 0.05 g of 1,4-diphenyloxa- 
zole and 0.003 g of 1.4-bis-(4-methyl-5-phenyloxazole-2-yl)-C~,H~, All counts were corrected for background and 
instrument efficiency. TL chromatograms were scanned for radioactivity in a Panax TL Chromatogram Scanner 
System. 
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