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Induction of the synthesis of an additional family of long-chain
dolichols in the yeast Saccharomyces cerevisiae.
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The yeast Saccharomyces cerevisiae strain W303 synthesizes in the early logarith-
mic phase of growth dolichols of 14-18 isoprene residues. The analysis of the
polyisoprenoids present in the stationary phase revealed an additional family which
proved to be also dolichols but of 19-24 isoprene residues, constituting 39% of the to-
tal dolichols. The transfer of early logarithmic phase cells to a starvation medium
lacking glucose or nitrogen resulted in the synthesis of the longer chain dolichols. The
additional family of dolichols represented 13.8% and 10.3% of total dolichols in the
glucose and nitrogen deficient media, respectively. The level of dolichols in yeast cells
increased with the age of the cultures. Since both families of dolichols are present in
stationary phase cells we postulate that the longer chain dolichols may be responsi-
ble for the physico-chemical changes in cellular membranes allowing yeast cells to
adapt to nutrient deficient conditions to maintain long-term viability.

Long-chain polyprenols are the products of
cis-prenyltransferase which catalyses consecu-
tive additions of isoprene units (in the form of
isopentenyl diphosphates) to farnesyl diphos-
phate. Polyprenyl diphosphate is further
dephosphorylated and the a-isoprene unit un-
dergoes saturation resulting in dolichol
(Chojnacki & Dallner, 1988; Sagami et al.,
1993; Sagami et al., 1996). The chain length of

the dolichols is species specific. However, the
factor(s) determining the number of isoprene
residues is (are) as yet unknown. Dolichols in
their phosphorylated form participate in the
synthesis of N- or O-glycosidically linked
oligosaccharide chains of glycoproteins and in
the formation of glycosylphosphoinositol
(GPI) membrane anchors (Herscovics &
Orlean, 1993). No defined role for the free al-
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cohol has been established, although this lipid
is in the cell and its amount increases with age
(Pullarkat & Reha, 1982). Studies with model
membranes indicate that phospholipid fluid-
ity changes in the presence of dolichols
(Klosgen & Helfrich, 1997).

The yeast RER2 gene encoding cis-prenyl-
transferase that synthesizes polyprenols of
14-18 isoprene residues has been identified
(Sato et al., 1999). Mutations in this gene re-
sult in disturbances in the correct endo-
plasmic reticulum (ER) localization of several
proteins, and defects in N- and O-glyco-
sylation. Recently, another yeast gene, SRT1
encoding the cis-prenyltransferase that syn-
thesizes longer chain polyprenols has been
cloned (Sato et al., 2001). However, the activ-
ity of Srtlp could only be demonstrated in
cells, harvested in the stationary phase, lack-
ing Rer2p and transformed with a multicopy
plasmid bearing the SRT'I gene. In a paper by
Schenk et al. (2001) it was shown that the lon-
ger chain dolichols synthesized by the yeast
cis-prenyltransferase encoded by overexpress-
ed SRT1 gene with the RER2 gene deleted un-
dergo phosphorylation and the resulting
Dol-Ps are used as glycosyl carrier for the as-
sembly of lipid-linked oligosaccharides.

Here we present evidence that the yeast
wild type strain W303 displays physiological
regulation of the two cis-prenyltransferase
encoding genes. Unlike what happens in the
early logarithmic phase, stationary phase
yeast cells accumulate two polyisoprenoid
families, both of them dolichol, of 14-18 and
19-24 isoprene residues. We demonstrate
that the induction of the longer chain
dolichols synthesis is correlated with a lack
of nutrients such as glucose or nitrogen. The
possible role of the long chain dolichols is dis-
cussed.

MATERIALS AND METHODS

Strain and culture conditions. The yeast
Saccharomyces cerevisiae strain was W303

(Mat a his3-11,15, leu2-3,112, trpl-1, ade2-1,
uras-1, can1-100+, rho+).

Standard complete YPD (1% yeast extract,
1% bactopeptone, 2% glucose) and synthetic
complete media were used (Adams et al.,
1997). Glucose starvation medium (GS) con-
tained 0.67% yeast nitrogen base without
amino acids, appropriate growth supplements
and 0.04% glucose; nitrogen starvation me-
dium (NS) contained 0.67% yeast nitrogen
base without amino acids and ammonium sul-
fate, appropriate growth supplements, 2% glu-
cose and 50 uM ammonium sulfate.

For glucose or nitrogen starvation, cells
were pregrown in YPD medium, collected at
the early logarithmic phase and transferred to
GS or NS media, respectively. Cells were in-
cubated in starvation media for 6 h at 28°C
with vigorous aeration. Late stationary phase
cells were collected after 3 days of growth in
YPD medium.

Characterisation of polyprenols synthe-
sized in vivo. Yeast cells were harvested,
washed with water and broken with glass
beads in 50 mM Tris/HCl buffer, pH 7.4. After
centrifugation at 2000 g for 10 min to remove
unbroken cells the supernatant was spun at
48000 g for 90 min. The pellet was extracted
with chloroform/methanol (3:2, v/v). Dena-
tured proteins were discarded by centrifu-
gation. The supernatant containing the ex-
tracted lipids was washed three times with
1/5 volume of 10 mM EDTA in 0.9% NaCl and
evaporated to dryness. The lipids were dis-
solved in hexane and applied to a silica gel col-
umn equilibrated with hexane. A step-wise
gradient of 3, 8, 12 and 15% diethyl ether in
hexane led to the recovery of an almost pure
fraction of polyprenols eluting in 12% diethyl
ether. Polyprenols were subsequently sub-
jected to HPLC analysis.

The amount of dolichols was estimated by
comparison with a quantitative standard of
Dolygs. The chain length and identity of the
dolichols was confirmed by applying mix-
tures of natural dolichols isolated from pig
liver and polyprenols isolated from Ginkgo
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biloba (the isoprenoid standards were ob-
tained from the Collection of Polyprenols, IBB
PAS, Warsaw).

Chromatography. Thin-layer chromatog-
raphy was performed on Silica Gel 60 plates
in benzene/ethyl acetate (95:5, v/v). HPLC
was performed on an ODS Hypersil 3 um 60
X 4.5 mm column at a flow rate of 1.5 ml/min
in a linear gradient program from A: metha-
nol/isopropanol/water (12:8:1, by vol.) to B:
hexane/isopropanol (7:3, v/v) in 20 min with
the UV detector at 210 nm.
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RESULTS

Analysis of dolichols extracted from the
wild-type strain W303 grown on YPD
medium

Polyisoprenoids from yeast cells in the early
logarithmic phase (1.3 X 107 cells/ ml) grown
on YPD medium were extracted. HPLC analy-
sis showed that they are a family of dolichols
ranging in size from 14 to 18 isoprene resi-
dues (Fig. 1A). Polyisoprenoids extracted

Figure 1. HPLC chro-
matogram of a purified
dolichol fraction pre-
pared from yeast cells
cultivated in YPD me-
dium.

A, Early logarithmic phase;
B, stationary phase. Num-
bers above the peaks indi-
cate the dolichols composed
of the given number of
isoprene residues. Extrac-
tion of lipids and HPLC
_ analysis are as described in

20 - 25 Materials and Methods.



784 A. Szkopinska and others

2002

from cells in the late stationary phase (3 X
108 cells/ ml) displayed a different pattern.
There appeared an additional, well defined
family of isoprenoids with 19 to 24 isoprene
units (Fig. 1B). The nature of this family was
determined by cochromatography with a
family of polyprenols (15 to 22 isoprene resi-
dues) prepared from Ginkgo biloba. The pres-
ence of double rather than single peaks
(polyprenols elute slightly faster than the cor-
responding dolichols) indicates that the mix-
ture is composed of dolichols (Fig. 2). The

x 10" volts
3% ]

x 10 min

dolichols in the additional long-chain family
represent 39% of total dolichols (Fig. 3).

Effect of glucose and nitrogen starvation
on the synthesis of the long-chain dolichols

Cells grown in YPD medium to the early log-
arithmic phase were transferred to a starva-
tion medium lacking glucose or nitrogen and
allowed to double their mass. HPLC analyses
of prenologues present in both types of
starved cells showed the additional family of
long-chain dolichols similar to the one ob-
served in cells in the stationary phase (Fig. 4).
In glucose starved cells the additional dolichol
family represented 13.8% while in nitrogen

starved cells it represented 10.3% of total
dolichols (Fig. 3).

Accumulation of dolichols with ageing of
yeast cultures

The level of dolichols in yeast cell cultures
was monitored. The data presented in Table 1
indicate that yeast cells in the stationary phase
accumulate the largest quantity of dolichols.
The smallest amount of dolichols was present
in yeast in the early logarithmic phase while in

Figure 2. HPLC chroma-
togram of purified do-
lichol fraction prepared
from yeast cells from sta-
tionary phase cochroma-
tographed with a mixture
(15-22
21D isoprene residues) obta-
il ined from Ginkgo biloba.

of polyprenols

Numbers above the peaks
indicate the dolichols com-
, e . . posed of the given number
14 15 of isoprene residues. P,
polyprenol; D, dolichol.

cells starved for glucose or nitrogen accumula-
tion was about 2.7 times higher.

DISCUSSION

The yeast wild-type strain W303 grown in
YPD medium synthesizes in the early logarith-
mic phase dolichols with chain lengths of 14 to
18 isoprene residues and traces of longer-
chain polyisoprenoids. HPLC chromatogra-
phy of the lipids extracted from cells in the
stationary phase revealed the presence of the
typical family of dolichols of 14-18 isoprene
residues accompanied by longer chain polyiso-
prenoid alcohols. According to their chro-
matographic behaviour these alcohols were
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identified as dolichols, however, further evi-
dence of their structure (mass spectrometry
or NMR analysis) is required for a final proof
that these alcohols are indeed dolichols.
Contrary to the well documented functions

R

long chain dolichol content (%)
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Figure 3. Graphic representation of the percent-
age of long-chain dolichol content in total dolichol
mixtures in yeast cells cultivated in various me-
dia.

YPD, (a) early logarithmic phase; (b) stationary phase,
and synthetic medium deprived of: (c) glucose; (d) ni-
trogen. Experimental conditions are as described in
Materials and Methods.

of the 14-18 isoprene residue phosphorylated
dolichols in protein glycosylation and forma-
tion of glycosylphosphoinositol anchors of
membrane proteins the role of the additional
family of long-chain dolichols (19-24) is not
known.

During the logarithmic phase, yeast cells
grow primarily by fermentation. In diauxic
and postdiauxic phases growth continues but
at much lower rate, utilizing energy provided
by respiration. Yeast cells enter the stationary
phase when depleted of nonfermentable car-
bon sources as well as when starved for nutri-
ents such as nitrogen, phosphorus or sulfur
and possibly other unidentified nutrients. The
rapid effects of starvation are obtained by
transferring growing cells to a starvation me-
dium lacking a specific required nutrient. The
mobilization of endogenous stock nutrients
often allows for a limited number of cell divi-
sions during which features of the stationary
phase develop (Werner- Washburne et al.,
1993). We verified the rapid effect of glucose
and nitrogen starvation on the synthesis of
dolichols. Cells from the early logarithmic

phase growing in YPD medium were shifted to
the respective starvation media. The HPLC
pattern was similar to that observed for cells
in the stationary phase; there were also the ad-
ditional long-chain dolichols. Quantitative
analyses clearly demonstrated that the only
difference was in the proportions of the addi-
tional family with respect to the constitutive
family. In YPD medium, stationary phase
long-chain dolichols constituted 39% of total
dolichols while in the glucose or nitrogen star-
vation media they constituted 13.8 and
10.3%, respectively.

It is noteworthy that we observed an
age-associated increase in dolichol levels in
yeast cultures. This phenomenon has been re-
ported for mammalian and plant cells
(Pullarkat & Reha, 1982; Paton & Poulos,
1984; Swiezewska et al., 1994), however, the
reason for this is not known. Presented re-
sults indicate that the induction of synthesis
of the longer chain dolichols correlates with
increase in nutrient limitations. We show that
both the constitutive and the longer chain
dolichols are present in the stationary phase
when yeast cells change so as to be able to
maintain long-term viability under nutrient
deficient conditions.

Table 1. Level of dolichols in yeast cells ob-
tained from cultures grown in different condi-
tions

Dolichol content

T f cul
ype of culture ug/g wet mass

Early logarithmic 1.01 £ 0.11
Glucose deficient 2.84 + 0.22
Nitrogen deficient 2.74 + 0.28
Stationary 4.03 £ 0.15

Data are presented as mean + S.D. from three independent
experiments.

Biological membranes play a central role in
the structure and functioning of all cells.
Membranes basically define the compart-
ments and determine the nature of communi-
cations between the inside and outside of the
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Figure 4. HPLC chroma-
togram of purified doli-
chol fraction prepared
from yeast cells grown in
synthetic media deprived
of: A, glucose; B, nitro-
gen.
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cell and subcellular compartments (Gennis,
1989). Experimental evidence indicates that
dolichol is sandwiched between the two halves
of the phospholipid bilayer (Chojnacki &
Dallner, 1988) and that it exerts a consider-
able influence on the organization and pack-
ing of phospholipids (Valtersson et al., 1985;
van Duijn et al., 1986). Very long chain
prenols (32 isoprene residues) increase the
fluidity and elasticity of lipid membranes and
modulate their surface curvature by the for-
mation of fluid microdomains (Janas et al.,
2001).

20 ' ysis are as described in Ma-
terials and Methods.

In conclusion, the data reported here docu-
ment that the appearance of additional longer
chain dolichols in stationary phase yeast cells
is induced by the lack of major nutrients such
as glucose or nitrogen. Dolichols of 14-18
isoprene residues present in the stationary
phase secure glycosylation of proteins and
proper functioning of the secretory pathway.
We postulate that the longer chain dolichols
appearing in the stationary phase are possibly
responsible for the physico-chemical changes
in cellular membranes allowing yeast cells to
adapt to nutrient deficient conditions to main-
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tain long-term viability. However, their role in
glycosylation of proteins can not be excluded
since dolichols with 11 to 32 isoprene residues
are phosphorylated and further mannosylated
in vitro (Szkopinska et al., 1992).

We are grateful to Dr. Anne-Lise Haenni for
critical reading of the manuscript.
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