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Maturation of Isoprenylated Proteins in Saccharomyces cerevisiae
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Eukaryotic polypeptides containing COOH-terminal
~-CXXX sequences can be posttranslationally modified
by isoprenylation of the cysteine residue via a thioether
linkage, proteolytic removal of the three terminal
amino acids, and a-carboxyl methylation of the cys-
teine residue. Through the development of an indirect
coupled assay, we have identified three in vitro activi-
ties in the yeast Saccharomyces cerevisiae that can
catalyze the proteolytic cleavage of the three COOH-
terminal amino acids of the synthetic peptide substrate
N-acetyl-KSKTK[S-farnesyl-Cys]VIM. One of these is
the vacuolar protease carboxypeptidase Y. Using a
mutant strain deficient in this enzyme, we find evi-
dence for an additional soluble activity as well as for a
membrane-associated activity. These latter activities
are candidates for roles in the physiological processing
of isoprenylated protein precursors. They are both in-
sensitive to inhibitors of serine and aspartyl protein-
ases but are sensitive to sulfhydryl reagents and 0.5
mM ZnCl,. The soluble activity appears to be a metal-
loenzyme, inhibitable by 2 mM o-phenanthroline but
not by 1 mM N-ethylmaleimide, whereas the mem-
brane-associated enzyme is inhibitable by 1 mm N-
ethylmaleimide but not 2 mM o-phenanthroline. We
show that the membrane-bound protease is not an ac-
tivity of the membrane-bound methyltransferase, be-
cause protease activity is observed in membrane prep-
arations that lack the STE I4-encoded methyltransfer-
ase. The soluble activity appears to be a novel
carboxypeptidase of approximately 110 kDa that cat-
alyzes a processive removal of amino acids from the
COOH terminus from both the farnesylated and non-
farnesylated substrate, but not from three other unre-
lated peptides. Finally, we find no evidence for non-
vacuolar membrane or soluble activities that catalyze
the ester hydrolysis of N-acetyl-S-farnesyl-L-cysteine
methyl ester.

In eukaryotic cells, there are a number of proteins and
polypeptides whose initial translation product contains a
-Cys-Xaa-Xaa-Xaa sequence at the COOH terminus, where
Xaa represents a variety of amino acid residues. This sequence
can target these polypeptides for a series of posttranslational
modifications that include sequential lipidation with either a
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farnesyl or geranylgeranyl isoprene group on the cysteine
residue, proteolysis of the three terminal amino acids, and
methyl esterification of the newly exposed a-carboxyl group
of the cysteine residue (Clarke et al., 1988; Hancock et al.,
1989; Glomset et al., 1990; Maltese, 1990; Rine and Kim, 1990,
Stimmel et al., 1990, Der and Cox, 1991; Hancock et al., 1991;
Clarke, 1992). The COOH-terminal amino acid of this motif
appears to specify the nature of the isoprene group; polypep-
tides ending with a leucine residue are geranylgeranylated,
and those ending with methionine, serine, alanine or gluta-
mine residues are targeted for farnesylation (Kawata et al.,
1990; Kinsella et al., 1991, Yamane et al., 1991).

We have been interested in defining this processing path-
way in the yeast Saccharomyces cerevisiae. Much has already
been done in characterizing both the lipidation and methyla-
tion reactions, the first and last steps of this pathway. Two
distinct isoprenyltransferases have been identified which can
catalyze the isoprenylation reaction in yeast. A farnesyltrans-
ferase comprised of two subunits, the RAM1 (Powers et al.,
1986; Fujiyama et al., 1987; Goodman et al., 1988) and RAM2
gene products (Goodman et al., 1990; Moores et al., 1991; He
et al., 1991), appears to be responsible for the lipidation of
-CXXX-containing polypeptides such as the RAS proteins
(Goodman et al., 1990), the STE18 gene product (Finegold et
al., 1990), and the a-factor mating pheromone (Anderegg et
al., 1988; Marcus et al., 1991), by a C;;5 isoprenoid group. The
second enzyme is a geranylgeranyltransferase that is com-
prised of two subunits encoded by the CDC43/CALI gene
(Johnson et al., 1991a; Johnson et al.,, 1991b; Ohya et al.,
1991) and the RAM2 gene by the addition of a Cy geranyl-
geranyl moiety (Finegold et al., 1991; Moores et al., 1991).
Similar enzymes have been characterized in mammalian cells
(Reiss et al., 1990; Chen et al., 1991; Joly et al., 1991; Moores
et al., 1991; Reiss et al., 1991; Seabra et al., 1991; Yoshida et
al., 1991; Yokayama et al., 1991).

The enzymes involved in the final methylation step have
also been well characterized. We have shown that a mem-
brane-bound COOH-terminal methyltransferase, the product
of the STE14 gene in S. cerevisiae, can catalyze the methyl-
ation of both farnesylated and geranylgeranylated substrates
(Hrycyna and Clarke, 1990; Hrycyna et al., 1991). This meth-
yltransferase is responsible for the in vivo methylation of
several cellular polypeptides including RAS1, RAS2, and the
mating pheromone a-factor (Hrycyna et al., 1991) and is
essential for the secretion and biological activity of a-factor
(Hrycyna et al, 1991; Marcus et al.,, 1991). A mammalian
counterpart possessing similar activity to the STE14 meth-
yltransferase has also been described (Stephenson and Clarke,
1990, 1992; Volker et al., 1991).

In contrast, not much is known to date about the proteolytic
processing enzymology either in yeast or other cell types. This
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processing event was shown to occur indirectly by the isola-
tion of a-carboxyl-methylated cysteine residues from proteins
whose ¢cDNA codes for 3 more COOH-terminal amino acids
(Ong et al., 1989; Stimmel et al. 1990; Yamane et al., 1990;
Yamane et al., 1991). Direct evidence for proteolysis of the 3
COOH-terminal amino acids of the p21™ protein in mam-
malian cells was provided by Gutierrez et al.. (1989), and for
the yeast RAS2 protein, by Fujiyama and Tamanoi (1990).
More recently, a membrane-associated protease activity in
canine pancreatic microsomes has been reported which in-
creases the membrane binding of farnesylated p21%-" 2-fold
over the non-proteolyzed species (Hancock et al., 1991). In
the present study, we characterize enzyme activities respon-
sible for the proteolytic cleavage reaction which removes the
3 carboxyl-terminal amino acids from farnesylated -CXXX
precursors in S. cerevisize. Taking a biochemical approach
using synthetic peptide substrates, we have identified multiple
activities which can catalyze the reaction in both soluble and
membrane subcellular fractions of S. cerevisiae. We also find
that the yeast vacuolar enzyme carboxypeptidase Y can cat-
alyze the reaction in vitro. Similar results have recently been
obtained by Ashby et al. (1992).

MATERIALS AND METHODS

Yeast Strains, Media, and Growth Conditions—Yeast strains used
in this study are listed in Table I. SM1058 was formerly designated
EG123 (Michaelis and Herskowitz, 1988). Strain SM1188 was derived
from SM1058 by a single-step gene replacement in which a significant
portion of the STE14 coding region is deleted and substituted by the
selectable marker TRP1 (Hrycyna et al., 1991). Unless otherwise
indicated, strains were propagated on YEPD medium containing 1%
(w/v) yeast extract (Difco), 2% (w/v) Bacto-Peptone (Difco), and 2%
(w/v) D-glucose,

Preparation of Crude Membrane and Cytosolic Fractions—Cells
were grown to an ODgy of 0.9-1.2. Membranes and soluble fractions
were prepared essentially as described previously (Hrycyna and
Clarke, 1990) except that the membrane fraction was not further
purified by sucrose density gradient centrifugation. The protein con-
centrations were approximately 35 mg/ml for the membrane fraction
and 6.5-8.25 mg/ml for the soluble fraction.

Synthetic Substrates—N-["*C]Acetyl-L-Lys-L-Ser-L-Lys-L-Thr-L-
Lys-L-Cys-L-Val-L-Ile-L-Met was synthesized by Dr. Janis Young at
the UCLA Peptide Synthesis Facility and purified by HPLC.! The
crude peptide (1300 nmol) was dissolved in 500 ul of nanopure water
and separated on a preparative scale Econosphere C,s reverse-phase
column (Alltech/Applied Scientific, 10-mm inner diameter X 190-
mm length) equilibrated in 100% solvent A at room temperature
(solvent A is 0.1% trifluoroacetic acid in water and solvent B is 0.1%
trifluoroacetic acid, 90% acetonitrile, 9.9% water). The column was
eluted with a linear 2% solvent B/min gradient at a flow rate of 3
ml/min. The peptide eluted at 17-18 min. The amino acid composi-
tion (Gilbert et al., 1988) was determined to be consistent with the
proposed structure and the specific activity was found to be 162.8
cpm/nmol. This HPLC-purified peptide was farnesylated by a mod-
ification of the method of Stephenson and Clarke (1990) yielding N-
[**C]lacetyl-L-Lys-L-Ser-L-Lys-L-Thr-L-Lys-S-trans,trans-farnesyl-
L-Cys-L-Val-L-Ile-L-Met (N-Ac-KSKTK|S-farnesyl-Cys]VIM). The
peptide (500 nmol) was dissolved in 0.2 ml of dimethyl sulfoxide and
0.050 ml of 50 mM guanidine carbonate (2500 nmol) followed by the
addition of 0.050 ml of a 1:20 (v/v) solution of farnesyl bromide (9200
nmol) (Aldrich) in dichloromethane. The reaction was allowed to
continue for 10 min at room temperature and then the mixture was
dried under vacuum in a Savant SpeedVac apparatus. The products
were resuspended in 0.4 ml of 1:1 (v/v) acetonitrile:water and frac-
tionated by HPLC using the same reverse-phase column described
above but equilibrated in 20% solvent B at room temperature. The
column was eluted using a linear gradient of 1.5% solvent B/min over
40 min followed by a 2%/min linear gradient to 100% solvent B over
an additional 10 min at a flow rate of 3 ml/min. The N-Ac-KSKTK]IS-

' The abbreviations used are: HPLC, high performance liquid chro-
matography; PMSF, phenylmethylsulfonyl fluoride; pHMB, p-hy-
droxymercuribenzoate.
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TaBLE I
Saccharomyces cerevisiae strains

Name Genotype Source

SM1058 MATa trp! leu2 ura3 his4 canl STE14* S. Michaelis®
SM1188 stel4A::TRPI, isogenic to SM1058 S. Michaelis”
ABYS1 MATa pral prbl prcl cpsl ade D. Meyer®

% Johns Hopkins University (Hrycyna et al., 1991).
® UCLA (Achstetter et al., 1984).

farnesyl-Cys]VIM product eluted at 29.6-29.9 min; the peak of UV
absorbance at 214 nm was coincident with the radioactivity. The
concentration of peptide in each assay was quantified by liquid
scintillation counting using the specific radioactivity determined
above. N-Acetyl-S-farnesyl-L-cysteine and N-acetyl-S-farnesyl-L-
cysteine [*H]methyl ester were prepared as described previously by
Hrycyna et al. (1991). The peptide DRVYIHPF (angiotensin II) was
purchased from Chemical Dynamics (South Plainfield, NJ), whereas
GGDA was a Vega product (Tucson, AZ). The synthesis and charac-
terization of the peptide VYPNSA was described previously (Ste-
phenson and Clarke, 1989).

In Vitro Coupled Protease Assay—Protease enzyme activity was
measured in yeast membrane and soluble fractions both in the pres-
ence and absence of the synthetic peptide substrate. Membrane
preparations of the Escherichia coli strain BSG24 expressing the
STE14-TrpE fusion protein were used as the source of COOH-
terminal methyltransferase activity. The fusion protein was induced
in E. coli and extracts were prepared as described previously by
Hrycyna et al. (1991) at a specific activity of 3.2 pmol of methyl
groups transferred per min/mg of protein at a protein concentration
of approximately 15 mg/ml. Peptide (1.5 nmol) was dried in a 1.5-ml
polypropylene microcentrifuge tube and resuspended in 20-27 ul of
100 mM Tris-HCI buffer (pH 7.52). Potential sources of protease
activity (see below) were generally incubated with 3-5 ul of the E.
coli membrane fraction, 20 ul (1 nmol) of S-adenosyl-L-["C-methyl]
methionine (ICN, 50 mCi/mmol; final concentration of 16.7 uM) in
100 mM Tris-HCI (pH 7.52), and the T'ris buffer to a final volume of
50 pl. After incubation at 37 °C, protease activity was quantified by
measuring the picomoles of methyl groups transferred to each newly
exposed cysteine residue per min/mg of protease source protein. The
reaction was stopped by the addition of 55 ul of 1 M NaOH, 1%
sodium dodecy! sulfate (w/v). The solution was vortexed, and 85 ul
was immediately spotted onto a piece of folded thick filter paper (2
X 8 cm; Bio-Rad, catalog No. 165-0962). The paper was placed in the
neck of a 20-ml scintillation vial containing 10 ml of scintillation
fluid (Research Products, Safety Solve), and the vial was capped.
After 2 h, the filter paper was removed and radioactivity counted in
a liquid scintillation counter. Volatile [**C]methanol released by the
cleavage of the methyl esters by base diffuses into the scintillation
fluor, whereas other nonvolatile material remains on the filter paper
(Ota and Clarke, 1989).

Protease Inhibition Assays—Assays were performed as described
above except that the protease was preincubated for 10-15 min at
37 °C with the potential inhibitor prior to the addition of the other
reaction components.

Esterase Activity Assays—Enzyme activity was measured in yeast
soluble and membrane fractions utilizing N-acetyl-S-farnesylcysteine
[*H]methy] ester as the substrate. Each reaction mixture contained
substrate (6600-6800 cpm dried in 1.5-ml polypropylene microcentri-
fuge tubes), between 2 and 10 ul of yeast membranes, cytosol, or
carboxypeptidase Y as the esterase source, and 100 mM Tris-HCl
(pH 7.52) to a total volume of 50 ul. After a 40-min incubation at
37 °C, the reaction was quenched with the addition of 55 ul of 0.1 M
sodium phosphate (pH 2.0), 1% (w/v) sodium dodecyl sulfate, and
the [*H]methanol released was quantified by the vapor diffusion assay
described above.

RESULTS

Multiple Activities in S. cerevisiae Catalyze the Removal of
the 3 Terminal Amino Acids from Farnesylated -CXXX-con-
taining Peptides in Vitro—The 3 terminal amino acids found
on farnesylated or geranylgeranylated proteins containing the
-CXXX consensus sequence at the COOH terminus must be
cleaved before a-carboxyl methyl esterification of the cysteine
residue can occur. We were interested in identifying an activ-
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ity in 8. cerevisiae responsible for this proteolytic cleavage
event. We first tested the possibility that the methyltransfer-
ase itself could catalyze both the cleavage of these 3 residues
and the subsequent methylation reaction. The yeast STE14
methyltransferase gene can be expressed as a TrpE-fusion
membrane protein in E. coli, an organism that appears to lack
the enzymes in the protein isoprenylation pathway (Hrycyna
et al., 1991; He et al, 1991). Membrane preparations from
these cells readily catalyze the methylation of short synthetic
peptides containing COOH-terminal farnesyl or geranylger-
anyl cysteine residues (Hrycyna et al., 1991). We then asked
whether this E. coli membrane fraction could catalyze the
methylation of a peptide containing the three additional
amino acids at the COOH terminus. We found, however, that
the peptide N-Ac-KSKTK[S-farnesyl-Cys]VIM, based on the
sequence of the COOH terminus of the human Ki-ras-2B
protein, was not a methyl acceptor (Table II). This result
indicates that the methyltransferase cannot catalyze the re-
moval of the 3 terminal amino acids and implies that the
methyltransferase, at least as it is expressed in E. coli, and
the protease represent distinct enzymes.

This system was then utilized as an indirect assay to detect
proteolytic cleavage activity. We reasoned that any enzyme
that was capable of removing the terminal 3 amino acids
would render the farnesylated peptide an effective methyl
acceptor. Clear evidence has been obtained that both the
mammalian (Stephenson and Clarke, 1990) and the yeast
(Hrycyna and Clarke, 1990) methyltransferase activity is
dependent upon the presence of an isoprenylated COOH-
terminal cysteine residue. No methylation has been observed
in unmodified peptides. Therefore, we mixed the membrane
fraction from E. coli expressing the yeast STE14 methyltrans-
ferase described above with membrane and soluble extracts
from stel4-deficient S. cerevisiae cells in the presence of the
farnesylated peptide containing the 3 additional amino acids.
The success of this assay is dependent upon an excess of
methyltransferase in the reaction mixture so that the protease
reaction is rate-limiting. Controls showed that no protease
activity was present in the soluble fraction from E. coli that
would generate a methylatable substrate from the N-Ac-
KSKTK[S-farnesyl-Cys]VIM. On the other hand, both yeast
membrane and soluble fractions demonstrated good activity
(Table II).

Using this novel assay, we have identified at least three
distinct activities in yeast responsible for the cleavage reac-
tion (Fig. 1, Table II). Using the membrane fraction from the
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S. cerevisiae strain SM1188 (Table I) and the soluble fraction
from the S. cerevisiae strain ABYS1 {Table I), we were able
to show significant incorporation of methyl groups into the
peptide substrate in each fraction which was linearly depend-
ent upon amount of enzyme added (Fig. 1, Table II). The
ABYS1 strain was used because it lacks four major vacuolar
proteases, including proteinase A, proteinase B, carboxypep-
tidase Y, and carboxypeptidase S (Table I). This is important
because we find that purified carboxypeptidase Y alone can
catalyze the production of the methyltransferase substrate
(Table II). The presence of protease in the ABYS1 soluble
fraction indicates that this activity is distinct from these
vacuolar proteases. Similarly, the presence of protease activity
in the membrane fraction of the ABYS1 strain (at a specific
activity of about 1.5-fold greater than that of the SM1188
strain) indicates that the membrane activity is also distinct
from that of the four vacuolar proteases. From the specific
activities presented in Table II as well as the observed distri-
bution of protein between the soluble and membrane fractions
{35:65), we calculate that the total soluble activity in the
ABYS]1 strain is about 1.2 times that of the total membrane
activity in the SM1188 strain.

The Membrane-associated and Soluble Activities Are Dis-
tinct Enzymes as Determined by Protease Inhibition Studies—
The four major classes of proteases are the metalloproteases,
the serine proteases, the sulfhydryl proteases, and the aspartyl
proteases (Jones, 1991, Wolf, 1986). We were interested in
determining what types of proteases the soluble and mem-
brane-bound activities described here represented. Because
carboxypeptidase Y could catalyze the reaction, we chose to
perform all further characterizations of the soluble enzyme
using extracts from the ABYS1 strain to avoid contributions
to the activity from this vacuolar enzyme. Neither the mem-
brane-associated nor the soluble activity was sensitive to
serine protease inhibitors such as PMSF, dichloroisocou-
marin, or leupeptin, nor to the aspartyl protease inhibitor
pepstatin (Table III). On the other hand, both activities were
sensitive to sulfhydryl modifying reagents to varying degrees.
ZnCl; inhibited both forms of the protease at a concentration
of 0.5 mM. p-Hydroxymercuribenzoate (0.5 mM) completely
inhibited the membrane-associated enzyme but had only a
partial effect on the soluble form (Table III). Similarly, 1.0
mM N-ethylmaleimide completely abolished the activity of
the membrane-associated enzyme but had little to no effect
on the soluble species (Table III). Another striking difference
between these two enzymes is their distinct sensitivities to

TasrLE 11

Distinct protease and methyltransferase activities are responsible for the COOH-terminal modification of
farnesylated -CXXX containing peptides

Protease specific activity*

Methyltransferase Protease Substrate
source source No added protease Added protease
pmol/min/mg pmol/min/mg
membrane protein protease protein
E. coli membranes® None 0.78
E. coli membranes S-Farnesyl-Ac-KSKTKCVIM 1.1
E. coli membranes + E. coli cytosol® S-Farnesyl-Ac-KSKTKCVIM 2.2
E. coli membranes + yeast membranes® S-Farnesyl-Ac-KSKTKCVIM 69.8
E. coli membranes + yeast cytosol® S-Farnesyl-Ac-KSKTKCVIM 158.3
E. coli membranes + purified CPY* S-Farnesyl-Ac-KSKTKCVIM 1385.4

¢ Each value represents averages from four to five separate experiments. For values with added protease, the
background of E. coli membranes plus peptide substrate was subtracted.
® Cytosol and membranes prepared from E. coli strain BSG24 (pTrpE-STEI4(_23) expressing the full-length

STE14 gene product as a TrpE fusion protein.
¢ S. cerevisiae strain SM1188,
¢S. cerevisiae strain ABYS1.

¢ Purified carboxypeptidase Y from bakers’ yeast (Sigma).
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Fi6. 1. Dependence of soluble and membrane-associated
protease activity on amount of enzyme. The indicated amount
of a crude membrane fraction from S. cerevisiae strain SM1188 (A)
or the soluble fraction from strain ABYS1 (B) was incubated in
reaction mixtures containing N-Ac-KSKTK[S-farnesyl-Cys]VIM
(1.5 nmol), the membrane fraction from an E. coli strain expressing
the STE14 methyltransferase (45 ug protein), 1 nmol S-adenosyl-L-
[**C-methyllmethionine (50 mCi/mmal) in 100 mM Tris-HCl (pH
7.52), and the Tris buffer to a final volume of 50 ul and final S-
adenosyl-L-["C-methyl]methionine concentration of 16.7 uM. The
reaction mixtures were incubated for 30 min at 37 °C and assayed as
described under “Materials and Methods.” A minimal background
value from control incubations without peptide was subtracted from
each point.

TABLE III

Inhibition of the soluble and membrane-associated proteases
responsible for the cleavage of the 3 terminal amino acids from the
farnesylated peptide N-Ac-KSKTKCVIM

% of control

Inhibitor

Membranes Soluble
None 100° 100°
0.5 mM ZnCl, 20.1 3.0
4 mM PMSF 78.2
5 mM PMSF 86.7
20 ug/ml leupeptin 93.0 102.0
20 pg/ml pepstatin 97.6 94.1
0.5 mM p-hydroxymercuribenzoate 7.0 32.3
1.0 mM N-ethylmaleimide 9.1 112.5¢
20 pg/ml dichloroisocoumarin 89.1¢ 91.0¢
0.5 mg/ml E-64 61.3°
0.75 mg/ml E-64 56.8°
2.0 mM o-phenanthroline 78.5/ 11.2¢
20 ug/ml aprotinin 100.4

? Represents 0.482 pmol/min activity.

» Represents 0.793 pmol/min activity.

©100% control represents 0.953 pmol/min activity.

¢ Control incubations with solvent alone (N, N-dimethylformam-
ide) gave comparable results.

¢ Control incubations with solvent alone (1:1, ethanol:water) gave
comparable results.

/100% control represents 0.376 pmol/min activity.

#100% control represents 0.263 pmol/min activity.

the metal chelator o-phenanthroline. We found that the mem-
brane-associated enzyme is not affected by a concentration of
2.0 mM o-phenanthroline, whereas the soluble activity is
abolished at this concentration (Table III). From these data,
it is evident that these two forms represent distinct enzymes
which both function to cleave the terminal 3 amino acids of
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a synthetic peptide in our assay system. We propose that the
membrane-associated protein may be a sulfhydryl-containing
protease due to its sensitivity to sulfhydryl modifying re-
agents. Although this enzyme is insensitive to the thiol pro-
tease inhibitor E-64 (Table III), at least one other protease
has been identified that is inhibited by sulfhydryl modifying
reagents but shows no sensitivity to this compound (Fagan
and Waxman, 1991). Since the soluble form is sensitive to o-
phenanthroline, but not to EDTA, this enzyme could repre-
sent a metal-containing carboxypeptidase {Folk et al., 1960).
The Soluble Enzyme Is a Novel Processive Carboxypeptidase
of Molecular Weight 110,000—Because the major part of the
protease activity detected with our assay was in the ABYS1
soluble fraction, we decided to further characterize this frac-
tion. We fractionated this material by Sephacryl S-200 gel
filtration chromatography. Protease activity eluted in a single
sharp peak that corresponded to a molecular weight for the
native enzyme of approximately 110 kDa (Fig. 2). Since
carboxypeptidase Y has a native molecular mass of 62 kDa,
and the extract was from the ABYS1 mutant, this activity
cannot be attributed to carboxypeptidase Y contamination.
We were interested next in determining the pathway by
which the soluble enzyme cleaves the peptide substrate. We
developed an assay which allowed us to distinguish between
an endoproteolytic cleavage event and a carboxypeptidase
activity. The assay involves monitoring the cleavage reaction
by amino acid analysis and is based on the fact that only free
amino acids will form a fluorescent compound when deriva-
tized with o-phthalaldehyde (Jones et al., 1981, Pfeifer et al.,
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F1G. 2. Molecular weight determination of the soluble pro-
tease from S. cerevisiae by gel filtration chromatography on
Sephacryl S-200. 1.3 ml (9.75 mg of protein) of the 100,000 X g
soluble fraction prepared from S. cerevisiae strain ABYS1 was loaded
onto a Sephacryl S-200 column (Pharmacia LKB Biotechnology Inc.,
1.5 em diameter X 70 ¢m) equilibrated with 100 mM Tris-HCl (pH
7.52 at 4 °C). The enzyme was eluted with the same buffer at a flow
rate of 0.13 ml/min and 1.9-ml fractions were collected. The protein
profile at 280 nm of the fractions was obtained (0—U), and 15 ul of
each fraction was assayed for protease activity (@—@®) by the coupled
methyltransferase assay as described under “Materials and Methods.”
Fractions were assayed as described in the Worthington Enzyme
Manual (Worthington, 1988) for the endogenous marker proteins
glucose-6-phosphate dehydrogenase, (M: 230,000, tetramer; Nogae
and Johnston, 1990; Yue et al.., 1969), alcohol dehydrogenase (M,
148,000; Russell et al., 1983), and hexokinase (M, 110,000; Stachelek
et al., 1986) except that the reactions were scaled down to 1 ml.
NADP was used for the hexokinase and glucose 6-phosphate assays,
and NAD was used for assaying alcohol dehydrogenase. Superoxide
dismutase (M, 31,000; Bermingham-McDonogh et al, 1988) was
assayed by a modification of the method of Heikkila and Cabbat
(1976). The buffer used was 100 mM Tris-HCI (pH 7.52), and the
final reaction mixture volume was 1 ml. The inset shows the position
of the peak activity versus their native molecular weights.
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1983). If the 3 amino acids were released as a tripeptide, no
fluorescence would be observed. This assay also allows for a
more direct determination of specific activity of the protease
because it does not depend on the methyltransferase assay.
Both the farnesylated and non-farnesylated peptide N-Ac-
KSKTKCVIM were initially used as substrates for the reac-
tion. Carboxypeptidase Y was used as a control enzyme and
the partially purified gel filtration preparation of the ABYS1
soluble fraction (fraction 27; Fig. 3) was used as the source
for the soluble protease activity.

Carboxypeptidase Y cleaved both substrates as expected,
first releasing methionine, then isoleucine, then valine in a
time-dependent fashion (Fig. 3, top panels). We found that
this enzyme was capable of additional cleavage reactions from
the COOH terminus of the non-farnesylated peptide but we
observed no evidence for its ability to cleave past the farnesyl-
cysteine residue. For example, in the experiment shown in
Fig. 3, free lysine (but not threonine or serine) was released
from the non-farnesylated peptide, whereas neither lysine,
threonine, or serine release was detected from the farnesylated
peptide. This latter observation explains why we observed
activity in the coupled assay; the carboxypeptidase Y was
slowed or stopped by the presence of the farnesyl-cysteine
residue generating the farnesylated peptide lacking the 3
amino acids that was the substrate for the methyltransferase.
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The soluble 110-kDa enzyme partially purified on gel filtra-
tion also released free amino acids from the carboxyl terminus
of the peptide substrates but gave a significantly different
profile under similar assay conditions. At each time point, all
3 of the COOH-terminal amino acids were found to be released
in equivalent amounts for both the farnesylated and non-
farnesylated peptides (Fig. 3, bottom panels). These data
indicate that the soluble enzyme is a carboxypeptidase active
on both farnesylated and non-farnesylated peptides. We con-
firmed this result by showing that the soluble activity is
inhibited 87.5% by the addition of 0.8 mM unmodified peptide
in the coupled assay (data not shown). This enzyme is char-
acterized by the apparent simultaneous release of at least the
3 terminal amino acid residues, suggesting a processive type
of mechanism. To our knowledge, this type of carboxypepti-
dase activity has not been previously identified in yeast (Wolf,
1986; Jones, 1991) or in other fissues.

Unlike carboxypeptidase Y, we observed that this carbox-
ypeptidase is capable of cleaving past the farnesylcysteine
residue, although at a rate slower than that seen for the
COOH-terminal 3 residues described above. For example, we
detected about 0.4 mol of threonine released per mol of
farnesylated N-Ac-KSKTKCVIM at the 35-min time point
(see Fig. 3). Free lysine was also detected. The latter amino
acid was difficult to quantitate due to the low fluorescent
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Fic. 3. Analysis of the cleavage reaction of the soluble protease and carboxypeptidase Y by amino
acid analysis. Incubations contained either the S-farnesylated (1.1 nmol) or non-farnesylated (1.4 nmol) peptide
N-Ac-KSKTKCVIM and either fraction 27 (17.5 ug of protein) from the S-200 column preparation of the soluble
S. cerevisiae protease (bottom panels) or carboxypeptidase Y (CPY) (0.5 ug of protein from S. cerevisiae, Sigma)
(top panels) and 100 mM Tris- HCI (pH 7.52) to a final volume of 50 ul. After incubation at 37 °C for various times,
the reaction was quenched with 75 ul of o-phthalaldehyde solution (0.4% (w/v) o-phthalaldehyde (Fluka), 10% (v/
v) methanol, and 0.4% B-mercaptoethanol (Sigma) in 0.45 M potassium borate (pH 10.2)) and spun at 13,600 x g
for 3 min. o-Phthalaldehyde-derivatized amino acids were separated from the reaction mixture (10 ul) on a Waters
Resolve Ci3 reverse-phase column (3.8 X 150 mm, 5-um spherical silica) equilibrated in 90% Buffer A and 10%
Buffer B (Buffer A is 50 mM sodium acetate and 50 mM sodium phosphate (pH 7.4), 2% (v/v) methanol, 2% (v/v)
tetrahydrofuran; Buffer B is 65% (v/v) methanol, 35% (v/v) water). Fluorescence was monitored by a Gilson model
121 fluorometer. The column was eluted using a linear gradient of 2% Buffer B/min over 45 min at a flow rate of
1 ml/min, washed for 5 min in 100% Buffer B, and re-equilibrated for 15 min in 90% Buffer A prior to the next
injection. Quantification of the derivatized amino acids was based on the fluorescence of amino acid standards

{Pierce Chemical Co., Standard H; 75 pmol).
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yield of the o-phthalaldehyde derivative but appeared to be at
least 1.0 mol/mol of peptide at this time point. Similar results
were obtained with the non-farnesylated peptide. In neither
case was free serine released.

The specificity of the soluble 110-kDa carboxypeptidase
activity was tested using peptides with carboxyl-terminal
sequences unrelated to those of the precursors of the iso-
prenylated proteins as potential substrates. We could detect
no release of amino acids from the peptide DRVYIHPF
(angiotensin II) when incubated with the soluble enzyme for
either 10 or 30 min under the conditions shown in Fig. 3 that
result in the cleavage of the COOH-terminal 3 amino acids
of N-Ac-KSKTKCVIM. Control experiments with the
DRVYIHPF peptide with carboxypeptidase Y under the con-
ditions described in Fig. 3 resulted in the full release of
phenylalanine, histidine, and isoleucine and the partial release
of tyrosine. Similarly, we could detect no release of carboxyl-
terminal amino acids from the peptides GGDA or VYPNSA
with the soluble 110-kDa carboxypeptidase under the condi-
tions shown in Fig. 3.

Using this assay for free amino acid release, we measure
specific activities for farnesylated N-Ac-KSKTKCVIM cleav-
age by the soluble 110-kDa activity and carboxypeptidase Y
that are approximately 20-90 times as great as that observed
in the coupled methyltransferase assay for either enzyme (Fig.
3; Table II). This result indicates that only a subfraction of
peptides containing a COOH-terminal farnesylated cysteine
are generated at any one time.

We have also assayed the membrane-bound protease activ-
ity in this assay. We could detect no release of free amino
acids from either the farnesylated or non-farnesylated N-Ac-
KSKTKCVIM peptide under conditions that resulted in the
methylation of the farnesylated peptide (data not shown).
These results suggest that the membrane-bound activity is
not a carboxypeptidase.

Esterase Activity in S. cerevisiae—Because many proteases
are also esterases, we were interested in exploring the possi-
bility that the same enzyme(s) that cleave the peptide bond
on the carboxyl side of the farnesylcysteine could also cleave
a methyl ester at this point. Therefore, we sought to biochem-
ically identify an esterase activity in S. cerevisiae specific for
farnesylated substrates that could possibly serve to modulate
the level of methylation of these substrates in vivo. We thus
incubated N-acetyl-S-farnesylcysteine-[’H]methyl ester with
the soluble fraction of the SM1188 yeast strain and found
evidence for an activity which could catalyze the cleavage of
the methyl ester. No activity was observed, however, in the
membrane fraction (Table IV). Parallel experiments using the
soluble fraction from ABYS1 and purified carboxypeptidase
Y as a control enzyme confirmed that this activity was due to
contamination of the cytosolic fraction by vacuolar carboxy-
peptidase Y as a result of cell disruption and was not due to
a specific esterase. Therefore, at least under the conditions of
our assay, no specific activity capable of cleaving this methyl
ester linkage was identified in the cytosol or membrane frac-
tions of S. cerevisiae strains.

DISCUSSION

We have developed a novel assay to detect protease activi-
ties that cleave the three terminal amino acids from farnesy-
lated peptide substrates containing the -CXXX motif. This
assay, which represents the first successful separation of the
methylation and proteolytic components, allowed us to iden-
tify three distinct proteolytic activities in the yeast S. cerevis-
iae, a membrane-associated enzyme and two soluble enzymes,
one of which we showed to be carboxypeptidase Y. Although

Cleavage of COOH-terminal Amino Acids from Isoprenylated Peptides

TABLE IV

Methyl esterase activity in membrane and soluble fractions of S.
cerevisiae using N-acetyl- [S-farnesyl-Cys]-methyl ester as a substrate

Enzyme source Specific activity

pmol/min/mg protein®
SM1188 Membrane 0.05
SM1188 Soluble 53
ABYS1 Soluble (~-PMSF)* 0.2
ABYS1 Soluble (+PMSF)® 0.1
Carboxypeptidase Y° 605
ABYSI gel filtration fraction 27¢ 0.5

¢ Represents picomoles of [*H]methyl groups released as methanol
per min/mg of protein. A small background value from control
incubations in the absence of esterase source was subtracted. Each
value represents the average of duplicate incubations.

¢ Soluble fraction was prepared either in the presence or absence
of PMSF (1 mM).

¢ Purified from bakers’ yeast (Sigma).

“ Peak protease activity from S-200 gel filtration chromatography
of the ABYS1 soluble fraction (see Fig. 3).

carboxypeptidase Y digestion is presumably not physiologi-
cally relevant for processing outside of the vacuole, the other
two distinct proteases are potential candidates for the in vivo
proteolysis of farnesylated polypeptides containing the
-CXXX COOH-terminal structure. The membrane-associated
activity is similar to an enzyme recently described in both rat
liver and S. cerevisiae cells that catalyzes the removal of the
3 terminal amino acids as a tripeptide from a farnesylated
-CXXX-containing substrate (Ashby et al., 1992). We show
that the soluble enzyme is a carboxypeptidase that operates
in a processive manner to remove the COOH-terminal 3
amino acids. However, if the resulting -S-farnesylcysteine
COOH-terminal residue is not “capped” by the addition of a
methyl group, further cleavage can occur.

The potential competition between the methyltransferase
and the carboxypeptidase for COOH-terminal isoprenylated
cysteine residues suggests a mechanism for the regulation of
the levels of the modified proteins. Previous studies on the
processing of RAS2 protein in yeast strains lacking STE14
methyltransferase activity (Hrycyna et al., 1991) showed the
accumulation of a soluble form migrating on sodium dodecyl
sulfate-gel electrophoresis at the position of the non-isopren-
ylated precursor p41 (Fujiyama et al., 1987). Since these cells
contain active farnesyltransferase activity, it was not clear
why the loss of the methylation reaction should dramatically
slow the isoprenylation reaction. Our characterization of the
soluble protease activity in this work, however, suggests that
isoprenylated proteins may form normally but may be subject
to further cleavage by this carboxypeptidase in the absence of
methyltransferase. This reaction would remove the farnesy-
lated cysteine residue, resulting in the reversion of the poly-
peptide to a form which comigrates with the completely
unmodified protein. Presumably, the loss of several amino
acids would have little effect on the migration of the protein
in comparison to cleavage of the isoprene group. This expla-
nation may account for the apparent persistence of the pre-
cursor species. The feasibility of this mechanism depends on
the localization of the soluble protease in the cell. Preliminary
results suggest that the soluble protease is not enriched in a
vacuolar preparation of ABYS1 and thus may be localized to
the cytosol in vivo (data not shown).

Further work will be required to demonstrate the physio-
logical roles of both the membrane-associated and soluble
enzymes. We cannot at this time, therefore, rule out other
possible functions for either enzyme. Since the carboxypep-
tidase is active on the non-farnesylated substrate, it could
represent a nonspecific protease whose actual cellular func-
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tion in vivo is to rapidly degrade polypeptide precursors that
are not properly modified. Significantly, we do not detect
cleavage of three peptides with COOH-terminal sequences
unrelated to the -CVIM peptide. This result suggests that this
enzyme may be specific for substrates such as isoprenylated
protein precursors with hydrophobic COOH termini; addi-
tional studies will be needed to map out the specificity of this
carboxypeptidase more exactly and test this hypothesis. Sim-
ilarly, it will be important to localize the membrane-associated
protease to help define its cellular function.

The possibility that COOH-terminal methylation may be a
reversible regulatory reaction in the cell suggests the existence
of enzymes that catalyze methyl ester cleavage. The bacterial
chemotactic response is regulated by reversible methylation
reactions, and a similar pathway may occur in eukaryotic cells
(Clarke, 1985; Volker et al., 1991; Clarke, 1992). The obser-
vation that mammalian formylpeptide chemoreceptor action
is mediated by a large G-protein (Polakis et al., 1988) along
with the finding that the vy-subunit of this G-protein is a-
carboxyl-methylated at its COOH terminus (Yamane et al.,
1990) provides support for the earlier hypothesis that tran-
sient methylation can regulate eukaryotic receptor function
(Venkatasubramanian et al., 1980). Recently, it has been
shown that the treatment of mouse peritoneal macrophages
with saturating amounts of N-acetyl-S-farnesylcysteine, a
competitive inhibitor of the COOH-terminal protein methyl-
transferase, inhibits their chemotactic response (Volker et al.,
1991).

On the other hand, there is little evidence to support the
removal of COOH-terminal methyl groups in cells. For ex-
ample, no evidence for methyl group turnover in mammalian
p21" over a 2-h period has been observed (Gutierrez et al..,
1989). However, N-acetyl-S-farnesylcysteine-[*H]methyl es-
ter has been shown to be hydrolyzed by a retinal rod outer
segment preparation (Perez-Sala et al., 1991). We sought to
identify a similar esterase activity in S. cerevisiae specific for
COOH-terminal farnesylcysteine methyl ester structures. Our
initial studies, which involved incubating the same substrate
[*H]}methyl ester with membrane and soluble fractions from
a yeast strain lacking COOH-terminal methyltransferase ac-
tivity, pointed to the existence of such an activity (Table IV).
However, our determination that purified carboxypeptidase
Y from bakers’ yeast readily catalyzed the cleavage of the
methyl ester suggested that vacuolar contaminants might
contribute to such an activity. Upon assaying the soluble
fraction from ABYSI1, we observed that the activity was
missing (Table IV). Thus, our results indicate that the activity
we first observed was probably due to carboxypeptidase Y and
not to a specific esterase.

Our failure to demonstrate non-vacuolar methyl esterase
activity in yeast cells, as well as our finding that the potential
proteases themselves cannot cleave the methyl ester linkage
(Table IV), adds support to the hypothesis that the cellular
function of the methylation reaction is to protect these mod-
ified proteins from further protease digestion. It is possible,
however, that an esterase activity does exist for specific pro-
tein or peptide substrates that is dependent upon upstream
protein sequences or conformations that would not be present
on the N-acetyl-S-farnesylcysteine methyl ester model sub-
strate used in this and other studies.
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