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Abstract Biosynthesis of polyprenols was followed in the erg 
mutants of Saccharomyces cereuisiae impaired in various steps of 
the mevalonate pathway. The end products of the enzymatic 
reaction carried out in vitro, in the wild type yeast and all mu- 
tants tested, were identified as dehydrodolichols (a-unsatu- 
rated polyprenols) whereas in vivo, yeast synthesize dolichols 
(a-saturated polyprenols) (Biochimie, 1996.78:111-112.) 
The strain defective in the farnesyl diphosphate (FPP) syn- 
thase, (coded by the erg20-2 gene) required the presence of 
exogenous FPP for synthesis of dehydrodolichols to occur in 
vitro. Overexpression of the ERG20 gene restored synthesis of 
polyprenols in vitro indicating that FPP is the allylic “starter” 
for cis-prenyltransferase in yeast. Overexpression of the ERG20 
gene in the erg 9mutant, defective in squalene synthase activ- 
ity, not only restored synthesis of dehydrodolichols in vitro, 
but also increased the synthesis of dolichols in vivo, almost 10- 
fold in comparison with wild type yeast. On the other hand 
overexpression of the mutated FPP synthase, coded by the 
gene erg20-2 in the same genetic background, resulted in a 
100-fold increase of the amount of dehydrodolichols. Interest- 
ingly, in addition to the family of typical for yeast Cti,,-Cxo com- 
pounds, dehydrodolichols of chain length up to C,3, were syn- 
thesized both in vitro and in vivo.--Szkop&ka A., K 
Grabhka, D. Delounne, F. Karst, J. Rytka, and G. Palamar- 
czyk. Polyprenol formation in the yeast Saccharomyces cereuisiau: 
effect of farnesyl diphosphate synthase overexpression.J Lipid 
Rps. 1997. 38: 962-968. 
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Dolichol phosphate is the substrate for a variety of 
enzymes forming mono- and oligosaccharide deriva- 
tives of this lipid, and there are several indications that 
the level of glycosylation in cells and tissues depends on 
its amount. Hence, the regulation of dolichol biosyn- 
thesis is of a considerable importance. Its synthesis 
branches from the biosynthetic pathway of other iso- 
prenoid lipids (sterols and ubiquinones, Fig. 1). A C~J-  

prenyltransferase is considered to be the first enzyme 
committed to dolichol biosynthesis. It catalyzes succes- 
sive cis additions of isopentenyl diphosphate to the al- 
lylic substrate which, as we have shown in the present 
paper, is farnesyl diphosphate (FPP) . Multiple conden- 
sations yield dehydrodolichol/dolichol diphosphates 
and/or  their respective alcohols (1) ranging in size 
from 6 to 24 isoprene units, although longer chain spe- 
cies have been also found (2) .  In yeast and animal tis- 
sues, dolichols and their phosphates were identified as 
the end products of the biosynthetic pathway. 

FPP, the product of the reaction catalyzed by FPP syn- 
thase, is a precursor for the synthesis of sterols and doli- 
chols. Although the enzymatic steps leading to the iso- 
prenoid lipids synthesis are known (Fig. l ) ,  the 
mechanism of the regulation of the pathway is far from 
being understood. 

To have a better insight into dolichol formation in 
yeast, we have measured synthesis of dolichols and dehy- 
drodolichols in yeast strains defective in FPP synthase. 

The ERG20 gene encoding FPP synthase is an essen- 
tial gene in yeast, therefore strains with deletion in this 
gene cannot be constructed. However, a yeast mutant 
partially defective in FPP synthase has been isolated and 
characterized. The mutant bears the defective qq20-2 
allele with a Lys”” to Glu substitution. 

The viability of strains carrying the ~rg20-2 allele is 
absolutely dependent on the presence of the second 
mutation affecting the isoprenoid pathway in order to 
diminish the formation of geraniol, the major end 

Abbreviations: FPP, fiarnesyl diphosphate; HPL.<:, high pertor- 

‘To whom correspondence should he addressed. 
mance liquid chromatography. 
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Fig. 1. Metabolic pathway leading to the synthesis of isoprenoic lip- 
ids. The erg mutants of Saccharomyces cerevisiue, deficient in the synthe- 
sis of ergosterol, and corresponding defective enzymes are listed. 

product of the defective enzyme, that is toxic for yeast 
(3) .  In the two defective mutants tested, the erg20-2 al- 
lele was accompanied by mutations affecting mevalo- 
nate kinase (ergl2) or squalene synthase (erg9 genes. 

We have also used the strains in which biosynthesis 
of the wild type and mutated form of FPP-synthases has 
been highly elevated by introducing the respective 
genes (ERG20 and erg20-2) on multiple copy plasmids 
under inducible promoters. The earlier results from 
our laboratory indicated that in the three erg mutants: 
erg& ergl2, and erg9 blocked in phosphomevalonate, 
mevalonate kinases, and squalene synthase, respectively 
(Fig. l ) ,  mannosylation of endogenous dolichol phos- 
phate was 2- to 4fold lower as compared to the parental 
strain. These differences could be overcome when exog- 
enous lipid carrier (dolichol phosphate) was added to 
measure glycosylation in vitro, indicating that the activ- 
ity of the respective glycosyl transferase in these mutants 
was not affected (4). The results obtained suggested 
that the synthesis of dolichyl phosphate in erg mutants 
was impaired. Therefore, we have undertaken the stud- 

ies on polyprenol formation in the wild type yeast and 
some erg mutants. 

MATERIALS AND METHODS 

Chemicals 
All reagents were of analytical grade. Dehydrodoli- 

chol and dolichol standards were obtained from the 
Collection of Polyprenols of the Institute of Biochemis- 
try and Biophysics (Warsaw). [l4CC] isopentenyl diphos- 
phate was from Amersham. 

Yeast S. c e r d a e  strains 

The strains used in this study are listed in Table I 
Plasmids: pDD plasmids are the derivatives of a high 
copy number plasmid pDP51 Not I (5). Plasmid pDD5 
carried the wild type gene ERG20 and pDD9 mutated 
allele erg20-2, under GALIO/CYCI promoter with PGK 
terminator. The genes were ligated in EcoRl-BamH1 
sites. 

Media and growth conditions 

Yeast cells were grown in YP medium (1 % yeast ex- 
tract, 1% bactopeptone) with 1% glucose (YPC), 2% 
galactose @"Gal), or 2% ethanol (WE) as a carbon 
source. Cells were grown at 28°C with vigorous agita- 
tion. Media for the ergmutants were supplemented with 
ergosterol (2  mg/l) in 1% Tween 80. The yeast mem- 
brane fraction served as an enzyme source and it was 
prepared as described previously (6). 

Chromatography 

Thin-layer chromatography was performed on silica 
gel plates Kieselgel 60 in benzene-ethyl acetate 95:5 
(v/v) and HPTLC RP-18 precoated plates with concen- 
trating zone in acetone containing 50 mM H3P04.  

HPLC was performed on a column 6 cm X 4.5 mm 
Hewlett-Packard, ODS hypersil 3 pm at a flow rate 1.5 
ml/ min in gradient A methanol-isopropanol-water 
12: 8: 1 (by vol); B: hexane-isopropanol 7: 3 (by vol) 

In vitro synthesis of dehydrodolichols 
The incubation mixture contained, in a final volume 

of 250 pl, 50 mM sodium phosphate buffer, 0.5 mM 
MgCI2, 20 mM fi-mercaptoethanol, 10 mM KF, 3 X lo5 
cpm ['4C]IPP and 500 pg of membrane protein. After 
a 90-min incubation at 30"C, the reaction was termi- 
nated by the addition of 4 ml of chloroform-methanol 
3:2. The protein pellet was removed by centrifugation 
and the supernatant was washed three times with 1/5 
volume of 10 mM EDTA in 0.9% NaCl. The organic 
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TABLE 1.  Stlains used in this work 

FKnKR U 4 T  a-ngR-I urn3-I ref. 11 
cc 25 MAT a - ~ 2 0 2  ~ 1 2 - 2  um3-I rql-1 ref. 17 
FK 5188 MAT a-qr%l tirf12-33 um3-1 ref. I 1  
FI. 100 AlATa ATCC 28383 
DD 104 
DD 95 
DI) 94 

M A T  a-nKpI q 2 0 2  his3 l a 2  um3 ndr2 
AMT a-mg9l q 2 & 2  his3-1 lnc2-3 irm3-I a&-2-1 [pDD5] 
MAT a - q P I  -20-2 hi.t3-l lm2-3 trm3-I ndt-2-1 [pDDS] 

F. Karst 
F. Karst 
F. Kant 

phase was concentrated under stream of nitrogen and 
subjected to thin-layer chromatography. 

Characterization of polyisoprenoids synthesized in 
vivo 

The membrane fraction was extracted with chloro- 
form-methanol 3: 2. Denatured protein was discarded 
by centrifugation. The organic supernatant was washed 
three times with 10 mM EDTA in 0.9% NaCl and evapo- 
rated to dryness. Extracted lipids were suspended in 
hexane and applied to a silica gel column equilibrated 
with hexane. A step gradient of 3, 8, 12, 15, and 18% 
of diethyl ether in hexane allowed recovery of an almost 
pure fraction of polyisoprenoids eluting at 15% diethyl 
ether. The amount of polyprenol alcohols was esti- 
mated by comparison with an internal standard of 0.1 
mM Dolnl, during HPLC. The chain length was deter- 
mined by HPLC. 

branes of mutants with -20-2 mutation indicates that 
the strains synthesize constitutive amounts of polypre- 
no1 alcohols in vivo (not shown). 

To find out whether overexpression of the ERG20 
(farnesyl diphosphate synthase encoding) gene would 
influence biosynthesis of dolichols in yeast, strain DD 
104 (-20-2,q9) wa.. transformed with multicopy 
pDD5 plasmid bearing the ERG20 gene under the in- 
ducible Gal ZO/CYC Z promoter (strain DD 95). The 
advantage of DD 104 is that it carries an -9defective 
(squalene synthase) allele in addition to -20-2, thus 
the overexpression of ERG20 would theoretically not 
only restore the biosynthesis of polyprenols in vitro but 
would also increase the biosynthesis of dolichols in vivo, 
due to the defect in ergosterol biosynthesis. 

The identification of isoprenoids produced by strain 
DD 95 (q?2@2,q9/pDD5ERG20) was established in 
two ways: one, by cochromatography with polyprenol 
and dolichol standards of equivalent chain length. 

RESULTS 

Thorough analysis of the products of rbprenyltrans- 
ferase activity in vitro in wild type yeast revealed synthe- 
sis of a family of unphosphorylated dehydrodolichols, 
ranging in chain length from Cca to CRn with the pre- 
dominant Cis and C, species (7). 

To have a better insight in dolichol biosynthesis in 
yeast, we measured the formation in yeast strains defec- 
tive in FPP synthase activity. The results presented in 
Fig. 2 indicate that strain CC 25 (-20-2,pt;012) is defec- 
tive in this activity. In contrast, sterol auxotrophs defec- 
tive elsewere in the pathway, such as strains FK-8 and 
FK 5188 (-9) defective in phosphomevalonate kinase 
and squalene synthase activity, respectively, synthesize 
free polyprenol alcohols typical for the wild type yeast. 
The addition of farnesyl diphosphate to an incubation 
mixture containing the membrane fraction of CC 25 
(qq20-2,-12) restores the synthesis of polyprenol alco- 
hols in vitro; thus polyprenol formation is not affected 
in this strain. 

HPTLC analysis of the lipids isolated from the mem- 

11 - 
1 6  + 

1 2  3 4  

Fig. 2. Autolading" of HPTLC (FU-18) plates of polyprenol alcn- 
hols synthesized in vitro hy wild type and ergosterol yeast mutants. 
Fl. 100 (lane 1); <X 25 (q2 /&2 ,q12) ( lane  2): I K q #  (lane 3); FK 
5188 (e! (lane 4). The lipophylic inciihation products were isolated 
and srihjcctetl to HPT1.C as in Materials and Methcds. Plates were 
developed in acetone containing 50 mM HYPO, "<;labeled com- 
pound$ were visualized hy autoradiography. Arrows show polyprenols 
of indicated chain length. 

964 Joumal of Lipid Research Volume 38, 1W7 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


TABLE 2. Synthesis of isoprenoid alcohols in wild type and mutants of S a d " y r r s  rnrvisinr 

Isnprenoid Alcohols 

Stain Rclevnnt G e n o m  Dolichol D e h ~ d o l i c h o l  

v d m g  proln'n 
FL loo ERG2O.ERG9 0.1 
DD 104 W2@2,@ 0.1 1 
DD 95 q202.@/ pDD5ERG20 1.18 
DD 94 q20-2 .q9 /  p D D 9 ~ 2 0 2  0.80 11.2 

Isoprenoid alcohols were extracted and prepared for HPLC as in Materials and Methods. Their amount 
was estimated against internal standard 0.1 mM Dol5 

Chromatography on Silica Gel plates distinguishes the 
two types of isoprenoids (see ref. 1). Additionally, we 
compared the retention times of isoprenoids synthe- 
sized by strain DD 95 with retention times of standards 
of prenols and dolichols of corresponding chain length 
using HPLC. Both analyses indicated that isoprenoids 
synthesized by strain DD 95 were dolichols. Quantitative 
analysis of the lipids (see Materials and Methods) of 
DD 95 strain indeed revealed a 10-fold increase of doli- 
chol content as compared to the wild type strain (Table 
2). 

We have also performed the lipid analysis (as de- 
scribed above) in strain DD 104 (q20-2,q9) trans- 
formed with the mutated allele of FPP synthase gene 
(qZ0-2) (strain DD 94). Data presented in Table 2 indi- 
cate a further increase in the amount of isoprenoids 
synthesized (about 100-fold higher than the control). 
Moreover, as shown in Fig. 3B, lane 1, the pattem of 

A B 

16 - m 

1 2  1 2 

Fig. 3. HPTLC (RP-18) of plyprenol alcohols .synthesized by strain 
D1)94(~2@2,@/ pDD9-2@2. A Polyprenol standards of indi- 
cared chain length (lane 1) .  Lipids .synthesized hy DD94 in vivo (lane 
2). P d u c t ~  were visualized with iodine wpor. R:"<;laheled lipids oh- 
tained after inciihation of ["CIIPP with the DD94 memhrancs (lane 
1 in rhe presence. lane 2 in the absence of exogenous FPP). [%I- 
laheled lipids were detected hy autoradiopphy. Incubation. lipids 
purification. and HPTLC a9 in Materials and Methods. 

polyprenol alcohols synthesized by DD 94 in vitro in ad- 
dition to typical Cm to Cm (compare Fig. 2) shows po- 
lyprenols up to Cllo and in vivo very long chain polypre- 
no1 alcohols composed of even up to 2.5 isoprene units 
(CIw) (Fig 3A). For the synthesis in vitro to occur, addi- 
tion of exogenous famesyl diphosphate is necessary 
(Fig. 3B lane 2). The synthesis of polyprenols of unusual 
chain length was only noticeable when the DD 94 strain 
was grown in the induced condition. The level of induc- 
tion was significantly higher in cells grown on galactose 
than on ethanol. Thus it can be concluded that biosyn- 
thesis of polyprenols of unusual chain length correlates 
with the level of induction of the q 2 0  gene (Fig. 4). 

HPLC analysis of polyprenoids obtained from the 
membranes of the DD 94 strain (q20-2,-9/ 
pDD9q20-2) confirmed occurrence of the very large 
amount of unexpected chain lenah polyprenol alco- ._ . 
hols, all a-unsaturated, while the amount 
typical for yeast Cw-Cm (retention time 

of dolichols 
10.38-10.50 

11 

16 

24 - - 
Fig. 4. Induction of hiosynthesis of polyprenol alcohols in vivo in 
DD 94. DD 94 strain ( ~ 9 .  q 2 @ 2 ,  douhle mutant with plrrsmid hear- 
ing -20-2 gene under GAI.IO/CYCI promoter) was cultivated in the 
medium containing galactose (lane 2) o r  ethanol (lane 3) as a sole 
r a r h n  source; lane 1. pol>prenol standards of indicated chain length. 
Lipids were isolated and analyzed hy HI'TLC (RP-18) as in Fig. 2 and 
visualized with iodine \apor. 
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l i ;  . 13Cll 

I:I. . CtCI 

Fig. 5. HPLC analysis 01 polyprenol alcohols isolatrd from the membranes of DD 94 strain (~g2o-2,~rgY/pl,D9erg-20-2). Lipids were extracted 
from the membranes of DD 94 strain with chlorofbrni-methanol 3 2  and washcd with 1 0  rnM EDTA in 0.9% NaCl. The organic extract was 
evaporated to dryness and resuspended in hexane followed by chi-oniatography on a Silica Gel column equilibrated with hexane. A nearly pui-r 
fraction ofpolyisoprenoids was eluted with 15% diethyl ether in hexane and subjected to HPLC analysis on ODS hypersil column. The polyprenol 
alcohol, composed of 22-isoprene units (C seivcd as the internal standard (position of  thr standard is indicatcd b y  thc iirrow). h‘unilxm 
over thc peaks indicarc rctcntion times. 

min) was relatively small as shown in Fig. 5. Thus, thc 
a-saturation step in the DD 94 strain was also affected. 

DISCUSSION 

In this study we have used S. cutmisine strains defective 
in the ergosterol biosynthetic pathway to follow synthe- 
sis of polyprenol alcohols as a means of focusing on the 
role of FPP synthase. As sterols and dolichols share a 
common biosynthetic pathway, we assumed that the de- 
fect in one branch of the pathway might influence the 
other. It appeared that among the mutants tested, defi- 
cient in the synthesis of farnesyl diphosphate, strains 
CC 25 ( rrgZO-Z,ugIZ) ,  DD 104 (ugZ@Z,ug9) and DD 94 
(rrg2@2,~rg9/ pDD9ugZO-2) required addition of allylic 
“starter” for the synthesis of polyprenols in vitro. FPP 
synthase is mainly present in cytoplasm. However, re- 
cent investigations demonstrate that FPP synthase activ- 
ity is associated with othrr subcellular compartments. 

Runquist et a1 (8) and Ericsson et al. (9) found that 
extensively washed rat liver microsomes contained FPP 
activity and that FPP produced could be used by both 
squalene synthase and cis-prenyltransferase present in 
the membranes. 

The synthesis of polyprenols in vitro increases to a 
different level after addition of FPP depending on the 
strain. In strains with erg20-2 mutation, the synthesis is 
possible only in the presence of exogenous FPP (CC25, 
DD 94). In strain DD 95 (with ERG 20 on the plasmid 
under inducible galactose promoter) it has no influ- 
ence, while in the wild type strain FL 100 it stimulates 
formation of polyprenols approximately &fold. As C(: 
25 strain (mg20-2, ug12) has been reported to synthesizc 
geranyl diphosphate (GPP) in amounts comparable to 
the level of FPP in the wild type strain ( 3 ) ,  the above 
results suggest that in yeast, FPP is the allylic primer 
for polyprenol chain elongation, and that it cannot be 
replaced by GPP, thus confirming the results of the in  
vitro studies that FPP is the best substrate for polyprenol 
formation (10). 

966 Journal of Lipid Research Volume 38, I997 
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In vivo, however, the level of polyprenols in the erg 
20 defective cells was only 20% lower than in the wild 
type strain. As sterol auxotrophs usually do not require 
sterol supplementation at a permissive temperature, al- 
though in vitro the activity of the defective enzymes is 
often impaired (1 1,12), the latter result is understand- 
able. We have also used the strains in which activity of 
the wild type and mutated form of farnesyl diphosphate 
synthase is overexpressed in the genetic background of 
erg202 and erg9 mutations. In these transformants, 
ERG20 and erg20-2 genes were introduced on a 
multicopy plasmid under the inducible promoter 
GALIO/CYCI. The substitution of lys197 by glu in the 
erg202 mutant leads to excretion of short chain prenyl 
alcohols such as farnesol and geraniol (3) .  Introduction 
of the erg9 mutation into the strain insures impairment 
of squalene synthase and, in consequence, a markedly 
reduced level of ergosterol biosynthesis. 

As is demonstrated in the Figs. 4 and 5, the pattern 
of polyprenol alcohols synthesized both in vitro and in 
vivo by the DD 94 (erg202,erg9/pDD9erg202) strain is 
distinctly different from that synthesized by the wild 
type strain. In addition to the compounds typical for 
yeast, long chain polyprenol alcohols are synthesized, 
all a-unsaturated, whereas in wild type yeast only doli- 
chols were found. Hence, it can be concluded that over- 
expression of the erg202 gene together with the impair- 
ment of ergosterol biosynthesis leads to a defect in the 
final step of conversion of polyprenols to dolichols cata- 
lyzed by a-saturase and to the perturbance in the termi- 
nation of polyprenol chain synthesis. Nevertheless, it is 
unclear how and whether these two effects are related. 

Analysis of the products of the reaction in vitro cata- 
lyzed by cis-prenyltransferase from yeast indicates that 
polyprenol diphosphates synthesized undergo immedi- 
ate dephosphorylation (7). A similar conclusion was 
reached for the rat liver system (13) and the yeast sys- 
tem (14). As we have demonstrated that endogenous 
dolichols are phosphorylated by CTP-dependent doli- 
chol kinase (15) it is reasonable to assume that the con- 
version of dehydrodolichols to dolichols proceeds re- 
phosphorylation step. 

It should be noted that overexpression of the FPP- 
synthase gene (without shutting off sterol synthesis) has 
no effect on the dolichol level (A. Szkopinska, unpub 
lished results) indicating the higher affinity for FPP of 
the enzymes involved in biosynthesis of ergosterol, as 
compared to cicprenyltransferase. The occurrence of 
dehydrodolichols in the DD 94 strain (erg202,erg9/ 
pDD9erg20-2) instead of dolichols typical for yeast coin- 
cides with the massive increase of their synthesis. The 
latter might suggest that the a-saturation step is a rate- 
limiting factor in conversion of dehydrodolichols. A 
similar observation was already made when studying 

dolichol synthesis in mutants of Chinese hamster ovary 
cells (16). 

In the FPP-synthase defective strains where an in- 
crease in the FPP level is achieved by overexpression of 
the mg20-2 gene, the FPP and ergosterol levels are not 
restored to the amount characteristic for the wild type 
(3) .  Therefore, accumulation of polyprenol alcohols 
due to the overexpression of FPP-synthase and to an 
impaired sterol biosynthetic pathway cannot simply re- 
sult from the increase in FPP formation. The latter re- 
sults allow us to assume that the FPP-synthase itself 
could be a part of the complex involved in polyprenol 
formation. 

The deficiency in the conversion of dehydrodolichols 
to dolichols is not observed upon induction of “wild 
type” FPP-synthase in the DD 95 strain (mg202,mg9/ 
pDD5ERG20) although a 10-fold increase in the synthe- 
sis of dolichols is measured. These results also suggest 
that cis-prenyltransferase activity requires interaction 
with FPP-synthase. Introduction of the mutated form of 
the enzyme, coded by the erg202 gene, leads to the im- 
pairment of this interaction and in turn to the per- 
turbed synthesis of dolichols typical for yeast. 

Our results demonstrate that using yeast, a conve- 
nient model for genetic and molecular biology manipu- 
lations, offers a good chance to answer questions con- 
cerning the regulation of dolichol biosynthesis that 
cannot be answered in other systems.U 

This work was supported by Grant N 0174/P2/92/03 from 
the State Committee For Scientific Research and by the 
French-Polish Center of Plant Biotechnology. 
Manusrnpt wrezvrd I 9  Drrrmbm 1996. 
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