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l. Introduction

Multiple eukaryotic proteins that terminate with a “CXXX” sequence
undergo a series of posttranslational processing reactions. The CXXX pro-
teins terminate with the amino acids —-C~X-X-X, where the “C” is a
cysteine, the next two “X” residues are frequently aliphatic amino acids,
and the third “X”’ can be one of several amino acids. Because the middle
two X residues are often aliphatic, these proteins have also been referred
to as “CaaX” proteins. The first posttranslational modification is the attach- -
ment of a farnesyl or geranylgeranyl isoprenoid lipid to the thiol group of
the cysteine residue (the “C” of the CXXX sequence) by specific cytosolic
protein isoprenyltransferases. Second, the last three amino acids of the
protein (i.e., the —XXX) are removed by an isoprenylprotein-specific endo-
protease; this step is dependent on the isoprenylation step and is thought
to take place on the cytoplasmic surface of the endoplasmic reticulum
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(ER). Third, the carboxyl group of the newly exposed isoprenylcysteine is
methylated by an ER-associated isoprenylcysteine carboxyl methyltransfer-
ase. These three protein-processing steps have been studied most intensively
for the yeast mating pheromone a-factor and the Ras proteins, a group of
small GTP-binding proteins that mediate signal transduction and affect cell
growth. However, these modifications occur in a large number of CXXX
proteins with diverse biological functions, including the nuclear lamins,
the y subunits of heterotrimeric guanine nucleotide-binding proteins (G
proteins), some phosphodiesterases, and other small GTP-binding proteins
such as the Rac and Rho proteins.

The Rab family of proteins also undergoes C-terminal isoprenylation.
These proteins are important for vesicular trafficking within cells and can
be divided into subgroups that contain a Cys—Cys (CC) or a Cys—-Xaa-Cys
(CXC) motif at the C terminus. Both the CC and CXC subgroups are
geranylgeranylated at both cysteines, but neither undergoes endoproteo-
lytic processing. The CXC proteins, but not the CC proteins, are methylated
at the C-terminal isoprenylcysteine.

The enzymes responsible for the isoprenylation of the CXXX proteins,
protein farnesyltransferase and protein geranylgeranyltransferase I, have
been thoroughly characterized in yeast and in higher organisms. These
enzymes have attracted attention because the isoprenylation of the Ras
proteins is essential, both for their targeting to the plasma membrane
and for the ability of mutationally activated Ras proteins to produce a
transformed phenotype in cultured cells (1, 2). Interest in the protein iso-
prenyltransferases has been further fueled by reports that protein farnesyl-
transferase inhibitors retard the growth of cancers (3-9) and might hold
promise in the treatment of parasitic diseases (10). Reviews (11, 12) and
chapters in this volume have summarized the progress in understanding
the protein isoprenyltransferases.

This chapter summarizes progress in understanding the “postisoprenyla-
tion” processing of CXXX proteins—the endoproteolytic processing step
and the carboxyl methylation step. For much of the 1990s, getting a handle
on these steps was slow, at least when compared with the rapid progress in
understanding the protein isoprenyltransferases, and there was uncertainty
about their physiologic importance. More recently, however, there have
been exciting advances in understanding these steps, making it an attractive
time to review this area. In a landmark study, Boyartchuk. Ashby, and
Rine (I3) identified two genes from Saccharomyces cerevisiae, RCEI and
AFC1, that are involved in the proteolytic removal of the “-XXX"" from
two farnesylated CXXX proteins (Ras2p and the precursor to the yeast
mating pheromone a-factor). This breakthrough made it possible to mine
the expressed sequence tag (EST) databases and clone the mammalian
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orthologs for RCEI and AFCI (14-17). Similarly, the EST databases have
been mined to identify the human isoprenylcysteine carboxyl methyltrans-
ferase (the ortholog of the S. cerevisiae gene STEI14) (18). Strategies for
defining the physiologic importance of the endoproteolysis and carboxyl
methylation steps in higher organisms have also taken shape. Kim and co-
workers (14) produced Rcel knockout mice and established that the Rcel
gene is solely responsible for the endoproteolytic processing of the Ras
proteins. In this chapter, we provide an overview of earlier work describing
the endoproteolysis and carboxyl methylation enzymatic activities, as well
as newer work on the identification of the gene products responsible for the
endoproteolysis and carboxyl methylation steps in yeast and in mammals.

ll. Characterization of Isoprenylprotein Endoprotease Activities

A. EARLY CHARACTERIZATIONS OF ISOPRENYLPROTEIN ENDOPROTEASE
ACTIVITIES IN YEAST AND MAMMALS

During the 1980, it became clear that certain yeast mating pheromones
with a CXXX motif, including a-factor from S. cerevisiae, underwent modi-
fication with an isoprenoid lipid, endoproteolytic trimming of the C-terminal
three amino acids, and carboxyl methylation. In 1988, Clarke and co-work-
ers (19) reported that H-Ras, a mammalian CXXX protein, contained
a C-terminal methyl ester and hypothesized that the processing of the
mammalian Ras proteins and other CXXX proteins involved lipidation,
endoproteolysis of the C-terminal three amino acids, and carboxyl methyla-
tion of the isoprenylcysteine. The existence of a specific proteolytic pro-
cessing step received support in 1989, when Gutierrez et al. (20) provided
evidence that the processing of mammalian Ras proteins involves the pro-
teolytic release of the C-terminal three amino acids. At about the same
time, Fujiyama et al. (21) provided direct evidence of the endoproteolytic
release of the C-terminal three amino acids from yeast Ras2p.

Once it was clear that the processing of multiple CXXX proteins involved
endoproteolytic processing, several groups sought to purify and characterize
the enzymatic activity. Each group found that the relevant endoprotease
activity was present in the membrane fractions. Table I summarizes the
key findings from several of these studies.

Hrycyna and Clarke (22) identified three enzymatic activities from S.
cerevisiae that were capable of removing the C-terminal three amino acids
from the synthetic peptide N-acetyl-KSKTK-(S-farnesyl-C)-VIM. Two en-
zymatic activities were in the soluble fraction, and one was membrane
associated. One soluble activity was due to carboxypeptidase Y, a vacuolar
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enzyme (22), and the other was due to a vacuolar/Golgi endoproteinase
related to rat metalloendopeptidase 24.15, an enzyme with specificity for
cleavage after hydrophobic residues (23). Those soluble enzymatic activities
were judged not to be relevant to the processing of isoprenylated CXXX
proteins because neither was localized to the cytosol, where the isoprenyl-
ated substrates would be expected to be present, and because they did not
require the presence of the isoprenyl group for proteolytic activity. On
the other hand, the membrane-associated activity appeared to be a good
candidate for the CXXX endoprotease. That activity was markedly inhib-
ited by 1 mM N-ethylmaleimide and by 0.5 mM p-hydroxymercuribenzoate,
suggesting that the membrane-associated enzyme might be a sulfhydryl-
containing protease. The activity was unaffected by inhibitors of serine
proteases such as phenylmethylsulfonyl fluoride (PMSF), dichloroisocou-
marin, leupeptin, or the aspartyl protease inhibitor pepstatin. The enzyme
activity was inhibited by 80% by 0.5 M zinc chloride, but was reduced by
only 20% by 2.0 mM o-phenanthroline.

Ashby et al. (24, 25) also identified multiple enzymatic activities in yeast
that were capable of removing the C-terminal three residues (-VIA) intact
from the a-factor octapeptide dansyl-WDPA-(S-farnesyl-C)-VIA, demon-
strating that the enzyme was an endoprotease rather than a carboxypepti-
dase. The membrane-bound activity was unaffected by PMSF, o-phenan-
throline, or nonfarnesylated a-factor peptide, but was inhibited by a high
concentration of zinc ions. They also demonstrated that rat liver membranes
contained an endoproteolytic activity that released the intact tripeptide—
VIA from the farnesylated octapeptide.

Ma and Rando (26) reported an endoprotease activity from liver and
pancreatic microsomes that cleaved the —XXX tripeptide from the synthetic
tetrapetide substrate N-acetyl-(S-farnesyl-C)-VIS. The protease also
cleaved the tripeptide N-acetyl-(S-farnesyl-C)-VI as well as the dipeptide
N-acetyl-(S-farnesyl-C)-V (albeit with lower efficiency), but not the N-
acetyl-(S-farnesyl-C)-amide or otherwise identical peptides containing cys-
teine in the D-configuration. These initial studies established that a dipeptide
is required for enzymatic activity and that the cleavage at the scissile bond
is stereoselective. Also, they demonstrated that endoproteolysis does not
occur when the peptide contained a C-terminal methyl ester. The activity
was not inhibited by a wide variety of compounds known to inhibit serine
proteases, cysteine proteases, metalloproteases, and aspartyl proteases (27).

In a separate study, Ma et al. (28) tested the calf liver endoprotease
activity against isoprenylated tripeptides (CVI) in which the cysteine was
modified with a 15-carbon farnesyl group, a 10-carbon geranyl group, or a
20-carbon geranylgeranyl group. All three were cleaved, demonstrating
broad substrate specificity with respect to isoprenoid side chains. In contrast,
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nonisoprenylated derivatives (the tripeptide CVI or the tert-butylthiol de-
rivative of CVI) were not measurably processed. In a separate study, Jang
and Gelb (29) found that replacement of the farnesyl group with a straight-
chain hydrocarbon (n-pentadecyl) only modestly affected the endopro-
tease activity.

Further experiments by Ma et al. (28) were designed to examine the
stereospecificity of the endoprotease for each of the amino acids within
the CXXX sequence. The L-D-L and L-L-D analogs of the N-acetyl-(S-farne-
syl-C)-VI tripeptide series were poor substrates for the endoprotease, as
were tripeptides containing more than one p amino acid (D-D-D, D-D-L, and
L-D-D). The stereospecificity of the X; position of CXXX sequence was also
explored; only the L-L-L-L derivative was a good substrate for the protease,
although the L-L-L-D derivative was processed minimally.

In 1993, Jang et al. (30) reported the presence of an isoprenyl-specific
endoprotease from rat liver microsomes. The activity released a C-terminal
tripeptide from the synthetic isoprenylated peptides ECB (extended chain
biotin group)—NPFRQRRFF-(S-geranylgeranyl—C)-AI[3H]L and ECB-(S-
farsnesyl-C)-VI[’H]S. A variety of experiments suggested that 3H-labeled
dipeptides were produced from tripeptides by secondary proteolysis. Non-
isoprenylated peptides at concentrations 10- to 100-fold higher than those
of the isoprenylated substrates did not affect the release of the tripeptide.
Percoll density fractionation of rat liver membranes indicated that the
endoprotease was localized mainly in the ER (in fractions containing the
ER marker glucose-6-phosphatase). Enzymatic activity was inhibited by
less than 20% by a large panel of inhibitors of serine, cysteine, and aspartic
acid proteases and zinc metalloproteases.

B. SOLUBILIZATION AND PARTIAL PURIFICATION OF
ENZYMATIC ACTIVITIES

Several groups attempted to purify the isoprenylprotein endoprotease
activity, but none was successful in purifying a protein to homogeneity.
Akopyan et al. (31) purified an activity approximately 100-fold from the
microsomal fraction of pig brain membranes by chromatography on DEAE
Trysacryl M and Sephacryl S-200. The activity, which appeared to have a
mass of about 70 kDa, cleaved [*H]VLM from propionyl-GSP-(S-farnesyl-
C)-P’H]VLM. The activity was strongly inhibited by p-chloromercuriben-
zoate (PCMB), N-ethylmaleimide, chymostatin, zinc chloride, and o-phen-
anthroline and thus appeared to be distinct from the previously studied
activities.

Chen et al. (32) partially purified a CXXX endoprotease activity about
10-fold from bovine liver microsomal membranes by solubilization in
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CHAPSO  3[(3-cholamidopropyl)dimethylammonio]-2-hydroxylpropane
sulfonic acid] and chromatography on Resource Q and Superose 12. They
identified two activity peaks after fractionating the solubilized protein on
a gel-filtration column. A major peak (with a molecular mass greater than
600 kDa) was not inhibited by o-phenanthroline, while a minor peak of
activity (with a molecular mass of ~60 kDa) was inhibited by o-phenanthro-
line. The major peak shared most of the properties of the endoprotease in
crude microsomal preparations but, unlike the activity described by Ako-
pyan et al. (31), was not inhibited by chymostatin, dithiothreitol (DTT),
or o-phenanthroline. The o-phenanthroline-sensitive minor peak was not
extensively characterized. However, now that Boyartchuk and co-workers
have demonstrated the existence of two different yeast CXXX endopro-
teases (Rcelp and Afclp) with different sensitivities to o-phenanthroline
(13, 33), it seems possible that the activities within the major and minor
peaks produced by Chen et al. (32) represented complexes containing the
RCE] and AFCI gene products, respectively.

Nishii et al. (34) purified an endoprotease activity 104-fold from bovine
brain microsomes with Sepharose CL-6B gel filtration and DE-52 chroma-
tography. Sodium deoxycholate and sodium cholate solubilized the activity,
whereas other detergents (Lubrol PX, Triton X-100, Nikkol, n-heptyl-B-
thioglucoside, and n-dodecyltrimethylammonium bromide) were less effec-
tive. The molecular mass of the protein was judged to be 480 kDa by gel
filtration on a Sepharose CL-6B column. The partially purified activity
cleaved the farnesylated peptide dansyl-KSKTK-(S-farnesyl-C)-VIM with
a K., of 1.0 uM and a Ve of 14 pmol/min/mg protein. The optimal pH
of this activity was 9.0. Neither EDTA nor inhibitors of serine proteases,
cysteine proteases, aspartate proteases, and aminopeptidases blocked enzy-
matic activity. However, the activity was inhibited by o-phenanthroline and
zinc chloride. Interestingly, m- and p-phenanthroline (nonchelating isomers
of o-phenanthroline) were also effective inhibitors, suggesting that the
inhibition by o-phenanthroline might have nothing to do with its chelat-
ing action.

The various efforts to characterize and purify the isoprenylprotein endo-
protease activity are confusing because there are abundant and significant
discrepancies in the key properties of the enzymatic activity (e.g., sensitivi-
ties to inhibitors, molecular weight). Almost all these differences remain
unexplained. Some of the differences could relate to differences in animal
species or the tissue that was examined. Also, it is possible that the differ-
ences relate to the existence of more than one CXXX endoprotease (13,
33). In any case, now that two endoproteases have been cloned and can
be overexpressed in cell culture systems, it should be possible to characterize
their biochemical properties in more detail. Also, it is now possible to
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characterize CXXX endopeptidase activities from mammalian cells that
lack either the AFCI or RCEI gene products (14).

C. DEVELOPMENT OF ENDOPROTEASE INHIBITOR COMPOUNDS

The laboratory of R. Rando pioneered the development of specific
CXXX endoprotease inhibitors (27, 28, 32, 35). Soon after it became clear
that the endoprotease activity (or activities) trims CXXX proteins after
the farnesylcysteine residue, Ma and co-workers (28) tested the ability of
various farnesylcysteine derivatives to block the endoprotease activity. In
the initial series of experiments, they demonstrated that an aldehyde analog,
N-tert-butyloxycarbonyl-S-farnesylcysteine aldehyde, was an effective com-
petitive inhibitor of the endoprotease. In an attempt to identify more potent
inhibitors, they prepared farnesylcysteine derivatives that contained several
amino acid residues. The potency of these compounds increased as the
number of amino acids in the analog increased from two to four. N-tert-
Butyloxycarbonyl-(S-farnesyl-C)-y(CH,-NH)-VIM (also designated RPI,
for reduced peptide inhibitor) inhibited the calf liver endoprotease activity
with a K; of 86 nM. As described further below, RPI inhibits the recombi-
nant human RCE1 enzyme (15).

In a subsequent study, Chen er al. (32) identified structurally distinct
compounds that irreversibly inhibited the endoprotease activity. In charac-
terizing a bovine liver endoprotease, they found that N,-tosyl-L-phenyl-
alanine chloromethyl ketone (TPCK) was an irreversible inhibitor;
this irreversible inhibition could be blocked with the reversible inhibi-
tor RPI. To develop more potent irreversible inhibitors, they synthe-
sized and tested farnesylcysteine analogs of the chloromethyl ketone in-
hibitors: BFCCMK [N-tert-butyloxycarbonyl-(S-farnesyl-C)-chloromethyl
ketone] and ZGGFCCMK [N-benzyloxycarbonylglycylglycyl-(S-farnesyl-
C)-chloromethyl ketone]. The former compound exhibited a 15-fold in-
crease of the second-order rate constant (Ki/K; = 1164 M~! min~!) com-
pared with that of N,-tosyl-L-phenylalanine chloromethyl ketone (Ki.,/
K; =77 M~ min™?!), and the K; of its inhibitor-enzyme complex was 30 uM
compared with 1.1 mM for N,-tosyl-L-phenylalanine chloromethyl ketone.

More recently, Chen (36) has reported the development of new chlo-
romethyl ketone inhibitors. One of these, UM96001 (N-tert-butyloxycar-
bonyl-2 amino-bL-hexadecanoyl-chloromethyl ketone), was based on the
structure of BFCCMK, but the farnesyl group was replaced with a dodecyl
group, and the thioether unit (which is chemically labile) was replaced with
a methylene unit. The latter modification provided more chemical stability
as well as increased cell permeability. As discussed in more detail below,
UMB96001 was reported to block the growth of Ras-transformed rodent
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and human cell lines (36). It is important to point out, however, that much
more work is required to document the specificity of these compounds for
the CXXX endoproteases.

D. INFLUENCE OF —XXX SEQUENCE ON ENDOPROTEOLYSIS

Jang and Gelb (29) tested the ability of a panel of 64 different tripeptides
[N-acetyl-(S-farnesyl-C)-X;X,] to compete for the CXXX endoprotease-
mediated hydrolysis of N-acetyl-(S-farnesyl-C)-VI[’H]S. Their studies indi-
cated that the endoprotease activity prefers large hydrophobic residues in
the X, and X, positions. When X; was a large hydrophobic residue, potent
inhibition was observed when X, was hydrophobic; less inhibition was seen
when X, was more hydrophilic (e.g., glutamine or serine); and little if any
inhibition was observed when X, was anionic (e.g., aspartate). Inhibition
was also modest when both X; and X, were small hydrophobic residues,
or when both were hydrophilic, uncharged residues. Tripeptides with aspar-
tate in the X, position were weak inhibitors, regardless of what residue
was in the X, position; tripeptides with lysine and arginine were tolerated
in the X, position, as long as X, was a large hydrophobic residue. They
also analyzed hydrolysis of tripeptides directly with radiolabeled tripeptides
and tetrapeptides, and reached similar conclusions, except that the radiola-
beled peptides containing arginine were poor substrates.

Kato and co-workers (2) analyzed posttranslational modifications with
K-Ras4B constructs with a number of different amino acid substitutions in
the CXXX sequence. Changing the wild-type ~VIM sequence to -VYM
principally affected the postisoprenylation processing steps. When the
_VYM mutant was expressed in NIH 3T3 cells, a significant percentage of
the protein appeared to be farnesylated but not further processed (i.e., no
endoproteolysis or carboxyl methylation). It is difficult to understand why
the —VYM mutant exhibited defective postisoprenylation processing, given
that both X; and X, were hydrophobic amino acids.

Heilmeyer and co-workers (37) have demonstrated that the o and 3
subunits of phosphorylase kinase, which terminate in CAMQ and CLVS,
respectively, are farnesylated but not further processed in muscle tissue.
The absence of endoproteolytic processing in these proteins is mysterious,
especially because they contain hydrophobic amino acids in the X, and X,
positions. Jang and Gelb (29) analyzed the hydrolysis of a radiolabeled
CLVS peptide in an in vitro system and found that it was a good substrate
for the rat microsomal enzyme activity.

Ma and Rando (38) also explored the endoproteolysis of isoprenylated
peptide N-acetyl-(S-farnesyl-C)-RPQ and N-acetyl-(S-geranylgeranyl-C)-
RPQ modeled after an isoprenylated delta virus CXXX protein. This pep-
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tide was referred to as a “non-CaaX’ peptide because it has a nonaliphatic
amino acid, arginine, in the X, position. They found that liver microsomes
released an intact —-RPQ peptide from the farnesylated substrate, and that
none of the standard group-specific protease inhibitors (e.g., antipain, aprot-
inin, bestatin, chymostatin, EDTA, leupeptin, pepstatin, o-phenanthroline)
affected the reaction. This result was similar to the properties of the endo-
protease that processed peptides with conventional CXXX sequences (26,
28). However, the farnesylcysteine-based peptide inhibitors (e.g., RPI),
which are potent inhibitors of the endoproteolysis of typical CXXX pep-
tides, such as N-acetyl-(S-farnesyl-C)-VIM, did not block the hydrolysis of
N-acetyl-(S-farnesyl-C)-RPQ or N-acetyl-(S-geranylgeranyl-C)-RPQ. This
result raised the possibility of an additional endoprotease activity that
participates in the hydrolysis of isoprenylated CXXX peptides with hydro-
philic amino acids.

lll. Identification of Two Yeast Genes, AFC1 (STE24) and
RCE1, Involved in Endoproteolytic Processing of Isoprenylated
CXXX Proteins

The fact that the “CXXX endoprotease” was refractory to biochemical
purification prompted interest in a genetic screen for the responsible gene.
Yeast defective in the farnesylation or methyl esterification of a-factor are
sterile, and it seemed likely that a defect in the middle step of a-factor
processing, the endoproteolysis step, would also produce sterility. Because
methods for identifying sterile yeast mutants were well established, it might
reasonably have been predicted that the identification of “a-factor endopro-

Fic. 1. Amino acid sequence alignment of yeast AFCI (STE24) and orthologs in other
species. GenBank accession numbers for the full-length sequences: human, AAC68866; S.
cerevisiae, P47154; H. pylori, AAD06444; C. elegans, CABO03839; S. pombe, Q10071; A. thaliana
AAB61028. GenBank EST sequences: D. melanogaster, AA567990; B. malayi, AAS585633;
E. tenelia, A1757461; E. nidulans, AA965341; mouse, AA498259; G. max, Al759796; D.
discoideum, AUO37739; N. crassa, A1330202; B. subtilis, NC000964. The HEXXH sequence
(residues 297-301 in the S. cerevisiae sequence) is conserved in all species. Protein sequences
were aligned with Macvector 6.5, using a CLUSTALW alignment. Pairwise alignment was
performed with a BLOSUM30 matrix, and multiple alignment was performed witha BLOSUM
series matrix. The resulting alignment output was saved as a Word-98 document, and additional
identities were shaded. The document was then imported into Illustrator.
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tease” would have been a trivial task. Such optimism would, of course,
have rested on the existence of a single CXXX endoprotease gene.

As it turned out, two yeast genes are involved in the removal of the C-
terminal three amino acids from a-factor, and a genetic approach to the
identification of responsible genes was vexatious. However, Boyartchuk
and co-workers (13) overcame the obstacles and identified two genes, RCEI
and AFCI, that are required for the endoproteolytic processing of a-factor
as well as at least one other CXXX protein, Ras2p. Afclp (for a-factor
convertase) is a zinc protease that participates in the endoproteolytic pro-
cessing of a-factor, while Rcelp (for Ras and a-factor-converting enzyme)
participates in the processing of both Ras2p and a-factor. As outlined below
(see Section IV), AFCI has also been identified as STE24, a gene involved
in the N-terminal processing of a-factor (39). In this chapter, to avoid
confusion, we have frequently designated the gene AFCI (STE24) [or
STE24 (AFCI)].

The key to discovering RCEI and AFCI rested on the identification
of an a-factor substrate that was recognized by only one of the two
endoproteases. Heilmeyer and co-workers (37) had shown that the «o
subunit of rabbit muscle glycogen phosphorylase kinase (a CXXX protein
that terminates in —AMQ) is farnesylated but not further processed.
Boyartchuk and colleagues (13, 33) produced farnesylated peptides that
terminate in —~AMQ and found that they were not endoproteolytically
processed by o-phenanthroline-treated yeast microsomes. However, when
the —~AMQ sequence was incorporated into an a-factor (MFAI) construct
and transformed into yeast, biologically active a-factor was produced
and secreted! That observation suggested the possibility of more than
one CXXX endoprotease in yeast and provided the basis for a sensitized
genetic selection for CXXX endoprotease mutants. Yeast expressing
-AMQ a-factor were mutagenized, and an autocrine arrest selection
strategy was used to isolate sterile mutants (/3). This approach resulted
in the identification of a sterile yeast mutant (afcl) that was defective
in processing the —AMQ form of a-factor. Of note, the afcI mutation
had minimal effects on pheromone production in yeast that expressed
wild-type a-factor, suggesting the existence of a second enzymatic activity
capable of processing a-factor.

The AFCI gene was cloned by complementation (13). The gene specifies
a 453-amino acid protein (Fig. 1) with multiple predicted transmembrane
domains indicative of a polytopic integral membrane protein (Fig. 2A). At
amino acids 297-301, Afclp exhibits a perfect match with the HEXXH
(H, His; E, Glu) motif of a group of zinc-dependent metalloproteases and
shares other sequence similarities with neutral zinc metalloproteases (13).
Mutating either of the conserved histidines in the HEXXH domain blocks
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Fic. 2. Predicted transmembrane domains in the endoproteases. (A) Yeast Afclp (Ste24p):
(B) yeast Reelp; (C) human AFC! (STE24); (D) human RCEI. Predicted transmembrane
domains were determined with the TMHMM transmembrane domain analysis program (http://
genome.cbs.dtu.dk/servicess  TMHMM-1.0/). To aid in the alignment, potential transmembrane
domains with yeast/human sequence identities are indicated by numbers 1-7 for Afclp and
1-4 for Recelp.

the ability of AFCI to complement the mating defect of AFCI-deficient
yeast (afclA) expressing the —~AMQ form of a-factor (13).

Yeast null mutants for AFC! produced reduced amounts of wild-type a-
factor but were not sterile, indicating the existence of another gene capable
of processing a-factor. Membranes from afclA yeast exhibited a slight but
reproducible decrease in their capacity to remove the last three amino
acids from a farnesylated a-factor synthetic peptide. This slight decrease in
endoprotease activity in the afcIA yeast was similar to the modest decrease
observed by treating wild-type yeast membranes with o-phenanthroline.
The residual CXXX endoprotease activity in the afc/A yeast membranes
was insensitive to o-phenanthroline, suggesting that the remaining endopro-
tease activity was not zinc dependent. The properties of yeast AFCI/
(STE24) are summarized in Table II.

There were no AFCI (STE24) homologs in the yeast genome, indicating
that the residual a-factor processing in afcIA yeast must have been due to
a structurally distinct gene. To isolate the other CXXX endoprotease, afclA
yeast were mutagenized and screened for mutations that blocked the resid-
ual production of a-factor. In addition, yeast 2u libraries were screened
for plasmids that at high copy would partially restore a-factor production
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TABLE II

PROPERTIES OF YEAST AFCI (STE24)-ENCODED PROTEINS

Cleaves C-terminal three amino acids (-VIA) from precursor to yeast mating pheromone
a-factor. No other substrates yet reported

Cannot cleave -XXX from mutant mating factor terminating in sequence -TLM (C-termi-
nal three amino acids from STEI8-encoded vy subunit of heterotrimeric G protein), but
can cleave C-terminal -XXX from mutant mating factor terminating in sequence ~AMQ
(C-terminal three amino acids from « subunit of rabbit muscle glycogen phosphorylase
kinase)

Cleaves N-terminal seven amino acids from precursor to yeast mating pheromone a—factor

Enzymatic activity is zinc dependent and is blocked by o-phenanthroline

Located within ER by cell fractionation studies

Null mutant reduced mating efficiency in « cells. Overexpression of Ax11p suppresses mat-
ing defect v

453-amino acid protein; 36% identity with human AFC1 amino acid sequence

Multiple predicted transmembrane domains

An HEXXH domain, which is shared with many other zinc proteases is critical for enzy-
matic activity

Contains C-terminal dilysine motif, but that sequence is not requxred for ER localization

in afcIA yeast expressing ~AMQ a-factor. Both approaches led to the
identification of a second endoprotease gene, RCEI. RCEI encodes a 329-
amino acid protein (Fig. 3) that is predicted to have multiple transmembrane
domains indicative of an integral membrane protein (Fig. 2B). Unlike
Afclp, an-analysis of the Rcelp protein sequence did not reveal sequences
characteristic of any of the defined classes of proteases. However, there
appeared to be remote similarities with the type IIb signal peptidase, which
cleaves signal sequences from proteins containing nearby lipid modifications
(13). Key properties of yeast RCE] are listed in Table III.

Yeast lacking the RCE]1 gene (rcelA) are viable, with a modest decrease
in a-factor production, and there was little effect on mating efficiency.
In these respects, the phenotypes of rcelA and afcIA were similar. The
membranes from rcelA yeast manifested moderately decreased CXXX
endoprotease activity in in vitro assays involving farnesylated a-factor pep-
tides—more so than with the afcIA yeast. Of note, the residual CXXX
endoprotease activity in rcelA yeast was sensitive to o-phenanthroline,
consistent with Afclp being a zinc protease. Yeast lacking both RCE] and,
AFCI (afclArcelA) are completely defective in the production of mature
a-factor and are sterile, indicating that both RCEI and AFCI (STE24)
process a-factor.

In contrast to the redundant functions of RCE! and AFCI in a-factor
processing, genetic evidence indicates that RCEI, but not AFC], is critical
for the processing of Ras proteins, and that RCE1 deficiency attenuates
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Fic. 3. Amino acid sequence alignment of yeast RCE1 and orthologs in other species.
GenBank accession numbers: E. nidulans, Al210465; D. melanogaster, Al514743; human.
NP005124:; S. cerevisiae, Q03530; 8. pombe, CAA22596: mouse, unpublished data (E. Kim
and S. Young). Protein sequences were aligned as described in the legend to Fig. 1.

the activity of the Ras proteins (13). In yeast, Ras2p mutations that impair
GTP hydrolysis (e.g., RAS2Y¥"?) induce sensitivity to heat shock and starva-
tion (13). In rcel A yeast, the heat shock sensitivity elicited by a mutationally
activated Ras2p is suppressed by a factor of 100, compared with wild-type
yeast. The afcIA mutant had little if any effect on heat shock sensitivity,
while the afclArcel A mutant was indistinguishable from that of the rce/A
mutant. These experiments indicated that the endoproteolytic processing
of Ras2p by Rcelp attenuated Ras function. However, the rce/A mutant
almost certainly did not completely block all Ras functions, given that rce/A
yeast are viable (73) and yeast lacking the Ras proteins are not (40).

To assess further the functional importance of RCEI in Ras function,
Boyartchuk ef al. (13) studied the effects of RCEI deficiency in yeast with
a temperature-sensitive RAS2 allele, ras2-23. Yeast harboring a ras2-23
allele as their only Ras allele grow well at 30°C but exhibit a reduced
growth rate at 34°C. The deletion of RCEI completely blocked the growth
of the ras2-23 mutant at 34°C (/3). The deletion of AFCI had no effect on
the growth of the ras2-23 mutant.
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TABLE III

PropERTIES OF YEAST RCE1

Cleaves C-terminal three amino acids (-VIA) from precursor to yeast mating pheromone
a-factor. Required for endoproteolytic processing of Ras2p. No other substrates reported

Insensitive to inhibition by o-phenanthroline

Extremely low activity against nonfarnesylated proteins

Cannot cleave -XXX from a mutant mating factor terminating in sequence —~AMQ (C-ter-
minal three amino acids from « subunit of rabbit muscle glycogen phosphorylase ki-
nase), but can cleave C-terminal -XXX from mutant mating factor terminating in se-
quence ~TLM (C-terminal three amino acids from STEI8-encoded vy subunit of
heterotrimeric G protein)

Unlike Afclp (Ste24p), Reelp does not cleave N terminus of a-factor

Appears to be located almost exclusively in ER

315-amino acid protein; 27.6% identical with the human RCE1 sequence

Multiple predicted transmembrane domains

Null mutant does not affect mating of a cells but causes slight decrease in a-factor pro-
duction

Null mutant results in mislocalization of GFP-Ras2p fusion protein, with less reaching the
plasma membrane. Null mutant largely blocks the phenotypes elicited by mutationally ac-
tivated Ras2p

The effect of endoproteolysis on Ras2p localization within yeast was
tested with a green fluorescent protein (GFP)-RAS?2 fusion construct in
which GFP was fused to the N terminus of Ras2p, leaving the CXXX motif
of Ras2p intact and available for processing. In wild-type yeast, fluorescence
microscopy revealed that the fusion construct was targeted to the periphery
of the cells (i.e., the plasma membrane). In keeping with that result, cell
fractionation revealed that the wild-type fusion protein sedimented with
the P100 membrane fraction. In contrast, the fusion protein in the rcel A cells
was widely dispersed within the cell, with the majority of the fluorescence
appearing inside the cell (i.e., either in the cytosol or associated with an
internal membrane compartment). Thus, the endoproteolytic processing of
the Ras proteins by Rcelp appears to contribute importantly to their proper
localization within the cell.

RCE] has few sequence similarities with AFCI or other proteases. Thus,
it is reasonable to question whether Reelp is truly a protease or simply a
cofactor for another enzyme. Although this issue has not been settled
definitively, the evidence supports the idea that it is a protease. The levels
of endoprotease activity in yeast correlated with the amount of RCE]
expression (13). Moreover, as described below, overexpression of the hu-
man ortholog of RCE] in insect cells produced an enormous increase in
endoprotease activity (15).

The studies by Boyartchuk and co-workers (13, 41) revealed that both
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AFCI and RCE] are active in processing a-factor, while only RCEI appears
to be involved in Ras metabolism. Their in vitro endoproteolysis assay,
which assessed the cleavage of a farnesylated a-factor peptide, indicated
that ~35% of the total CXXX endoprotease activity in yeast membranes
is due to AFCI1, with RCEI1 accounting for the remainder. However, any
conclusion regarding the extent to which Rcelp and Afclp participate
in “total endoproteolysis activity”’ should be viewed with caution, simply
because the CXXX endoprotease activities of Afclp and Rcelp are almost
certainly dependent on the sequence of the CXXX peptide or protein used
in the assay (41).

There may be as many as 86 CXXX proteins in the yeast genome, as
judged by search of the yeast protein database (http://genome-www2.
stanford.edu/cgi-bin/SGD/PATMATCH/nph-patmatch?class = pept). A
critical issue in the enzymology of Rcelp and Afclp is to define their unique
and overlapping protein substrates. It is unclear whether the majority of
the yeast CXXX proteins are processed by a combination of both Rcelp
and Afclp, or whether many proteins are processed solely by Afclp or solely
by Rcelp. However, the tools are clearly in hand to address these issues.

IV. Role for AFC1 (STE24) in Proteolyhc Processing of N Terminus of
a-Factor in Saccharomyces cerevisiae

The S. cerevisiae mating pheromone a-factor, a 12-amino acid farnesyl-
ated peptide, is the product of functionally redundant genes, MFAI and
MFA2. These two genes encode precursor proteins of 36 and 38 amino
acids, and the production of mature a-factor depends on a series of pro-
cessing steps: isoprenylation, endoproteolytic removal of the C-terminal
three amino acids (~VIA), carboxyl methylation of the isoprenylcysteine,
and the proteolytic removal of the N-terminal 21 amino acids (following
—KKDN). It has become clear that the removal of the N-terminal 21 residues
involves two sequential steps: the initial removal of the first 7 amino acids
(following ~STAT), followed by the removal of 14 additional amino acids
(following -KKDN) (42—44). The first of these amino-terminal processing
steps has been shown to be carried out by STE24 (39), while the second
is carried out by AXLI- and STE23-encoded proteins. Remarkably, STE24
was recognized to be identical to AFCI; thus, in addition to its role in
cleaving the —XXX from the a-factor precursor, Ste24p (Afclp) plays a
distinct role in the N-terminal processing of a-factor. Figure 4 illustrates
the five steps in the biogenesis of mature a-factor, showing the two distinct
roles of Ste24p (Afclp).

In 1995, Adames et al. (45) used a genetic screen for reduced mating
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Fig. 4. A schematic illustrating the two distinct roles of Afclp (Ste24p) in a-factor metabo-
lism. First, the a-factor precursor is farnesylated by Ram1p/ Ram2p. Second, the —VIA tripep-
tide is cleaved by both Afclp (Ste24p) and Rcelp. Third, the isoprenylcysteine is carboxyl
methylated. Fourth, the N-terminal seven amino acids are cleaved by Afclp. Fifth, an additional
14 amino acids are cleaved by Axl1p and Ste23p. In the absence of Afclp (Ste24p) and Reelp,
P0* accumulates. PO* is farnesylated but not further processed (e.g., no CXXX endoproteolysis
and no carboxyl methylation of the isoprenylcysteine). P1, which is fully modified at the C
terminus (i.e., having undergone isoprenylation, -XXX endoproteolysis, and carboxyl methyla-
tion), accumulates in the absence of Afclp (Ste24p). P2, which lacks the N-terminal seven
amino acids, accumulates in the absence of AxI1p and Ste23p. [Reproduced, with permission,
from Ashby, M. N. (1998). Curr. Opin. Lipidol. 9, 99-102.]

efficiency in S. cerevisiae to identify AXLI (or STE22). Axl1p has significant
sequence identity to the insulin-degrading enzymes and belongs to a family
of metalloproteases with a preference for small peptide substrates. In ax/1A
yeast, pulse—chase/metabolic labeling studies of a-factor formation revealed
the early appearance of an a-factor intermediate, P1, that was fully modified
at the C terminus (i.e., an a-factor intermediate that had undergone iso-
prenylation, ~XXX endoproteolysis, and carboxyl methylation). P1 was
converted to another a-factor intermediate, P2, which lacks the N-terminal
seven amino acids. P2 accumulated in ax/IA yeast, with only small amounts
undergoing further processing to mature a-factor (42, 44). In wild-type
yeast, P1 is converted to P2, but the P2 is then processed to mature a-
factor (by the removal of 14 additional amino acids). These experiments,
together with those from the laboratory of S. Michaelis (42, 44), revealed
two important points about a-factor processing. First, the three sequential
modifications of the C terminus of a-factor occur early and are completed
before the proteolytic processing of the N terminus. Second, the Axllp-
mediated cleavage of the a-factor precursor represents the second of two
N-terminal proteolytic processing steps. The removal of the initial seven
amino acids occurs before the Axllp proteolysis step.

The characterization and kinetic analysis of a-factor intermediates have
been more completely described in a series of experiments by Chen et al.
(44). A search of the S. cerevisiae sequence database revealed a gene
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homologous to AXLI, designated STE23, which also participates in the
second N-terminal proteolysis step (45). Yeast mutants lacking AXLI
(axlIA) retain a markedly reduced mating efficiency while mutants lacking
both AXLI and STE23 (axllAste23A) are sterile.

The identification of AXLI and STE23 raised a key question: What
protease cleaves the amino-terminal seven amino acids from the a-factor
precursor? Multiple genetic screens for sterile yeast mutants in several
laboratories failed to identify the protease. However, in 1997, 5 months
before the report of the CXXX endoproteases by Boyartchuk ez al. (13),
Fujimura-Kamada er al. (39) solved the riddle. Using a sensitized genetic
screen for sterile yeast, they identified a new gene, STE24; that was essential
for the removal of the N-terminal seven amino acids from the a-factor
precursor. STE24 had multiple predicted membrane-spanning domains and
shared important sequence similarities with a variety of different zinc-
dependent proteases from diverse organisms ranging from bacteria to
humans.

Yeast lacking STE24 (ste24A) exhibited reduced mating efficiency but
were not sterile. Pulse—chase experiments of a-factor maturation in ste24A
yeast revealed a striking defect in the conversion of P1 (the intermediate
that is fully modified at the C terminus) to P2 (the intermediate lacking
the N-terminal seven amino acids). Why aren’t the ste24A yeast sterile?
The likely explanation is that some Axl1p/Ste23p-mediated cleavage of a-
factor occurs, albeit at reduced efficiency, in the absence of Ste24p (Afclp).
Fujimura-Kamada et al. (39) demonstrated that overexpression of AXLI
suppressed the mating defect in ste24A yeast, suggesting that the Ste24p-
mediated cleavage of the first seven amino acids greatly facilitates, but is
not absolutely required for, the subsequent proteolytic cleavage between
amino acids 21 and 22.

With the publication of the CXXX endoprotease paper by Boyartchuk
and co-workers (I3), it was evident that the sequence of AFCI was
identical to that of STE24. Thus, using a screen for reduced mating
efficiency, the Michaelis group had identified STE24 as a gene essential
for the N-terminal processing of a-factor (39). Within months, Boyartchuk,
Ashby, and Rine (13) used a screen for sterile mutants to identify AFCI,
and concluded that it was one of two genes responsible for the C-
terminal processing of a-factor. Thus, two groups applying similar genetic
screens identified the same gene and reached different conclusions regard-
ing its function. In a pair of follow-up papers (14, 16), this seeming
discrepancy has been resolved. Both groups went on to show that Afclp
(Ste24p) is involved in two distinct steps of a-factor processing: the
—~XXX endoproteolytic cleavage, and the cleavage of the N-terminal
seven amino acids.
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- Tam et al. (16) explored the dual roles of Ste24p in a-factor maturation
by examining the processing of various MFAI truncations in yeast. Because
conventional MFAI truncation mutants yield low levels of a-factor expres-
sion, they assembled ubiquitin~-MFAI fusion constructs, which result in
higher levels of expression. The basic strategy was to rely on the endogenous
ubiquitin proteases within, yeast to cleave the N-terminal ubiquitin se-
quences from the fusion proteins, releasing truncated a-factor proteins.
When a ubiquitin fusion construct containing full-length MFAI protein
(Ubi-P1) was transformed into ste24Amfal A mfa2A yeast, P1 accumulated,
and only minute amounts of mature a-factor were produced. However, if
the same yeast were transformed with ubiquitin fused to MFAI lacking
the first seven amino acids (Ubi—P2), high levels of mature a-factor were
produced and secreted. Thus, the removal of the first seven amino acids
of a-factor obviated the requirement for Ste24p-mediated processing of the
N terminus. As expected, rcel Aste24Amfal Amfa2A yeast transformed with
Ubi-P2 secreted no mature a-factor, because both CXXX endoproteases
were absent. These experiments established that Ste24p has two distinct
roles in a-factor processing and that the two roles could be uncoupled and
characterized.

Tam and co-workers (16) went on to study a-factor biogenesis in wild-
type, ste24A, rcelA, and ste24Arcel A yeast with pulse—chase experiments.
In wild-type yeast, P1 (the intermediate with only C-terminal modifica-
tions) appeared quickly and was rapidly converted to P2 and then to
mature ‘a-factor. As predicted, ste24A yeast accumulated P1, and there
was minimal conversion of P1 to mature a-factor. In ste24Arcel A yeast,
a novel a-factor intermediate, designated P0O*, accumulated. PO* is far-
nesylated but not further processed (e.g., no CXXX endoproteolysis and
no carboxyl methylation of the isoprenylcysteine). Interestingly, PO*
appeared transiently in rcelA yeast but was rapidly converted to P2 and
mature a-factor, without the aLppearance of the P1 intermediate. Thus,
in the absence of Rcelp, Ste24p appears to cleave the —XXX and the
seven N-terminal amino acids in rapid succession, seemingly without
releasing the intermediate (P1). The rcelA yeast secreted approx1mately
half-normal amounts of mature a-factor.

Boyartchuk and Rine (41) likewise used ubiquitin~MFAI fusion con-
structs to dissect the dual roles of Afclp (Ste24p) in a-factor maturation.
In addition, they analyzed ubiquitin~-MFAI fusion constructs in which the
C-terminal -XXX sequence was mutated, so that the C-terminal cleavage
reaction was carried out only by Afclp or only by Rcelp, but not both
proteins. Both Rcelp and Afclp carry out the C-terminal processing of
fusion proteins terminating in the wild-type MFA1 sequence (-VIA). How-
ever, changing the C-terminal sequence to —~AMQ (the C-terminal three
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amino acids from the « subunit of rabbit muscle glycogen phosphorylase
kinase) eliminated C-terminal processing by Rcelp, while changing the
sequence to —TLM (the C-terminal three amino acids from the STEIS-
encoded 7 subunit of a heterotrimeric G protein) eliminated C-terminal
processing by Afclp.

By comparing mating efficiencies of mfal Amfa2A, mfal Amfa2Aafcl, and
mfal Amfa2AafclArcel A yeast that had been transformed with various
ubiquitin-MFAI fusion constructs, they demonstrated that Afclp plays a
role in the N-terminal processing of a-factor, in addition to its role in
CXXX endoproteolysis. For example, a full-length ~TLM a-factor construct
produced less mature a-factor in afcIA yeast than in wild-type yeast. This
result is likely explained by defective N-terminal processing in the afclA
cells. It cannot be explained by differences in C-terminal processing, since
the ~-TLM construct is processed exclusively by Rcelp. Boyartchuk and
Rine (41) observed less a-factor production with a ubiquitin fusion construct
lacking the seven N-terminal amino acids than with a construct containing
the entire a-factor protein, leading them to conclude that the N-terminal
Afclp-mediated cleavage step increases the efficiency of mature a-factor
production. .

The finding that the AFCI (STE24) gene product participates in a second
proteolytic cleavage reaction in a-factor raises the possibility that this gene
product could play dual processing roles for other yeast CXXX proteins,
or maybe even that it has proteolytic processing roles for non-CXXX
proteins. Thus far, however, no other substrates for Afclp (Ste24p) have
been reported.

V. Characterization of Mammalian Orthologs for AFC1 (STE24)
and RCE1

A. CHARACTERIZATION OF MamMMaLIAN RCE1

When yeast RCEI was identified and reported, related sequences already
existed in the human and mouse EST databases. Mammalian orthologs
were cloned by Kim and Young, by Otto and Casey, and by Ashby. Ulti-
mately, Kim, Young, and co-workers collaborated with Otto and Casey to
define the roles of the mammalian orthologs in the endoproteolytic pro-
cessing of mammalian CXXX proteins (14, 15). Kim, Young, and co-work-
ers assessed the role of the mouse Rcel gene in the processing of Ras
proteins by knocking out Rcel in mice (14), while Otto, Casey, and co-
workers focused on the cloning, expression, and characterization of human
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TABLE 1V

PROPERTIES OF MAaMMALIAN RCE1

RCEL1 expressed in Sf9 cells processes farnesylated K-Ras, farnesylated H-Ras, farnesyl-
ated N-Ras, the farnesylated heterotrimeric Gy, subunit, geranylgeranylated K-Ras, and
geranylgeranyl-Rap1B. There is no processing of these substrates by membranes from
mouse fibroblasts lacking Rcel gene expression

250-fold greater specificity of the enzyme for isoprenylated peptides than for nonisoprenyl-
ated peptides

RPI, a reduced farnesyl-peptide analog, is an effective lnhlbltOI’ of human RCE], with an
ICs of approximately 5 nM

Located exclusively in membrane fractions of mammalian cells

RCEI1 is expressed in all mouse and human tissues, including early-stage embryos, with
highest levels in the heart and skeletal muscle

329-amino acid protein; 27.6% identity with S. cerevisiae Rcelp amino acid sequence; 42%
identity and 68% similarity between residues 166 and 270

Protein has multiple predicted transmembrane domains

Achieving high levels of human Rcel activity in Sf9 cells required deletion of N-terminal
22 amino acids of protein

Mice lacking Rcel expression (Rce]"‘) die during embryenic development, beginning on
day 15. No gross defects in organogenesis

Endoproteolytic processing of Ras proteins is absent in Rcel™ fibroblasts and embryos

Rcel deficiency in fibroblasts produces a gross mislocalization of a GFP-K-Ras fusion pro-
tein within the cell

Membranes from Rcel”- fibroblasts cannot carry out C-terminal processing of farnesylated
K-Ras, farnesylated H-Ras, farnesylated N-Ras, farnesylated heterotrimeric Gy, subunit,
geranylgeranylated K-Ras, or geranylgeranyl-Rap1B

RCE1 in cultured cells (15). Key properties of human RCE1 and its mouse
ortholog (Rcel) are listed in Table IV.

1. Expression and Characterization of Human RCEI1

Using the yeast RCEI sequence, Otto and co-workers identified an appar-
ent ortholog in a human EST database and then cloned the corresponding
cDNA (15). Figure 3 shows the alignment of the human RCEI1 protein,
along with the RCEI1 proteins from several other species. Like yeast Rcelp,
the human protein is predicted to contain multiple transmembrane domains
(Fig. 2D). Northern blots revealed that RCE1 is expressed ubiquitously,
with the highest levels of expression in placenta, heart, and skeletal muscle.
Although the predominant transcript length was 1.3 kb, larger transcripts
were also observed, probably reflecting alternatively or aberrantly spliced
transcripts. Heterogeneity in transcript length was even more obvious in
mouse tissues (I15). The significance of the larger transcripts, if any, is un-
known.

High levels of yeast and human RCE1 proteins were expressed in Sf9
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FiG. 5. Characterization of human RCE1 activity. (A) Yeast and human RCE1 gene prod-
ucts possess isoprenyl protein protease activity. Protease assays were conducted with increasing
amounts of membranes prepared from noninfected Sf9 cells (@), or from Sf9 cells infected
with recombinant baculoviruses containing the cDNA for either yeast (M) or human RCE1
(#). Purified farnesyl-K-Ras (2 uM) was used as substrate. Isoprenyl protein protease activity
was assessed with a coupled proteolysis/methylation assay (15). (B) Kinetics of proteolysis
for farnesyl-K-Ras and geranylgeranyl-K-Ras. RCE1 membrane protein (15 ng) was incubated
with increasing levels of farnesyl-K-Ras (@) and geranylgeranyl-K-Ras (). (C) Competition
of RCE1 activity by isoprenylated peptides. Isoprenylated peptides [farnesyl-CVIM (®) and
farnesyl-GSPCVLM (M)] or nonisoprenylated peptides [CVIM (O) and GSPCVLM (O]
were included in the standard protease reaction mixture with 0.5 uM purified farnesyl-K-
Ras. Activity is expressed as the percentage of that observed for an untreated control. (D)
Inhibition of RCE1 activity by the farnesyl-peptide analog RPI. RPI was diluted in 10%
‘DMSO, and added to the standard protease reaction mixture containing 0.5 uM purified
farnesyl K-Ras. Activity is expressed as the percentage of that observed for an untreated
control. [Reproduced, with permission, from Otto, J. C., Kim, E., Young, S. G., and Casey,
P. J. (1999). J. Biol. Chem. 274, 8379-8382.]

(Spodoptera frugiperda ovary) insect cells with recombinant baculoviruses
(Fig. 5A). Of note, high-level expression of the human RCEI1 protein could
not be achieved without first deleting the first 22 amino acids of the protein.
To assess the activity of yeast and human RCEL1 proteins, extracts from
the Sf9 cells were mixed with recombinant isoprenylated CXXX proteins.
In this assay, the recombinant RCE1 proteins cleave the —-XXX from the
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isoprenylated proteins, rendering the proteins susceptible to carboxyl meth-
ylation with recombinant Steldp and S-adenosyl[methyl->*H]methionine.
Using this coupled endoproteolysis/methylation assay, Otto and co-workers
demonstrated that human RCE1 processes farnesylated K-Ras, farnesyl-
ated H-Ras, farnesylated N-Ras, the farnesylated heterotrimeric G protein
Gy, subunit, geranylgeranylated K-Ras, and geranylgeranyl-Rap1B. Both
farnesylated and geranylgeranylated K-Ras exhibited a K, value of approxi-
mately 0.5 uM and similar k., values (Fig. 5SB). Isoprenylated CXXX
peptides, but not nonisoprenylated peptides, were able to compete for
the processing of isoprenylated K-Ras (Fig. 5C). In addition, a previously
identified inhibitor of endoproteolytic processing, RPI (a reduced farnesyl-
peptide analog), was an extremely effective inhibitor of RCE1, with an
ICso of approximately 5 nM (Fig. SD).

A perplexing aspect of the Sf9 expression system is that it required the
truncation of the N-terminal 22 amino acids of the human protein. This
finding has not been explained. One possibility is that the presence of the
N-terminal 22 amino acids simply reduces the absolute level of RCE1
protein expression in Sf9 cells. Alternatively, it is possible that the N termi-
nus of RCE1 might normally bind to a “‘protein partner.” When that protein
partner is absent (as might be the case in Sf9 cells), the amino-terminal
domain might cause RCE1 to misfold, diminishing its activity. In any case,
the cloning of human RCE1 and its expression in cultured cells represent
important advances, as they lay the foundation for purifying the enzyme,
performing structure—function studies, defining the catalytic domain of the
protein, and identifying additional CXXX protein substrates.

Multiple RCE1 orthologs now exist in the databases. Comparison of the
amino acid sequences encoded by S. cerevisiae RCEI and its human and
mouse orthologs reveals the greatest sequence similarity in the C-terminal
half of the protein (Fig. 3). When the predicted transmembrane helical
regions of the human and yeast forms are compared (Fig. 2B and D) with
the aligned sequences (Fig. 3), only four of the predicted transmembrane
domains appear to match with aligned sequences—three near the C termi-

nus and one in the central region of the molecule (designated 1, 2, 3, and
4 in Fig. 2, B and D).

2. Assessing Physiologic Role of Rcel Gene Product in Mice

Kim, Young, and co-workers (I4) sought to assess the physiologic role
of Rcel in higher organisms by producing and characterizing Rcel knockout
mice. The yeast RCE] sequences were used to identify potential orthologs
within the mouse EST databases, and those were used to clone most of
the mouse cDNA. The mouse and human proteins are highly conserved
throughout their lengths, with 95% of the amino acid residues being identi-
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FiG. 6. Abnormal electrophoretic mobility of Ras proteins in lysates from Rce/~'~ embryos
and Rcel™'~ primary embryonic fibroblasts. (A) Western blot of lysates of Rcel*'*, Reel*'",
and Rcel™’~ embryos. (B) A Western blot of an equal mixture of Rcel*'* and Rcel '~ embryo
lysates with antibody Ab-4, demonstrating the expected doublet band. [Reproduced, with
permission, from Kim, E., Ambroziak, P., Otto, J. C., Taylor, B., Ashby, M., Shannon, K.,
Casey, P. J., and Young, S. G. (1999). J. Biol. Chem. 274, 8383-8390.]

cal. Southern blots of mouse genomic DNA with one of the EST probes
suggested the presence of a single copy of Rcel in the genome. Strain 129/
Sv mouse genomic clones were identified and used to construct a sequence-
replacement gene-targeting vector. Rcel-deficient mice were generated by
standard gene-targeting techniques (14).

Heterozygous knockout mice (Rcel*’") were healthy and fertile. How-
ever, virtually all of the homozygous Rcel knockout embryos (Rcel™'")
died, beginning on about embryonic day 15 (E15). Rcel ~~ mice were born
only rarely, and they invariably died within 1 week. The reason for the
embryonic lethality remains mysterious. Inspection of the Rcel™",
Rcel*'* and Rcel*'~ embryos after E15.5 revealed no consistent differences
in morphology, organogenesis, stage of development, color, or size. The
knockout mice did not appear to die from a defect in hematopoiesis. The
Rcel~'~ embryos were pink, and histologic analysis revealed abundant num-
bers of mature erythrocytes in their blood vessels. Moreover, lethally irradi-
ated mice were successfully rescued with hematopoietic stem cells from
the livers of Rcel™'~ embryos (14).

Fibroblasts were cultured from the Rcel '~ embryos. Despite an absence
of Ras endoproteolytic processing, the growth rates of Rcel™~ and
Rcel*'* fibroblasts did not appear to be grossly different, at least when
they were grown in medium containing a high concentration of fetal bo-
vine serum.

To determine if mouse Rcel participates in the processing of Ras proteins,
the electrophoretic mobilities of the Ras proteins from Rcel~'-, Rcel*'*,
and Rcel*'~ embryo lysates were analyzed on SDS—polyacrylamide gels
(Fig. 6A). The electrophoretic mobility of the Ras proteins from Rcel ™'~
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FiG. 7. Direct assays of the ability of Rcel~/~ fibroblasts to endoproteolytically process
isoprenylated CXXX proteins. (A) An assay of the ability of cytosolic and membrane fractions
from Rcel~'~ fibroblasts to endoproteolytically process farnesyl-K-Ras. Membrane and cyto-
solic fractions (80 ug) from Rcel*’* and Rcel~'~ fibroblasts were incubated with farnesyl-K-
Ras (2 uM). The processed farnesyl-K-Ras was then methylated with 5.0 uM [*H]AdoMet
(1.5 Ci/mmol) and 20 ug of membranes from Sf9 insect cells expressing high concentrations
of the yeast isoprenyl protein carboxyl methyltransferase encoded by STE14. [*H]Methyl-
isoprenylated proteins were collected on filters, and methylation was quantified by scintillation
counting. Proteolysis is described as the number of picomoles of [*H]methyl groups transferred
to the isoprenylated protein. (B) Endoprotease activity in membranes from Rcel*'* and
Rcel™'~ fibroblasts against a panel of isoprenylated proteins. The isoprenyl group attached
to proteins is indicated by an ““f-” for farnesyl or a *“gg-” for geranylgeranyl. The -XXX
sequence for each protein is indicated in italics. The concentrations of farnesyl-K-Ras and
geranylgeranyl-K-Ras were 1.0 uM. The approximate concentration of geranylgeranyl-Rap1B
was 0.2 uM, and the approximate concentrations of farnesyl-H-Ras, farnesyl-N-Ras, and
farnesyl-Gy; were 1 uM. [Reproduced, with permission, from Kim, E., Ambroziak, P., Otto,
J. C., Taylor, B., Ashby, M., Shannon, K., Casey, P. J., and Young, S. G. (1999). J. Biol.
Chem. 274, 8383-8390.]

fibroblasts and embryos was distinctly abnormal. In fact, Ras proteins with
normal electrophoretic mobilities were undetectable. When equal amounts
of lysates from Rcel™’~ and Rcel*'* embryos were mixed and analyzed on
an SDS-polyacrylamide gel, a doublet Ras band was observed (Fig. 6B).

The abnormal electrophoretic mobility of the Ras proteins strongly sug-
gests that the Rcel product is responsible for Ras endoproteolytic pro-
cessing. Because endoproteolysis is required for subsequent carboxyl meth-
ylation of the isoprenylcysteine, it would be assumed that this would not
occur with Ras proteins from Rcel '~ fibroblasts. To test this prediction,
Rcel*'* and Rcel~'~ fibroblasts were metabolically labeled with L-[methyl-
*H]methionine, and the Ras proteins were then immunoprecipitated from
the cells. As expected, the Ras proteins from the Rcel*’* cells contained
an *H-labeled cysteine methyl ester, whereas Ras proteins from the
Rcel™'~ cells did not (14). Membranes from Rcel~'~ fibroblasts also lacked
the capacity to process farnesylated K-Ras in a coupled proteolysis/carboxyl
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FiG. 8. Mislocalization of Ras proteins in Rce/ ™'~ fibroblasts. (A) Fluorescence image of a
GFP-K-Ras fusion protein in an Rcel*'* fibroblast, showing localization of the fusion pro-
tein at the plasma membrane. (B) Fluorescence image of a GFP-K-Ras fusion protein in an
Rcel™'~ fibroblast, showing localization of the fusion protein to the cytosol or internal mem-
branes. (C) Mislocalization of Ras proteins as judged by cell fractionation. Cells were fraction-
ated into cytosolic (S100) and membrane (P100) fractions by ultracentrifugation. The Ras
proteins were immunoprecipitated from the S100 and P100 fractions, as well as from the total
cellular lysates, and analyzed on a Western blot of an SDS—polyacrylamide gel. [Reproduced,
with permission, from Kim, E., Ambroziak, P., Otto, J. C., Taylor, B., Ashby, M., Shannon,
K., Casey, P. J,, and Young, S. G. (1999). J. Biol. Chem. 274, 8383-8390.]

methylation assay (14, 15) (Fig. 7A). The membranes from Rcel ™'~ fibro-
blasts lacked significant levels of processing activity for the farnesylated
heterotrimeric Gv, subunit, farnesylated H-Ras, farnesylated N-Ras, gera-
nylgeranylated K-Ras, and geranylgeranyl-Rap1B (Fig. 7B).

The Western blot studies indicated that Ras endoproteolytic processing
was abolished in the Rcel knockout mice. To determine whether the loss
of Rcel affected the intracellular localization of Ras, both immunofiuores-
cence microscopy and cell fractionation studies were performed. An en-
hanced GFP-K-Ras fusion protein was transformed into Rcel™'~ and
Rcel*'* embryonic fibroblasts. In Rcel™'* cells, the fluorescence was local-
ized to the plasma membrane (Fig. 8A). In contrast, most of the fluorescence
in the Rcel '~ cells was cytosolic or associated with internal membranes
(Fig. 8B). A substantial difference in the subcellular localization of Ras
was also evident by immunoblot analysis of P100 and S100 fractions from
Rcel~'- and Rcel*'* fibroblasts. Virtually all the Ras proteins in Rcel ™"
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cells were located in the P100 fraction (Fig. 8C), whereas a large fraction
of the Ras proteins in Rcel ™'~ cells was in the S100 fraction (Fig. 8C).

The most reasonable interpretation of these results is that the mislocaliza-
tion of the Ras proteins in the setting of Rcel deficiency results from a
failure to clip the C-terminal three amino acids from the proteins. The
extent to which the mislocalization is due to the absence of isoprenylcysteine
carboxyl methylation remains to be established. In the future, that issue
could be clarified by examining the intracellular distribution of Ras proteins
in mice lacking the isoprenylcysteine carboxyl methyltransferase. It is also
possible that Rcel deficiency impairs Ras palmitoylation. A significant part
of the membrane association of the Ras proteins depends on palmitoylation
(46-48), and it has been suggested that retardation in the endoproteolysis
and methylation of Ras might affect the extent of Ras palmitoylation (49).
It would not be particularly surprising if the absence of endoproteolysis
and carboxyl methylation in Rcel '~ cells affected the extent of Ras palmi-
toylation.

3. Potential Relevance of Rcel as Therapeutic Target for Treatment of
Ras-Induced Cancers

The striking mislocalization of Ras2p in rcelA yeast, combined with
the reduction in heat-shock sensitivity elicited by a mutationally activated
Ras2p, led Boyartchuk et al. (13) to suggest that RCE1 might be an attractive
target for the treatment of human cancers associated with activated forms
of Ras. Could such a strategy be successful? On the one hand, some of
the findings with the Rcel-deficient mice might lead one to be dubious
about the potential of RCE1 inhibition to retard cell growth. For example,
the Rcel™'- fibroblasts grew normally; Rcel~’- hematopoietic stem cells
engrafted, and embryonic development appeared normal until late in
gestation. On the other hand, other findings were more encouraging. The
GFP-K-Ras fusion construct was profoundly mislocalized in mammalian
cells—probably even more so than with the GFP-Ras2p fusion in rcelA
yeast, making it plausible that Ras function would be abnormal in those
cells. In yeast, the effects of the RCEI knockout mutation were most
impressive in the cells that expressed a mutationally activated Ras protein,
so it is possible that the same will be true in humans. To date, no studies
of Ras signaling in Rcel '~ fibroblasts have been reported, nor have there
been any reports on the susceptibility of Rcel '~ fibroblasts to transforma-
tion with activated forms of Ras. Even when these experiments are com-
pleted, there is no guarantee that the results obtained in fibroblasts will
be generalizable to the epithelial cell types most frequently involved in
human cancers.

Potentially relevant to the suitability of RCE1 as a pharmacological target
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are the 1992 studies by Kato and co-workers (2), who examined the behavior
of a Ras mutant that did not undergo efficient proteolysis/carboxyl methyla-
tion. They produced a panel of K-Ras4B constructs with a variety of amino
acid substitutions in the CXXX sequence. Certain substitutions, such as
changing the wild-type ~VIM sequence to —VDM, abolished farnesylation,
prevented membrane binding of the Ras, and eliminated Ras transforming
activity in NIH 3T3 cells. A ~VYM mutant principally affected the postiso-
prenylation processing steps. When that mutant was expressed in NIH
3T3 cells, some nonfarnesylated protein was produced, but a significant
percentage of the protein was farnesylated but not further processed (i.e.,
no endoproteolysis or carboxyl methylation). No fully processed Ras was
observed. Of the ~-VYM Ras protein that had undergone farnesylation,
50% was located in the membrane fractions (vs. >90% with wild-type Ras).
Moreover, the ~VYM construct displayed transforming capacity, although
at a reduced efficiency compared with the wild-type construct. These results
led the authors to conclude that isoprenylation, but not the subsequent
processing events, were crucial for Ras transforming capacity. While these
experiments appeared to be convincing, several caveats should be borne
in mind. First, the expression vector that they used undoubtedly produced
high levels of Ras expression, and it is possible that the transformation
that they observed with the ~-VYM mutant represented a nonphysiologic
consequence of flooding the system with high levels of Ras expression. The
effects of blocking endoproteolysis might have been more significant at a
physiologic level of Ras expression. Second, as noted earlier, it is not clear
whether results with fibroblasts can be generalized to all cell types.

There has been one report suggesting that irreversible Ras endoprotease
inhibitors block the growth of Ras-transformed rodent cells (36). At 5 uM
concentrations, both BFCCMK [N-tert-butyloxycarbonyl-(S-farnesyl-C)-
chloromethyl ketone] and UM96001 (N-tert-butyloxycarbonyl-2-amino-DL- '
hexadecanoylchloromethyl ketone) blocked the growth of three different
Ras-transformed cells (two transformed with Kirsten murine sarcoma virus,
and one human endometrial cancer cell line with an activating mutation
in K-Ras) but did not affect the growth of nontransformed NIH 3T3 cells.
Low concentrations of these compounds also blocked the anchorage-inde-
pendent growth of transformed cells. While these results were encouraging,
it is important to note that the report contained no evidence of the specificity
of these compounds and no biochemical evidence that the drugs truly
interfered with Ras endoproteolysis.

B. CHARACTERIZATION OF MaMMALIAN AFC1 (STE24)

Two groups have reported the cloning and initial characterization of the
human ortholog of yeast AFCI (STE24) (16, 17). The human AFCI (S TE24)
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TABLE V
PropPerTIES OF HUMAN AFCI (STE24)

No protein substrates have been identified. Its role, if any, in processmg isoprenylated
CXXX proteins has not been established

The human enzyme is almost certainly capable of carrying out both N terminal and C-ter-
minal processing of precursor to yeast mating pheromone a-factor

Expressed in all mouse and human tissues examined, with the highest levels reported in
kidney, prostate, testis, and ovary

Immunofluorescence microscopy with hemagglutinin-tagged AFC1 (STE24) indicated pre-
dominant localization in ER

An ~3-kb transcript encodes a 475-amino acid protein; 62% similarity and 36% identity
with S. cerevisiae AFC1 (STE24) amino acid sequence

Multiple predicted transmembrane domains

Contains an HEXXH domain, which is shared by the yeast enzyme and many other zinc
proteases. Contains a degenerate dilysine ER retention sequence

cDNA encodes a 475-amino acid protein with 36% identity and 62% similar-
ity to yeast Afclp (Ste24p). Like its yeast counterpart, the putative human
ortholog contains the zinc metalloprotease motif HEXXH, as well as multi-
ple predicted transmembrane domains (Fig. 2C). Figure 1 shows the pre-
dicted sequence of the human AFC1 (STE24) protein in comparison with
other related sequences in the databases. High levels of human AFC1
(STE24) transcripts were detected in all tissues, including heart, brain,
kidney, spleen, intestine, testis, ovary, and prostate (I7). Immunofluores-
cence studies in HEK-293 cells transiently transformed with a hemaggluti-
nin-tagged AFC1 (STE24) construct revealed an ER-like staining pattern
similar to that of calnexin (an ER protein), indicating that the human AFC1
(STE24) protein is localized to the ER and Golgi (I7). These results are
consistent with a prior report by Schmidt et al. (50) demonstrating an ER
localization of Ste24p (Afclp) in yeast. Key properties of mammalian AFC1
(STE24) are listed in Table V.

Tam et al. (16) initially cloned the human STE24 cDNA ortholog as a
part of their study to document the dual roles of Ste24p in the processing
of a-factor. Interestingly, the human STE24 cDNA partially corrected the
mating defect in ste24ArcelA yeast and fully complemented the modest
mating defect of single ste24A mutants. Those observations suggest strongly
that the human protein can mediate both the C-terminal and N-terminal
a-factor processing reactions.

While the human AFC1 (STE24) protein clearly has the capacity to cleave
yeast a-factor, no a-factor orthologs have been identified in mammals.
Thus, the natural substrate(s) for human AFC1 (STE24) is unknown. One
possibility is that the natural substrate actually is an as-yet-unidentified a-
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factor ortholog. Another possibility is that human AFC1 (STE24) partici-
pates in the C-terminal processing of a variety of CXXX proteins, both
alone and in combination with RCE1. A potential candidate for a substrate
is prelamin A, an isoprenylated CXXX protein that undergoes an N-termi-
nal processing step after the removal of the —XXX sequence (57). Finally,
it is conceivable that human AFC1 (STE24) is not even involved in the
processing of mammalian CXXX proteins, but instead has a different role.
Along these lines, it is noteworthy that human AFC1 (STE24) shares impor-
tant sequence similarities (e.g., the HEXXH domain and multiple trans-
membrane-binding domains) with a gene from Helicobacter pylori, a bacte-
rial organism in which protein isoprenylation and CXXX protein
modifications are assumed to be nonexistent. It is conceivable that the role
of AFC1 in CXXX protein endoproteolysis is an evolutionary adaptation
unique to yeast, and that it plays a different and completely unrelated role
in mammalian cell biology. For example, for all we know, AFC1 could be
responsible for the y-secretase activity that results in the production of 8-
amyloid peptide; that endoproteolytic activity is thought to be located in
the ER. Knocking out the mouse Afc! gene ultimately might help to identify
the protein substrates and the physiologic importance of this protease in
higher organisms.

As illustrated in the sequence alignments in Fig. 1, AFCI (STE24) or-
thologs from a variety of organisms can be identified in the databases. Each
of the apparent orthologs contains the HEXXH sequence involved in the
binding of zinc, and each appears to be an integral membrane protein. As
judged by the TMHMM transmembrane domain analysis program, both
the yeast and the human enzymes appear to share seven transmembrane
helices, although a common high probability is found only for putative
helices 3, 4, 5, and 6 (Fig. 2A and C).

VI. Modification of C-Terminal Isoprenylcysteine Residues by Methyl
Esterification Reactions in CXXX Proteins

The intellectual origin for the study of isoprenylated proteins, as
well as the realization that S-lipidated C-terminal cysteine residues in
polypeptides could be methyl esterified, can arguably be traced to the
structural determination of the peptidyl mating factors of two relatively
obscure jelly fungi. The A-10 mating factor of Tremella mesenterica was
found to contain an a-methyl ester of a C-terminal cysteine residue,
which was also modified by an oxidized C;s S-farnesyl group (52, 53).
A similarly methylated C-terminal residue was found on the A(la)
mating factor of Tremella brasiliensis (54). Although evidence of the
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isoprenylation of mammalian proteins was available at the time (55),
the connection between these two findings was clouded initially by the
suggestion that mammalian proteins were modified by a distinct type of
chemistry in which larger isoprenyl groups (C4s to Cos) were O-linked
to hydroxyl-containing amino acids (56).

A milestone in the recognition of the similarity between the modifications
of the fungal mating factors and mammalian proteins, and the eventual
identification of methyl esterified C;s farnesylated and C,, gernanylgera-
nylated cysteines at the C termini of eukaryotic proteins, was the character-
ization of a mutant gene in S. cerevisiae (alternatively designated STEIS6,
DPRI, or RAM1). That mutant gene, which was later shown to encode the
B subunit of protein farnesyltransferase, was shown to be involved in the
posttranslational modification of both the yeast mating pheromone a-factor
and the Ras proteins (57). What common structural feature of the mating
pheromone and the Ras proteins might allow them to be recognized by
the same protein modification system? Powers et al. (57) suggested that it
was within the C terminus of the proteins, where each contained a cysteine,
followed by two aliphatic residues and then a C-terminal amino acid residue.
This suggestion raised the possibility that a similar type of chemistry occurs
with the Tremella mating factors and the yeast proteins. However, at that
point, the lack of a precise structure for the S. cerevisiae a-factor and the
C terminus of the Ras proteins precluded a direct comparison. In fact, it
was initially speculated that the Ramlp/Dprlp-catalyzed modification was
a fatty acylation (57). In addition, evidence was presented that the mature
yeast a-factor included a fatty acid-modified cysteine with no trimming of
the terminal three amino acids (58) and that mammalian Ras proteins were
similarly modified (59). What was clear was that the processing of the yeast
Ras proteins was complex and that more than one reaction was likely
involved (60).

Independently, the chemical nature of methyl esterified proteins in pro-
karyotic and eukaryotic cells was beginning to be established. It had been
shown that bacterial chemoreceptors were modified on the side chain of
L-glutamate residues by type 1 protein carboxyl methyltransferases, and
that a variety of spontaneously damaged mammalian proteins was modified
on the side chain of p-aspartyl and L-isoaspartyl residues by type II protein
carboxyl methyltransferases [for a review, see Clarke (61)]. However, in
two methyl esterified proteins, the site of methylation did not appear to fit
with the products of either type of enzyme. These were the « subunit of
the retinal cGMP phosphodiesterase (62) and nuclear lamin B (63). With
the realization that the genes encoding both these proteins contained a C-
terminal CXXX sequence, it was possible to hypothesize that the yeast
mating pheromone a-factor, the Ras proteins, cGMP phosphodiesterase,
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and nuclear lamin B might all share a similar posttransiational modification
pathway, and all might have a C-terminal structure similar to that in the
Tremella mating factors (19). If this were the case, a key prediction would
be that the a-mating factor and the Ras proteins would be methyl esterified.
This hypothesis was first tested with the mammalian Ha-Ras protein, and
the prediction was upheld. Figure 9, reproduced from an article by Clarke
and co-workers (19), demonstrates the incorporation of methyl groups into
the Ha-Ras protein. These results made it possible to formulate a proposal
that the previously recognized CXXX motif (57) would direct separate
lipidation, proteolytic, and methylation reactions (19).

The demonstration that the C-terminal residue of yeast a-factor was in
fact a farnesylcysteine a-methyl ester (64) and the determination that the
conserved cysteines in mammalian CXXX proteins were isoprenylated
rather than fatty acylated (65-67) provided support for the proposed three-
part posttranslational modification pathway for CXXX proteins, with the
initial lipidation reaction being the addition of a short isoprenyl chain to
the conserved cysteine residue. It was difficult, however, to demonstrate
directly the presence of the methyl ester in many of the CXXX proteins
(68). Although evidence of a methyl ester consistent with a C-terminal
cysteine residue was presented for both mammalian Ha-Ras (19) and yeast
Ras2p (69), the first direct demonstration of the methyl ester was accom-
plished for a group of 23- to 29-kDa proteins in retinal rods. With these
proteins, a combination of proteolysis and oxidation was used to obtain
free cysteic acid methyl ester (70). This approach was then used to show
that the rod cGMP phosphodiesterase, the y subunit of large G proteins,
and the small G protein G25K also contained a-methyl esters of C-terminal
cysteines (71-73). Subsequently, high-performance liquid chromatography
(HPLC) methods were developed for the direct identification of farnesyl-
cysteine methyl ester and geranylgeranyl methyl ester after complete prote-
olysis of proteins (74, 75).

The discovery of the C-terminal methyl esterified cysteines set off a
search for the enzymes that would catalyze these reactions. A synthetic
peptide related to the C terminus of the Drosophila Ras protein (LARYKC)
was used to show that membrane fractions of rat liver, kidney, brain, and
spleen could catalyze the methyl esterification of the S-geranylated, S-
farnesylated, and S-geranylgeranylated forms of the peptide, but not the
unmodified form (76). This result showed that the isoprenylation step oc-
curred before the methylation step. Subsequent studies showed that the
crucial feature for the recognition of the protein substrate by the methyl-
transferase was the isoprenylated cysteine residue itself and that a variety
of peptides, modified cysteine residues, and nonamino acid analogs could
serve as substrates (77-80). The availability of these synthetic substrates
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then allowed for the characterization of both the yeast and mammalian
methyltransferases, which are discussed in the following sections.

VIl. lsoprenylation and Carboxyl Methylation in Proteins Containing
Cys—Xaa-Cys and Cys—Cys Motifs at Their C Termini

Not all proteins that are isoprenylated at the C terminus have the canoni-
cal precursor CXXX sequence. Some members of the Rab small G protein
family involved in vesicular transport have a C-terminal Cys—Xaa-Cys
sequence that is geranylgeranylated at both cysteine residues and methyl
esterified. Examples of these proteins include the YPTS, Rab3a, and Rab4
proteins (81-84). Some differences have been reported in the affinity of
inhibitors for the CXXX and CXC methyl-accepting substrates, and it has
been suggested that the methyltransferase responsible for methylating the
CXC proteins is distinct from the STE14 isoprenylcysteine methyltransfer-
ase described below, which is responsible for the methylation of CXXX
proteins (85). On the other hand, Beranger et al. (86) have presented
evidence suggesting that only a single isoprenylcysteine methyltransferase
exists, at least in yeast. They expressed mammalian Rab6, a CXC protein,
into wild-type yeast and stel4A mutant yeast, and then grew the yeast in
the presence of [**S]methionine and S-adenosyl-L-[methyl-*H]methionine.
As expected, both the wild-type and stel4A yeast incorporated [*>S]methio-
nine into Rabé6. The wild-type yeast incorporated *H-labeled methyl esters
into Rabé, as judged by the release of *H-labeled methanol from the Rab6
gel slices. In contrast, no *H-labeled methanol was released from Rabb6 gel
slices from stel4A mutant cells. Their results strongly suggest that the
isoprenylcysteine methyltransferase for the CXC proteins is identical to
the one for the CXXX proteins, at least in yeast. Further work is needed
in this area. It will be important to confirm these results and also determine
whether the yeast CXC proteins such as the YPT5 gene product are methyl
esterified in stel4A yeast.

Other Rab proteins, including YPT1, YPT3, and Rab2, have C-terminal
Cys-Cys sequences that are also modified by geranylgeranylation at both
of the cysteine residues. Interestingly, these proteins do not appear to
be methylated by Steldp or any other methyltransferase, and they appear
to have a free a-carboxyl group on the C-terminal cysteine (82, 83, 87).
Smeland and co-workers (88) demonstrated that changing the CXC se-
quence on Rab3a to a CC sequence abolished carboxyl methylation, while
replacing the CC sequence of Rabla with a CXC motif resulted in a carboxyl
methylated protein. When the CC terminus of Rabla was changed to
Ser—Cys, the protein was methylated. Thus, it appears that two adjacent
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geranylgeranylcysteines in the CC proteins can prevent the methyltransfer-
ase from catalyzing methyl ester formation at the C-terminal residue (88).

VIII. - Characterization of Yeast Protein Modification Catalyzed by
~ STE14-Encoded Methyltransferase

A. IDENTIFICATION OF Saccharomyces cerevisiae STEI4 GENE As
STRUCTURAL GENE FOR METHYLTRANSFERASE

Methyltransferase activity was initially detected in a crude membrane
fraction of wild-type S. cerevisiae at levels similar to those observed pre-
viously in rat microsomes, using an assay containing S-adenosyl-L-methio-
nine and the methyl-accepting peptide S-farnesyl- LARYKC (89). As with
the mammalian enzyme (76), little or no activity was detected in cytosolic
fractions, and the nonfarnesylated peptide was not found to be a methyl
acceptor. With the knowledge that the methyl ester on a-factor was impor-
tant for its activity (64), it was possible to ask whether any of the previously
described yeast a-sterile mutants might lack the methyltansferase. Normal
methyltransferase activity was present in STE6- and STEI 6-deficient yeast,
but no activity was found in the STEI4-deficient mutants (89). Because the
sequence of the peptide substrate in these experiments was derived from a
Ras protein, this experiment suggested that one methyltransferase catalyzed
both a-factor peptide and Ras methylation reactions. Furthermore, transfor-
mation of wild-type and mutant cells with a plasmid containing the STE]4
gene resulted in the overproduction of active methyltransferase (89).

Subsequent studies confirmed that the S. cerevisize STEI4 gene was
the structural gene for the isoprenylcysteine methyltransferase [protein-
S-isoprenylcysteine O-methyltransferase (EC 2.1.1.100)] (90). Normally,
bacteria such as Escherichia coli lack the isoprenylcysteine methyltransfer-
ase. However, when the yeast STEI4 gene was expressed as a fusion protein
in E. coli, the membrane fraction of the bacteria catalyzed the methyl
esterification of a synthetic peptide (90).

Key properties of yeast STE14 are listed in Table VI

B. METHYLATION OF a-MATING FAcTOR, RASI AND RAS2
GENE ProDUCTS, AND OTHER YEAST POLYPEPTIDES BY
STE14-ENCODED METHYLTRANSFERASE

By overexpressing a-factor in yeast, it was possible to show that neither
the intracellular nor the extracellular forms of a-mating factor are methyl-
ated in stel4A yeast (90). Similarly, when the RASI and RAS? genes were
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TABLE VI

ProPERTIES OF YEAST STE14

Major, and likely only, methyltransferase that methylates the carboxyl group of isoprenyl-
cysteine of CXXX proteins

Likely responsible for methylating the C-terminal isoprenylcysteine of proteins that termi-
nate in Cys—Xaa-Cys

Methylates N-acetyl farnesylcysteine and short farnesylated peptides efficiently

Methylates both farnesylated and geranylgeranylated substrates

Null mutants do not methylate a-factor and are sterile

Null mutants lack methylation of Raslp and Ras2p. Nevertheless, the heat shock sensitiv-
ity and glycogen accumulation phenotypes are identical in ras2**"* mutants and ras2*'*/
stel4A) double mutants

Localized in the ER membranes by immunofluorescence and subcellular fractionation

239-amino acid protein, apparent molecular mass of 24 kDa by SDS-polyacrylamide gels

Protein has multiple predicted transmembrane domains, but no S-adenosylmethionine-bind-
ing motif - ‘

overexpressed in stel4A yeast, no methyl esters could be detected in either
protein (90). To examine the possible methylation of other polypeptides,
Hrycyna et al. (91) incubated wild-type and stel4A yeast with S-adenosyl-
L-[methyl-*H]methionine. Yeast incubated with S-adenosyl-L-[methyl-
3H]methionine take up the label and use it for endogenous transmethylation
reactions. Hrycyna et al. (91) size fractionated the resulting *H-methylated
polypeptides (representing proteins that have been methylated by Stel4p
as well as by other protein methyltransferases) on SDS-polyacrylamide
gels, and then analyzed the [PH]methyl ester content of the various proteins.
In wild-type yeast, methyl esterified polypeptides were detected at 49, 38,
35, 33, 31, and 26 kDa (91). In stel4A yeast, methylated proteins were not
observed in the 38-, 33-, 31-, and 26-kDa regions, suggesting that polypep-
tides migrating at these positions are substrates for the STEI4-encoded
isoprenylcysteine methyltransferase. Under the conditions of this experi-
ment, a-mating factor would not be detected and the RASI and RAS2 gene
products would be expected to make up at least a portion of the radioactivity
at 38 kDa (91). Thus, it is clear that the STEI4 methyltransferase can
modify a variety of yeast proteins in addition to the Ras proteins. As
described above, there are perhaps more than 80 yeast CXXX proteins,
including the products of the RHOI, RHO2, RHO3, RHO4, BUDI1/RSRI,
STE1S, and CDC42 genes (90.) All the STEI4-dependent methylated poly-
peptides were localized in the membrane fraction, and their methylation
was inhibited by the protein synthesis inhibitor cyclohexamide (91).
Pulse—chase experiments showed no turnover of methyl esters in the 38-
kDa polypeptide and only slow turnover in the 33/31-kDa species. These-
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FiG. 10. Amino acid sequence alignment of yeast Ste14p and orthologs in other eukaryotes.
GenBank accession numbers: C. elegans 1, AAB42280: C. elegans 2, AAB37832: S. pombe,
BAA18999; X. laevis, BAA19000; S. cerevisiae, AAA16840; human, AF064084. GenBank
EST accession numbers: mouse, AA022288; rat, AADA42926; D. discoideumn, C89921. Protein
sequences were aligned as described in the legend to Fig. 1.

results suggest that the isoprenylcysteine methylation reaction largely oc-
curs immediately after protein translation and that the methylation is not
readily reversible. These studies also indicate that a single isoprenylcysteine
methyltransferase is present in S. cerevisiae and can methylate a-factor and
other protein products.

C. CHARACTERIZATION OF STE14 GeNE ProDUCT

The DNA sequence of the yeast gene encoding the isoprenylcysteine
methyltransferase was initially presented at a meeting (92) and was then
published in full form (43, 93). Yeast Steldp contains 239 residues and is
rich in hydrophobic amino acids. Its amino acid sequence is shown in Fig.
10, along with orthologs in other species. The yeast enzyme, like its human
counterpart, is predicted to have multiple transmembrane domains (Fig.
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Fig. 11. Predicted transmembrane domains for yeast Stel4p (A) and its human ortholog,
human isoprenylcysteine carboxyl methyltransferase (B). Predicted transmembrane domains
were determined with the TMHMM transmembrane domain analysis program (http:/
genome.cbs.dtu.dk/servicess TMHMM-1.0/). To aid in the alignment, potential transmembrane
domains with yeast/human sequence identities are indicated by numbers 1 -5. The regions
labeled —1 and —2 in the human sequence are not found in the yeast sequence.

11). By immunofluorescence microscopy and cellular fractionation studies,
the enzyme is localized to the ER (94). A similar localization was found
for the mammalian enzyme (see below) (18, 100).

D. PHYSIOLOGICAL ROLE OF ISOPRENYLCYSTEINE METHYLTRANSFERASE
IN YEAST

Several general possibilities have been suggested for the function of the
methylation reaction. First, the conversion of a carboxylate anion to a
methyl ester residue would be expected to make the C terminus more
hydrophobic, rendering it more likely to partition into the hydrophobic
membrane (for reviews, see Refs. 23 and 95). Second, once the three C-
terminal amino acids have been removed, methylation of the isoprenylcys-
teine might protect the precursor polypeptide from proteolytic digestion
(22). Finally, methyl esterification could serve as a recognition signal for
specific receptor proteins in the plasma membrane or other intracellular
membranes (68). Most of the isoprenylated proteins are involved in signal
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transduction, and it seems possible that methylation could modulate specific
protein—protein interactions and thereby affect upstream or downstream
signaling partners.

The availability of the ste]4A mutants in S. cerevisige provided an oppor-
tunity to address the function of methylation in this organism. Methylation
of a-factor appears to be important for several reasons, First, the wild-type
a-factor is at least 200-fold more active than the nonmethylated a-factor
in stel4A yeast (90). That result was not particularly surprising, given that
stel4A mutants were originally isolated because of a sterile phenotype (96).
In addition, the lack of a-factor methylation results in enhanced proteolytic
degradation inside cells, and an essentially complete block in the export
of the protein from cells (43).

Aside from the dramatic loss of mating ability, stel4A yeast are viable
and seem to be phenotypically normal (43, 90). Considering the importance
of Raslp and Ras2p in cell growth and survival, this result is rather surpris-
ing. To assess whether stel4A yeast exhibit a partial loss of Ras activity,
stel4A yeast were constructed in a ras2¥*’° strain. The latter mutation
results in the expression of a constitutively active Ras protein, which causes
heat shock sensitivity and the loss of ability to accumulate glycogen. Muta-
tions in the genes for protein farnesyltransferase have been found to block
the expression of the phenotypes elicited by the ras2Vs?® mutant because
farnesylation of the Ras proteins is essential for activity (57, 97). However,
this was not the case with the stel4A/ras2"*!° double mutants, indicating
that the loss of methylation did not significantly affect the activity of the
mutationally activated Ras proteins (90). These results suggest that the
yeast Ras proteins retain functional activity in the absence of methyl esteri-
fication.

Even though the ste/4A mutation had no major effect on the activity of the
activated yeast Ras protein, a significant effect was found on the processing,
stability, and membrane attachment, of Ras2p (Fig. 12) (90). In wild-type
cells, the processing involves the conversion of a nonfarnesylated 41-kDa
Cytosolic precursor (p41) to a 40-kDa farnesylated species (p40) that can
become palmitoylated and associate with the membrane (60, 98). In stel4A
cells, the conversion of p41 to p40 appeared to be inhibited. Only a small
amount of the p40 polypeptide is made in the cytosol, and even less becomes
associated with the membrane (Fig. 12) (90). In addition, the total amount
of protein was decreased and the fraction of protein in the membrane
fraction was greatly reduced.

The inhibition of the p41-to-p40 conversion was especially puzzling be-
cause this conversion is thought to involve the farnesylation of an unmodi-
fied precursor protein, a reaction that should be unaffected in stel4A cells.
There are several possible solutions to this paradox. One possibility is that
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Fig. 12. Kinetics of Ras2p membrane localization in wild-type and stel4A yeast. Wild-type
and stel4A yeast containing the plasmid pADH-RAS?2 were labeled with [**S]methionine for
2 min at 30°C, and chased for the indicated times. Total cell extracts from the pulse—chase
experiment were prepared and immunoprecipitated with the anti-Ras monoclonal antibody
Y13-259 and immunoprecipitates were analyzed by SDS-PAGE on a 10% polyacrylamide
gel. [Reproduced, with permission, from Hrycyna, C. A., Sapperstein, S. K., Clarke, S., and
Michaelis, S. (1991). EMBO J. 10, 1699-1709.]

the isoprenyltransferases or the RCE! protease or both are in a membrane-
bound complex with the STEI4 methyltransferase, so that the loss of the
methyltransferase might adversely affect the activity of the farnesyltransfer-
ase or the endoprotease. Thus, the accumulation of p4l protein might
represent the unmodified precursor or the farnesylated but nonproteolyzed
protein. In mammalian cells, the loss of RCE1 activity results in the produc-
tion of Ras proteins with distinctly reduced electrophoretic mobility (/4).
A second possibility is that isoprenylation and protease reactions occur
normally in the ste/4A mutant but that the absence of methylation of
the farnesylcysteine renders the protein more susceptible to proteolytic
cleavage by some element of the intracellular protein degradation pathway
(22, 23). Thus, the p41 in the stel4A mutant could represent a C-terminal
truncated protein in which the farnesylcysteine (and perhaps additional
residues) have been exoproteolytically cleaved. This form may migrate in
the same position as the unmodified precursor p41 in the wild-type cells.
This hypothesis would account for the apparent persistence of the p4l
precursor species in the stel4A mutant yeast (Fig. 12) (22). With state-of-
the-art mass spectroscopy, it should be possible to isolate the p41 protein
from stel4A cells and determine its precise structure, distinguishing between
these possibilities. Other possibilities could also be proposed to explain
these data (90).

Finally, the absence of overt phenotypes in stel4A cells, such as retarded
cell growth, indicates that the other protein substrates for the isoprenylcys-
teine methyltransferase can function in the absence of the C-terminal
methyl ester or are not essential for viability. Nevertheless, it would be of
interest to determine whether the absence of carboxyl methylation affects
the intracellular stability of other CXXX proteins or their ability to become
associated with membranes.
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IX. Methyl Esterification of Isoprenylated Mammalian Proteins

A. SPECIFICITY OF ISOPRENYLCYSTEINE METHYLTRANSFERASE

A key element in the recognition of the protein substrate is the isoprenyl
group. For the rat liver microsomal enzyme, the K, for the unmodified
LARYKC peptide was greater than 45 mM. In contrast, the K, values for
the S-geranyl derivative (C,o), the S-farnesyl derivative (C;s), and the S-
geranylgeranyl (Cy) derivative were 389, 2.2, and 10.9 uM, respectively.
When the peptide was modified at the sulfhydryl group with Cg, Cyo, C3,
and C;s n-alkyl derivatives, some activity was observed but the estimated
Ko values (based on a V,,,x comparable to that of the farnesyl peptide)
were 480-1760 uM, reflecting relatively weak substrate recognition com-
pared with the isoprenylated derivatives (76). ‘

N-Acetylfarnesylcysteine is itself a good substrate for the methyltransfer-
ase (77, 78, 80, 99). The minimal recognition element is simply an isopre-
nylated thiopropionate moiety, and no amino acid or peptide sequences
are needed at all (80, 99). K,,, values for N-acetylfarnesylcysteine have been
measured at 20 uM (78) and 22 uM (99), while values of 14 uM (80) and
20 uM (77) have been reported for S-farnesylthiopropionic acid. Thus, the
affinity of the methyltransferase for these substrates is only about an order
of magnitude less than that of a farnesylated peptide substrate (76) and
suggests that most of the recognition by the methyltransferase is due to
the carboxyl group being in the correct spatial relationship to the isoprene
group. The K, value for N-acetylgeranylgeranylcysteine has been reported
as 7 uM (77), a value similar to that of the farnesyl analog. Kinetic evidence
has been presented suggesting that the mammalian methyltransferase can
recognize both farnesyl and geranylgeranyl substrates (79).

B. INTRACELLULAR LOCALIZATION OF ENZYME

From the initial report of the isoprenylcysteine methyltransferase activity,
it was clear that the enzyme was membrane associated; the highest specific
activities were in the microsomal fraction, containing largely ER mem-
branes but also contains lesser amounts of plasma membrane and other
internal membranes (76). Subsequent fractionation of rat liver microsomal
membranes by Percoll density gradient centrifugation revealed that the
methyltransferase largely comigrated with ER markers and not with mark-
ers for the plasma membrane or the Golgi apparatus (100). Studies have
confirmed its localization to the ER (18). One report suggested that human
neutrophils possess a plasma membrane-localized enzyme that is activated
by anionic phospholipids (101), but this activity has not been characterized
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further. There appears to be only a single STEI4 gene in mammals, as
judged by analyses of the EST databases. If a distinct plasma membrane-
associated enzyme truly exists, it may be encoded by a structurally distinct
gene. Further work is required to establish the existence of a second type
of isoprenylcysteine methyltransferase activity in mammalian cells.

Attempts to solubilize the STEI4-related enzyme in active form have
not been successful (100). This enzyme appears to form an integral part of
the membrane and its activity is lost when the membranes are treated with
a variety of mild detergents that have been used successfully to solubilize
other membrane proteins in active form (100).

C. EFrrect oF GTP oN METHYLATION REACTIONS

In a number of in vitro systems, methylation reactions attributable to
the STE14-related methyltransferase have been enhanced by the presence
of a nonhydrolyzable GTP analog, GTPyS (102-105). GTPyS does not
appear to stimulate the methyltransferase directly (100) but serves to acti-
vate a class of small G proteins, such as G25K, for membrane attachment,

which then allows for more efficient methylation by the membrane-bound
Steldp (106).

D. METHYLTRANSFERASE INHIBITORS AS FUNCTIONAL PROBES in Vivo

There has been an intensive effort to utilize specific inhibitors of the
isoprenylcysteine methyltransferase to understand the functional roles of
this enzyme. For example, 5’'-methylthioadenosine has been reported to
inhibit the carboxyl methylation and assembly of nuclear lamin B (a CXXX
protein) (107), as well as a class of small G proteins (108). The origin
of this effect may be complex, however, because the isoprenylcysteine
methyltransferase does not appear to be inhibited by this compound in in
vitro assays (100).

Other studies have utilized compounds that result in the accumulation
of S-adenosylhomocysteine and other derivatives that inhibit both the iso-
prenylcysteine methyltransferase (76) and other types of S-adenosyl-L-me-
thionine-dependent methyltransferases. From the time when it was estab-
lished that receptor function in bacterial chemotaxis requires the
methylation of a group of L-glutamate residues [for a review, see (61)],
attempts have been made to show that mammalian cell chemotaxis also
requires methylation. Early work showed that chemoattractants could tran-
siently increase the level of methyl esterification of rabbit neutrophils (109,
110). Treatment of a mouse macrophage cell line with 3-deaza-adenosine,
a precursor of the methyltransferase inhibitor 3-deaza-adenosylhomocys-
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teine, inhibited their chemotaxis (111), although this effect was later attrib-
uted largely to an effect on protein synthesis (112). The discovery that
methyl-esterified G proteins mediate mammalian chemotaxis sparked a
renewed interest in this topic. It was found, for example, that the treatment
of human HL-60 cells for 24 or 48 hr with peroxidate-oxidized adenosine,
a compound that results in the intracellular accumulation of S-adenosyl-
homocysteine, inhibits the fMet-Leu-Phe-dependent release of superoxide
ion (113). However, while suggestive of possible functional roles of the
isoprenylcysteine methyltransferase reaction, these studies must be inter-
preted with caution because of the large number of other methylation
reactions that could also be inhibited.

Another approach to more specifically inhibit the mammalian isoprenyl-
Cysteine methyltransferase in intact cells involves the use of methyl-ac-
cepting small molecules such as N-acetylfarnesylcysteine (77-80) and N-
acetylgeranylgeranylcysteine (79, 114) as cell-permeable competitive inhibi-
tors. These compounds would be expected to inhibit the isoprenylcysteine
methyltransferase without inhibiting other types of methyltransferases.
However, these compounds may affect other cellular processes. For exam-
ple, the fact that they contain isoprenyl groups could lead them to bind to
other cellular proteins that normally interact with isoprenylated proteins.

The potential benefits and risks of this approach are illustrated in studies
on the effect of N-acetylfarnesylcysteine on the chemotactic response of
mammalian cells. It was initially reported that macrophage chemotaxis was
inhibited about 80% in the presence of N-acetylfarnesylcysteine (78). This
study suggested that the methylation of an isoprenylated residue may be
a crucial component of the signaling system. Similar results were found in
human HL-60 cells (115) and with the chemoattractant-mediated activation
of the G; protein in neutrophils (116). In another study, however, it was
shown that N-acetylfarnesylcysteine and its analogs could either inhibit
the chemotactic peptide-stimulated release of superoxide ion in human
neutrophils or stimulate peptide-independent release (117). Because similar
results were obtained with analogs that inhibit the isoprenylcysteine methyl-
transferase (e.g., N-butyrylfarnesylcysteine) and those that do not (e.g., N-
pivaloylfarnesylcysteine), it did not appear that these effects are mediated
entirely or in large part by their effect on the methyltransferase (117).
These results were supported by the finding that general methyltransferase
inhibitors did not affect superoxide ion release (117), although this result
does conflict with that reported in a similar experiment by another group
(113). Finally, Scheer and Gierschik (118) found that stimulation of GTPyS
binding and GTP hydrolysis by fMet-Leu-Phe in well-washed membranes
of HL-60 granulocytes (which were presumably free of the methyl donor

-adenosylmethionine) were still affected by N-acetylfarnesylcysteine, sug-
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gesting again that N-acetylfarnesylcysteine affected a cellular mechanism
unrelated to the isoprenylcysteine methyltransferase. Subsequent work by
these authors suggested that N-acetylfarnesylcysteine exerted its activity
by interfering with the interaction of activated receptors with G proteins,
probably with their By subunits (119).

The N-acetylfarnesylcysteine inhibitor approach has also been used to
study the role of isoprenylcysteine methylation in platelets. It was initially
shown that N-acetylfarnesylcysteine inhibits platelet aggregation in re-
sponse to collagen, ADP, and arachidonic acid (120). However, it was then
demonstrated that N-benzoylfarnesylcysteine and N-pivaloylfarnesylcys-
teine, neither of which is a substrate or an inhibitor of the enzyme, could
inhibit platelet aggregation as effectively as, or more effectively than, N-
acetylfarnesylcysteine (121). This latter result again points to the possibility
that these methylation inhibitors may also affect other pathways, and sug-
gests that the isoprenylcysteine methyltransferase may not be involved in
a direct signal transduction pathway (121).

Inhibitor studies with N-acetylfarnesylcysteine and related compounds
are potentially attractive because of their specificity for the isoprenylcys-
teine methyltransferase. Unfortunately, these compounds appear to affect
“nonmethyltransferase” pathways in a nonspecific fashion. The fact that
the inhibitor compounds contain isoprenyl groups may lead them to bind
to cellular proteins that interact with isoprenylated proteins. To the extent
that this is the case, it might be difficult to distinguish the effect of methyl-
transferase inhibition from other nonspecific effects. Overall, the take-
home lesson from these studies is that it may not be possible to conclude
much about the in vivo action of the methyltransferase by treating cells
with this class of compounds, except perhaps when the result is negative
(i.e., when there is no effect on a function).

E. In Vitro STUDIES OF EFFECT OF METHYL ESTERIFICATION ON
PrROTEIN FUNCTION

" A number of experimental procedures have been used to compare di-
rectly the activity of proteins with and without the C-terminal methyl ester
and quantitate the effect of this modification on protein function. However,
with the notable exception of studies on the activity of a-factor in S. cerevis-
iae (43, 64, 90, 122), these investigations have largely shown that methylation
either does not affect, or affects minimally, the activities of isoprenylated
proteins. These studies are described in detail below.

One approach has been to use isolated proteins and membrane fractions
from cells preincubated with general methyltransferase inhibitors. With
that approach, it has been possible to show that methylation of the y subunit
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of the By complex can enhance the ability of pertussis toxin to ADP-
ribosylate the a subunit by about twofold while not enhancing the mem-
brane attachment of the By subunit itself (113, 123).

Another approach has taken advantage of the ability of a pig liver esterase
preparation to catalyze the hydrolysis of C-terminal isoprenylcysteine
methyl esters in the intact protein (85). With this approach, it was possible
to produce the nonmethylated form of the transducin By subunits and then
to compare the capacities of the nonmethylated and fully methyl esterified
proteins to stimulate GTPyS exchange in the presence of the transducin «
subunit and photoactivated rhodopsin. In the presence of a detergent, no
differences in GTPyS exchange were observed with the methylated and
nonmethylated proteins (85). However, when membrane preparations
were used, the methylated transducin By was about twofold more efficient
than the nonmethylated form (85). Of note, the methylated transducin
By was more than 10-fold more potent in activating phosphatidylinosi-
tol-specific phospholipase C and phosphoinositide 3-kinase. Similar experi-
ments showed that methylation of the vy subunit of transducin By can
enhance its affinity for phosducin by about twofold (124). It has also been
possible to separate methylated and nonmethylated forms of transducin
By by chromatography and then examine their in vitro activites (125).
Here, it was found that methylation could faciliate functional association
of transducin By with the light-activated receptor (125 ). Interestingly, trans-
ducin By is generally fully methylated in rod cells, raising the possibility
that its activity may not be modulated in vivo by interconverting the methyl-
ated and nonmethylated forms (125).

The in vitro activity of the By subunit of the nontransducin large G
proteins has been assayed by using the pig liver esterase to produce demeth-
ylated geranylgeranylcysteine-containing y subunits (95). Methylation had
no effect on the ability of the 8,7y, subunit to interact with the o subunit,
as shown by a pertussis toxin-catalyzed ADP-ribosylation assay. A small
effect was seen on the ability of By to activity phosphoinositol-specific
phospholipase C or phosphoinositide 3-kinase (95). Once again, no striking
effects of methyl esterification on protein function were observed.

Functional studies of the mammalian smg-25A/rab3A protein (a CXC
isoprenylated protein) have also been reported (126). Although this protein
may be modified by a methyltransferase distinct from the STEI4-encoded ‘
enzyme (see earlier discussion of this topic), the C terminus still contains
an a-methyl ester of an isoprenylated cysteine. It is possible to produce
the unmodified precursor of this polypeptide in bacterial cells and then to
isoprenylate it in vitro so that it contains the geranylgeranyl group but not
the methyl ester. When the properties of the nonmethylated protein were
compared with those of the fully methylated cellular-derived species, no
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differences were observed in its membrane-binding properties or in its
interactions with its GDP/GTP exchange protein (126).

What conclusions can we draw from the general lack of a large-scale
effect of methylation on the functions of proteins? Two avenues can be
explored. First, the effect of methylation, although subtle in in vitro studies,
might be crucial in fine-tuning the responses of these proteins in vivo,
especially in signal transduction cascades. Second, the effect of the methyla-
tion reaction might simply ensure the stability of the protein and its isopre-
nylated C terminus. As hypothesized above for the S. cerevisiae Ras and
as demonstrated for a-factor (43), the methylation reaction can provide a
C-terminal cap that may prevent proteolytic “trimming” of the C terminus.
Of note, RhoA, a small G protein, was found to have a decreased half-life
when methylation was inhibited (134). The availability of a mouse knockout
of the isoprenylcysteine methyltransferase will probably make it possible
to address these hypotheses more directly.

F. REVERSIBILITY OF PROTEIN ISOPRENYLCYSTEINE METHYLATION

There is little evidence that C-terminal methyl esters on isoprenylated
proteins can be physiologically hydrolyzed to the free C-terminal carboxyl
group. Pulse—chase experiments have indicated slow if any turnover (20,
91) and where measured, it appears that the bulk of the cellular protein is
fully modified (125). In vitro, methyl esters are readily cleaved by pig liver
esterase (127), and while this observation has been nicely exploited as an
experimental technique (see discussion above), it is not clear that the en-
zyme catalyzes this type of reaction in vivo. Yeast carboxypeptidase Y can
also cleave the methyl ester linkage (22), but this vacuolar enzyme proba-
bly does not come in contact with isoprenylated proteins in vivo. No nonvac-
uolar activities were found in yeast that could catalyze the hydrolysis of
N-acetylfarnesylcysteine methyl ester (22). The hydrolysis of N-acetylfarne-
sylcysteine methyl ester and methylated transducin can be catalyzed by
unidentified proteins in the membrane fractions of bovine retinal rods (128,
129), and at least two activities have been found in rabbit brain that catalyze
the hydrolysis of methyl esters from the small G protein G25K (130).
Interestingly, one of the activities found in the latter report was identified
as the lysosomal protease cathepsin B (130). As with the yeast vacuolar
carboxypeptidase Y, it would not appear that this hydrolytic activity would
be physiologically important. However, the second soluble enzyme activity
(and a similar activity in the membrane fraction) may be more physiologi-
cally relevant (130). There are a large number of potential methylated
substrates in cells, and a large number of potential methylesterases. Match-
ing potential physiological substrates and enzymes to determine whether



204 STEPHEN G. YOUNG et al.

some isoprenylated proteins undergo reversible methylation will be a chal-
lenge. If reversible methylation occurs, modulation by the relative activity
of methyltransferases and methylesterases could be used to effect distinct
biological responses. Further work in this area is warranted.

G. COMPARISON OF AMINO ACID SEQUENCES OF MAMMALIAN AND
YEAST METHYLTRANSFERASES

After Steldp from S. cerevisiae was identified and characterized, a 426-
base pair (bp) mouse cDNA with homology to STE14 appeared in the EST
databases. This sequence was used to clone the human isoprenylcysteine
carboxyl methyltransferase cDNA (18). The 3595-bp cDNA encoded a
284-amino acid protein that is 26% identical to yeast Steldp (Fig. 10).
Transfection of the human isoprenylcysteine carboxyl methyltransferase
clone into stel4A yeast partially restored the mating defect, indicating that
that the human enzyme can carry out the carboxyl methylation of a-factor.
Like Stel4p, the human enzyme is predicted to have multiple transmem-
brane domains (Fig. 11).

Transient transfection of the human isopreylcysteine carboxyl methyl-
transferase expression vector into Cos-1 cells strikingly increased the meth-
ylation of N-acetylfarnesylcysteine and N-acetyl-S-geranylgeranylcysteine.
Transfection of the carboxyl methyltransferase enhanced the methylation
of the Rho GTPase in Cos-1 cells, and membranes from transfected Cos-
7 cells increased the methylation of partially purified neutrophil Rac2 and
RhoA. Key properties of the human isoprenylcysteine carboxyl methyl-
transferase are listed in Table VII.

In Fig. 10, we provide an updated alignment for the encoded amino acid
sequences of the S. cerevisiae STE14 gene, its human ortholog, as well as
encoded sequences for the Schizosaccharomyces pombe (94, 131 ), Xenopus
laevis (131), mouse, and rat isoprenylcysteine methyltransferase, and the
sequences for putative Dictyostelium discoidium and Caenorhabditis elegans
enzymes [compare with Fig. 7 of Romano et al. (94)]. It is interesting to
note that two closely related genes are present in the nematode C. elegans.
What is most impressive, however, is the conservation of amino acid se-
“quences in all but a relatively small N-terminal region of each protein. The
encoded proteins are rich in hydrophobic amino acids, consistent with the
tight membrane association of the yeast and mammalian methyltransfer-
ases. Analysis of putative transmembrane helical regions by the TMHMM
posterior program revealed seven potential regions for the human enzyme
and five for the S. cerevisiae enzyme (Fig. 11). Two potential N-terminal
helices in the human sequence were not found in the yeast sequence. The
other five do align, although common high probabilities are found only for
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TABLE VII

PROPERTIES OF HUMAN ISOPRENYLCYSTEINE CARBOXYL METHYLTRANSFERASE

Methylates C-terminal isoprenylcysteine in CXXX proteins

Might be responsible for methylating C-terminal cysteine of Rab proteins that terminate in
cys—-Xaa-Cys ’

When expressed in Cos-1 cells, methylates neutrophil Rho GTPases and isoprenylcysteine
analogs N-acetyl-S-farnesylcysteine and N-acetyl-S-geranylgeranylcysteine

The human enzyme complements biochemical defect in stel4A yeast, indicating that hu-
man enzyme can carboxyl methylate a-factor

Located in ER

Human enzyme (284 amino acids) is 26% identical to the yeast protein Stel4p. Molecular
mass is 33 kDa, as judged by SDS-polyacrylamide gels

Predicted to contain multiple transmembrane domains; the first 65 amino acids are 36%
identical to amino acids 750-821 of the human band 3 anion transporter

Sequences homologous to S-adenosylmethionine-binding regions that are found in aspartyl

and glutamyl protein carboxyl methyltransferases are not apparent in sequence of
enzyme

the first and fifth of these sequences. This program does not clearly predict
the location (cytosolic or intraluminal) of the domains between the trans-
membrane domains. Given a localization of the enzyme in the ER (18, 94,
100), it would be expected that the residues important for binding the
precursor isoprenylated protein and the cosubstrate S-adenosyl-L-methio-
nine would be located on the cytoplasmic rather than the luminal side of
the membrane. This is because the precursor proteins are modified by
cytosolic protein isoprenyltransferases and because no evidence has been
presented that there is an intraluminal pool of S-adenosyl-L-methionine in
addition to the cytoplasmic pool. The sequence of the isoprenylcysteine
methyltransferase does not contain any of the four sequence motifs (regions
I, post-I, II, and III) that have been described for a number of soluble
methyltransferases (132).

We have been intrigued by the high conservation in the encoded amino
acid sequences of the genes of the various organisms between putative
transmembrane helices 4 and 5 and in the C terminus of the human isopre-
nylcysteine methyltransferase. The putative transmembrane helix 5 may
actually represent a hairpin structure so that both the region between
helices 4 and 5 and the C terminus are cytosolic and may form the active site
of the enzyme. We are especially intrigued by the sequence corresponding to
amino acids 205-221 in the S. cerevisiae protein, where eight residues are
conserved in all species (FFXXRXXXEEXXILXXFF). The four aromatic
phenylalanine residues can represent sites of m—w interactions with the



206 STEPHEN G. YOUNG et al.

aromatic purine base of S-adenosylmethionine; interactions of the positively
charged sulfonium atom of S-adenosylmethionine with aromatic amino acid
residues (cation—m interactions) are also possible. Further evidence of the
role of the C-terminal region in the methyltransferase activity is its disrup-
tion when a hemagglutinin-epitope tag is inserted at residue 226 (94). Closer
to the N terminus, the conserved sequences are largely found in the putative
transmembrane regions and may not be associated with the active site of
the enzyme. ‘

Because successful three-dimensional structure determination of intrinsic
membrane proteins such as the isoprenylcysteine methyltransferase is prob-
lematic (at least at the present time), a combination of sequence compari-
sons, in vitro mutagenesis studies, and chemical modification studies may
be useful for determining the amino acid residues important in the recogni-
tion of isoprenylated substrate proteins and the catalysis of methyl ester
formation. For example, chemical modification studies have been used to
try to identify active site residues. The mammalian enzyme has been shown
to be inactivated by N-ethylmaleimide in the absence but not in the presence
of S-adenosylmethionine or S-adenosylhomocysteine (100). N-Ethylmalei-
mide preferentially modifies cysteine residues although it can also modify
lysine and histidine residues, suggesting that one or more of these residues
is present in the binding site for S-adenosylmethionine. A similar protection
from inactivation by S-adenosylhomocysteine by reagents with specificity
for arginine and tryptophan residues has been reported (133). It would be
useful to ask if the yeast enzyme may also be similarly inactivated so that
specific residues may be targeted for analysis by site-directed mutagene-
sis techniques. ,

We have also been interested in the presence of genes in two bacterial
species that appear to be related to the genes for the isoprenylcysteine
methyltransferases. As shown in Fig. 13, STE14-like sequences are found
in the prokaryotes Pseudomonas denitrificans and Mycobacterium tubercu-
losis. An analysis of these sequences with the TMHMM transmembrane
domain analysis program (http:/genome.cbs.dtu.dk/servicessTMHMM-
1.0/) revealed that P. denitrificans contains four transmembrane domains,
while the M. tuberculosis sequence contains two. Biochemical studies will
be needed to determine if these enzymes are indeed isoprenylcysteine
methyltransferases or whether they may represent distinct methyltransfer-
ases or simply play other enzymatic functions. It is clear that E. coli does
not contain an isoprenylcysteine methyltransferase (90), and it has been
assumed that this type of methylation occurs only in eukaryotic cells. If
some prokaryotes do have an isoprenylcysteine methyltransferase activity,
it would indicate that protein isoprenylation reactions are more widespread
in nature than previously thought.



7. POSTISOPRENYLATION PROTEIN PROCESSING 207

S. cerevisiae EHQDFQEDE —————————————————— HE YHED[IIRIZ 17
H. sapiens AGCAARABEIPGSEARLSLATFLLGASVLALRLIATEY 35
P. denitrificans MSTTLE ——————————————————— T IILIMpAV YV 13
M. tuberculosis 0
S.cerevisiae @[N]~ - - = - = = = = = - - - - -~ - - - - - - - -~ EL H[E VT M{T[S] 27
H. sapiens AGLQGRTGLALYVAGLNALLLLLYRPPZFRYQIAIR 70
P. denitrificans [G|- — — - = = =~ = = = = = . = = = = =~ = - - - - -~ - -~ LSTLAL 21

M. tuberculosis

S. cerevisiae
H. sapiens

P. denitrificans
M. tuberculosis

S. cerevisiae
H. sapiens

P. denitrificans
M. tuberculosis

S. cerevisiae
H. sapiens

P. denitrificans
M. tuberculosis

S. cerevisiae
H. sapiens

P. denitrificans
M. tuberculosis

S. cerevisiae
H. sapiens

P. denitrificans
M. tuberculosis

S. cerevisiae
H. sapiens

P. denitrificans
M. tuberculosis

S. cerevisiae
H. sapiens

P. denitrificans
M. tuberculosis

YIS LEIFVGH-BP IRFKmFEL IELSLFHFm
C F X FICGT slsls s w s ahgdelw o] s L F HE4RE
ILIR RIV[Q SR s P LTYGDDAE[GRJAG R|L|IF RIJI(VIAA L 56

Y BN HSFI 96
M T VEYA L S|S|W 140
75
————————— 12

131
169
102
36

166
204
128
62

EEER
HHEE]

201
239
162
97

ACEDR = = L]

236
274
197
132

PFI 239
1BIIK GVK|VDL 284
197

EGVc LI R] 139

Fig. 13. Amino acid sequence alignment of yeast Steldp and similar sequences in two

prokaryotes. Protein sequences were aligned with Macvector 6.5, using a CLUSTALW align-
ment. Pairwise alignment was performed with a BLOSUM30 matrix and multiple alignment
was performed with a BLOSUM series matrix. The document was then imported into Ilustra-
tor. Identical residues are shaded; similar residues are boxed. An analysis of the P. denitrificans
and M. tuberculosis sequences with the TMHMM transmembrane domain analysis program
revealed that the P. denitrificans contained four predicted transmembrane domains (amino
acids 4-22, 43-65, 84-106, and 143-165), while the M. tuberculosis sequence contained two
(amino acids 18-40 and 76-98). GenBank accession numbers: P. denitrificans, P29940; M.
tuberculosis, CAB03782; S. cerevisiae, AAA16840; human, AF064084.

X. Conclusions

There has been substantial progress in understanding the postisoprenyla-
tion processing of CXXX proteins. The yeast genes responsible for the
endoproteolytic processing of a-factor and the Ras proteins have been
reported, and orthologs in other species have been identified. The impor-
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tance of RCEI for the endoproteolysis of mammalian Ras proteins has been
established with the Rcel knockout experiment and also with biochemical
studies. However, many questions remain. For example, almost nothing
has been reported regarding structure—function relationships for RCE1 in
any organism. It is not clear why Rcel knockout mice die during embryonic
development. The list of protein substrates for Rcel is undoubtedly in-
complete. Moreover, the protein substrates for which the endoproteolytic
processing step carries significant functional consequences has not been
established. Nor is it clear whether AFC1 (STE24) plays a role in the
endoproteolytic processing of isoprenylated proteins in higher organisms.
If it does, the unique and overlapping roles of RCE1 and AFC1 (STE24)
in cleaving CXXX proteins need to be established. In addition, the role of
AFC1 (STE24), if any, in the proteolytic processing of non-CXXX proteins
needs to be investigated.

- Advances have also been made in our understanding of isoprenylcysteine
methyltransferase. The identity of the mammalian isoprenylcysteine meth-
yltransferase has been established, and orthologs have been identified in
multiple organisms. Many of its protein substrates have been established.
Once again, however, there are many unanswered questions. There is little
information on the structure of this enzyme (e.g., the location of the binding
sites for the isoprenylcysteine or S-adenosylmethionine). In addition, its
importance in mammals needs to be investigated with a gene-knockout ex-
periment.

Much of the interest in the endoproteolysis and carboxyl methylation
steps has stemmed from the fact that they are involved in the processing
of the Ras proteins, which have been strongly implicated in the development
of human cancers. Inhibitors of these steps might be effective in retarding
the growth of cancers. It is quite possible that inhibition of these steps
could inhibit Ras function in some cell types, but not others. We also believe
that effective endoproteolysis/methylation inhibitors might limit cell growth
by interfering with the function of “non-Ras” CXXX proteins. In the future,
these possibilities could be addressed decisively by using animal models in
which these processing steps have been selectively inhibited in certain
tissues.
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