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8. pomnbe is shown to be a powerful system for studies concerning attachment of polyisoprenoid moieties to proteins, due 1o its ability to take up

exogenous mevalonic acid efficiently. The fission yeast can take up about 5% of the exogenously added mevalonic acid and incorporate ~10% of

this inte protein. By conlrast, the uptake obtained with the budding yeast S. cerevisiae is less than 0.5%. HPLC analysis of total . pombe

protein-bound isoprenoids revealed that ~55% of the counts co-migrated with the geranylgeraniol standard, while ~45% of the counts co-migrated
with farnesol. We could not detect any elTects of mevinolin or other HMG-CoA reductase inhibitors in S. pombe.

S. pombe; S. cerevisiae; Mevalonic acid; Prenylated protein

1. INTRODUCTION

The covalent attachiment of polyisoprenoid moieties
to proteins has recently been observed and is associated
with intracellular targeting of those proteins as well as
their functional activation {1-3]. Polyisoprenoids such
as farnesyl (15 carbon) and geranylgeranyl (20 carbon)
are derived from mevalonic acid via a pathway which

results ultimately in the production of a wide range of .

cellular metabolites such as cholesterol, dolichol, ubi-
quinone and heme [4]. These modifications occur at
carboxy-terminal motifs of the general type CAAX (C,
cysteine; A, aliphatic; X, any other amino acid). Small
and hydrophilic side chains in the X position favour
farnesylation of the cysteine residue, while large alipha-
tic residues favour geranylgeranylation [5]. In addition
to polyisoprenylation these sequences are also modified
by proteolytic removal of the AAX sequence, and by
carboxyl-methylation of the @-carboxyl group [6,7]. In
the case of ras proteins nearby upstream palmitoylated
cysteine residues or a polybasic sequence cooperate to
specify plasma membrane binding [8). Recent data sug-
gest that carboxyl-terminal motifs of the type CC or
CXC, found in the rgs-related family of rab/YPT
proteins, are modified in a related way [9-11]. The sub-
tle variation in these lipid modifications, in concert with
protein sequences, very likely contributes to the ex-
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quisite selectivity of different members of this family for
compartments of the endomembrane system [12].
While all mammalian cells can take up exogenous
mevalonic acid with varying efficiencies it has been
found that the budding yeast S. cerevisiae is poorly
suited for studies concerning polyisoprenylation of
proteins, due to its inability to take up exogenous meva-
lonic acid efficiently [2]. In this report we present
evidence that, in contrast to S. cerevisiae, the fission
yeast S. pombe has a high capacity for the uptake of
mevalonic acid. HPLC analysis of total S. pombe pro-
tein-bound isoprenoids revealed the existence of both
geranylgeraniol and farnesol in similar amounts.

2. MATERIALS AND METHODS

2.1, Isotopic labelling of S. pombe/S. cerevisiae — Preparation aof celt
extracty

Wild-type Schizosaccharontyces pombe 972h or wild-1ype Saccha-
rontyces cerevisize (CG378-t ade$, can®, leu2-3, 112 trpl1-289, urad—
52) were grown at 30°C 1o mid-logarithmic phase (ODsgs 0.3-0.4; 6-8
x 10° cells/ml) in complete medium (Y E) supplemented with 250 mg/l
adenine, histidine, leucine, uracyl and lysine hydrochloride [13-15]. 6.0
ODyys units of S. pombe or S, cerevisiae cells were labelled with 250
HCi [PH]mevalonic acid (triethylammonium sali; New England Nu-
clear, NET-716; 30.5 Ci/mmol) in a total volume of 3 ml a1 30°C. Al
the appropriate time intervals, 1.2 ODy, units of S. pombe or S.
cerevisiae cells were harvested by centrifugation at 5,000 xg for 5 min,
washed once with spheroplasting medium (SP1: 1.2 M sorbitol, 50 mM
sodium citrate, 50 mM Na,HPO,, 40 mM EDTA, pH 5.6) and re-
suspended in 50 4l of SPI. Zymolyase - 20.T (0.4 mg/ml; Seikagaku,
Japan) was added and samples were heated at 37°C for 30 min,
Spheroplasts were pelleted and then lysed in 40 4l of 1% SDS, 50 mM
Tris-HCl, pH 6.8, followed by heating at 100°C for 5 min. The cell
extracts, after being clarified by centrifugation at 10,000xg for 5 min,
were collected on Whatman 3MM filiers and counted directly to
measure uptake or after precipitation in 10% trichloroacetic acid
(TCA) 1o measure incorporation. The efficiency of couniing of *H
when spotied on filters was estimated to be 6.4% using a known
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amount of radioaclivity. In order to analyze prenylated proteins by
polyacrylamide gel electrophoresis TCA-precipitated proleins were
collected by centrifugation at 10,000 xg at 4°C [or 10 min. The protein
pellets were exiracted three times with 1 ml cold acetone, dried and
taken up in 40 4! Laemmli sample buffer. Proteins were resolved by
SDS-PAGE (16] on a 12.5% gel, (ollowed by flucrography [17].

2.2 Prenaid analysis of S.pombe proteins

20-30,000 cpm of TCA-precipilated *H-labelled proteins were
washed three times wilh acetone until no more counts were released,
dried and digested with 100 #g/ml pronase (Calbiochem) in 200 ul 25
mM Tris-HCI, pH 7.5, The resulting peplides were treated with methyl
jodide essentially by the method of Casey et /. [3] and extracled with
chloroform/methanol (9:1). The dried products of the cleavage were
dissolved in 100 ul of HPLC solvent B (1009 acetonitrile containing
25 mM phosphoric acid). Immediately before injection an aliquot was
diluted with an equal volume of water. Analysis was on a Brownlee
RP300 cartridge (0.46 x 10 ¢m) with a 1 em guard cartridge using a
30 min linear gradient rom 100% solvenl A (50% aqueous acetonitrile,
25 mM phosphoric acid) to 100% solvent B, followed by 10 min at
100% solvent B, at 0.5 ml/min. One-minute fractions were collecied
and counted in 6 ml of Ready-Safe scintillation cockiail (Beckman).
A Beckman System Gold HPLC was used and standard isoprenoids
were monitored at 254 nm. Geraniol and all-trans farnesol were from
Sigma. All-trans geranylgeraniol was a gift of P. Casey (Duke Uni-
versity, N.C., USA), and of Dr. M. Tanomura (Kuraray Co. Lud,,
Osaka, Japan),

3. RESULTS

Studies on YPT proteins of the fission yeast S. pombe
have provided the first evidence that S. pombe contains
proteins that are post-translationally modified by iso-
prenoid groups (E. Fawell, J. Hancock, T. Gian-
nakouros, C. Newman, J. Armstrong and A.l. Magee,
unpublished observations). During these studies we no-
ticed that it was possible to label YPT proteins with
[PHlmevalonic acid (PH]MVA). Considering that
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Fig. 1. Uptake of MYA by S. pombe and S, cerevisiae. S. pomnbe (®)

and 8. cerevisiae (C) cells were labelled and then harvested as described

in section 2. Spheroplasts were prepared, lysed in SDS, spotited onto

Whatman 3MM filters and counted. The mean and range of duplicate
values is shown.
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Fig. 2. Incorporation of MVA by S. pombe and S. cerevisiae into

TCA-insoluble material, At the appropriate time intervals cell extracts

were prepared (see section 2), collected on Whatman 3IMM filters,

TCA-precipitated and then counted. SDS-PAGE (12.5% gel) analysis

of total labelled proteins of S. pombe is shown in the inset. MW
markers are given in kDa. Symbols as for Fig. 1.

Schafer et al. [2] have reported that the budding yeast
S. cerevisiae is unable to take up exogenous mevalonic
acid efficiently we decided to determine more precisely
the extent to which S. pombe and S. cerevisiae cells can
take up exogenous mevalonic acid and incorporate it
into proteins. Cell extracts from ["H]MVA-labelled S.
pombe and S. cerevisiue were prepared at the appropri-
ate time intervals, and counted directly (to measure
uptake) or after TCA-precipitation (to measure in-
corporation into protein). The data presented in Fig. 1
clearly show that S. pombe can take up PH]MVA ap-
proximately ten times more efficiently than S. ce-
revisiae. About 10% of the [PH]MVYA taken up by S.
pombe is incorporated into protein (Fig. 2). In the case
of S. cerevisiae this percentage is even lower. The SDS-
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Fig. 3: HPLC analysis of isoprenoids released from S. pombe proieins.

Labelled isoprenoids were released from the proteins with methyl

iodide as described in section 2 and were analyzed by HPLC, The

elution positions of authentic geraniol (G), farnesol (F) and geranylge-

raniol (GG) are shown, V, is the void volume of the column, X
corresponds to isomers of geranylgeraniol.
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PAGE fluorographic profile of the TCA-precipitated
proteins from ["H]MVA-labelled S. pombe (Fig. 2, inset)
was similar to that previously seen in homogenates from
a variety of cultured cell lines [18-20] in so far as most
of the radioactivity was incorporated into a cluster of
proteins between 20-26 kDa. At least two more poly-
peptides, with apparent molecular masses of 39 and ~10
kDa respectively, were labelled heavily with PH]MVA,
but we have been unable so far to identify any of these
proteins. We could not detect any effects of mevinolin
or other HMG-CoA reductase inhibitors on any
proteins in S. pombe (data not shown). Interestingly, an
effect of a similar compound, compactin, has been dem-
onstrated in S. cerevisiae [2] suggesting either that mevi-
nolin is not taken up by S. pombe, or that the S. pombe
HMG-CoA reductase is not susceptible to this type of
inhibitor. Nevertheless, the ability of S. pombe cells to
incorporate significant amounts of labelled MVA into
proteins was exploited to allow an analysis of the chain
length of the incorporated label. For that purpose
~20,000 cpm of TCA-precipitated [PH]MVA-labelled
proteins, after being extensively washed with acetone,
were subjected to methyl iodide cleavage [3] and HPLC
analysis (Fig. 3). Material eluting straight through the
column in the void volume probably represents un-
cleaved peptides. A similar peak was obtained in the
case of YPT proteins even in mock cleavage reactions
without methyl iodide (data not shown). Of the counts
which were retained on the column ~55% (average of two
analyses: 65.7% and 43.7%) co-eluted with a geranylge-
raniol (C.; isoprenoid) standard, while ~45% (average of
two analyses: 34.2% and 56.3%) of the counts migrated
with farnesol (C,; isoprenoid). Some label (X) eluted
later than geranylgeraniol. This probably corresponds
to an isomer of geranylgeraniol [21] and represents less
than 15% of the counts. The total amount of geranylge-
raniol therefore includes the contribution from this
component,

4, DISCUSSION

The mechanism of protein prenylation has recently
become of interest both because of the wide range of
proteins that undergo this modification and the ability
of inhibitors of prenylation to suppress some phe-
notypes of oncogenic ras proteins [22,23]. Information
on this type of protein modification comes primarily
from studies of the processing of mammalian proteins,
while the study of yeast proteins has been accomplished
either indirectly by using different inhibitors of prenyla-
tion, or by expressing them in heterologous systems.
The main reason for that is the inability of the budding
yeast S. cerevisiae to mediate incorporation of
PHIMYA into polyisoprenoid moieties of proteins. Our
results clearly demonstrate that this inability is due to
the poor uptake of MVA by S. cerevisiae. On the con-
trary the fission yeast S. pormbe can take up exogenous
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MVA efficiently. More precisely, S. pombe can take up
about 5% of the exogenously added MVA and incor-
porate ~10% of this into protein. This is comparable to
results obtained with Swiss 3T3 cells [18]. HPLC analy-
sis of total S. pombe-bound isoprenoids revealed that
~45% of the counts co-migrated with the farnesol stand-
ard, while ~55% of the counts co-migrated with geranyl-
geraniol, confirming that the fission yeast can add gera-
nylgeranyl to proteins. The covalent attachment of this
latter prenyl group has been established up to now only
for higher animal cells [22). Interestingly the ratio of
geranylgeranyl to farnesyl in the case of S. pombe (~1.2)
seems to differ compared with Chinese hamster ovary
and HeLa cells, where the protein bound geranylgeranyl
moiety accounts for 80-90% of the total MVA-derived
label [25,26].

Incubation of S. pombe cells with [PH]MVA results in
the labelling of several polypeptides, the most pro-
minent of which migrate in the range of 20-26 kDa on
SDS-PAGE and probably correspond to low molecular
mass GTP-binding proteins {27]. Our preliminary data
suggest that geranylgeraniol is the principal isoprenoid
moiety involved in the post-transiational modification
of the 20-26 kDa proteins (not shown). Significant
amounts of radioactivity were also detected in proteins
with apparent molecular masses of 39 and ~10 kDa, the
identities of which remain to be clarified. We could not
detect any effect of mevinolin or other HMG-CoA
reductase inhibitors, such as pravastatin, on any of
these polypeptides. In conclusion, the fission yeast S.
pombe proves to be a particularly suitable organism for
studying the functional aspects of protein prenylation,
as well as the enzymatic mechanisms underlying this
type of post-translational modification, due to its ability
to incorporate label from [*H]MVA acid into poly-
isoprenoid moieties of proteins in combination with the
powerful genetic tools that can be applied.
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