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Membrane extracts of sterile Saccharomyces cerevisiae strains containing the a-specific stel4 mutation lack
a farnesyl cysteine C-terminal carboxyl methyltransferase activity that is present in wild-type a and a cells.
Other a-specific sterile strains with ste6 and stel6 mutations also have wild-type levels of the farnesyl cysteine
carboxyl methyltransferase activity. This enzyme activity, detected by using a synthetic peptide sequence based
on the C-terminus of a ras protein, may be responsible not only for the essential methylation of the farnesyl
cysteine residue of a mating factor, but also for the methylation of yeast RAS] and RAS2 proteins and possibly
other polypeptides with similar C-terminal structures. We demonstrate that the farnesylation of the cysteine
residue in the peptide is required for the methyltransferase activity, suggesting that methyl esterification
follows the lipidation reaction in the cell. To show that the loss of methyltransferase activity is a direct result
of the stel4 mutation, we transformed stel4 mutant cells with a plasmid complementing the mating defect of
this strain and found that active enzyme was produced. Finally, we demonstrated that a similar transformation
of cells possessing the wild-type STE14 gene resulted in sixfold overproduction of the enzyme. Although more
complicated possibilities cannot be ruled out, these results suggest that STE14 is a candidate for the structural
gene for a methyltransferase involved in the formation of isoprenylated cysteine a-methyl ester C-terminal
structures.

Eucaryotic polypeptides synthesized with the C-terminal
sequence -Cys-Xaa-Xaa-Xaa (where Xaa is any amino acid)
can be posttranslationally modified by proteolytic, lipida-
tion, and methylation reactions. The resulting structures,
first found in the peptidyl mating factors from the jelly fungi
Tremella mesenterica and Tremella brasiliensis, contain
C-terminal cysteine residues that are modified by both an
S-isoprenyl group in a thioether linkage and a-methyl ester-
ification (21, 29). Additional examples include the a mating
factor (1, 3) and RAS proteins (10, 13, 30) from Saccharo-
myces cerevisiae and the mammalian Ras proteins (4, 8, 17,
18, 30), large G-proteins (14), cyclic GMP phosphodiesterase
(26), and nuclear lamins (5, 6, 11, 20, 33, 36). The Ras
proteins can also be palmitylated at a nearby cysteine
residue (7, 9, 18). Although the physiological roles of these
modifications are unclear, it has been proposed that the
lipidation and methylation reactions may guide at least some
of these polypeptides to their functional sites on membrane
surfaces (8, 10, 11, 14, 17, 18, 20, 26, 33). Additionally, they
may participate in the signal transduction roles common to
most of these proteins (8, 10, 14, 17, 18, 26, 30).
We have been interested in the genetic and molecular

basis of these modifications in the synthesis of a factor
pheromone, a peptide necessary for mating between haploid
a and a cells of the yeast S. cerevisiae (19, 25). At least three
genes have been associated with its posttranslational matu-
ration, which results in a C-terminal S-farnesyl cysteine
a-methyl ester residue. One of these genetic loci, alterna-
tively named STE16 (35), DPRI (12, 16, 32), and RAM (28),
has been characterized. Mutations here result in the defec-
tive maturation of both a factor and the RAS proteins. From
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sequence analysis, it has been tentatively suggested that this
gene may encode the protease that removes the C-terminal
three amino acids that follow the modifiable cysteine residue
(16). Two other genes have been identified whose loss results
in defective a mating factor production: STE6 (23, 24; J. D.
Rine, Ph.D thesis, University of Oregon, Eugene, 1979) and
STEJ4 (L. C. Blair, Ph.D. thesis, University of Oregon,
Eugene, 1979). It has recently been proposed that the STE6
protein is a transmembrane translocator that exports pep-
tides by a route independent of the classical secretory
pathway (23, 24). To date, no function for the STE14 gene
product has been established, although DNA sequence anal-
ysis has suggested that it is a membrane protein (S. Sapper-
stein, C. Berkower, and S. Michaelis, Abstr. Cold Spring
Harbor Yeast Biol. Meet., Cold Spring Harbor, N.Y., 1989,
p. 139). Our present study explores the possibility that the
STE14 gene is required for the methylation of the C-terminal
farnesyl cysteine residue in the production of active a factor
and other polypeptides.

MATERIALS AND METHODS
Yeast strains and media. All strains of S. cerevisiae used

appear in Table 1. Strain designations are ABYS1 (STE),
C39-U3 (STE'), K43-4c (ste16), K39A-3b (ste6), HR129-2d
(ste14), and XBH38-3a (stel4'). Complete medium (YPD)
contained 1% (wtlvol) yeast extract (Difco Laboratories),
2% (wt/vol) Bacto-Peptone (Difco), and 2% (wt/vol) D-glu-
cose (Fisher Scientific Co.). Synthetic minimal medium (SD)
contained 0.5% ammonium sulfate, 0.17% yeast nitrogen
base without amino acids and ammonium sulfate (Difco),
and 2% (wt/vol) D-glucose. When necessary, SD medium
was supplemented with L-leucine (30 mg/liter) and L-methi-
onine (20 mg/liter) (SDLM) in order to maintain plasmids
selectively. For plates, 2% (wtlvol) Bacto-Agar (Difco) was
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TABLE 1. S. cerevisiae strains

Strain Relevant genotype Source

ABYS1 MATa pral prbl prcl cpsl ade D. Meyer
C39-U3 MATot ura3-52 met6 ubi C. Clarke
K43-4c MATa stel6-1 cryR Ieu2-3 I. Herskowitz

leu2-112 ura3 trpl(Am)
tyrl(Oc) his3 his4 met

K39A-3b MATa ste6-21 ade6 his4 Iys2 1. Herskowitz
canl Ieu2-3 leu2-112

HR129-2d MATa stel4-1 Ieu2-3 leu2-112 I. Herskowitz
ade5 ho met canl

XBH38-3a MATa stel4-1 leu2-3 leu2-112 L. C. Blair
met ura3-52

GX3087 MATot argi tsmll C. Clarke

included. Luria broth (LB) contained 0.5% (wt/vol) yeast
extract (Difco), 1% (wt/vol) Bacto-Tryptone (Difco), and 1%
(wt/vol) NaCl.

Preparation of crude membrane and cytosolic fractions.
Single colonies of each strain were used to inoculate 10-ml
cultures in YPD or SDLM medium and were grown over-
night with constant shaking at 30°C. Larger cultures (250 or
500 ml) were inoculated with 2 or 5 ml of the small-scale
culture and grown at 30°C with constant shaking. Cells were
harvested at an OD6. of 0.7 to 1.2 by centrifugation at 1,400
x g for 10 min at 4°C and were washed twice with H20 under
the same conditions. All subsequent steps were performed at
4°C. Two milliliters of cold sorbitol buffer (0.3 M sorbitol,
0.1 M NaCl, 5 mM Tris hydrochloride [Tris-HCl, pH 7.4],
0.06 mg of phenylmethylsulfonyl fluoride per ml of buffer)
was added per g of cells, and the cells were subsequently
broken by French press treatment at 1,200 lb/in2. The broken
cells were centrifuged at 1,600 x g for 10 min, and the
supernatant (whole-cell extract) was spun at 100,000 x g for
120 min. The supernatant was stored at -20°C, and the pellet
(crude membrane fraction) was suspended in 1 ml of cold
glycerol buffer (20% glycerol, 10 mM Tris-HCl [pH 7.4]).

Purification of membranes by sucrose gradient centrifuga-
tion. Membranes were purified by a modification of the
sucrose gradient centrifugation procedure previously de-
scribed by Serrano (31). Gradients were established in 4.4-ml
polyallomer centrifuge tubes with 0.95 ml of 53.5% (wt/wt)
sucrose and 1.80 ml of 43.5% (wt/wt) sucrose. Suspended
1-ml samples (crude membrane fractions) were layered on
top, and the gradients were spun at 310,000 x g for 3 h in a
Beckman SW60 swinging-bucket rotor. Membrane banding
occurred at the interface between the two sucrose layers.
The band was drawn off and washed in 20 ml of sorbitol
buffer (120,000 x g, 120 min) to remove the sucrose. Each
pellet was suspended in sorbitol buffer to a concentration of
about 10 mg of protein per ml. Protein concentrations were
assayed by a modification of the Lowry procedure (2) after
precipitation with 1 ml of 10% (wt/vol) trichloroacetic acid.

Synthetic peptides. Both L-Leu-L-Ala-L-Arg-L-Tyr-L-
LyS-L-CYS (LARYKC) and L-Leu-L-Ala-L-Arg-L-Tyr-L-
Lys-S-trans, trans-farnesyl-L-Cys (S-farnesyl-LARYKC)
were provided by Robert Stephenson in this laboratory.
Their synthesis and characterization have been described
elsewhere (31a).

C-terminal methyltransferase assay. Enzyme activity was
measured in yeast extracts with S-adenosyl-L-[14C-methyl]
methionine (ICN; 50 mCi/mmol) in both the presence and
absence of 1 nmol of synthetic peptide methyl acceptors.
Peptides were dried in 1.5-ml polypropylene microcentrifuge
tubes and suspended in 20 ,ul of 100 mM Tris-HCl (pH 7.50).

Incubation mixtures generally contained 3 to 10 ,ul of purified
membrane preparation, 20 ,u1 (1 nmol) of S-adenosyl-L-['4C-
methyl]methionine in the Tris buffer, and Tris buffer to give
a final volume of 60 ,ul and a final S-adenosyl-L-[14C-methyl]
methionine concentration of 16.7 p.M. After a timed incuba-
tion at 37°C generally from 30 to 60 min, the reaction was
stopped by the addition of 50 pI of 1 M NaOH-1% (wt/vol)
sodium dodecyl sulfate. The mixture was vortexed immedi-
ately, and 100 p.1 was spotted on pleated filter paper (1.5 by
8 cm; Bio-Rad Laboratories, catalog no. 165-0962). The
paper was placed in the neck of a 20-ml scintillation vial
containing 10 ml of scintillation fluid (Amersham ACSII),
and the vial was capped. After 2 to 3 h, the filter paper was
removed, and radioactivity was counted in a liquid scintilla-
tion counter. Volatile ['4C]methanol released by the base-
catalyzed cleavage of methyl esters diffuses into the scintil-
lant, while unreacted S-adenosyl-L-[14C-methyl]methionine
and other labeled materials remain on the filter paper (27).

Isolation of plasmids and transformation. Plasmid pSL646
is a YEp24-based plasmid carrying the 5-kilobase BamHI
fragment containing the entire STE14 gene. This plasmid,
constructed by George Sprague and kindly provided by Ira
Herskowitz, was propagated in Escherichia coli MH6. Bac-
terial cells were grown in LB-ampicillin (100 p.gIml), and the
plasmid was isolated by the QIAGEN maxipreparation pro-
cedure as described by the manufacturer (QIAGEN Inc.,
Studio City, Calif.).

Yeast transformations were performed by a modification
of the lithium acetate method (22). XBH38-3a (ste14') or
C39-U3 (STE') cells were grown in 50 ml ofYPD to an OD600
of 0.45. Cells were harvested by centrifugation at 1,100 x g
for 10 min and suspended in 10 ml of 0.1 M lithium acetate.
Cells were incubated at 30°C for 45 min and harvested again
at 1,100 x g. The supernatant was removed, and the pellet
was suspended in 400 pI of 0.1 M lithium acetate. Each
transformation reaction mix contained 50 pu1 of cells, 4 ,ug of
calf thymus DNA as a carrier, and either 1 to 2 ,ug of
STEJ4-containing plasmid or the YEp24 vector alone. After
a 30-min incubation at 30°C, 130 p.1 of 50% polyethylene
glycol 4000 in 10 mM Tris-HCl (pH 7.5) was added, and the
incubation was continued for an additional 60 min at 30°C.
The transformation mixtures were then heated at 42°C for 5
min and diluted with 1 ml of YPD medium. The cells were
pelleted by centrifugation in a microcentrifuge, suspended in
1 ml of YPD, and allowed to incubate at 30°C for 1 to 5 h.
The cells were again pelleted and then suspended in 100 p.1 of
SD medium. Transformants were selected on SDLM plates.
The transformants were able to mate when crossed with a

complementary a strain (GX3087) on SDL medium. No
mating was observed with the nontransformed ste14' mutant
cells. We further confirmed the identity of the plasmid in the
transformed cells by demonstrating the presence of a 4.8-
kilobase insert upon digestion of the plasmid DNA with
BamHI.

RESULTS

Identification of a C-terminal carboxyl methyltransferase
activity in S. cerevisiae. An in vitro assay has recently been
developed to detect the methyltransferase activity responsi-
ble for the C-terminal a-carboxyl methylation of lipidated
cysteine residues in mammalian cells. This assay makes use
of the synthetic methyl-accepting peptide S-farnesyl-
LARYKC that is recognized by the membrane-bound en-
zymes that form C-terminal methyl esters on cyclic GMP
phosphodiesterase and other proteins (31a). We decided to
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TABLE 2. Methyltransferase activity in purified membrane
fractions of various strains

Relevant MethyltransferaseStrain Reeatsp acta (pmol/mingenotype per mg) ± SD

ABYS1 STE MATa 1.34 ± 0.10 (5)
C39-U3 STE' MATTa 5.70 ± 1.12 (4)
K43-4c stel6 1.47 ± 0.59 (3)
K39A-3b ste6 2.86 ± 1.46 (13)
HR129-2d stel4 0.003 ± 0.007 (6)
XBH38-3a ste14' 0.001 ± 0.005 (10)

a Activities from control incubations lacking peptide have been subtracted.
The number of determinations is shown in parentheses.

use this assay to try to identify a similar enzyme activity in
the yeast S. cerevisiae, where the formation of carboxyl-
terminal cysteinyl a-methyl esters has been found in a

mating factor (1) and the RAS 2 protein (10). The amino acid
sequence of this peptide, derived from a Drosophila mela-
nogaster ras sequence, does not correspond to that of either
yeast a factor or the RAS1 or RAS2 protein. However, there
is little sequence similarity in the residues immediately
preceding the conserved cysteine residue of the expanding
group of proteins which appear to be isoprenylated and
methyl esterified (8). This peptide does contain, neverthe-
less, the farnesylated C-terminal cysteine residue that ap-
pears to form the methylation site in these molecules.
We detected C-terminal methyltransferase activity in the

purified membrane fraction of various strains of S. cerevisiae
at specific activities similar to those found in preparations of
rat liver, kidney, spleen, and brain membranes (Table 2)
(31a). The methyltransferase activity was linearly dependent
upon incubation time (Fig. 1) and enzyme concentration
(Fig. 2). The activity measured was dependent upon the
presence of the S-farnesyl peptide; control incubations lack-
ing the peptide showed only background methyl ester for-
mation (Fig. 2; Table 3). We also found that the LARYKC
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FIG. 1. Time course analysis of the methyltransferase activity of

nonsterile (STE) and a-specific sterile yeast strains. Incubations

included 1 nmol of S-famesyl LARYKC, 20 p.l of 50 p.M S-adenosyl-
L-[14C-methyl]methionine, 34 .l of 100 mM Tris-HCl (pH 7.50), and
6 p.l of membrane preparation (30 mg of protein per ml). Strains are
represented as follows: K39A-3b (ste6) (A), K43-4c (ste16) (X),
ABYS1 (STE) (O), HR129-2d (stel4) (0), and XBH38-3a (stel4')
(A).
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FIG. 2. Dependence of methyltransferase activity on peptidyl
methyl acceptor. The a-specific mutant strain K39A-3b (ste6) was
incubated with (O) or without (A) the S-farnesyl-LARYKC peptide
substrate in reaction mixes containing 20 ,ul of 50 pM S-adenosyl-
L-[14C-methyl]methionine, 20 p.l of 100 mM Tris-HCI (pH 7.50), 0, 1,
3, or 5 ,u1 of membranes (38 mg/ml), and buffer to a total volume of
20 [L1. Samples were incubated for 30 min at 37°C.

peptide lacking the S-famesyl modification was not a methyl-
accepting substrate (Table 3), suggesting that the methyla-
tion reaction is preceded by the famesylation reaction in
vivo. Little or no activity was detected in the cytosolic
fraction (100,000 x g) of any of the strains listed in Table 2
(Table 3; data not shown).

stel4 mutant strains lack C-terminal methyltransferase ac-
tivity. While enzyme activity was detected in the purified
membrane fraction of a and a wild-type strains and stel6 and
ste6 mutant strains, essentially no activity was found in two
stel4 mutant strains (Table 2, Fig. 1). The lack of activity in
these strains did not appear to be the result of the presence
of an inhibitor in the membrane preparation. Mixing exper-
iments were performed, demonstrating that the methyltrans-
ferase activities in the various strains were additive. For
example, when 3 ,u1 of membranes from stel4 mutant strains
were mixed with 3 pL1 of membranes from wild-type strains,
the activity was approximately half of that seen for 6 ,u1 of

TABLE 3. Farnesylated peptide substrate is required for
methyltransferase activity

Enzyme source' Methyl-accepting Methyl groups
(,ug of protein) substrateb (pmol)

Membranes None 1.3
(64) LARYKC 1.3

S-Farnesyl-LARYKC 12.5
S-Farnesyl-LARYKC + LARYKC 12.2

Cytosol (56) None 1.2
LARYKC 1.3
S-Farnesyl-LARYKC 1.4
S-Farnesyl-LARYKC + LARYKC 1.4

aPurified membranes and cytosol were prepared from XBH38-3a (stel4')
cells transformed with the STE14-containing plasmid pSL646.

b One nanomole of LARYKC or S-farnesyl-LARYKC or both was present
in each incubation mix.

I Values represent averages from duplicate 45-min incubations.
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FIG. 3. Methyltransferase activity is not inhibited in the pres-
ence of membrane preparations of stel4 mutant strains. Incubations
with (+) or without (-) the S-farnesyl-LARYKC peptide substrate
included 20 ,ul of 50 p.M S-adenosyl-L-["4C-methyl]methionine, 34 p.1
of 100 mM Tris-HCl (pH 7.50), and a total of 6 ,u1 of enzyme from
ABYS1 (STE), HR129-2d (ste14), and XBH38-3a (ste14') membrane
preparations. Mixed incubations contained 3 ,u1 of each of the
membrane preparations. The protein concentrations of these strains
were 24 (STE), 42 (stel4), and 37 (ste14') mg of protein per ml.
Samples were incubated for 45 min at 37°C.

wild-type membranes (Fig. 3). Additionally, when mem-
branes containing the active methyltransferase were mixed
with the cytosolic fraction from the stel4 mutant strains, no
inhibition of activity was found (data not shown). This latter
result suggests the absence of a cytosolic inhibitor in the
stel4 mutant cells.

Transformation of wild-type cells and stel4 mutant cells
with a plasmid containing the STE14 gene results in the
overproduction of active C-terminal methyltransferase. In
order to clearly demonstrate the linkage between the de-
fect in the stel4 mutant strains and the identified methyl-
transferase activity, the ste14' mutant was transformed
with a plasmid containing the STE14 gene in a YEp24 vec-
tor as described in Materials and Methods. We found that
this transformation resulted in an overproduction of active
methyltransferase (Table 4). No detectable methyltrans-
ferase activity was observed in nontransformed cells or
in cells obtained from control transformations with the
YEp24 vector alone (Table 4). An ot strain (C39-U3) contain-
ing the wild-type STEJ4 gene was also transformed with
the plasmid pSL646. This resulted in a sixfold overproduc-
tion of active methyltransferase above the endogenous level
(Fig. 4).

TABLE 4. Plasmid complementing the stel4 mutation leads to
production of an active C-terminal methyltransferase in the

purified membrane fraction

Strain Methyltransferase sp act"
(pmol/min per mg) + SD

XBH38-3a (stel4') 0.00 ± 0.01 (4)
XBH38-3a(YEp24) 0.02 ± 0.04 (4)
XBH38-3a(pSL646) 55.3 ± 8.00 (5)

" Activities from control incubations lacking peptide have been subtracted.
The number of determinations is shown in parentheses.

C

0._

u
Z:

0)

CL)

0)
cn

U)
C
al)

a)

0 0.05 0.10 0.15 0.20
membrane protein (mg)

FIG. 4. Transformation of wild-type cells with the STE14-con-
taining plasmid results in a sixfold overproduction of the methyl-
transferase activity. Incubation mixes with or without peptide
substrate included 1 nmol of S-farnesyl-LARYKC, 20 p.l of 50 pM
S-adenosyl-L-['4C-methyl]methionine, 0 to 20 p.1 of C39-U3 (STE')
membranes (7.9 mg/ml) (A) or 0 to 20 p.l of C39-U3(pSL646)
membranes (3.4 mg/ml) (O), and 100 mM Tris-HCI (pH 7.50), to
a total volume of 30 p.1. Samples were incubated for 35 min at
37°C.

DISCUSSION
Our results show that the STE14 gene product is required

for the expression of a farnesyl cysteine C-terminal methyl-
transferase and suggest that any a factor produced in stel4
mutant strains lacks the C-terminal methyl ester modifica-
tion. The physiological role of methylation of a factor is not
yet clear. Anderegg et al. demonstrated that chemically
demethylated a factor showed little or no activity under the
conditions of their assay (1). In T. brasiliensis, the unmeth-
ylated peptide mating factor, tremerogen A-9291-VIII, is 200
times less active than the methylated form, A-9291-I (21).
Additionally, it is possible that methylation may be required
for the secretion of a factor. Because we detected no
methyl-accepting activity of the nonfarnesylated form of this
peptide, we propose that the methyl esterification reaction
follows the isoprenylation reaction and may represent the
final C-terminal posttranslational modification in the matu-
ration of a factor.

This enzyme may also modify other proteins in yeast cells
containing a similar C-terminal-modified cysteine residue.
The substrate for the methyl esterification reaction is a
peptide containing the S-farnesyl C-terminal cysteine resi-
due found in a factor but is otherwise unrelated in sequence.
Additionally, the enzyme activity is present in ot mating type
cells. Thus, the same enzyme responsible for the methyla-
tion of a factor may also recognize the RAS products (10,
13), although it is not yet clear whether the stel4 mutation
affects RAS function in a similar fashion as the stel6
mutation (28). This methyltransferase may also be responsi-
ble for the C-terminal modification of other yeast proteins
initially synthesized with the -Cys-Xaa-Xaa-Xaa sequence
(8). Candidates for this type of methylation reaction include
the nuclear lamin analogs (5, 6, 15) and the STE18 gene
product encoding the y-subunit of a G-protein complex
coupled to the mating pheromone receptors (14, 34).

Although the variation in enzyme activity measured in a
given membrane preparation is small, we found a fourfold
difference in the specific activity of preparations of mem-
branes from non-stel4 strains (Fig. 1, Table 2). It is unclear

MOL. CELL. BIOL.



YEAST FARNESYL CYSTEINE C-TERMINAL METHYLTRANSFERASE 5075

whether these differences reflect actual changes in methyl-
transferase levels in these strains of differing genetic back-
grounds or reflect differences in growth conditions andlor
membrane preparations.
What can we say about the nature of the STEJ4 gene? An

attractive hypothesis is that it represents the structural
gene for the methyltransferase. Alternatively, the STEJ4
gene product may encode an essential activator protein
required either for the expression of the methyltransferase
gene or for the action of the methyltransferase enzyme itself.
The fact that we observed a sixfold overproduction of
enzyme by cells containing a wild-type STEJ4 gene trans-
formed with a plasmid carrying multiple copies of STEJ4
suggests that methyltransferase activity is related to gene
copy number. This result is consistent with the structural-
gene hypothesis, but we cannot rule out other possibilities at
present.
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